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Abstract 

Constant bursting of the city frontiers is taking a massive toll on natural vegetation, 

deteriorating thereby the purity of the clean air due to the presence of hazardous pollutants in 

the atmosphere. Rapid industrialization and urbanization have immensely contributed to 

outdoor air pollution due to vehicular emission, industrial activities, power plant operations, 

etc., whereas, rural areas face the major problems of indoor air pollution. Among the criteria 

air pollutants, polycyclic aromatic hydrocarbons (PAHs) are organic compounds having two 

or more fused aromatic rings, released from natural as well as man-made sources. They are 

persistent priority pollutants and continue to last for a long time in the environment causing 

severe damage to human health owing to their genotoxicity, mutagenicity and 

carcinogenicity. The study of PAHs in the environment has therefore aroused a global 

concern. Biomonitoring of airborne pollutants through creation of green belts has become the 

only alternative to provide natural filtering barrier. Thus, plant bioaccumulators can be 

exploited as biomonitors for indirect assessment of air pollution. In conformity with the above 

facts, efficacy of specific higher terrestrial plants (generally regarded as foundation species 

of the ecosystem) with broad foliage-canopy structures in mitigating airborne PAHs pollution 

(through entrapment into their tissues) has been demonstrated, underscoring prevalent 

classical and modified isolation techniques (i.e., solvent extraction) coupled with proper 

analytical procedures for gaining an insight into the assessment of atmospheric PAHs 

concentrations. 

 As a basis for passive air pollution biomonitoring, estimation of tolerance 

characteristics of a terrestrial plant was the primary focus of the study to determine the 

potentiality of the selected plant against contaminated environment. The study was 

constructed to evaluate the air pollution tolerance index (APTI) of a commonly found 

evergreen plant species, Murraya paniculata, sampled from polluted places of South Kolkata, 

West Bengal, India, with dense population and heavy traffic, based on leaf attributes. PAHs 

accumulating ability of the plant species was also examined so as to establish the species’ 

potential in monitoring of PAHs. M. paniculata was found to be tolerant (APTI: 19.78–31.12) 

towards air pollution with dust capturing potential ranging between 0.85–2.26 mg cm−2. 

Correlation analysis unveiled the strong relationship of foliar dust with leaf ascorbic acid (r2 

= 0.931), leaf extract pH (r = 0.985), leaf RWC (r = −0.822), total carotenoids (r = −0.862) 

and total chlorophyll (r = −0.76). APTI was found to be correlated positively to ascorbic acid 



ii 

 

and foliar pH and negatively to total chlorophyll and RWC.  Linear variation (r2 = 0.97) of 

APTI  with PM and other pollution burden was also noticed. Therefore, it can be concluded 

that APTI not only points out the sustainability of a bioindicator plant under severe pollution 

load, but also serves as a good indicator of contamination level. Changes in leaf surface 

micromorphology (such as stomal blockage and guard cell deformation, rough leaf surfaces 

developed from epidermal undulations, degradation of crystal structures of epicuticular waxes 

around the stomata and entrapment of dust particles) due to particulate pollution were also 

endorsed by SEM observation with energy-dispersive X-ray microanalysis. Findings also 

revealed that Murraya paniculata has the tolerance and efficiency of trapping both lighter 

and heavier PAHs, proving its ability for biomonitoring of atmospheric pollution. 

 Secondly, attempts have been made for ascertaining the concentrations of atmospheric 

PAHs using passive biosamplers (i.e., leaves of M. paniculata) in preference to classical air 

sampling methods by virtue of solvent extraction and analytical techniques. For achieving the 

desired objective, mechanical stirring, sonication, Soxhlet technique and microwave-assisted 

Soxhlet extraction (MAE) were employed for comparison of the effectiveness of traditional 

and advanced extraction methods to isolate PAHs from plant leaves. Effects of extraction 

techniques and operational parameters (solvent and time) on the recovery levels of PAHs were 

also investigated. Purified extracts, acquired through silica gel column chromatography, were 

subjected to GC–MS and HPLC–UV analyses for qualitative and quantitative assessment of 

PAHs. The results displayed that the extraction yields of Soxhlet (272.07  μg  g−1) and MAE 

(280.17 μg g−1) were almost comparable and highest over sonication and mechanical stirring. 

Keeping the objective of targeting conventional route of extraction primarily, extraction 

optimization of Soxhlet method revealed toluene as the most favorable solvent for PAHs 

(because of the strong solute-solvent interactions favoured by intermolecular dispersive 

forces) and 6 h of extraction time was found to be optimum for obtaining highest recoveries.  

 The study was then aimed at developing a process intensified route based on solvent 

extraction for PAHs isolation from the leaf matrix of M. paniculata to overcome the 

limitations of traditional extraction method. In this aspect, MAE was targeted and the 

influence of MAE parameters on extraction yield of PAHs was evaluated through process 

optimization by response surface methodology (RSM) incorporating Box-Behnken Design 

(BBD). A three-level RSM-BBD approach was applied involving three MAE factors, 

extraction temperature, extraction time and solvent-to-sample ratio, for attainment of the 

optimal conditions to reach highest yield of PAHs as a desired response. Prior to the 

optimization study, solvent selection criterion was fulfilled through screening experiments 
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using binary solvent mixtures along with preliminary experimentations on single factor 

effects. The combination of toluene:acetonitrile exhibited maximum yield (283.77 μg g−1) of 

PAHs among the other solvent blends. Regarding parameter optimization by RSM, the 

experimental and predicted response values showed a good linear fit and a quadratic model 

was also developed correlating the input (independent) variables with the response. 

Significance of the regression model was confirmed through analysis of variance (ANOVA) 

(F value: 428.74; p<0.0001; R2: 0.9982). The model represented positive effects of the linear 

terms and negative effects of the quadratic terms of process parameters on the response. All 

the interaction terms were again found to be significant with p<0.05. On performing model 

validation, the optimized conditions for maximization of extraction yield are observed to be: 

extraction temperature: 45.77 ºC, extraction time: 11.67 min and solvent-to-sample ratio: 

22.64 mL g-1, thereby achieving 98% accuracy on model prediction. A comparison between 

conventional Soxhlet method and MAE highlighted that the former method consumes huge 

amount of extraction solvent (1.8-fold higher) and extraction time (30 times higher) with high 

energy input and CO2 emission during the process, suggesting the improved process 

performance of MAE.   

 To identify the PAHs occurrence pattern of wide-range dispersal, spatio-temporal 

distribution of accumulated PAHs across the sampling sites of South Kolkata (Jadavpur 

(JDV), Rash Behari Connector (RBC), Exide More (EXM) and Tollygunge (TGN)) was 

monitored over premonsoon, postmonsoon and winter supported by pollutant source 

characterization using PAHs diagnostic ratios (DRs). In spatio-temporal analysis, total 

concentrations of PAHs in the foliar samples of Murraya sp. ranged from 200.98 to 550.79 

μg g−1 dry weight, and the highest values being recorded in the samples of EXM because of 

daylong inexorable traffic flow/crowding increasing the burden of ambient PAHs. 

Widespread changes in meteorology exerted influence on seasonal concentrations of PAHs 

in plant leaves, and degree of PAHs contamination varied as winter > postmonsoon > 

premonsoon. Foliar accretion of PAHs differed in the study sites with diverse sources of 

emission from motor vehicles, fossil fuel and biomass burning along with other human 

interferences as found from source apportionment study. 

 For prioritizing the role of urban green infrastructures in addressing the issues of 

Kolkata’s air quality, efficiencies of eight indigenous plants of Baishnabghata Patuli 

Township (BPT), southeast Kolkata, India, were explored as green barrier species and 

potentials of plant leaves were exploited for biomonitoring of particulate matter (PM) and 

PAHs. The work focused on studying PM capturing abilities (539.32−2766.27 μg cm−2) of 
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plants (T. divaricata, N. oleander and B. acuminata being the most efficient species in 

retaining PM) along with the estimation of foliar contents of PM adhered to leaf surfaces 

(total sPM (large + coarse): 526.59−2731.76 μg cm−2) and embedded within waxes (total 

wPM (large + coarse): 8.73−34.51 μg cm−2). SEM imaging used to analyze leaf surfaces 

affirmed the presence of innate corrugated microstructures as main drivers for particle 

capture. Accumulation capacities of PAHs of vehicular origin (total index, TI > 4) were 

compared among the species based on measured concentrations (159.92−393.01 μg g−1), 

which indicated T. divaricata, P. alba and N. cadamba as highest PAHs accumulators. 

Specific leaf area (SLA) of plants (71.01−376.79 cm2 g−1), a measure of canopy− atmosphere 

interface, had great relevance in PAHs diffusion. Relative contribution (>90%) of 4–6 ring 

PAHs to total carcinogenic equivalent and potential as well as 5−6 ring PAHs to total 

mutagenic equivalent and potential had also been viewed with respect to benzo[a]pyrene. 

In−depth analysis of foliar traits (as air pollution biomarkers) and adoption of plant−based 

ranking strategies (APTI and anticipated performance index (API)) provided a rationale for 

green belting. Each of the naturally selected plant species showed evidences of adaptations 

during abiotic stress to maximize survival and filtering effects for reductive elimination of 

ambient PM and PAHs, allowing holistic management of green spaces. 

 The interplay between plant-air interaction and cycling of airborne PAHs in terrestrial 

ecosystem determines their environmental existence and could aid in better employment of 

plants as biomonitoring tool for ecological restoration. In this context, dynamics of plant (M. 

paniculata) uptake mechanisms were modeled using a mechanistic framework based on 

material balance. Experimentally determined plant-air (KPA) and particle-gas (KP) partition 

coefficients justified the nature of PAHs partitioning into plant and particle phases. Apart 

from direct exchange between plant and air (manifesting high air-leaf mass transfer 

coefficient kAL of 85 cm h-1 (average) and fugacity capacity of plant foliage: 0.045-1.27×104 

mol m-3 Pa-1), PM adsorption on plant leaf surfaces and uptake and movement of PAHs from 

foliar PM into leaf layers (cuticle and mesophyll) were observed relating to their overall foliar 

PM-leaf translocation factor (TFf/L) (which is >1). Despite efficient root accumulation (with 

high root concentration factor (RCF): 0.72-1.12), root to leaf transfer of PAHs was found to 

be minimal owing to their diminished mass flow and lower values of root-leaf translocation 

factor (TFR/L). After validation of the material balance model, inner tissue absorption and 

adsorption to the leaf-laden PM are established as the responsible routes of PAHs uptake by 

a biomonitor plant species from the ambient atmosphere.  
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 Therefore, it can be conclusively opined that the present study offers a broad basis for 

successful selection and identification of plant biomonitors with proper improved assessment 

methodology for atmospheric PAHs analysis. The study findings can further assist in 

strengthening the prediction of bioaccumulation of atmospheric PAHs into a biomonitor plant, 

providing a robust and indispensable option of advanced biomonitor selection. Also, a 

proposition for green belting using locally available biomonitor plants has been elaborated as 

a sustainable foundation for the future management and planning of township, being an 

unrivalled solution to air pollution.  
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Chapter 1 

 1. Introduction 

1.1. Overview  

Catastrophic disruptions in the proper functioning of the natural ecosystem wreck the pattern 

of lifecycle of all the living beings, thereby jeopardizing the environmental balance. Overshoot 

in human population, development-driven urbanization and industrialization, ever-expanding 

consumption of the Earth’s resources, climatic variations, pollutant burden, loss of biodiversity 

and health anomalies are the leading edges of the global pollution. Considering the stages of 

evolution in every sphere of life, achieved by the human race during the past few decades, air, 

water and soil pollution can be singled out as the most devastating consequences of the 

developmental progress. Air pollution among them stands out to have the most perilous impact 

on the entire biosphere. Globally, indoor and outdoor air pollution are responsible for 

approximately 6.7 million premature deaths per annum 

(https://www.who.int/data/gho/data/themes/topics/topic-details/GHO/ncd-mortality) and 74% 

of all deaths (about 41 million/year) results from non-communicable diseases (NCDs) such as, 

heart and chronic lung disorders, cancer, stroke, diabetes, etc.; 

(https://www.who.int/data/gho/data/themes/air-pollution). In case of ambient exposure, 99% 

of the global population resides in polluted places exceeding the limits of World Health 

Organization (WHO) air quality guidelines (https://www.who.int/data/gho/data/themes/air-

pollution). Based on the World Health Statistics, 2023, it has been predicted by WHO that by 

2050 the NCD death toll would rise to 86% of the total 90 million deaths each year (a staggered 

increment of 90% as of 2019) (https://news.un.org/en/story/2023/05/1136832). Currently, 

presence of atmospheric pollutants such as particulate matter (PM), polycyclic aromatic 

hydrocarbons (PAHs), heavy metals and obnoxious gases (SOX, NOX, CO, O3, etc.) has 

become the centre of ecumenical interest of investigation among the researchers 

(https://cpcbenvis.nic.in/envis_newsletter/Air%20Quality%20of%20Delhi.pdf), so as to frame 
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policies and evolve low-cost and reliable technologies for meeting the sustainability goals of 

diminishing global burden of disease (GBD) and ensuring negation of unfavourable temporary 

and permanent weather fluctuations. Many pollution controlling statutory bodies worldwide 

formulated real-time air quality index (AQI) to apprise the concerned citizens about the 

periodic air quality information based on the pollutant load in the ambient air, the increase in 

the index with respect to the set standards being interpreted as a matter of grave concern 

(Suman, 2021; https://in.usembassy.gov/embassy-consulates/kolkata/air-quality-data/).  

 PAHs, a class of toxic human carcinogens and major products of incomplete 

combustion, emerged as a widespread concern for both developed and developing countries 

mainly because of the huge expansion of the transportation sector at a breakneck pace and 

increased use of vehicles accounting for maximum release of PAHs to the extent of 

approximately 46-90% than any other anthropic activity (Nikolaou, et al., 1984; Jang et al., 

2013). Based on a report of WHO, nearly, 500 PAH congeners are known to be found in the 

urban atmosphere (WHO, 2000). The fundamental steps of airborne PAHs assessment 

comprise sample collection, extraction, clean-up and analysis with illustration of results 

(Munyeza et al., 2019). Conventional air sampling and monitoring approaches are infrequent, 

laborious and costly, hence often become inefficient for estimating the real-time data of 

ambient PAHs levels due to additional deployment time (Blasco et al., 2006; Zhou et al., 2014; 

Van der Wat and Forbes, 2015; Han et al., 2022a). Moreover, phase distribution of PAHs (i.e., 

partitioning between gaseous and particulate phases) poses critical challenges in 

methodological design (from sampling to analysis), affecting the accuracy of deciphering the 

quantitative profiles of their presence in the atmosphere (Munyeza et al., 2019). Environmental 

biomonitoring using plants, on the contrary, provides principled and structured evaluation of 

the pollutant concentrations as well as detection/prediction of elicited plant symptoms of 

pollution distresses (particularly foliar expressions that are the characteristics of the toxicants) 

along with detrimental effects of chemical exposure for advancement of the practices of 

environmental protection (Badamasi, 2022; Chaudhary, 2022; Madheshiya et al., 2022). 

Generally, plants (both higher and lower) act as warning devices for detecting the toxicity level 

of air pollutants and also present early signs of severe pollution. Thus, enforcement of green 

belts as nature-based solution has continuously been promoted in the urban areas for air 

pollution mitigation (Anand et al., 2022). For instance, concerning the impact of vegetation on 

atmospheric pollutant removal, USA had witnessed gross annual reduction of 711000 metric 

tons of air pollution in past years as documented by Nowak et al. (2006).  
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1.2. PAHs as air pollutants: Sources, fate and exposure risks 

PAHs are a wide group of lipophilic organic compounds having multiple fused aromatic rings 

of carbon and hydrogen with linear, angular or cluster configurations (Ghosal et al., 2016). 

Chemically, PAHs are usually available in unsubstituted (parent compounds) or derivatized 

(nitrated, oxygenated, halogenated, hydroxylated or alkyl-substituted) forms. Nitro-PAHs 

(NPAHs) are more toxic because of their ability to induce mutagenesis directly (mutagenic 

activity 100,000 times higher and carcinogenicity 10 times higher as compared to the parent 

ones). However, oxy PAHs (OPAHs) can cause unalterable cell injury and lethal damage 

through the formation of reactive oxygen species (ROS), thereby interfering with redox 

regulation and homeostasis. Relative toxicological potencies of chlorinated/brominated 

(ClPAHs/BrPAHs), alkyl and hydroxy PAHs (OH-PAHs) are also much higher than the parent 

PAH congeners.   

PAHs can exist in both vapour phase (low molecular weight or LMW PAHs) and 

particulate form (high molecular weight or HMW PAHs). HMW PAHs containing 4 to 6 rings 

exhibit low aqueous solubility, high melting and boiling points with diminished vapour 

pressure, high hydrophobicity, angularity as well as electrochemical stability in comparison to 

LMW PAHs having 2 to 3 fused benzene rings (Haritash and Kaushik, 2009; Patnaik, 2007; 

Obayori et al., 2013). According to the United States Environmental Protection Agency (US 

EPA), 16 PAHs (namely, naphthalene (NAP), acenaphthylene (ACY), acenaphthene (ACE), 

fluorene (FLU), phenanthrene (PHE), anthracene (ANT), fluoranthene (FLA), pyrene (PYR), 

benzo[a]anthracene (BaA), chrysene (CHR), benzo[b]fluoranthene (BbF), 

benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), dibenzo[a,h]anthracene (DB[ah]A), 

indeno[1,2,3-cd]pyrene (IP) and benzo[g,h,i]perylene (B[ghi]P)) have been categorized as 

priority organic pollutants of significant risk depending on their lethality and abundance 

(ATSDR, 1995; Liu et al., 2001) (Fig. 1). Among them, seven PAHs including BaA, CHR, 

BbF, BkF, BaP, DB[ah]A and IP are classified in the carcinogenic category, of which 

particulate PAHs with 5-6 rings are associated with more fatal effects than those of LMW 

PAHs. Universally, BaP is considered as a chemical indicator of health risk assessment and has 

been recognized as a criteria air pollutant by the Central Pollution Control Board (CPCB), 

India, and also incorporated in the National Ambient Air Quality Standards (NAAQS), 2009, 

for continuous monitoring. Carcinogenicity and toxicity of PAHs vary with their chemical and 

molecular structures and can be high enough depending on seasonal or meteorological variation 

(especially at the start of winter), type of fuel and emission sources (Manzetti, 2013). 
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Fig. 1. Chemical structures of USEPA PAHs. 

 

1.2.1. Major sources of PAHs in the natural environment 

Industrial operations, incomplete combustion of fossil fuel (coal, oil and petrol) and wood, 

automobile exhausts as well as household emissions are the major contributors of PAHs to the 

environment (Edokpayi et al., 2016), among which incomplete combustion and vehicular 

activities may be contrived to be the maximum emitter of PAHs to the nature (Zhang and Tao, 

2009; Peng et al., 2008). Decomposition of organic materials at elevated temperatures in an 

atmosphere which is inert or oxygen deficient (termed as pyrogenic decomposition) or 

petrogenic processes (involving petroleum & petroleum-related products and seepage of crude 

oil from sedimentary rocks) may also release PAHs to the environment. They can be produced 

either by some species of plants and bacteria or from decayed organic matter through biogenic 

reactions (Abdel-Shafy and Mansour, 2016). PAHs may also originate from natural sources 

like forest fires (Choi, 2014; Obrist et al., 2015), waste burning (Pongpiachan, 2015), biotic 

decomposition (Cuypers, 2001), volcanic eruptions and through discharge of hot water from 

hydrothermal sediments and vents (Chrysikou et al., 2008; Choi, 2014; Domingos et al., 2015). 

(NAPH) (ANT) (PHEN) (ACE) (ACY) (FLU) 

(FLT) (BaA) (CHR) (PYR) (BbF) 

(BkF) (DB[ah]A) (BaP) (IP) (B[ghi]P) 
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Human activities (anthropogenic sources) such as domestic cooking, residential heating, unit 

operations of thermal power plants/aluminium producing factories/rubber tire manufacturing 

industries, municipal or industrial incinerators, oil spills and activities in oil refineries are also 

highly accountable for environmental pollution by PAHs (Abdel-Shafy and Mansour, 2016). 

Alkylated PAHs having 2- or 3- aromatic rings are mainly emitted from tobacco and wood 

smokes, while commercial industrial heating/boiler releases toxic heavier PAHs which are 

highly associated with health risks (National Research Council, 1983). Pollution sources of 

PAHs are represented in Fig. 2.  

Population of urban areas is more at risk because of their chronic exposure to PAHs 

with disparities in the conditions of vulnerability relative to pollutant concentrations, exposure 

time, emission sources and socio-economic factors, throwing open the challenges for 

monitoring and source attribution through qualitative (univariate/multivariate methods) and 

quantitative (principal component analysis (PCA), positive matrix factorization (PMF) and 

multiple linear regression (MLR) based) approaches (Teixeira et al., 2012; Callen et al., 2013). 

Extensive researches have been performed universally for determination of sources in order to 

make an estimate of global PAHs emission over the years. Sector-wise contributions of 

different polluting sources in fourteen representative countries have been shown in Fig. 3 for 

ready comparison (Mishra et al., 2016; Vestenius et al., 2011; Mehmood et al., 2020; Ali-

Taleshi et al., 2021; Siudek, 2023; Jang et al., 2013; Shin et al., 2022; Ray et al., 2017; Larsen 

and Baker, 2003; Khan et al., 2015; Masiol et al., 2012; Callen et al., 2014; Xing et al., 2022; 

Wang et al., 2015a). As clear from Fig. 3, it can be suggested that vehicular emissions ruled the 

roost for most of the countries, whereas, for countries like Poland, UK, etc. biomass burning, 

heterogeneous combustion processes and emissions from unburned fuel had the major 

contributions.  

PAH compounds emitted into the environment result in complex mixtures and 

ultimately accumulate in plant cover, soil/sediment and water/marine organisms, critically 

interfering with food chain and causing bioaccumulation and biomagnification (Wagrowski 

and Hites, 1996; Abdel-Shafy and Mansour, 2016). Distribution of PAHs in the ambient 

atmosphere depends largely on the closeness of the polluted area to the source of emission, 

industrial/commercial activities and modes of dispersion. Physical and chemical 

characteristics, non-polar nature and lipophilicity of PAHs greatly influence their presence in 

the environment.  
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Fig. 2. Major sources of ambient PAHs. 
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Fig. 3. Source profiles of atmospheric PAHs with the contributions of emission factors across 

the globe (Mishra et al., 2016; Vestenius et al., 2011; Mehmood et al., 2020; Ali-Taleshi et 
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al., 2021; Siudek, 2023; Jang et al., 2013; Shin et al., 2022; Ray et al., 2017; Larsen and 

Baker, 2003; Khan et al., 2015; Masiol et al., 2012; Callen et al., 2014; Xing et al., 2022; 

Wang et al., 2015a). 

1.2.2. Distribution and transport of PAHs in the environment 

PAHs that occur in the environment are mainly derived from petrogenic and pyrogenic 

processes, which require long duration for degradation. High concentrations of PAHs 

deposition across the various phases of environment have been confirmed in many studies. 

Distribution of PAHs in air, water and soil through interfacial exchange and long-range 

transport is depicted in Fig. 4. Atmospheric (i.e., wet, dry and gaseous) deposition mainly 

causes accumulation of PAHs in marine or aquatic and land-based terrestrial ecosystems (Jin 

et al., 2021). Fallout of air pollutants during precipitation or snowfall is referred to as wet 

deposition and is governed by the following expression in Eq. 1 (Viner, 2023): 

 

𝑉𝑤𝑒𝑡 = 𝑤𝑟 × 𝑝                                                                                   (1) 

 

where, Vwet is the deposition velocity, wr is the washout ratio for particulates and p is the 

intensity of precipitation (rate of rainfall).   

Settling of particles under the actions of turbulent mixing and Brownian diffusion, 

gravity, impaction and interception is regarded as dry deposition. It is also affected by wind 

speed, atmospheric stability, type of deposition surface and size of particulates. Dry deposition 

generally involves dry deposition velocity (Vd), deposition flux (F in ng m-2 s-1) and surface-

air concentration (Cair in ng m-3) of aerosols and is expressed as follows (Eq. 2) (Povinec et al., 

2021): 

 

𝑉𝑑 = 𝐹
𝐶𝑎𝑖𝑟

⁄                                                                                       (2) 

Gas deposition is related to the transport of pollutants between atmosphere and surfaces 

through vapour phase diffusion (Baldocchi et al., 1987).  

Soil serves as a complex medium by acting as both a direct source or precursor and sink 

of pollutants, which stimulates PAHs migration till equilibrium, sorption to soil organic matter, 

fixation and transport into the ambience through re-volatilization (Hu et al., 2021). Soil 

denudation and rainwater runoff are the principal pathways of water contamination by PAHs 

(Qiu et al., 2019; Zhao et al., 2021). Also, variations in temperature and light intensity can 

cause diffusion-mediated PAHs partitioning between different interfaces (air-soil-water) (Hu 
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et al., 2021; Qi et al., 2023). Hence, monitoring and control of these pollutants are necessary 

for their toxic properties and longer half-life which form a broad spectrum of harmful end-

products of degradation.  

 

 

Fig. 4. Environmental fate and transport of PAHs (Ligaray et al., 2016). 

1.2.2.1. PAHs in air 

 

Global dispersion of PAHs in gaseous, particulate and droplet phases through the ambient 

atmosphere is the main pathway for its distribution which is influenced by their vapour 

pressure, dissolution, reaction with other organic compounds, solubility constant as per 

Henry’s law and photocatalytic alterations (Birgul et al., 2011; Gocht et al., 2007; Zhong and 

Zhu, 2013). Existence of PAHs in gas phase or its adsorption to atmospheric aerosol particles 

depends on the nature of particulates and PAHs as well as temperature and relative humidity 

(Wang et al., 2013). Atmospheric PAH concentrations are mainly regulated by seasonality and 

phase partitioning, depending on temperature and PAHs vapourization where increase in 

temperature results in predominant PAHs equilibrium concentration in vapour phase (Kim et 

al., 2013). Volatile nature of LMW PAHs facilitates their abundant availability in gas phase, 

producing highly toxic products such as diones, nitro- and dinitro-PAHs and sulphuric acid 

after reacting with other criteria air pollutants (Kameda, 2011; Park et al., 2001). On the other 
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hand, HMW PAHs are less volatile, occurring mostly in the airborne particulate form owing to 

lower vapour pressure (Kameda, 2011; Kameda et al., 2005). Accumulation of PAHs in 

ambient atmosphere is much less in summer or monsoon as compared to winter because of 

inversion of thermal lapse rate where air temperature increases with the increase in altitude, 

changes in the inversion frequency and domestic heating with deposition of particle-bound 

PAHs being maximum, whereas PAHs in gaseous form being predominant in summer (Hussain 

et al., 2016; Baek et al., 1991). On the other hand, washout effects of rainfall in monsoon 

periods are accountable for the reduced levels of ambient PAHs pollution. PAHs fallout from 

the atmosphere in vapour and particle forms during precipitation by photochemical reactions 

is proved to be a major input of PAHs to surface waters and controls their fate in 

the environment (Garban et al., 2002; Bidleman, 1988). It has been reported by NAEI in 2013 

that the human interferences resulted in the release of approximately 621 tonnes of 16 PAHs 

of primary concern in UK in the year 2010 where BaP accounted for 3.23 tonnes with 

maximum contribution from natural emission sources (2.88 tonnes) as compared to 

anthropogenic activities (Kim et al., 2013). This raises the need of regulating uncontrolled 

combustions and implementation of cleaner fuel in the public transport.  

To date, several exploratory researches on detection, identification and quantitative 

determination of atmospheric concentrations of PAHs have been undertaken in different 

countries for deeper insights into their phase and mass size distributions, atmospheric 

chemistry, global emission sources and health risk assessment from long-term exposure (Table 

1). On that account, Nadali et al. (2021) proved that the concentration and gas-particle 

partitioning of PAHs in the ambient air were strongly dependent on diurnal as well as seasonal 

variations. Profound effects of different polluting sources (vehicles/combustion) on airborne 

PAHs levels were also evidenced by Wang et al. (2015a), Mishra et al. (2016), Masih et al. 

(2019), Mehmood et al. (2020), Ali-Taleshi et al. (2021), Shin et al. (2022), Qi et al. (2023) 

and Siudek (2023). The results of the studies have shed light on the current status of the 

emission sources which is obligatory for the implementation of any strategic plan for the 

reduction of PAHs generation, a unified and far-sighted vision of long-lived future. The 

influences of climatology and meteorology as well as transboundary pollution on PAHs 

concentrations were again studied by Vestenius et al. (2011), Gao et al. (2013), Khan et al. 

(2015), Ray et al. (2017), Liu et al. (2017a) and Yang et al. (2021) in order to pinpoint the 

sources of pollutants, unravel their movement in the atmosphere (through transport, dispersion 

and deposition) and speculate air pollution episodes. Concerning the health effects of airborne 

PAHs originated from a range of anthropogenic activities, high concentrations of PM2.5 bound 
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BghiP, IP, BbF and BaP induced respiratory infections (acute upper respiratory tract along with 

acute and chronic lower respiratory tract infections) which hampered normal breathing, 

genotoxicity (i.e., DNA damage) and cytotoxicity in epithelial cell lines and lung cancer as 

observed by Jiang et al. (2023). 
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Table 1  

Monitoring of PAHs in the ambient air. 

Sampling area/country Sampling time  PAHs concentration in air (ng m-3) Remarks References 

Virolahti background station, Finland January, 2007-September, 2008 0.14-25.3  
Appreciable seasonal variations affected the concentrations of PAHs 

mainly emitted from combustion sources.  
Vestenius et al., 2011 

Urban, sub-urban and rural sites, 

Guangzhou, China 
November-December, 2009 2.67-68.9  

Weather conditions and differential emission sources influenced the 

temporal and spatial levels of PAHs. 
Gao et al., 2013 

Brisbane metropolitan area, Australia October, 2010-August, 2012 1.17-38  
Petrogenic and combustion sources were found in the study area with 

highest contribution from motor vehicle emissions. 
Mishra et al., 2016 

Shanghai, China October, 2011-August, 2012 16.9  
5-6 ring PAHs represented 56.5% of total PAHs, while 2-3 ring PAHs 

showed lowest abundance (12.4%). Diesel/gasoline emissions and coal 

burning were the predominant contributors. 

Wang et al., 2015a 

Malaysia June, 2013-February, 2014 2.79 
Seasonal shifts effected PAHs occurrence and availability. Combustion 

and traffic sources also had significant impacts. 
Khan et al., 2015 

Kolkata (Indo-Gangetic Plain (IGP)) 

and Darjeeling (eastern Himalayan 

region), India 

October, 2015-May, 2016 
Kolkata: 37.65-146.71  

Darjeeling: 5.45-36.60  

Atmospheric concentrations were influenced by anthropogenic 

emissions and meteorological factors and differences were attributed to 

socio-economic backgrounds. 

Ray et al., 2017 

Beijing, Shanghai, Guangzhou, 

Nanjing, Wuhan, Taiyuan, Chengdu, 

Lanzhou and Xinxiang of China 

October, 2013-August, 2014 3.0-580 

Meteorological parameters were found to be correlated with ambient 

PAH levels and the emissions were dominated by vehicles (mainly 

driven by gasoline), household biomass burning and coal combustion. 

Liu et al., 2017a 

Guangzhou, China January, 2016-December, 2019 4.793 
BghiP, IP, BbF and BaP posed highest risks with maximum exposure 

concentrations. 
Jiang et al., 2023 

Mumbai (western coast), India 
September, 2016-December, 

2016 

Urban site: 29.36 

Suburban site: 32.2 

Gasoline and diesel vehicles substantially contributed to the overall 

PAHs concentration. 
Masih et al., 2019 

Islamabad, Pakistan January-September, 2017 13.2-88.9  
Vehicular emission and combustion had the major share to PAHs 

contribution. 
Mehmood et al., 2020 

Sapporo, Sagamihara and Kirishima 

in Japan 

Summer/winter months, 2017-

2018 

Sapporo: 0.31/3.35 

Sagamihara: 0.9/2.29 

Air quality downfall was noticed in Shenyang and Vladivostok. The 

monsoonal flow (East Asian monsoon) exerted a huge impact on 
Yang et al., 2021 
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Shenyang, China 

Vladivostok, Russia 

Kirishima: 0.11/1.33 

Shenyang: 3.72/49.7 

Vladivostok: 3.05/25.3 

pollutant behaviour and atmospheric interactions. Vehicle exhausts were 

found to be a prominent source of PAHs in all the cities. 

Tehran, Iran March, 2018-February, 2019 
Heating period: 30-49.8 

Non-heating period: 18.4-26.35 

Vehicular pollution represented the major source, diesel emission and 

gasoline exhausts being maximum in heating and non-heating periods 

respectively.  

Ali-Taleshi et al., 2021 

Hamadan, Iran January-December, 2019 0.008-59.466  

Relative humidity, wind speed and temperature were closely related to 

PAHs concentrations. Contribution of LMW PAHs of 3-rings was about 

50%. Pyrogenic emissions and light duty vehicles were identified as the 

main sources. 

Nadali et al., 2021 

Gdynia, Poland April-December, 2019 5.22-8.67  
Local domestic heating and commercial coal combustion processes 

mainly contributed to PAHs concentration.  
Siudek, 2023 

Quingdao, Shandong Peninsula, East 

Coast of China 

December, 2019-May, 2020 

June, 2020-October, 2020 
29.63 

Emissions from coal combustion and waste incinerators were the 

primary contributors at rural sites, while, the urban areas were 

dominated by the traffic-related sources.  

Qi et al., 2023 

Seoul, Korea May, 2020-January, 2021 3.96 
Release of PAHs mostly resulted due to primary emissions from 

vehicles instead of secondary formation. 
Shin et al., 2022 

 

 

 

 

 

 



15 
 

1.2.2.2. PAHs in soil and sediment 

Surface soils and sediments generally get contaminated by PAH fallouts through atmospheric 

bulk deposition (Tao et al., 2003). This happens as these organic pollutants exhibit high affinity 

towards soil particles/sediments because of their lipophilicity (Kim et al., 2013). Municipal 

wastes or industrial wastes discharged into the environment without proper treatment are the 

major inputs for the contamination of surface water bodies, increasing the content of dissolved 

or suspended solids in water and also accumulating in the sediments (Lawal, 2017). In a study 

conducted by Nieuwoudt et al. (2011) in central South Africa, the total PAHs content in soil-

sediment beds as analysed by GC/MS was found to be within 44-39,000 ng g-1 dw in which 

contribution of carcinogenic PAHs amounted to 19-19,000 ng g-1 dw (about 50% of the total 

PAHs), proving thereby that the pyrogenic sources are the major contributors of PAH pollution 

than petrogenic emissions. 

 Hydrophobic nature and partition coefficient of PAHs (i.e., octanol–water partition 

coefficient, KOW - a measure of the difference in solubility of the PAH in the two immiscible 

phases at equilibrium) along with organic matter content of soil highly influence the 

adsorption/absorption and desorption mechanisms which govern the fate as well as mobility of 

PAHs in water-sediment beds (Hwang and Cutright, 2002; Hiller and Bartal 2006). Mobility 

of PAHs bound to soil particles in the subsurface is influenced by the particle size distribution 

of sorbent, soil conductivity and porosity (Riccardi et al., 2013; Abdel-Shafy and Mansour, 

2016). Higher value of KOW reduces the solubility of PAHs in water thereby increasing the rate 

of sorption to soil particles and finally affecting PAH mobility (Abdel-Shafy and Mansour, 

2016). PAH concentration of 22.8 mg kg-1 in soil or sediment beds is considered as the Probable 

Effect Concentration (PEC), above which ill effects are expected to occur frequently 

(https://wrri.ncsu.edu/docs/partnerships/bmc/PAHFactSheet.pdf). PAHs when incorporated 

into sediments become stagnant due to their non-polarity which prevents their dissolution in 

water. But formation of interstitial water organic colloids regulates the transport and 

distribution of PAHs in the soil/sediments by enhancing the amount of such pollutants in the 

aqueous phase due to their sorption onto the organic colloids which increase their mobility 

between pore fluids and their associated sediments (Abdel-Shafy and Mansour, 2016; Dong et 

al., 2012). 

  The unexpected surge in the levels of soil and sedimentary PAHs pollution has forced 

the authorities to initiate monitoring plans and controlling measures based on their abundance, 

nature and content, types of sources and human health or biohazards. Worldwide researches on 
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assessment of PAHs concentrations in such matrices, thus, furnished a scientific basis for 

meeting the general standards and criteria for environmental sustainability. Global trends of 

PAHs contamination in surface soils or in different soil layers of varied regions have been 

reported as 106-3148 ng g-1 in Liao River Delta, Northeast China (Ma et al., 2014), 27-753 ng 

g-1 in Yellow River Delta of coastal province of China (Yuan et al., 2014), 128.8-430.44 ng g-

1 in Qi’ao and Futian Nature Reserves of Greater Bay Area, a southern mega region of China 

(Wu et al., 2022), 10.8-4870 ng g-1 in coastal wetlands of China (Yang et al., 2015), 20-225 ng 

g-1 in Bolshezemelskaya tundra zone of Komi Republic (Yakovleva et al., 2017) and 16-12000 

ng g-1 in the adjacent areas of Canadian River in Cleveland, Oklahoma (Sartori et al., 2010). 

Concerning sediment contamination, PAHs concentrations ranged from 1.2-22.2 µg g-1 in the 

marshes of Elizabeth River, southeast Virginia, United States (Kimbrough and Dickhut, 2006), 

101.0-602.4 µg kg-1 in Kvarnery Bay of Croatia (Traven, 2013), 93-431 ng g-1 in Honghu Lake, 

Hubei Province, China (Zheng et al., 2017), 32.1-171.7 ng g-1 in the areas along East China 

Sea (Adeleye et al., 2016), 16-31425 ng g-1 in Chennai, India (Goswami et al., 2016), 5.02-

981.18 µg g-1 in Bhavnagar coast, Gujrat, India (Dudhagara et al., 2016) and <DL-234.3 ng g-

1 in mangrove sediments of South Brazil (Garcia and Martins, 2021). All such evidences are 

suggestive of ecosystem vulnerability and threats to human health. Anthropogenic inputs, such 

as petroleum pollution, biomass and coal burning, vehicle emissions, oil leakage, biogenic 

emissions and air-soil exchange or atmospheric deposition are likely to be the underlying 

factors of PAHs pollution in soil and sediments of different geographical areas. Total organic 

carbon (TOC) of soil organic matter (SOM) has also been found to stimulate PAHs 

accumulation by governing their partitioning and exchange between environmental surfaces 

and atmosphere.  

 

1.2.2.3. PAHs in water streams 

PAHs are the major persistent organic contaminants reaching the urban water bodies of 

developing metro cities due to wet or dry deposition from land-based sources, oil spillage, 

effluent disposal from sewage treatment plants and industries and runoff from dumping 

grounds and surface areas, where maximum PAHs distribution in urban areas occurs through 

the storm water runoff (https://wrri.ncsu.edu/docs/partnerships/bmc/PAHFactSheet.pdf). 

PAHs can also enter water streams/bodies through rains that wash off these pollutants from 

parking lot areas and roads, coming from tyre wear and tear, road-joint fillers, fuel leaks, auto 

emissions and broken pavements leading to high concentration of PAHs deposition in aquatic 

sediments. It is found that the tyre wear particles containing high aromatic (HA) oils, also 
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known as distillate aromatic extract oils (DAE), rich in PAHs, zinc and other organic 

compounds contribute to their release to the environment and pose severe risks to aquatic 

organisms due to their toxic nature. Use of tyres containing HA oils has been prohibited by the 

European Union (EU), which will eliminate further PAHs contamination from tyres by 98% 

(Wik and Dave, 2009). Presence of PAHs in water and its harmful effects on fish, amphibians, 

bivalves and benthic macro-invertebrates have been well documented, causing mutagenic, 

carcinogenic and genotoxic transformations (Connel et al., 1997). Due to their high toxicity, 

stable nature and lipophilicity, PAHs are transported through food chains and ultimately to the 

human beings (Vagi et al. 2005). Occurrence of PAHs in waterways depends on seasonal 

changes and is predominant in autumn and winter due to heavy traffic load and residential 

heating (Manoli and Samara, 1999). Maximum limit (standard) of 0.10 μg L-1 for total 

concentration of BkF, BbF, B[ghi]P, IP and 0.010 μg L-1 for BaP have been fixed for potable 

water by the European Communities (Drinking Water) Regulations, 2007 through EU 

Directive 98/83/EC. PAHs were generally detected in wastewater effluents and stream water 

using liquid-liquid extraction and GC-MS or HPLC methods. Quantum of PAHs in water 

streams above prescribed limit for drinking water causes potential risks to humans consuming 

the water. Pervasive occurrences of elevated concentrations of PAHs in aquatic environments 

(freshwater or marine) have been evidenced in past studies around the globe: 23.52-865.18 ng 

L-1 in the Yellow River Estuary, China (Zhang et al., 2022a), 891-1951 ng L-1 in the Huai River 

of eastern China (Zhang et al., 2017c), 0.05-65.9 ng L-1 in the Ganges River Basin of India 

(Sharma et al., 2018), 688.70-4477 ng L-1 in the Cauca River of Colombia (Sarria-Villa et al., 

2016), ND-30 µg L-1 in the Brahmaputra River and ND-32 µg L-1 in the Hooghly River of India 

(Khuman et al., 2018), 235.92-10367.60 ng L-1 in the Nile River of Egypt (Haiba, 2019) and 

42-136 ng L-1 in the surface water of Shadegan Wetland of Iran (Ashayeri et al., 2018). The 

authors reported the dominance of mostly LMW PAHs in water samples owing to their high 

water solubility and low KOW. Both petrogenic and pyrogenic contaminations are accountable 

for PAHs inflow into the water bodies. Hence, there is an urgent need for constant monitoring 

and assessment of the levels of PAHs in the environment to mitigate the associated risks. 

 
1.2.3. Exposure to PAHs and their associated risks on public health 

Exposure of general population to fine particulate-bound and vapour phase PAHs, generated 

due to tobacco smoke, open burning, vehicular emission, residential heating or domestic 

cooking occurs mostly through absorption by skin, respiratory tract and gastrointestinal tract 

(ACGIH, 2005). Humans can develop hemolytic anemia and jaundice through consumption of 
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foods from crops grown in soil contaminated with PAHs because of complex nature of PAH 

metabolism occurring primarily in the liver and also in other tissues of human body to a lesser 

extent (Wang et al., 2012; Ciecierska and Obiedzinski, 2013). According to WHO, maximum 

acceptable concentration of benzo(a)pyrene in water should be 0.7 μg L-1. Teeming population 

of all cities may be at higher risk of PAHs exposure due to their choice of occupation and level 

of pollution in and around work place depending on their ever-increasing demand for survival 

(Caricchia et al., 1999). Individuals working in mines, metal workshop or oil refineries and 

also mechanics, street vendors and motor vehicle drivers are exposed to PAHs due to inhalation 

of exhaust fumes in their work fields (See et al., 2006). Many industrial plants producing coke, 

coal tar/pitch, aluminium, iron and steel, creosote, rubber, mineral oil, soot and carbon black, 

etc. are the major sources for human exposure to these organic pollutants (Hussain et al., 2018) 

which can be readily eliminated if proper remedial measures are implemented to arrest the 

polluting organic compounds at their emission sources. PAHs exhibit low degree of acute 

toxicity to human due to short-term exposure having minimum harmful effects. Occupational 

exposure to PAHs may cause lung, skin and bladder cancers, development of high levels of 

DNA adducts and mutations including non-carcinogenic but harmful effects on immune, 

nervous and reproductive systems (Abdel-Shafy and Mansour, 2016). Benzo(a)pyrene and 

benz(a)anthracene are proved to be potent carcinogenic compounds by IARC and USEPA and 

are used as biomarkers or indicators for environmental exposure to PAHs or carcinogenic 

pollution. Human health risks by drinking water from streams and lakes are rare as PAHs 

normally adsorb to sediment particles rather than dissolving in water 

(https://wrri.ncsu.edu/docs/partnerships/bmc/PAHFactSheet.pdf). Risk is also low from 

consumption of fish as PAHs do not readily bioaccumulate within vertebrates. In animals, 

PAHs and their metabolites induce necrosis or apoptosis in order to destroy healthy living cells 

(the process being referred to as cytotoxicity) depending on their aromatic ring structure, 

particle size and functional groups. They adversely affect the functioning of immune system, 

damage the genetic information within a cell causing mutations, which may lead to cancer and 

also interfere with normal reproduction, causing developmental toxicity in the offspring 

(IARC, 1983). Short-term exposure to PAHs is associated with increased risks of damaged 

lung function, asthma, impairment of kidney function, lysis of red blood cells and ischemic 

heart disease (IHD) which reduces blood flow to the heart muscle (ACGIH, 2005; ATSDR, 

1995; Srogi, 2007). It also causes skin infection (Srogi, 2007), eye irritation, cataracts, nausea, 

vomiting and diarrhoea (Unwin et al., 2006). Anthracene, benzo(a)pyrene and naphthalene are 

categorized as skin allergens and sensitizers, that cause burning sensation or pain, 
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inflammation, redness, itching and fissures (IPCS, 1998). Chronic effects of PAHs exposure 

include cell disruption due to alterations in the DNA sequence, heart failure and respiratory 

mortality (Kuo et al., 2003). DNA fragments bound to electrophilic PAH metabolites facilitate 

the initiation of cancer. PAH-DNA complexes detected in leukocytes have been used as an 

indicator for long-term human consumption of grilled meat (Kang et al., 1995). Several studies 

showed that high levels of PAHs exposure to pregnant mother may cause premature birth or 

birth deformities with low body weight in offsprings, low IQ, improper behaviour, 

developmental delay and childhood asthma (Perera and Herbstman, 2011). Jung et al. (2013) 

showed that HMW PAHs can cause chromosomal aberrations in rodents. 1-hydroxypyrene 

(human metabolite of pyrene) is usually found to be excreted through urine of outdoor workers 

when forced to work in polluted environment, indicating acute kidney injury (Sobus et al., 

2009).   

Several risk indices have been used by the researchers as particular measures for 

assessing pollution threats in order to represent the integrated consequences of PAHs exposure. 

Potential toxicities of PAHs are generally expressed as mutagenic and carcinogenic equivalent 

concentrations with respect to  benzo(a)pyrene (BaPMEQ and BaPTEQ) and also in reference to 

carcinogenic and mutagenic potential (CP and MP). Hazardous nature of mostly HMW PAHs 

has been confirmed in many studies with more than 90% contribution to cancer risks (Verma 

et al., 2022; Blaszczyk et al., 2017; Ihunwo et al., 2021). Incremental lifetime cancer risk 

(ILCR) and lifetime average daily dose (LADD) are often used as health risk parameters to 

evaluate the chances of life-threatening diseases caused via different exposure pathways 

(inhalation, oral or dermal) upon subjection of human population to carcinogenic pollutants for 

a long span of time (Ambade et al., 2021; Florencia et al., 2022). ILCR ≤ 10-6 suggests 

negligible probability of foreseeable risk, whereas, ILCR > 10-4 signifies increased risk of 

cancer among individuals. Low to severe health risks of cancer (2.26×10-7-3.28×10-7 (Davoudi 

et al., 2021), ND-7.21×10-5 (Ambade et al., 2021) and 1.3×10-3-3.7×10-3 (Cheng et al., 2022)) 

from PAHs pollution is well-reported in many investigations. Different authors have stated that 

the cancer risk values for individual PAH congeners may not exceed the permissible limit, but 

the overall cumulative risk is much higher than the threshold value (Tongo et al., 2017).    

1.3. Traditional monitoring and biomonitoring of air pollutants 

Detection and monitoring of PAHs in ambient air are mainly performed through direct air 

sampling by onsite conventional instruments such as Respirable Dust Sampler/High Volume 

Air Sampler and Ambient Fine Dust Sampler equipped with filter papers (fibre glass filter 
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paper, quartz fibre filters or polytetrafluoroethylene (PTFE) filters) at different stations near 

roads with heavy traffic density, at selected sites within cities, near schools/colleges, hospitals 

and also near probable sources of emissions (CPCB, 2003). Adsorbents like PUF disks, XAD-

resins, Tenax (porous polymer adsorbent matrix), SPMDs (semipermeable membrane devices) 

and polymer coated glass can also be employed as passive air samplers for in-situ air sampling. 

However, the traditional air sampling processes as mentioned above are disadvantageous for 

monitoring and handling of air samples for proper analysis as expensive and sophisticated 

analytical equipment are required to be installed at monitoring sites with high level of 

maintenance along with provision for security (Blasco et al., 2006). Efficiency of air samplers 

for accumulating airborne pollutants also gets reduced due to their specific onsite deployment 

period (Zhou et al., 2014). Also, large volumes of polluted air masses should have to be 

sampled for continuous 24 h or more to get appreciable and measurable concentrations of 

PAHs. Even then it will only give information about current air quality (Van der Wat and 

Forbes, 2015).  

Therefore, it can be opined that the simplest and most cost-effective way of assessing 

and determining airborne PAHs is the indirect method of employing natural bioaccumulators 

(organisms, groups of organisms or biological communities) as they can assimilate the 

pollutants from the atmosphere within their tissues and exhibit visible damages or other 

symptoms in response to their exposure to pollutants (Onete et al., 2010; Parmar et al., 2016). 

Plants’ competences to respond to external stress signals vary in consonance with their 

biochemical, physiological and morpho-anatomical characteristics for a clean environment of 

the biosphere, maintaining biogeochemical cycle with ecological balance. From this 

perspective, plants are explored as important tools in environmental bioindication and 

biomonitoring depending on their pollution sensitive or tolerant nature (Achakzai et al., 2017). 

However, the basic difference between bioindicators and biomonitors lies in the fact that only 

the impact of pollution can be discerned from the bioindicators through their growth patterns, 

injuries developed and paucity of their diversity in a particular area, while, accumulative 

bioindicators/biomonitors help make the qualitative or quantitative assessment of ambient 

pollution due to the presence of contaminants which reveal the level of pollution load in the 

environment and also provide an understanding of the anthropogenic interferences by their 

presence and abundant availability with long life-span in the ecosystem. Moreover, they are 

reproducible, can be sampled easily and applicable to those sites where heavy instruments 

could not be taken and installed. They are also able to monitor integrated exposure of pollutants 

over time. Selection of different types of bioaccumulators such as plants, animals, microbes 



21 
 

and macroinvertebrates, used for biomonitoring, is based on their specific responses with 

respect to environmental variability. Bioaccumulators and their responses to airborne 

pollutants are represented in Fig. 5. Plants or the above-ground organs of plants like stem, bark, 

ring, leaves and needles as well as lower plants such as bryophytes (e.g., mosses) and lichens 

are generally used as excellent biomonitors for indirectly assessing the quantum of air pollution 

in polluted areas, which have helped to investigate the presence of PAHs in the atmosphere. 

Therefore, biomonitoring of PAHs using plants, lichens and mosses has become the thrust area 

for environmental clean-up as they usually trap the atmospheric PAHs and mineralize or 

transform them into non-toxic forms, thereby eliminating them from the ambient air and 

improving its quality. 

 

Fig. 5. Different types of biomonitors of environmental pollution and their stress responses 

(Parmar et al., 2016). 
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1.4. Biomonitoring scheme: Measurement of the accumulation of PAHs in plant tissues 

The series of steps for assessment of vast range in PAHs concentrations encompasses collection 

of samples from selected fields, sample pretreatment, extraction and purification with proper 

solvents followed by analysis and interpretation of results. Investigations to obtain detectable 

ranges of PAHs concentration in biomonitor plants, lichens and mosses have been performed 

throughout the world using conventional (Soxhlet or Soxtec and ultrasonication) (Viskari et 

al., 1997; Holoubek et al., 2000; Migaszewski et al., 2002; Hubert et al., 2003; Augusto et al., 

2010; Dolegowska and Migaszewski, 2011; Loppi et al., 2015; Studabaker et al., 2017; Yang 

et al., 2017; Bi et al., 2018; Oishi, 2018; Van der Wat and Forbes, 2019) as well as modified 

solvent-extraction techniques (microwave assisted extraction (MAE), accelerated solvent 

extraction (ASE)/pressurized liquid extraction (PLE), modified ultrasonic extraction, i.e. 

dynamic sonication assisted solvent extraction, DSASE, matrix solid-phase dispersion 

extraction (MSPD), SUPRAS-based microextraction and QuEChERS (quick, easy, cheap, 

effective, rugged and safe)) (Domeno et al., 2006; Ratola et al., 2009, 2012; Blasco et al., 2011; 

Schrlau et al., 2011; Foan and Simon, 2012; Fujiwara et al., 2014; Sucharova and Hola, 2014; 

Caballero-Casero et al., 2015; ConchaGrana et al., 2015b; Ji et al., 2019; Van der Wat and 

Forbes, 2019) to deliver accurate and reliable results through standardized analytical 

approaches like gas chromatography-mass spectrometry (GC-MS) or high performance liquid 

chromatography (HPLC). 

1.4.1. Sample preparation techniques 

1.4.1.1. Sampling and sample pretreatment methodologies 

Plant sampling for biomonitoring should be based on the collection of leaves or other plant 

parts from healthier species. Infected (by pathogens or insects) or dead or stressed (by extreme 

weather conditions) plant materials need to be avoided. As far as foliage sampling (using 

appropriate gardening tool) is concerned, fully developed (or full grown) leaves should be 

taken into consideration and must involve replicate samples of minimum 40-100 leaves per 

sample from two to three trees for each analysis for better coverage of the study area. Duration 

and time of sampling should be selective pertaining to the work objective. Leaf samples should 

then be handled with care with their proper detachment from the petioles and placement in 

paper bags or polyethylene zip lock pouches before processing. It is also noteworthy that 

improper sampling may lead to erroneous results.   
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 Pretreatment of biomatrices after sampling mainly involves thorough washing of 

unwanted debris, oven-drying or lyophilization and tissue grinding or homogenization for size 

reduction to produce fine powder, making it convenient for extraction process and thereby 

increasing the recovery efficiency (Yu et al., 2019).   

1.4.1.2. Solvent extraction of PAHs  

Extraction is the prime step for accurate identification and subsequent analysis of atmospheric 

PAHs in the environment. Mass transfer in extraction process can be extended to a certain limit 

beyond which further extraction or further enrichment of the extractant by solute is not 

possible. This depends on partition or distribution coefficient which can be defined as the ratio 

of concentration of an analyte in the residual matrix part to that in the extractant at equilibrium 

and predicts the analyte behaviour between air and matrix (McLachlan, 1999; Meylan and 

Howard, 2005). Conventional extraction methods like Soxhlet extraction and ultrasonication 

are the common methods of choice; whereas alternative extraction methods like PLE/ASE, 

MAE, extraction using supercritical and subcritical fluids (pressurized hot water extraction) 

and membrane assisted solvent extraction (MASE) are also employed which involve different 

organic solvents for better extraction yield (Barreca et al., 2014). Solid phase extraction (SPE) 

technique (one of the selective extraction processes) is primarily used for extract clean-up. 

Modified extraction techniques with low or no consumption of solvent have also been 

developed for achieving enhanced extraction efficiency, which include single-drop 

microextraction, cold-fiber solid-phase microextraction, MSPD, SUPRAS-based 

microextraction and QuEChERS extraction method (Szulejko et al., 2014). In addition to 

conventional organic solvents, other extraction agents including microemulsions, 

biosurfactants, cyclodextrins, vegetable oil or water also facilitate PAHs removal up to 47-

100% (Lau et al., 2014; Lawal, 2017). 

• Factors influencing the process of PAHs extraction  

 

➢ Nature of solvent system  

In an experimental setup, choice of appropriate solvent is the main factor affecting the 

extraction process, which depends on the solubility of the desired PAHs with respect to solvent 

polarity and solvent-matrix interactions (Chen et al., 2008). The selected solvent should be 

non-toxic, inflammable, chemically stable and inert to avoid reaction with the analytes. 

Viscosity, vapour pressure and freezing point of the solvent should be low for its user-friendly 
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handling and storage. The solvent should be highly selective towards PAHs than the other 

matrix components and should be compatible to chromatographic analysis. The matrix:solvent 

ratio also critically influences the process of extraction (Luque-Garcia and Luque de Castro, 

2003) where the matrix should be properly submerged and saturated in adequate quantity of 

solvent during extraction. Better results can be obtained through high solvent:solid matrix ratio 

in case of conventional extraction methods, while in case of MAE, this would not yield good 

results owing to non-uniform temperature distribution of microwave radiation (Tatke and 

Jaiswal, 2011). Also, in MAE, dielectric constant (dissipation factor) of solvents governs the 

extent of energy absorption radiated by microwaves (Shu and Lai, 2001), thereby affecting the 

rate of extraction. The efficiencies of different extraction techniques may vary from one 

process to another.   

Extraction results are greatly affected by a variety of solvent suites which may be either 

moderately polar like dichloromethane (DCM) or toluene or a mixture of polar and non-polar 

solvents according to USEPA. Loss of PAHs has been observed in several studies using DCM 

as solvent. On the other hand, high boiling point does not make toluene favourable for 

extraction (Khan et al., 2005). Other solvents which are frequently used for PAHs extraction 

are hexane, acetone/hexane (1:1 v/v), DCM/acetone (1:1 v/v), DCM/ethanol (1:1 v/v), n-

butanol (Hatzinger and Alexander, 1995), methanol (Codina et al., 1994), chloroform, 

isopropanol, cyclohexane, diethyl ether and acetonitrile (ACN). Though organic solvents are 

effective extraction agents, they are harmful to the environment (Khan et al., 2005). Hence, 

ionic liquids (ILs) which are ionic compounds with low melting points and non-aqueous, are 

used in recent research for extraction process as green or designer solvents instead of organic 

solvents as they are thermally and chemically stable, able to reduce environmental pollution 

and enhance the selectivity of analytes and extraction efficiency (Poole, 2004; Han and Row, 

2010; German-Hernandez et al., 2011; Xiao et al., 2018). Requirement of ILs for extraction is 

very less (only 4-5 mL per extraction) and IL-extracts also do not need any further clean-up 

steps for analysis (German-Hernandez et al., 2011). However, synthesis of traditional ILs is 

quite difficult and costly process as compared to protic ILs and deep eutectic solvents 

(Shamsuri and Abdullah, 2010).   

Ternary or binary solvent mixtures are also used for extraction of PAHs. Ugwu and 

Ukoha (2016) reported that high amount of targeted PAHs (mostly 2 and 4-ring PAHs) was 

extracted with ternary solvent system of mixed polarity (acetone + DCM + n-hexane) as 

compared to binary mixtures (acetone + DCM; DCM + n-hexane; and acetone + n-hexane), 

while both the solvent mixtures yielded same concentrations of 3 and 5-ring PAHs. These 
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hydrocarbons normally adhere to the matrix through physical adsorption. Other organic 

substances present in the mineral matrix as well as biological system tend to bind PAHs 

molecules through chemical and biological interactions which reduce the solvent elution ability 

resulting in decreased PAHs content in extracts (Delhomme et al., 2007). 

➢ Extraction time  

Proper selection of extraction time is very much necessary for economic consideration of the 

process and reduction of energy consumption. As the quantity of extracted analyte is generally 

directly proportional to the extraction time, the ‘green methods’ would be those involving less 

solvent, shorter duration and better yield for extraction (Dent et al., 2013). Also, mass fraction 

of the analytes is highly influenced by the extraction time and its proper optimization can 

regulate its efficiency (Dent et al., 2013). Dent et al. (2013) also reported that the organic 

solvent ethanol or acetone (30%) produced the most favourable condition for polyphenol 

extraction from dried leaves of Salvia officinalis (common sage leaves) at 60 ºC with extraction 

time of 30 min. However, Wong et al. (2014) demonstrated that the total content of phenolic 

and flavonoid compounds for kenaf seeds extracted with 100% ethanol decreased as the 

extraction time increased which can be explained by the loss of antioxidants due to heat or 

oxygen exposure for longer periods. Mokrani and Madani (2016) showed that the increase in 

extraction time from 30 min to 180 min resulted in the enhancement of total phenolic 

compounds (TPC), 1,1-diphenyl-2-picrylhydrazyl radical-scavenging activity (DPPH-RSA) 

and ferric reducing power (FRP) for peach tree (Prunus persica L.). Any further increase in 

time could not boost up the recoveries following the Fick’s second law of diffusion due to 

equilibrium concentration reached between the solute molecules in the bulk of the solution and 

solid matrix. Hence, it is conferred that varying optimized time periods are required for 

extraction of volatile organic compounds or PAHs from different matrices depending on 

extraction techniques. 

➢ Temperature of extraction  

Temperature is one of the most important criteria for extraction. High temperature decreases 

fluid density and viscosity with decrease in surface tension, resulting in the increase in contact 

between solvent and targeted analytes, thereby enhancing the extraction efficiency. Increase in 

temperature destabilizes solute-matrix interactions, thereby increasing the solubility of solutes 

in the organic solvent more efficiently with improved mass transfer, rapid diffusion and better 

recoveries. Quantitative extraction of polar compounds can be achieved at low temperatures; 
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but for extraction of PAHs or hydrophobic organic compounds, high temperatures (250-300 

ºC) are essential (Andersson, 2007). Very high extraction temperatures (more than 300 ºC) may 

cause damage to instruments, degrade the analytes or otherwise react at high temperatures. This 

may also lead to the co-extraction of other matrix components in substantial quantity with the 

desired PAHs, thereby compromising the purpose of selection of extraction process. There can 

also be blockages and pressure increase inside the equipment which will give erroneous 

analytical results (Andersson, 2007). Further purification of the extracted analytes may also be 

carried out, if necessary. Therefore, low extraction temperatures should normally be 

maintained to avoid denaturation of analytes along with elution of other undesired matrix 

components. 

➢ Effect of pressure  

Adequate pressure exerted on the solvent facilitates extraction of analytes trapped in matrix 

pores from the samples and also maintains the solvent in liquid phase with the help of elevated 

temperature. High temperature with requisite pressure reduces the surface tension of the solvent 

inducing it to pass through the pores as well as those areas of the matrices that are not properly 

exposed to the solvents due to the pore entrance blockage caused by air bubbles or water in 

order to make contact with the analytes for extraction (Richter et al., 1996). High pressure 

proves to be an added advantage for the analytes which are easily available on the matrix 

surface or within the pores, as seen in case of liquid chromatography. Solvent under high 

pressure is able to flow easily through the pores solubilizing the air bubbles and also subjecting 

it to intimate contact with the sample. This process is termed as adsorption chromatography for 

the analytes found mostly on the surface (Richter et al., 1996).  

➢ Matrix characteristics  

The matrix characteristics including particle size, chemical composition, surface area, pH, 

water content, total organic matter content, pore size and polarizability of analytes greatly 

influence analyte-matrix interactions (Hsieh and Chang, 1997). Smaller particle sizes mainly 

enhance the solvent flow rate as well as extraction rate owing to rapid diffusion through 

reduced diffusion path facing less resistance and better solvent flow across the matrix (Amellal 

et al., 2001). It may sometimes cause difficulties in separating the matrix from solvent after the 

process of extraction, which may be overcome by subsequent adoption of centrifugation or 

filtration steps (Tatke and Jaiswal, 2011). Also, the extent of PAHs extraction from the sample 
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is influenced by both its solubility in the solvent and desorption behaviour (Hsieh and Chang, 

1997). 

• USEPA promulgated methods for extraction and analysis of PAHs  

The USEPA established several sampling, extraction and analytical approaches for common 

PAHs in which a combination of wide variety of filters (quartz filters) and adsorbents/sorbent 

cartridges such as Tenax, XAD-2 and polyurethane foam (PUF) have been used to draw air 

samples (approximately 300 m3 of air volume) efficiently over a 24 h period by employing a 

high-volume air sampler with a flow rate of 0.22 m3/min for acquiring adequate sample for 

analysis (EPA, 1999). Conventional Soxhlet extraction with appropriate solvent is normally 

followed for PAHs extraction from the filters and adsorbents. Further, the extract is being made 

concentrated by Kuderna-Danish (K-D) evaporator followed by extract clean-up with silica gel 

column chromatography to eliminate matrix interferences caused by the co-extracted 

contaminants from the sample prior to analysis by both HPLC-UVD and GC-MS based on 

USEPA Method 610 (EPA, 1984). Standardization of the analytical instruments is essential to 

ensure proper analytical results for the samples within the calibration range of the instrument. 

If not so, then the following will have to be looked into (EPA, 1999):  

a) recalibration of instruments,  

b) adjustment of the volume of the injected samples,  

c) adjustment of concentrations of the standard solutions,  

d) adjustment of data processing system for specified retention times, etc.  

Moreover, operational precision and method accuracy directly influence the sample 

concentration irrespective of sample matrix. 

• Methods of extraction 

➢ Mechanical agitation 

In this method samples are mechanically stirred generating turbulence for PAHs extraction by 

two different ways, either by placing the shake-flask on an orbital shaker or using a magnetic 

stirrer immersed in the shake-flask directly (Lau et al., 2010). It is a simple, economic and 

easy-to-handle method with minimum requirement of glass wares and solvent. It is not very 

much used as the extraction efficiency and quantitative results due to mechanical shaking are 

not satisfactory (Graham et al., 2006) owing to wide variations and less selectivity for the 
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assessment of PAH extracts (Berset et al., 1999). Long contact time with solvent for shaking 

may give proper results comparable to other methods (Kalbe et al., 2008).  

➢ Soxhlet extraction 

This technique requires more time and large volume of organic solvents, in which the solid 

matrix is kept in a thimble for solvent extraction via reflux cycle. The vapourized solvent after 

boiling is bypassed into the condenser through a distillation path, dripping back onto the solvent 

in the thimble after condensation. The excess solvent with the extract falls back into the boiling 

flask below through siphon tube (Lau et al., 2010). The solvent then starts boiling again and 

the process is continued till complete extraction of the analytes. Disadvantages of Soxhlet 

extraction include requirement of large volume of solvent, poor selectivity for PAHs, 

likelihood of sample carryover, non-viability of re-dissolving dry extracts, requirement of 

intense labour and time since the process of extraction continues up to 16-24 hours for getting 

better yield (Dean and Xiong, 2000). It has been reported that n-alkanes and humic substances 

are also coextracted with PAHs through this method integrated with GC/MS or GC/FID as 

identified from mass chromatograms (Graham et al., 2006). The results obtained from this 

technique are quite comparable to those produced by other methods with small variations 

having low standard deviations (Flotron et al., 2003). The percentage recovery for PAHs with 

more than 4 rings using this process ranges between 84–100% and increases with the increase 

in molecular weight (Smith et al., 2006). 

Improved version of this technique (automated Soxhlet extraction method) involves 

two steps combining boiling and rinsing to reduce time and volume of solvent required for 

complete extraction. In this improved technology, solvent extraction is carried out via reflux 

cycle collecting the solvent with extracts below the thimble after condensation. The extraction 

efficiency and accuracy of this process are highly improved reaching almost up to 100% 

recovery (Sporring et al., 2005). Additionally, the compactness of the instrument having 

multiple extraction chambers ensures simultaneous extraction of PAHs from several samples 

(Dean and Xiong, 2000). 

➢ Ultrasonic agitation / sonication 

This technique transmits the sound energy of ultrasonic waves having 16 KHz frequency 

(minimum) while passing through the fluid, which causes frequent changes in the fluid density 

(compression and rarefaction) resulting in creation and rupture of vapour bubbles in quick 

succession (cavitation action). A sonicator transducer or a sonication bath can be utilized for 
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fluid agitation by ultrasonic waves generated by means of piezoelectric ceramics (Lau et al., 

2010). Studies showed that sonication provides higher extraction efficiencies as compared to 

that of Soxhlet technique and is more economical and easier to operate (Sun et al., 1998). 

Interferences of sample matrix and other pollutants greatly influence the rate of extraction. In 

order to enhance the rate of extraction for PAHs, time of exposure to ultrasonic waves and 

power level should be monitored to prevent the degradation of organic contaminants present in 

the sample. Extensive exposure to sonication causes breakdown of carbonaceous particles 

which increases the available surface area for PAHs adsorption (Stephens et al., 1994). 

Centrifugation or filtration may be necessary after extraction for further isolation of PAHs from 

these particles. 

➢ Accelerated solvent extraction (ASE) / Pressurised fluid extraction (PFE) 

It is a newly developed technique and used for extraction of PAHs or other compounds from a 

complex solid or semisolid sample matrix within a very short time (5-10 min) with the help of 

organic solvents at elevated pressure and temperature (maintaining the temperature above 

atmospheric boiling point of the solvent). This process requires less time and smaller volume 

of solvent and shows better analyte recovery and precision than conventional methods operated 

under less extreme conditions. Extraction efficiency of the desired analyte increases with high 

temperature and pressure which keeps the solvent in a liquid state (Richter et al., 1996). High 

pressure (500-3000 psi) and temperature (50-200°C) allow the solvent to pass through the pores 

very rapidly solubilising the surrounding air bubbles and allowing the solvent to come in 

contact with much of the sample. In ASE system, multiple numbers of samples in extraction 

chambers can be run in a single batch by placing them in cartridges containing required volume 

of selected solvent which helps in extracting the desired compounds (Richter et al., 1996). After 

completion of extraction, sample is purged with nitrogen gas to remove remaining solvent and 

collected into a collection vessel for further concentration and analysis. It has been reported 

that efficiency of PAHs extraction from soil-sediment beds is much higher in ASE system as 

compared to traditional Soxhlet extraction technique (Wang et al., 2007) with improved 

accuracy of extraction, reducing RSD (relative standard deviation) down to less than 10% 

(Liguori et al., 2006). ASE system also offers automation and precision using less solvent 

volume and time which prevents vapourization of PAHs and sample contamination by avoiding 

the strenuous process of sample preparation (Liguori et al., 2006). 
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➢ Pressurized hot water extraction (PHWE) / Subcritical water extraction (SWE) 

This method is extensively used as an eco-friendly extraction technique which utilizes hot 

water under pressure as an extractant replacing organic solvents due to its non-toxic nature, 

easy availability and disposal and cost-effectiveness. Pressurised hot water with altered 

physico-chemical characteristics helps in PAHs extraction from solid matrices under high 

temperature (below 374.0°C-critical temperature of water-but above 100°C) and pressure (5 

bar at 150°C and 86 bar at 300°C) for maintaining the liquid nature of water. Steam can also 

be used in the process of extraction instead of hot water (Khan et al., 2005). High temperature 

and pressure make the electrostatic interactions (hydrogen bonding) between water molecules 

feeble, resulting in lower dielectric constant and simultaneous decrease in polarity, which 

enhances PAHs solubility by reducing hydrophilicity of water (Lau et al., 2010; Manahan, 

2005). When oxidizing agents are also used with SWE method, it provides better extraction 

efficiency for PAHs with excellent selectivity and less or almost no coextraction of other 

alkanes (Hawthorne et al., 2000). This combined approach offers an extraction efficiency of 

99.1–99.99%, whereas only SWE technique provides the same ranging between 79–99+% 

(Dadkhah and Akgerman, 2002). Heat-labile compounds are generally extracted at low 

temperature in the presence of other co-solvent, which works by reducing the water density by 

weakening the hydrogen bonding of water molecules (Curren and King, 2001). Maximum 

extraction of PAHs with 2-4 fused aromatic rings can be achieved by PHWE, whereas high 

recovery rate for PAHs having 4-7 fused benzene rings can be obtained through PLE 

(Hawthorne et al., 2000). Coextraction of other compounds with the desired analyte renders 

the extract turbid when non-selective extraction techniques like Soxhlet, PLE and MAE are 

employed (Andersson, 2007).  

➢ Supercritical fluid extraction (SFE) 

Supercritical fluids having properties akin to both gas and liquid can effuse through solid matter 

as a gas or dissolve them as a liquid due to absence of surface tension and liquid/gas phase 

boundary (Lau et al., 2010). This dissolving power of supercritical fluid is utilized for 

extraction and fractionation of a broad spectrum of compounds (Khan et al., 2005). As for 

example, carbon dioxide in supercritical state (temperature 31◦C and pressure 74 bar) can be 

used to extract PAHs from the sample matrices (Hawthorne et al., 2000). SFE involves both 

static and dynamic mode of operation to extract analytes from sample. Temperature, pressure 

and mode of operation are the main process parameters influencing extraction (Khan et al., 
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2005). Degree of solvation in supercritical fluids can be controlled by regulating the pressure 

and temperature or with addition of modifiers like methanol (1-10%) which alters the polarity 

of supercritical fluid. SFE enhances the extraction kinetics and improves recovery rates as 

compared to conventional extraction method like Soxhlet technique (Northcott and Jones, 

2000). Application of SFE in determining the desorption behaviour and abundance of 

carbonaceous pollutants in soil has also been reported (Hawthorne and Grabanski, 2000). 

Elution of highly purified extracts renders this technique very much selective with reduction in 

standard deviation (Lau et al., 2010). Extraction of analytes using supercritical water is 

constrained as it requires high temperature (>374◦C) and pressure (>218 atm) causing 

corrosion or damage of the extraction vessel (Yang et al., 1997). Integrated SFE system may 

allow the analysis of the extracts directly by gas chromatography without any clean-up, thereby 

preventing contamination by manual handling (Berset et al., 1999). 

➢ Solid phase extraction (SPE) 

This technique requires less time with high selectivity for PAHs extraction. Prior to extraction 

with a selected solvent, the samples are rinsed with another solvent to remove all the unwanted 

compounds present in the soil matrix (Kootstra et al., 1995). Selected sample must be subjected 

to sand filtration or passed through empty solid phase extraction cartridges before start of 

extraction in order to stop the clogging of SPE column by the soil particles (Lau et al., 2010). 

The washed sample containing PAHs is then kept in a collection tube for extraction. The basic 

principle of SPE involves adsorption of the sample onto a sorbent material (like activated 

charcoal or modified silica) (Sibiya et al., 2012). Studies revealed that SPE can be efficiently 

used for sample preparation for PAH analysis having correlation coefficients more than 0.9 

with relative standard deviations between 0.8-9.1% as compared to the liquid-liquid extraction 

(LLE) standard deviations ranging between 1.1 to 15.1%. Using this technique, volatile PAHs 

like naphthalene, acenaphthylene and acenaphthene can be recovered up to 80–90% (Kootstra 

et al., 1995). Its advantages include high extraction rates, purification and enrichment of 

sample, requirement of small volume of solvent and less time compared to other sample 

preparation techniques (Sibiya et al., 2012). This technique can be used with automation having 

facilities for running multiple samples simultaneously with optimized process parameters and 

compatible analytical results for getting better analyte enrichment and recovery (Sibiya et al., 

2012). But it has the only disadvantage of involving many steps during extraction which 

requires more time for method development.  
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Another novel extraction technique is the solid phase microextraction (SPME), a 

variation of SPE, which uses a small diameter fused-silica fibre having a coating of an 

extracting phase and covered by a protecting device for easy operation. This SPME system 

eliminates the use of solvents, adsorbs the PAHs from the matrix and then directly introduces 

the sample to the injection port of the instrument for quantitative determination. This technique 

is fast, simple with high extraction efficiency and enables its operation to be easily carried out 

at site (Lau et al., 2010). SPME requires very small amount of samples for extraction that can 

be easily analysed without any pretreatment. Analysis of the sample adsorbed to the fibre can 

also be done after few days of extraction without substantial loss of volatile components if 

proper storage conditions are maintained (Lau et al., 2010). Volatile PAHs having 2-4 fused-

benzene rings can be easily extracted using SPME methodology (Eriksson et al., 2001).  

➢ Thermal desorption  

This extraction technique is a solvent free approach without any requirement of high-pressure 

technology and is mainly applied to isolate organic contaminants from soil, sludge or 

sediments. It is integrated with GC and the prepared sample is directly injected into the 

injection port. An inert carrier gas is stopped initially till the target compounds are volatilized 

from the matrix into the thermal desorber by rapid heating of the injector up to required 

temperature between 200-500◦C (Lau et al., 2010). The carrier gas then passes through the 

injector into the GC column, taking with it the isothermally extracted compounds, for detection 

and analysis. Content of PAHs in fly ash, particulate matter and polluted soil-sediment beds 

can also be determined using this process. This process depends on the heating method (direct 

or indirect), matrix and parameters like pressure, temperature, boiling point, total organic 

matter content, contact time and extent of mixing for efficient extraction (Renoldi et al., 2003; 

Ayen et al., 1994).  

➢ Pyrolysis (Py) or high temperature distillation (HTD) 

This method involves rapid change in temperature over time in which materials undergo 

thermochemical decomposition above 300°C in an oxygen-controlled environment 

(Weidemann et al., 2018). The yield and chemical composition of the pyrolysis products 

depend on the characteristics of the feedstock, heating rate and residence time of the process 

(Zhao et al. 2013). This high temperature catalyzes the break-down of macromolecules into 

simple and volatile ones (Lau et al., 2010). Pyrolysis with online GC has the advantages of 

eliminating the purification steps, lower contamination risks, higher sensitivity and specificity, 
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elimination of solvent requirement and cost-effectiveness. In this technique, temperature has 

to be carefully optimized to prevent formation of undesirable by-products (Lau et al., 2010).   

➢ Membrane assisted solvent extraction (MASE) 

In MASE technique prepared sample mixed with organic solvent is passed through low density 

polyethylene (LDPE) membrane for its separation from solvent. Solvents used should either be 

non-polar to avoid its loss through the membrane or very polar having lipophobic properties to 

prevent their passage through the membrane. Acetonitrile is generally used for PAH extraction 

with MASE coupled to HPLC analysis. MASE is performed offline in a vial; the extracted 

sample is then directly fed into the injection port of GC/MS using large volume injection LVI 

(Hauser and Popp, 2001). Liquid-liquid extraction with microporous membranes (e.g., 

supported liquid membranes (SLMs), emulsion liquid membranes and ionic liquid membranes) 

is employed to eliminate matrix interferences due to their hydrophobic and size-exclusive 

properties for analyte detection (Ncube et al., 2016; Davoodi-nasab et al., 2017; Pabby et al., 

2017; Ncube et al., 2018). Potentially this technique can also be automated integrating with 

highly sophisticated chromatographic equipment (Barri and Jonsson, 2008). But extraction is 

not exhaustive in this technique (Hyotylainen and Riekkola, 2008) as the membrane pores get 

choked by other high molecular weight compounds (Jakubowska, 2005). 

Rodil et al. (2007) showed that more than 65% recovery with relative standard deviation 

(RSD) of 6 to 18% can be achieved for all the sixteen priority PAHs (as listed by USEPA) by 

this technique. It was also found by Prieto et al. (2008) that recoveries ranging between 81–

116% can be obtained for PAHs present in brackish water (estuarine) samples. Process 

parameters such as shaking speed, extraction temperature, time, ionic strength of extraction 

solvent and sample pH have to be optimized to achieve enriched analytes from the sample 

(Rodil et al., 2007). Membrane assisted extraction is mainly used in food and bio-analysis. 

➢ Fluidized-bed Extraction (FBE) 

Fluidized-bed extraction (FBE) technique resembles automated Soxhlet extraction method, 

where an extraction vessel with a filter fixed at its bottom holds the sample. The selected 

solvent is put into another vessel below the sample and is heated up. Evaporation of solvent 

takes place through the filter which raises the temperature of the sample and penetrates it 

causing agitation to maintain its fluidity (Lau et al., 2010). The solvent vapour then condenses 

and gets collected into the vessel below, dripping back through the sample extracting analytes 

with it. Further concentration of collected solvent is then carried out for final analysis. The 
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extraction time and solvent consumption are reduced in this method under optimized conditions 

(Lau et al., 2010). 

➢ Microwave-assisted extraction (MAE) 

In this technique, solvent extraction of PAHs from matrices is aided by microwave irradiation 

(Eskilsson and Bjorklund, 2000). Instantaneous microwave heating of the sample greatly 

enhances the rate of extraction due to dipole rotation and ionic conductance. Extraction solvent 

that can absorb microwaves is mostly preferred. Microwave heating does not cause any 

deterioration or denaturation of extracted compounds unless the temperature is too high 

(Lopez-Avila et al., 1998) and the extraction process can be conducted either in a closed vessel 

under controlled condition or in an open vessel under normal atmospheric condition (Camel, 

2000). These methods are known as pressurized MAE (PMAE) and focused MAE (FMAE) 

respectively. Application of controlled pressure would raise the temperature beyond the solvent 

boiling point inside the closed extraction vessel and speed up the rate of extraction and yield 

as compared to Soxhlet technique. In open vessel, the temperature is limited by the solvent 

boiling point at atmospheric pressure. In this process, extraction time is reduced to 10-20 min 

per sample batch due to rapid microwave heating with solvent consumption of 25-50 ml per 

sample. Prior to analysis, clean-up steps are mainly performed at room temperature for 

purification of the samples after completion of the heating cycle (Khan et al., 2005).  Extraction 

using MAE technique depends on the degree of polarization of the sample and solvent (Delhaes 

and Drillon, 1987). Immersion of sample matrix in a microwave transparent solvent like hexane 

can prevent the degradation of thermo-labile components. Bangkedphol et al. (2006) reported 

that PMAE method using cyclohexane:acetone (3:2) in a closed system operated for 15 min at 

140% boiling point of acetone is most efficient for PAH extraction with 96.55% recovery. 

Advantages of this process include less requirement of solvent, better extraction yield within 

short duration having no influence of other compounds present in the matrix as compared to 

other methods (Kamankesh et al., 2015). 

➢ QuEChERS extraction 

Being an efficient and green extraction method, QuEChERS technique works on the principle 

of solid-liquid extraction with salting out effects on the partitioning and distribution behaviour 

of analytes, comprising dispersive-SPE step and various sorbents for extract purification 

(Zachara et al., 2018; Agus et al., 2023). Simultaneous integration of methods, solvents, salts 
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and sorbents makes it a clear choice of successful extraction in shorter time in a cost-effective 

manner. Sadowska-Rociek et al. (2015) adopted QuEChERS method for PAHs extraction from 

chocolate samples with the application of dispersive liquid-liquid microextraction (DLLME) 

at clean-up stage. The authors found good efficiency of the process with 52.8-112% PAHs 

recoveries.  

➢ Other techniques 

High-end extraction approaches including headspace SPME (HS-SPME), cooling assisted 

headspace microextraction by packed sorbent method (CA-HS-MEPS) and direct immersion 

cold fiber SPME (DI-CF-SPME) have presently been employed for ultra-trace analysis of 

PAHs and their derivatives (oxy and nitro) from different solid matrices like wet/sandy/clay-

sandy soil and airborne particles (especially PM2.5) with less solvent volume and sample 

amount (Serenjeh et al., 2020; Ma et al., 2019a; dos Santos et al., 2020; Majd and Nojavan, 

2021). All the methods showed high sensitivity and undeniable process efficiency, leading to 

high PAHs recoveries (73-110%). On-line dynamic headspace extraction (DHS) is another 

modified extraction technique which demands no separate clean-up step for sample extracts. 

Th technique was successfully applied to complex matrices, such as fish and agal oil for the 

assessment of LMW PAHs (Guiffard et al., 2020).  

1.4.1.3. Extract clean-up 

Steps of sample clean-up with organic solvents, in several cases, are required for elimination 

of interferences after extraction to analyze the compounds of interest by chromatographic 

separation. Purification and fractionation of samples are usually carried out using column 

chromatography or adsorption chromatography (which relies on equilibrium separation of 

analytes through their partitioning between stationary and mobile phases) employing different 

sorbent materials like silica gel, alumina, florisil, etc. and SPE (which consists of small 

cartridges packed with specific sorbent material) resulting in the acceleration of analysis 

procedure. (Blasco et al., 2007; De Nicola et al., 2016; Hussain and Hoque, 2015; Ray et al., 

2021; Tian et al., 2019; Yang et al. 2017). Anhydrous sodium sulphate is also utilized in certain 

cases for moisture removal from sample extract during column chromatography (Abayi et al., 

2021). Organic solvents which are used as eluents include n-hexane, toluene, DCM, methanol 

as well as different solvent combinations (Soursou et al., 2023). Efficiency of SPE clean-up 

with aminopropyl cartridge using solvent blend of DCM:n-hexane as eluent was reported by 

Mueller et al. (2019) who found 98% recovery for PAHs and their derivatives. Silica gel 
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column chromatography has also been found to be a preferred choice for many studies on PAHs 

determination as can be observed from high recovery percentage values (95.5-98.7% and 

22.37-107.02%) (Kumari et al., 2012; Wandan et al., 2011). Gel permeation (or size exclusion) 

and multilayer column chromatography are also often applied for biomatrices (Bogdanovic et 

al., 2019). Moreover, DLLME is seldom used for purification of extracts obtained through 

QuEChERS method (Chen et al., 2013). Preconcentration techniques are also applied due to 

insufficient sensitivity of the chromatographic techniques (Li-bin et al., 2007). In general, 

extracts are concentrated by rotary evaporation or with inert nitrogen gas stream of high purity 

or using vacuum or reduced pressure (Szulejko et al., 2014).  

1.4.2. Analytical techniques for PAHs detection with method validation 

Various sensitive, simple and rapid analytical and biological approaches are developed and 

introduced for accurate determination of PAHs with respect to quantity and quality. Infrared, 

Raman and fluorescence spectroscopies, GC and HPLC with sensitive detectors (such as 

GCFID, GC-MS, GC-MS/MS, HPLC-FLD, HPLC-UVD, GC-NPD, GC-NICI/MS) are 

generally classified as non-biological and non-destructive analytical techniques, extensively 

used for the separation and detection of PAHs (Li-bin et al., 2007; Kumar et al., 2017). 

Distribution of energy of a molecule with conjugated π electrons at any given moment 

is the basic principle of spectroscopy for analytes’ characterization at molecular-level having 

same formula with distinct chemical structures. Hence, this technique is widely used for 

determination of PAHs with conjugated π electrons. Functional groups of molecules are 

normally detected by using spectroscopic methods which can distinguish para- and meta-

derivatives. Infrared (IR) spectroscopy deals with the qualitative determination of unique 

functional groups associated with a molecule at characteristic frequencies or wave number 

between 4000 cm−1 and 400 cm−1. Aromatic hydrocarbons containing C–C=C and C–H 

stretching represent overlapping bands in the 3100 to 2700 cm−1 region (Kumar et al., 2017). 

That is why IR spectroscopy finds its immense acceptance for PAH analysis as it can detect 

different molecular structures with differences in vibrational and rotational spectra of PAHs. 

Pakarinen et al. (2007) and Negi & Kumar (2012) have found the utility of Fourier transform 

infrared spectroscopy/mass spectrometry (FTIR/MS) and Fourier transform ion cyclotron 

resonance (FT-ICR) spectrometer in the identification and analysis of PAHs. Raman 

spectroscopy works on the principle of density function theory (DFT) based on vibrational, 

rotational and low-frequency spectra leading to characterization and analysis of desired 

compounds (Kumar et al., 2017). Specific spectrum for a particular PAH at a specific 
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wavelength can be generated using fluorescence spectroscopy with excitation wavelength 

range from 245 to 400 nm and emission wavelength range from 280 to 550 nm (Christensen et 

al., 2005). The luminescence behaviour of compounds/analytes depends on the character of the 

substituents, the solvent polarity, temperature and effectiveness of the fluorescence process, 

determined in terms of quantum yield, quenching rate constants, energy transfer, lasing ability, 

and radiative and non-radiative rate constants (Fery-Forgues and Lavabre, 1999) having 

maximum absorbance wavelength selected as the excitation wavelength (Rivera-Figueroa et 

al., 2004). This technique is preferred over Raman spectroscopy for its better detection through 

optical sensors, sensitiveness and precise analysis. 

Chromatography is employed in the separation of various constituents present in a 

mixture and quantification thereof in the order of parts-per-million or subparts- per-million 

level of analytes. The constituents in the mixture move at different speeds, resulting in their 

separation which depends on distinct adsorption between mobile and stationary phases. Liquid 

chromatography (LC) facilitates the separation of polar and non-volatile compounds; the 

separation being highly influenced by humidity and temperature (Kumar et al., 2017). But this 

does not provide proper information about the distinguished spectra for each PAH as compared 

to GC and HPLC. LC when combined with fluorescence detector (FLD) or UV–diode array 

detector (DAD) or mass spectrometry (MS) has been proved to be an efficient technique for 

determination of PAHs content in complex mixtures (Miege et al., 1998). Another separation 

technique which is extensively used for quantification/identification of volatile, non-ionic and 

non-polar analytes is gas chromatography (GC) where inert gases are utilized as mobile phase 

in lieu of liquid. During separation, a rapid equilibrium, established between the stationary and 

mobile phases, gives highly precise analytical results within short duration. GC can only be 

operated with thermally stable and volatile samples which should not degrade during thermal 

conductivity (Kumar et al., 2017). GC-MS equipped with capillary columns (TG-5MS/HP-

5MS/DB-5MS) for improved separation performance is by far widely accepted method of 

analysis, identification and measurement of atmospheric PAHs due to its high selectivity, 

sensitivity, robustness and characteristic separation of different components (resolution), 

having the capability of reliable detection of even lowest concentration of test sample (low 

limit of detection, LOD) (Pandey et al., 2011). HPLC combined with UV detection is also 

applied for quick separation and detection of PAHs with proper stationary (reversed phase 

columns) and mobile phases because of its no dependency on volatility and molecular weight 

of the analytes (Agus et al., 2023). It has wide acceptance for qualitative as well as quantitative 
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analyses. Non-detection of desired compounds in a complex mixture due to overlapping peaks 

can be overcome by further improvisation of the technique using various detectors.  

 Biological methodologies for identification of PAHs, viz. biosensor-mediated 

detection, microarray-based estimation, immunoassays, polymerase chain reaction and 

application of nanoparticles, have also gained tremendous importance in recent years owing to 

higher sensitivity, specificity and instantaneous recognition of PAHs during the analysis. On-

site and in situ detection of PAHs can be achieved by using very simple and economic 

recombinant microbial biosensors which proved to be an efficient monitoring tool for 

environmental pollution. Instant and on-site monitoring can also be done with antibodies used 

against PAH recognition. Studies revealed that highly specific and sensitive real-time PCR 

assays can be effectively utilized for detection as well as quantification of genes in PAH-

degrading bacterial population that were used as bioindicators to characterize the key enzymes 

catalysing the degradation (Kumar et al., 2017). Similarly, a high-throughput screening method 

like microarray can also be employed for determination of gene expression levels. The use of 

nanoparticles for PAH analysis has also resulted in increased sensitivity and limit of detection, 

extraction and quantification by many folds as compared to the traditional methods. Table 2 

and Table 3 present comparisons among different extraction techniques, clean-up and 

analytical methods along with solvent requirements. 

Analytical method validation for PAHs determination is obligatory to establish the 

reliability of the developed protocol with reference to data (qualitative or quantitative) accuracy 

and reproducibility. Validation parameters include accuracy or precision, detection and 

quantification limits (LOD and LOQ), linearity, range, recovery, specificity, robustness, 

uncertainty and ruggedness (EU, 2011). Among them, LOD and LOQ are the most crucial 

parameters for any analytical method and are applied when analyte concentrations are very low 

in sample matrices (Agus et al., 2023). Linearity describes the range of a method where the 

output or response falls in a direct relationship with analyte concentrations. Linearity, 

repeatability and specificity combinedly can indicate trueness of the measurement. Percentage 

of similarity of analytical results of measurement from replicate runs under the same parameter 

settings is referred to as method precision or accuracy. Uncertainty in measurement is another 

vital parameter to test for during method validation. Thus, it can be apprehended that the 

investigation of performance characteristics is an integral part of development of analytical 

method intended to be used for PAHs assessment in environmental samples. 
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Table 2 

Comparison of extraction techniques (Eskilsson and Bjorklund, 2000; Giergielewicz-Mozajska et al., 2001). 

 

Sl. No. Extraction technique Extraction time 
Sample 

size 
Solvent usage Recovery Advantages Disadvantages 

1. Mechanical agitation 6-12 hrs 10 g 50-200 mL 60-70% Simple; economic; easy-to-

handle. 

Low selectivity; long contact time; wide 

variations. 

2. Soxhlet extraction 4-48 hrs 1-30 g 100-500 mL 84-100% No filtration required. Long extraction time; large solvent volume; 

clean-up steps needed. 

3. Sonication 10-60 mins 1-30 g 30-200 mL 44-76% Multiple extractions. Large solvent volume; repeated extractions; 

clean-up steps needed. 

4. ASE/PFE 5-25 mins 2-15 g 15-40 mL 95-100% Low solvent volume; less time 

required. 

High cost; high pressure and temperature 

requirement. 

5. PHWE/SWE 2.5 hrs 4 g 50-60 mL 90-100% Better extraction efficiency; 

eco-friendly; high selectivity. 

High pressure and temperature needed; not 

effective for HMW PAHs. 

6. SFE 30 mins-2 hrs 1-5 g 8-50 mL 90-95% Low solvent volume; 

selective; no clean-up. 

High pressure and temperature; corrosion of 

extraction vessel. 

7. SPE 30 mins 5 g 10-50 mL 80-90% High extraction rates; low 

solvent volume; less time.  

Multiple steps required during extraction for 

method development. 

8. MASE 30-60 mins 0.05-50 

ng 

500-800 L 81-116% Simple and fast; no clean-up; 

re-usage of membranes after 

cleaning. 

Extraction not exhaustive; choking of membrane 

pores by other HMW compounds. 

9. MAE 10-20 mins 1-10 g 25-50 mL >95% Fast with multiple extractions; 

low solvent volume. 

Clean-up needed; requirement of microwave 

absorbing solvent; additional time for cooling 

down of vessel. 
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Table 3 

Extraction methods with solvents, purification steps and analytical techniques for assessment of PAHs (Szulejko et al., 2014; Balampanis et al., 2017). 

 
Sl. 

No. 

Extraction 

technique 
Solvent Purification/Clean-up process Detection/Analysis 

1. Mechanical 

agitation 

Hexane, hexane:acetone, toluene, t-butanol, 2-

propanol.  

Silica gel or alumina column chromatography. HPLC-UV, HPLC-FLD, GC-

MS 

2. Soxhlet 

extraction 

DCM, hexane, toluene, hexane:acetone (1:1), 

diethylether, cyclohexane, acetone. 

Silica gel, alumina column chromatography or solid phase extraction, 

liquid-liquid extraction with DMSO or DMF and water. 

HPLC-UV, GC-MS, GC-FID, 

HPLC-fluorescence. 

3. Sonication Cyclohexane, DCM, hexane. Thin layer chromatography on silica gel, liquid-liquid extraction with 

DMF and water, silica gel or alumina chromatography columns. 

GC-FID or GC-MS, HPLC-

fluorescence. 

4. ASE/PFE DCM, hexane, acetone, toluene. Silica gel or alumina column chromatography. HPLC-fluorescence, GC-MS, 

GC-MS/MS. 

5. PHWE/SWE Hot water under pressure  Silica gel or alumina column chromatography. HPLC-UV, GC-ECD, GC-

MS. 

6. SFE Supercritical fluids (e.g. CO2 in supercritical 

state)  

Gel permeation chromatography, Florisil column clean-up. HPLC-MS 

7. SPE Hexane, methanol, ethyl acetate, isopropyl 

alcohol, methylene chloride. 

Solid-phase extraction cartridge. HPLC-MS, GC-MS 

8. MASE Cyclohexane, methanol, ethyl acetate, DCM, 

diisopropyl ether. 

Clean-up not required. GC-ECD, GC-MS 

9. MAE Hexane, DCM, acetonitrile, acetone, 

hexane:acetone (1:1). 

Gel permeation chromatography, Solid-phase extraction cartridge, 

adsorption chromatography, MAE-solid bar microextraction clean-up. 

HPLC-MS, GC-MS, HPLC-

UV. 
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1.5. Biomonitoring of airborne PAHs using terrestrial vascular and non-vascular plants  

1.5.1. Vascular plants as biomonitors of atmospheric PAHs pollution 

Improved air quality can be obtained through biomonitoring strategy by developing urban 

forests and greenbelts around habitats or industrial premises, mitigating the impacts of 

pollution on ecosystem generated due to release of persistent organic pollutants in the ambient 

air. For this purpose, various trees, shrubs, grasses, vegetation cover and green walls or green 

roofs are effectively utilized as accumulative phytoindicators as well as PAHs scavengers 

reducing the contaminant levels in the atmosphere (Currie and Bass, 2008). Therefore, tree 

bark, stem, ring, plant leaves and conifer needles can be very much effective as biomonitoring 

tools in identifying the potential risks of polluted atmosphere and understanding of local and 

global pollution patterns (Nobel et al., 2005).  

a) Plant leaves 

It has been demonstrated that the leaves of evergreen or deciduous plants and shrubs can 

accumulate particle or vapour-phase PAHs either in the waxy cuticular layer on the foliar 

surfaces or via stomatal diffusion into leaf inner tissues (Fellet et al., 2016). The process of 

absorption or adsorption by plant leaves is regulated by particulate or gaseous nature of PAHs, 

specific surface area of leaves, total lipid content in foliar tissues, octanol-air partition 

coefficient, foliar dust concentration, stomatal density and atmospheric conditions like pressure 

and temperature (Slaski et al., 2000). Influence of meteorological factors, specific leaf area 

(SLA), leaf area index (LAI) as well as leaf density on PAHs absorption by deciduous tree 

species (hazelnut and maple) was examined by Terzaghi et al. (2015). The authors observed 

that PAHs uptake rate varies directly with SLA, whereas LAI is species dependent.   

Early detection of plant tolerance and sensitivity for distinguishing suitable biomonitors 

is imperative to assess the intrinsic ability of plants to counter the effect of pollution arising 

from abiotic stress. Thus, air pollution tolerance index (APTI) is a useful means for proper 

selection of tolerant plant species for sustainable plantation, which varies with total contents of 

leaf chlorophyll, ascorbic acid, relative water content and leaf extract pH (Singh and Rao, 

1983). Plant species are grouped under three different classes depending on index values: 

sensitive (or bioindicators: APTI < 10; vulnerable to toxicity and only deliver information on 

the quality of environment), intermediate (10 < APTI < 16) and tolerant (or biomonitors: APTI 

> 17; survive harsh climates and beneficial for green infrastructure activities to ensure 
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ecological balance) (Singh et al., 1991). The APTI is expressed as follows (Eq. 3) (Prajapati 

and Tripathi, 2008b):  

𝐴𝑃𝑇𝐼 =
𝐴×(𝑇+𝑃)+𝑅

10
                                                                                 (3) 

where, A is the ascorbic acid content (mg/g), T is the total content of leaf chlorophyll (mg/g), 

P is the leaf extract pH and R is the relative water content (%).   

In addition to APTI, anticipated performance index (API) has also been considered as 

a grading-based performance indicator for plant species, taking account of APTI, biological 

traits and socioeconomic importance of plants, for sustainable development of urban green 

spaces (Banerjee et al., 2022). Singh et al. (1991) studied 69 plant species (herbs, shrubs and 

trees) in the urban-industrial belts of Varanasi, India, and found that the species like Calotropis 

gigantea, Catharanthus roseus, etc. were tolerant towards air pollution with high APTI values, 

whereas Dalbergia sissoo (Indian rosewood), Lobelia chinensis, Carissa carandas, 

Chrozophora rottleri, etc. were sensitive species having low APTI values. PAHs concentration 

in the leaves of six evergreen ornamental shrubs Elaeagnus x ebbingei, Ilex aquifolium, Laurus 

nobilis, Ligustrum japonicum, Photinia x fraserii and Viburnum lucidum, used for arboreous 

landscaping, was investigated by Fellet et al. (2016) in Italy during winter. The authors applied 

ultrasonic extraction with the leaf samples using DCM as the extraction solvent to determine 

the PAHs content. GC-MS technique in selective ion monitoring (SIM) mode was employed 

for its quantification. Mean PAHs recoveries were found to be 46-94%. They found that the 

total concentration of PAHs in plant leaves ranged between 201 and 585 µg kg-1 in the sites 

around public parks and 366-1258 µg kg-1 in high traffic congested areas with maximum 

contributions from phenanthrene, naphthalene, fluoranthene, fluorene and pyrene constituting 

about 87.6% (PHE: 54.7%; NAP: 8.5%; FLT: 12%; FLN: 7.6%; PYR: 4.7%) of total PAHs in 

public parks and 89.1% (PHE: 51.3%; NAP: 13.2%; FLT: 9.5%; FLN: 10.4%; PYR: 4.8%) in 

dense traffic areas. The authors observed in their study that the most efficient plant groups for 

mitigation of traffic pollution were Elaeagnus x ebbingei, L. japonicum and L. nobilis and 

confirmed their tolerance to air pollution with high APTI. Biomonitoring of PAHs using 

Cinnamomum camphora leaves was studied by Yang et al. (2017) in Shanghai, China, during 

summer and winter to evaluate PAHs stress in different tissues of camphor leaves and identify 

the point sources of emission. Determination of PAHs content in foliar dust and mesophyll 

tissue was carried out by employing Soxhlet extraction technique using a solvent mixture of 

DCM and acetone (1:1) for 18 h, followed by GC-MS analysis. Average concentrations of 

PAHs were 3868 ng g-1 in foliar dust, 1239 ng g-1 in cuticular wax and 134 ng g-1 in mesophyll 
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tissue during summer; whereas in winter the mean concentrations were 4076 ng g-1, 4317 ng g-

1 and 194 ng g-1 in foliar dust, cuticular wax and mesophyll tissue respectively. Diverse 

meteorological parameters, location and seasonal variations along with leaf wax content 

facilitated the changes in the distribution pattern of PAHs in the leaves. The authors 

demonstrated that the vehicular emissions were the major sources of contamination which 

affected the plant leaves, indicating poor air quality of Shanghai megacity.  

Orecchio (2007) examined the feasibility of ultrasonication for the extraction of PAHs 

from the leaves of Quercus ilex L. (evergreen oak), sampled in the provinces of a populated 

town Palermo in Italy, using DCM for 20 min associated with GC-MS analysis for quantitative 

and qualitative determination. Total concentration of 16 priority PAHs (proposed by USEPA) 

and perylene ranged from 92 to 1454 µg kg-1 d.w. which signifies that the Quercus leaves have 

the potential to be effective bioaccumulators to evaluate the integrated levels of PAHs in air 

over a large span of time. The percent recovery of deuterated PAHs ranged between 76 and 

102% which validated the efficiencies of extraction and analytical methods. The author also 

suggested that these leaves can effect biodegradation of airborne PAHs due to the presence of 

thick cuticle and dense stellate hairs on the leaf surface. Similar study was also carried out in 

Southern Italy (in Naples and Salerno region) by De Nicola et al. (2011) using oak leaves 

(Quercus ilex L.) and employing a sonicator for 3 min with DCM:acetone (1:1) as PAHs 

extractant, analyzing the same with GC-MS technique. The percentage recoveries of deuterated 

PAHs varied between 66 and 72%. The mean PAHs concentration measured in plant leaves 

was in the range of 500-8500 ng g-1 d.w. as investigated by the authors, which undoubtedly 

proved their efficacy in biomonitoring of air pollution. Again, De Nicola et al. (2016) 

demonstrated the positive role of Quercus robur L. (pedunculate oak) leaves and Pinus pinaster 

(maritime pine) needles, collected from NW Spain, for the formulation of a European standard 

for biomonitoring purpose. The authors applied an improved and modified extraction technique 

MSPD involving different purification sorbent materials such as florisil with PSA (primary 

secondary amine) for oak and florisil bonded with silica for pine leaves. DCM and hexane were 

considered as elution solvents for PAHs. 90-120% recovery was achieved for most of the PAHs 

after analyzing by GC-MS/MS even up to low limits of quantification (<3 ng g-1 for pine 

needles and <1.5 ng g-1 for Quercus leaves using only 250 mg of plant matrix). This MSPD 

technique is inclusive of both extraction and clean-up and can be recommended for 

standardization of the protocol to assess PAHs concentration in plant leaves for its high 

precision and sensitivity. Hubert et al. (2003) reported a novel single-step clean-up procedure 

for PAHs analysis in evergreen coniferous pine needles (Pinus sylvestris L.) and deciduous 
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maple tree leaves (Acer campestre) which involved size-exclusion chromatography (SEC) or 

gel permeation chromatography (GPC) for the plant extract obtained from Soxhlet extraction 

with n-hexane for 20 h. The advantages of the improvised technique as stated by the authors 

are distinct and sharp peaks in GC-MS chromatogram, short run time and less consumption of 

solvent with substantial increase in the percentage of PAHs recoveries from plant leaves when 

compared with the conventional purification techniques. The good performance characteristics 

would help to identify the biomonitoring capability of plant leaves and accurately predict the 

PAHs burden in the atmosphere.  

Kargar et al. (2017) assessed ultrasonic extraction of PAHs from pine tree leaves (Pinus 

spp.) using acetone/hexane (1:1) as extraction solvent and quantified the analytes by GC 

technique and confirmed the potential of pine leaves as candidate biomonitors with PAHs 

accumulation of 139-854 µg kg-1 d.w. Three-ringed PAHs were found to be predominant in 

plant leaves which proved pyrogenic and petrogenic sources of emission as major contributors. 

Usefulness of pine needles as ideal air quality biomonitors for identification and evaluation of 

PAHs pollution was also demonstrated by Lehndorff and Schwark (2010) and Oishi (2018). 

Morphological and physiological characteristics of plant leaves, seasonal variation of weather, 

effects of temperature and rainfall also play an important role in the uptake and accumulation 

of PAHs from the atmosphere as examined by Zhao et al. (2018) and Tian et al. (2019). Leaves 

of urban greening plant species such as Sabina chinesis, Cedrus deodara, Magnoloia 

grandiflora, Metasequoia glyptostroboides, Ginkgo biloba, Cinnamomum camphora, Salix 

babylonica, Platanus acerifolia (Tian et al., 2019) and Salix matsudana (Zhao et al., 2018), 

which include both evergreen and deciduous trees as well as broadleaf and conifer trees, were 

studied by the authors to evaluate the concentrations of each individual PAH compound 

accumulated in them by employing supercritical fluid extraction using CO2 and hexane and 

ultrasonication with DCM respectively. Zhao et al. (2018) reported that the distribution and 

composition profiles of PAHs in S. matsudana leaves changed in response to atmospheric 

conditions and leaf parameters and succeeded in proving their mettle to become effective 

accumulative phytoindicators. On the other hand, the mean PAHs concentration in other tree 

species ranged between 300 and 2000 ng g-1 with maximum accumulation in coniferous trees 

(Sabina chinesis and Cedrus deodara) as compared to that in broadleaf species (Tian et al., 

2019). Therefore, all the findings made by the authors furnish a theoretical framework for the 

initiation of a plant-based ambient air quality monitoring system depending on the selection of 

proper plant groups which are highly capable of adsorbing or absorbing airborne pollutants.  
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Espenshade et al. (2019) evidenced that the leaves of Platanus x hispanica trees (hybrid 

of Platanus orientalis and Platanus occidentalis) are also competent enough in scavenging the 

atmospheric POPs. Tree foliage of Eucalyptus rostrata, Pinus radiata, Populus hybridus, 

Tillandsia capillaris and grass cultures of Lolium multiflorum for passive accumulation of 

PAHs are also intensely studied by Rodriguez et al. (2010), Rodriguez et al. (2012) and Wannaz 

et al. (2013) for their efficacy in biomonitoring. Also, in a study conducted in Brazil, 

biomonitoring efficiency of Lolium multiflorum ‘Lema’ and tropical tree species (Tibouchina 

pulchra and Psidium guajava ‘Paluma’) was compared in which L. multiflorum exhibited 

greater potential of accumulating atmospheric PAHs from the polluted region exposed to 

anthropogenic emissions (Rinaldi et al., 2012). The authors also reported that the grass species 

L. multiflorum showed high affinity for both HMW and LMW PAHs depending on climatic 

conditions (i.e., summer and monsoon periods for HMW PAHs and winter or colder periods 

for LMW PAHs). A similar study was carried out in Argentina (Cordoba city) by Rodriguez et 

al. (2015) with Lolium multiflorum species to study their effectiveness as biomonitors and 

physiological responses against PAHs near pollution emitting sources. The grass cultures were 

subjected to ultrasonic extraction with n-hexane and acetone mixture (1:1, v/v) followed by 

HPLC analysis coupled to fluorescence detection. The authors reported that the total PAHs 

concentration ranged from 348 to 464 ng g-1 dry d.w. in dry season and 362-459 ng g-1 d.w. in 

wet season. Green leafy vegetables such as spinach, Chinese cabbage, Shanghai green cabbage 

and romaine and crop plants including maize, soybean and potato leaf surfaces displayed higher 

PAHs uptake, which proved their ability in accumulating the contaminants in their tissues, 

thereby reflecting the impact of anthropogenic activities (Sun et al., 2018; Chen et al., 2019; 

Jia et al., 2019). Schrlau et al. (2011) also focused on passive air sampling and assessed PLE 

along with GC-MS analysis in order to detect the presence of semi-volatile PAHs in conifer 

needles including Tsuga, Pseudotsuga, Abies, Picea and Pinus and demonstrated that the flat 

and broad needles could accumulate up to 71 times higher PAHs than narrow and round 

needles. Impact of PAHs, released from traffic exhausts, on the leaves of a medicinal plant, 

paper mulberry (Broussonetia papyrifera), was studied by Xi et al. (2013) in South China, with 

the help of ASE using DCM and acetone as solvents. The authors reported the mean PAHs 

concentration as 2.7-800 ng g-1 d.w. in heavy traffic areas and opined that the trees in these 

areas should remain in place for biomonitoring, not to be consumed for medicinal purposes to 

avoid human health hazards. PAHs accumulation potential of biomonitor plants like Scots pine 

(Pinus sylvestris L.) needles, wild rosemary (Rhododendron tomentosum Harmaja) and birch 

(Betula spp.) leaves was investigated by Metrak et al. (2016) based on solvent extraction 
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technique using DCM. Wild rosemary leaves were found to be the highest accumulator of both 

heavier as well as lighter PAHs as compared to Scots pine needles and birch leaves.  

Holm oak leaves (Quercus ilex), Scots pine (Pinus sylvestris L), mountain pine (Pinus 

mugo Turra), Norway spruce (Picea abies (L.) H. Karst), silver fir (Abies Alba Mill.), Masson 

pine trees (Pinus massoniana L.) and Piptadenia gonoacantha (tropical shrub of legume 

family) were also utilized for improved biomonitoring of regional airborne PAHs by many 

scientists based on their specific morphological and ecophysiological characteristics 

(Migaszewski et al., 2002; De Nicola et al., 2005, 2013; Sun et al., 2010; Papa et al., 2012; 

Domingos et al., 2015; Kuang et al., 2015; Chropenova et al., 2016; Anna et al., 2018). Tropical 

plant species such as Croton floribundus and Astronium graveolens were also examined for 

indirect assessment of PAHs pollution (passive biomonitoring) in southeastern regions of 

Brazil by Nakazato et al. (2018). Murakami et al. (2012) studied five tree species namely, 

Ginkgo biloba L., Zelkova serrata Makino, Liriodendron tulipifera L., Prunus yedoensis 

Matsum and Magnolia kobus DC for biomonitoring of PAHs and found that the ginkgo leaves 

accumulated about 97% of PAHs from the roadside air (about 80% in the wax and 17% in the 

inner tissues). Ratola et al. (2009) tested the efficiencies of MAE and ultrasonic extraction 

(USE) for the detection of 16 EPA-PAHs in two pine trees including Pinus pinaster Ait. and 

Pinus pinea L. (mainly needles and bark were utilized), collected from Portugal and Spain, and 

quantified PAHs concentrations using GC-MS technique. The authors reported recoveries of 

70-130% for most of the PAHs, except for indeno[1,2,3- cd]pyrene, dibenzo[a,h]anthracene 

and benzo[ghi]perylene that are heavier PAHs. Predominant PAHs accumulated in pine 

needles and bark were PHE, FLT, NAP and PYR having concentration ranging between 213 

and 1773 ng g-1 d.w. Pine needles were found to be more potent biomonitors of PAHs, 

entrapping 2-17 times higher pollutants as compared to its bark. Seasonal and yearly variations 

of PAHs accumulation in pine needles namely, Pinus pinaster Ait. and Pinus pinea L., ranging 

from 71 to 1212 ng g-1 d.w., are also influenced by needle age as examined by Ratola et al. 

(2010). Again, Ratola et al. (2011) investigated the monitoring ability of Pinus pinaster Ait. 

and Pinus pinea L. and observed that the P. pinaster needles accumulated more than twice the 

total PAHs as compared to P. pinea needles and hence, should be considered for the 

development of green infrastructures. In another study, Ratola et al. (2012) explored MAE 

combined with headspace solid-phase microextraction (MAE-HS-SPME) with GC-MS 

analysis for quantification of PAHs from the same pine trees. PAHs recoveries ranged between 

70 and 110% for P. pinaster and 75-129% for P. pinea. Accumulation of particulate PAHs was 

more prominent in pine bark, whereas dominance of gaseous PAHs was observed in pine 
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needles. The method adopted by the authors proved to be more advantageous over current 

approaches for determination of PAHs from pine needles and bark.  

Role of bioaccumulator plant species in monitoring of long-term (chronic) PAHs 

atmospheric pollution is well documented with the leaves of Robinia pseudoacacia and 

Melaleuca leucadendra (evergreen Australian native tree) by Muller et al. (2001) and Capozzi 

et al. (2017). Three deciduous tree species (oak, ash and hazel), creating canopy and 

understorey formation in woodland, were examined for PAHs deposition in their leaves by 

Howsam et al. (2000) and Howsam et al. (2001). Hazel leaves in understorey accumulated 

higher proportion of 4-, 5- and 6-ring PAHs than oak and ash leaves in the canopy due to the 

filtering effect through it and air turbulence which helped in the deposition of particulate PAHs. 

Soxhlet extraction using ether:hexane mixture (1:9) was performed by Bi et al. (2018) with 

bamboo leaves (Phyllostachys edulis) for 16 h in order to test their potential for bioremediation 

of airborne PAHs in the suburban areas of South China. They reported significant reduction in 

PAHs content in the atmosphere near the vicinity of bamboo forests which improved the air 

quality both in hazy and sunny weather. Chun (2011) established a correlation between PAHs 

concentration levels in air (Ca, ng m-3 ) and needles of Pinus koraiensis, Korean pine species 

(Cp, ng g-1 d.w.) and concluded that the log Koa-Cp/Ca (Koa: octanol-air partitioning coefficient) 

model can be utilized for determining the PAHs content in air using accumulated 

concentrations of PAHs in pine needles (passive air samplers). Soxhlet apparatus was 

employed for PAHs extraction using DCM for 24 h with subsequent GC-MS analysis. PAHs 

recovery rate was found to be 42.5-105.1% with coefficient of variation (CV) ranging from 5.3 

to 14.8% for the tested samples. A comparative study on PAHs accumulation in oak (Quercus 

palustris) leaves and pine (Pinus nigra) needles, executed by Klingberg et al. (2022) in the 

Swedish city of Gothenburg, revealed better efficiency of conifer needles than that of oak 

leaves with more accumulation of PAHs (both vapour phase and particle-bound) in three-year-

old needles in comparison to one-year-old needles. ASE using DCM combined with 

semipermeable dialysis membrane process and open adsorption column chromatography (with 

n-hexane:DCM) was followed for sample extraction and clean-up coupled to GC (high 

resolution)-MS (low resolution) detection. The authors stated that the leaf-air partitioning of 

LMW PAHs was found to be governed by the equilibrium processes for both the species and 

proved a positive correlation between log KOA and concentration ratio of PAHplant/PAHair. Luo 

et al. (2020) aimed to compare the variabilities of PAHs accumulation in the needles of three 

coniferous trees (fir, spruce and pinus) of different ages throughout the time of their life cycle. 

An ASE method (employing DCM:hexane, 1:1) for PAHs extraction was proposed by the 
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authors with subsequent  silica gel/alumina column chromatography and GC-MS analysis for 

sample purification and PAHs quantification respectively. The accumulated concentrations (ng 

g-1 d.w.) varied between 34-206, 32-162 and 64-89 for fir, spruce and pinus respectively. 

Needle age-dependent gradual increase in the concentrations of LMW PAHs (having highest 

proportion: 61-94% of total PAHs) was observed by the authors, while on the contrary, contents 

of HMW PAHs remained unaffected. Effect of seasonal changes and distribution profile of 

PAHs were studied by Prajapati and Tripathi (2008c) in Varanasi, India using Ficus 

benghalensis (Indian Banyan tree) leaves. PAHs concentrations were maximum (two times 

higher) in winter than summer and monsoon as determined through sonication treatment in 

DCM-acetone and GC-MS. This proves the efficacy of Indian Banyan tree (abundantly 

available across India) as biomonitor species of PAHs pollution. Role of celery plant leaves 

(Apium graveolens var. secalinum L.) in the uptake of anthracene and benzo[k]fluoranthene is 

also presented by Wieczorek et al. (2015). Detection of non-polar PAHs extracted from conifer 

needles (Pinus nigra and Cedrus atlantica) by GC-MS/MS and liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) after subjecting the samples to ASE, SPE and solid-phase 

microextraction was accomplished by Al-Alam et al. (2017). Same order of PAHs 

accumulation was observed in both the needles (36 ng g-1 of total PAHs with 15 ng g-1 NAP). 

It is also reported that the leaves of higher plants like non-woody annual and perennial species 

(Newboulda laevis, Citrullus colocynthis, Nephrolepsis bisserata, Manihot esculenta, 

Pennisetum purpureum, Zea mays, Mangifera indica and Mimosa pudica) also act as good 

phytoremediators of PAHs pollution with accumulated concentration ranging from 365 to 2870 

µg kg-1 (Sojinu et al., 2010). Bioaccumulation of PAHs in the mature leaves of shrubs like 

Photinia, Mahonia, Loropetalum, Hypericum, Rhododendron and Pinus was studied by Li et 

al. (2017) through ultrasonic extraction with n-hexane:acetone mixture (1:1) integrated with 

HPLC-FLD detection. The measured concentrations of PAHs in plant leaves varied between 

0.1 and 1000 ng g-1 d.w. The authors demonstrated that the absorption of PAHs by plant leaves 

has a strong correlation with the morphologies of leaf surfaces (foliage properties) as well as 

cuticular waxes. Leaves of Murraya paniculata (Orange jasmine) as candidate biomonitors of 

PAHs had been studied by Karnchanasest and Satayavibul (2005) in Bangkok. It was found by 

the authors that the LMW PAHs in gaseous or vapour phase (correlation coefficient r2 > 0.7) 

readily diffused through the plant leaves than HMW PAHs owing to their particulate forms 

with lower correlation coefficient (r2 < 0.6). Determination of PAHs content in the leaves of 

Tilia cordata Mill (small-leaved lime) and Populus robusta (hybrid poplar) using HPLC-FLD 

was performed by Klamerus-Iwan et al. (2018) in the urban areas of Poland (Cracow city). 
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Acenaphthylene (ACY) and phenanthrene (PHE) were the governing PAHs in both the plant 

leaves; source of accumulation being the solid fossil fuel as well as biomass burning. Moreover, 

the authors also observed that the leaf water capacity was directly proportional to PAHs 

content. 

 

b) Tree bark/stem/ring/trunk 

Tree barks can also be relied upon as passive air samplers for biomonitoring of atmospheric 

PAHs due to their folded and layered structures with large surface area, high partition 

coefficient values, high sorption capacity, long life span, rough and highly porous surface and 

abundance nature, that can be utilized for the evaluation of spatio-temporal trends of pollutants 

with their diverse emission sources, depending on the level of pollution and type of species as 

well as associated human health risks (Chrabaszcz and Mroz, 2017; Niu et al., 2019a, 2019b). 

Absorption of PAHs by pine bark (Pinus) was studied by Orecchio et al. (2008) to investigate 

the air quality of Palermo (Sicily, Italy) through Soxhlet extraction using DCM with subsequent 

GC-MS analysis. The results showed a high concentration of PAHs (1015 µg kg-1 d.w. of bark) 

in the area with dense traffic movement. The feasibility of pine barks (Scots pine, Pinus 

sylvestris L.) for monitoring of atmospheric PAHs pollution was also assessed by Schulz et al. 

(1999) and they suggested that the pine barks can be successfully utilized as biomonitors for 

determination of airborne organic pollutants. Zhou et al. (2014) briefly discussed the efficiency 

of ASE with acetone-hexane mixture and GC-MS technique for monitoring of PAHs in the 

ambient air of Southern Jiangsu, China, by employing the tree barks of Cinnamomum 

camphora for identification of emission sources. Results of statistical modeling revealed that 

the vehicular exhausts, fossil fuel combustion and industrial activities were responsible for 

PAHs deposition in tree bark having total concentration of 6-1560 ng g-1 d.w. Monitoring of 

airborne PAHs with corks of bark pocket developed in Longpetiole Beech (Fagus 

longipetiolata) tree trunk was evaluated by Wang et al. (2004) in south-eastern China. The 

study revealed that the atmosphere in that area of China was highly contaminated with PAHs 

pollution. Long-term changes in atmospheric PAHs levels in Chengdu plain of southwest China 

as recorded in the annual rings of Gingko biloba L. were evaluated through optimized ASE 

(more efficient than ultrasonic or Soxhlet extraction) followed by GC-MS analysis by Yin et 

al. (2011). The study revealed that the trunk tissue of gingko plant provided maximum 

information about the regional historical pollution pattern in comparison with leaf, bark and 

host soil, the main route of uptake being particulate and gaseous PAHs absorption through tree 

foliage. Tree barks of Tipuana (rosewood) and Sibipiruna (perennial flowering plant of legume 
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family) plants are also known to accumulate large quantities of LMW PAHs as well as 

fluoranthene and coronene, signifying greater impacts of automobile exhausts and industrial 

emission (Pereira et al., 2019). Bark, stem wood, twigs and leaves of forest trees Vismia 

cayennensis (small flowering tree or shrub) were assessed by Krauss et al. (2005) for source 

apportionment of airborne PAHs in a tropical rain forest in Brazil (Manaus city). The total 

concentration of PAHs in plants ranged up to 1000 µg kg-1 having naphthalene contribution of 

more than 90% along with phenanthrene and perylene. Maximum accumulation was observed 

in leaves followed by bark, twigs and stem wood. The authors suggested that despite deposition 

of only atmospheric PAHs, plants might have also produced naphthalene, phenanthrene and 

perylene due to their metabolic reactions. In a study, conducted by Pereira Netto et al. (2007) 

in Brazil using Terminalia catappa L. (Combretaceae) tree bark, samples were subjected to 

extraction by ultrasonication in DCM and identified by high resolution GC-MS. Total PAHs 

concentration in tree bark varied between 242 and 1640 ng g-1 , 3-4 ring compounds like 

phenanthrene, fluoranthene and pyrene being the predominant PAHs in the samples. The 

authors could not find any correlation between total PAHs levels with location and distance of 

the trees from the emission sources and suggested that these tree barks were not suitable for 

proper assessment of atmospheric PAHs levels. It has been reported by Birke et al. (2018) that 

the outer bark layer of oak tree (Quercus sp.), sampled from different areas of Germany, 

assimilated higher concentrations of PAHs, signifying heavy atmospheric pollution load in 

urban and surrounding areas. Quantification of oxygenated and nitrated PAHs (OPAHs and 

NPAHs) in the external surface of tree barks (Tipa sp.), collected from the province of Buenos 

Aires, Argentina, using ultra high performance liquid chromatography-atmospheric pressure 

chemical ionization-tandem mass spectrometry (UHPLC-APCI-MS/MS) after MAE with 

methanol:toluene mixture was done by Fujiwara et al. (2014). Bark PAHs (OPAHs) 

concentration as detected by the authors ranged from 0.18 to 0.72 µg g-1. 

 

1.5.2. Role of non-vascular plants in PAHs biomonitoring 

Non-vascular plants represent a broad spectrum of organisms of ancient origin, namely 

bryophytes, lichens, terrestrial algae and cyanobacteria with no vascular tissues. Being 

adaptable with their anatomical structures, metabolic processes and nutrient absorption from 

the atmosphere, they can respond quickly to the changing environment and climatic conditions 

and sustain their growth in different habitats (epiphytic or lithic), in arid/tundra regions and 

also in high altitudes. Moreover, they are known to provide yeoman service in maintaining the 

functioning of ecosystem so as to aid in the biogeochemical cycles of carbon, nitrogen and 
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water, regulate soil temperature and albedo, thereby helping in the control of ecological 

interactions of food webs. Thus, application of lower plants (particularly lichens and mosses) 

having cosmopolitan distribution as biological monitors of air pollution garnered a lot of 

attention for determining the levels of contamination in different geographical zones and 

human impacts on vegetation and landscapes. 

a) Lichens as indicators of PAHs pollution 

Apart from higher plants, efficacy of epiphytic lichens - symbiotic association between algae 

(Cyanobacteria or Chlorophyceae) and fungi (Ascomycetes or Phycomycetes or 

Basidiomycetes) - in biological monitoring of air quality is also well established since 1866 

(Nylander, 1866). Lichens that mostly contribute to biomonitoring and remediation are 

classified as crustose (having firm attachment with the substrates), foliose (having leaf-like 

structures) and fruticose (having bushy growth structures) (Mohamed et al., 2016). Among the 

species, fruticose are found to be very sensitive to air pollution, foliose exhibit moderate 

responses to pollutants and crustose are assumed to have tolerant nature (Fenton, 1964). Foliose 

lichens are best known for accumulating high amounts of PAHs due to their large surface area-

to-volume ratio. Designated as ‘permanent control systems’ by several researchers, lichens 

often create coloured patches (green, grey, orange and red) on tree surfaces or rocks based on 

the pigments produced, are highly sensitive to atmospheric pollution level and potent persistent 

accumulators of airborne pollutants in their tissues having no process of excretion (Conti and 

Cecchetti, 2001; Blasco et al., 2008). For sustenance and growth of lichens, the symbionts 

green algae containing chlorophyll are involved in the production of nutrients, assimilating 

water and minerals from fungi due to mutualistic interaction. Absence of cuticles or stoma 

makes them highly dependent on the surrounding environment for nutrition, thereby 

accumulating atmospheric contaminants over their entire surface (surface absorption) for easy 

penetration into their thalli. Their slow growth is characterized with uniform morphology and 

no shedding of parts during their entire life span (Conti and Cecchetti, 2001). Lichens are 

mainly involved in the synthesis and liberation of lipid metabolites onto their cell surfaces 

which are akin to the plant waxy cuticles behaviourally. The hydrophobic or lipophilic PAHs 

are attracted towards these lipid metabolites triggering lichens’ assimilation of pollutants into 

their tissues for further metabolic actions (Oksanen, 2006). Degree of air pollution can be 

ascertained through the assessment of the physiological damages caused to the lichen species 

due to alterations in photosynthetic rate, chlorophyll content and hormone production along 

with reduction in ATP (adenosine triphosphate). Bioindication using lichens involves either 
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mapping of lichen diversity or lichen flora in an area under study or sampling of individual 

lichen species for quantitative determination of pollutants in their thalli. They can also be 

transplanted from less polluted regions to more polluted ones for studying their structural 

changes which reflect bioconcentration of pollutants leading to pollution load (Gries, 1996). 

Index of atmospheric purity (IAP) is also a useful quantitative biomonitoring tool for 

correlating the lichen diversity with the ambient air pollution levels in which factors such as 

number of lichen species, frequency of their occurrence, area coverage and lichen sensitivity 

towards pollutants are considered to have an understanding of the air quality (Jayalal et al., 

2016). The expression for calculating IAP is as follows (Eq. 4): 

𝐼𝐴𝑃 = ∑
𝑄𝑖×𝑓𝑖

10

𝑛
𝑖=1                                                                                  (4) 

where, n is the number of lichen species recorded in a study area; Q is the ecological index or 

average number of species which coexist with each species and f is the frequency of each 

species.  

The more the IAP values (IAP>50; Level E), better is the air quality with high richness 

of lichen species. IAP value zero (0≤IAP≤12.5; Level A) signifies total absence of lichen 

diversity (a condition called lichen desert), indicating worst air quality. IAP values between 25 

and 37.5 indicate moderate air pollution level (Level C) (Yatawara and Dayananda, 2019). 

PAHs profiles in lichens can be attributed to Toxic Equivalency Factors (TEFs) (product of 

toxicity and concentration of individual PAHs which is generally compared with 

Benzo(a)pyrene as a standard carcinogenic PAH) which helps in the assessment of 

carcinogenicity of individual PAHs (Nisbet and Lagoy, 1992). It also reflects the extent of 

absorption of heavier and lighter PAHs by lichens directly from the atmosphere based on the 

fact that increased toxicity corresponds to the presence of large number of fused aromatic rings. 

Earlier lichens have been mainly exploited for biomonitoring of inorganic pollutants like SO2, 

heavy metals, fluoride and radionuclides, but now focus has also been given on monitoring of 

organic pollutants, specifically PAHs, to identify the qualitative as well as quantitative status 

of atmospheric pollution through solvent extraction techniques associated with effective 

analytical procedures. Holt and Miller (2011) demonstrated through their experiments that 

severely poor air quality can be ascertained by the abundance of lower plants like lichen 

Lecanora conizaeoides in a particular area, associated with drastic fall in its chlorophyll 

content. Traditional Soxhlet and ultrasonic extraction techniques using various organic 

solvents like DCM, ACN, cyclohexane and n-hexane (H) have been in use since long for 
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extraction of PAHs from lichen biomonitors (Shukla and Upreti, 2009; Augusto et al., 2010; 

Loppi et al., 2015; Puy-Alquiza et al., 2016; Graney et al., 2017; Studabaker et al., 2017; 

Zoungranan et al., 2018; Landis et al., 2019; Van der Wat and Forbes, 2019; Vitali et al., 2019). 

Recently, rapid, robust, economic, simple, sensitive, accurate and eco-friendly methods of 

extraction such as MAE, ASE/PLE, DSASE and QuEChERS extraction have been developed 

and introduced with ease for better extraction efficiency (Domeno et al., 2006; Blasco et al., 

2011; Schrlau et al., 2011; Kodnik et al., 2015; Cecconi et al., 2019; Ji et al., 2019; Van der 

Wat and Forbes, 2019). Soxtec or automated Soxhlet extraction was employed by Migaszewski 

et al. (2002) and Nascimbene et al. (2014) for PAHs extractions from lichen thalli using DCM 

and hexane:acetone mixture (H:A) respectively. Though performance of this method was 

satisfactory, the same was not used subsequently by any researcher till date because of shifting 

of attention towards green methods which are faster, energy-efficient and consume less volume 

of solvents. Application of PLE/ASE followed by proper clean-up steps for extract 

concentration using lichens was also investigated by Schrlau et al. (2011), Kodnik et al. (2015) 

and Ji et al. (2019) for accurate detection of PAHs. Domeno et al. (2006) employed DSASE, 

static ultrasonic extraction and Soxhlet extraction techniques for determination of 16 EPA-

PAHs in lichen biomonitors (Xanthoria parietina) with suitable clean-up steps (applying 

column chromatography with adsorbent alumina and anhydrous sodium sulphate) to evaluate 

the efficiency of DSASE method. The study reported that the DSASE method (with PAHs 

recovery: 69-97%) is the best suited as compared to other classical techniques (static extraction: 

69-92% recovery and Soxhlet extraction: 65-89% recovery), as it requires less extraction time 

and less solvent volume, thereby providing better extraction yield. Moreover, sample handling 

is also easy with minimum losses due to single step extraction process at reduced costs. In this 

context, Van der Wat and Forbes (2019) utilized four different sample extraction techniques, 

namely ultrasound assisted solvent extraction (UASE), Soxhlet extraction, MAE and 

QuEChERS extraction using lichen species Parmotrema austrosinense (Zahlbr.) Hale to study 

relative concentrations of PAHs and identify the appropriate method of extraction. SPE 

cartridges were used by the authors for extract purification. The authors reported that the 

QuEChERS technique and MAE produced encouraging results of PAHs extraction 

quantitatively in comparison to the other two methods. The lichen species used for the 

investigation proved very much effective in absorbing both LMW and HMW PAHs from the 

atmosphere. The authors also recommended that a single step purification process may not be 

effective due to chlorophyll interferences in the extract for which further studies are necessary 

to be undertaken. Loppi et al. (2015) compared PAHs accumulation in transplanted lichens 
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with the results obtained from passive gas-phase samplers (PUFs). It was concluded by the 

authors that the accumulation of particulate PAHs was more prominent in lichen transplants 

than PUFs. Quantitative assessment of atmospheric pollution levels can also be obtained 

directly through biomonitoring with lichen species. Blasco et al. (2006) proved that the PAHs 

generating from high temperature combustion of organic fuel are mainly accumulated in 

lichens due to heavy vehicular emissions as prime contributor. Diverse corticolous lichen 

species of genera Arthonia, Chrysothrix, Cryptothecia, Dirinaria, Myriotrema, Pertusaria, 

Pyrenula, Pyxine, Sarcographa, Graphis, Megalospora, Parmotrema, Porina, Leptogium, 

Physcia, Platythecium, Cresponia, Heterodermia, Pyrenocarp, Chapsa, Dictyonema, 

Lecanora, Ocellularia, Collema and Leptotrema, found in both rural and semi-urban/urban 

localities of tropical countries, can be considered to be potential pollution indicators for air 

quality monitoring (Yatawara and Dayananda, 2019). Hence, feasibility of different extraction 

techniques to concentrate PAHs from sample matrix was examined by several researchers 

based on selective and specific lichen species which are capable of absorbing pollutants from 

the atmosphere. The results of reported PAHs studies using lichen biomonitors in different 

countries are summarized in Table 4 and Table 5. 
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Table 4 

Lichen species used for biomonitoring of PAHs: Sampling sites, extraction methods and solvents for extraction. 

 

Lichen species Sampling area/country Extraction methodology  Solvents used for extraction References 

  adopted for PAHs of PAHs  

Parmotrema austrosinense  Pretoria, South Africa Soxhlet extraction for 6 h DCM, ACN Van der Wat and Forbes, 2019 

(Zahlbr.)Hale  USAE for 15 min DCM, H:A (1:1, v/v)  

  MAE DCM, H:A (1:1, v/v)  

  QuEChERS extraction for 30 min DCM, H:A (1:1, v/v), H:DCM (1:1, v/v)  

     
Xanthoria parietina Zaragoza city, Spain DSASE for 10 min H, cyclohexane, DCM, MeOH, toluene Domeno et al., 2006 

  Static ultrasonic extraction for 1h DCM Domeno et al., 2006 

  Soxhlet extraction for 6 h DCM Domeno et al., 2006 

 Latium region, Central Italy Ultrasonication for 30 min Cyclohexane Vitali et al., 2019 

  Sines region, SW Coastal Soxhlet extraction for 24 h ACN Augusto et al., 2010  

 Portugal    

     
Evernia prunastri L. (Ach.) Molise region,  Soxhlet extraction for 24 h n-Hexane Loppi et al., 2015 

 Southern Italy    

     
Hypogymnia physodes (foliose) Athabasca Oil Sands Ultrasonication for 30 min Cyclohexane Studabakeret al., 2017; 

 Region, Alberta, Canada   Landis et al., 2019; 

    Graney et al., 2017 

 Holy Cross Mountains, Liquid–solid extraction using Soxtec DCM Migaszewski et al., 2002 

 South-Central Poland apparatus   

     
Parmotrema dilatatum Abidjan City, Ivory Cost Soxhlet extraction for 12 h DCM Zoungranan et al., 2018 

     
Fruticose (Bryoria furcellata, Athabasca Oil Sands Ultrasonication for 30 min Cyclohexane Graney et al., 2017 
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Cladina mitis, Evernia  Region, Alberta, Canada    
mesomorpha) and foliose     
Tuckermannopsis americana     

     
Cetrariella deliseia Yamal-Nenets Accelerated solvent extraction Acetone:DCM (1:4, v/v) Ji et al., 2019 

 autonomous region, for 45 min   

 Russian Arctic    

     
Pseudevernia furfuracea Dolomites, NE Italy Automated Soxhlet extraction Acetone:Hexane (1:1, v/v) Nascimbene et al., 2014 

 (L.) Zopf  for 60 min   

 Carnic pre-Alps, NE Accelerated solvent extraction  DCM:Acetone (1:1, v/v) Kodnik et al., 2015 

 Italy for 30 min   

     
Pseudevernia furfuracea  Carnic Alps,  Microwave extraction Hexane:DCM (1:1) Cecconi et al., 2019 

var. furfuracea (L.) Zopf. Lateis, NE Italy    

     
Parmotrema hypoleucinum Sines region, SW Coastal Soxhlet extraction for 24 h ACN Augusto et al., 2010 

(Steiner) Hale  Portugal    

     
Platismatia glauca, Bryoria sp.,  Alpine and arctic sites,  Pressurized liquid extraction (PLE) DCM Schrlau et al., 2011 

Xanthoparmelia (rock lichen), Western U.S. national     
Masonhalea richardsonii (tundra parks    
lichen), Hypogymnia sp., Letharia      
sp., Alectoria sp., Flavocetraria     
sp.     

     
Xanthoparmelia mexicana  Guanajuato city, Mexico Ultrasonic extraction for 2 h ACN Puy-Alquiza et al., 2016 

(Gyeln.) Hale     

     
Phaeophyscia hispidula DehraDun City, Soxhlet extraction for 16 h DCM Shukla and Upreti, 2009 
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 Garhwal Himalayas, India    

     
Parmelia sulcata Tayl., Aspe and Aragon valleys, DSASE Hexane Blasco et al., 2011 

Evernia prunastri (L.) Ach., Central Pyrenees    
Ramalina farinacea,     
Pseudevernia furfuracea (L.) 

Zopf., Usnea sp. and     
Lobaria pulmonaria     
(Schreb.) Hoffm.     

 
Note: To be read in conjunction with Table 5.
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Table 5 
 

Lichen species used for biomonitoring of PAHs: Method of analysis and concentration of PAHs. 
 

Lichen species Method of analysis Concentration of PAHs  References 

 of extracted PAHs (dry weight basis)  
 

Parmotrema austrosinense  GC-MSD 633 ng/g Van der Wat and Forbes, 2019 

(Zahlbr.)Hale    

    

    

    
Xanthoria parietina GC-MS 340 ng/g Domeno et al., 2006 

    

    

 GC-MS 113x10^3-183x10^3 ng/kg Vitali et al., 2019 

 HPLC-FLD, 167.3-256.3 ng/g Augusto et al., 2010 

 HPLC-DAD/V–UV   

    
Evernia prunastri L. (Ach.) GC-MS 19-683 ng/g Loppi et al., 2015 

(fruticose)    

    
Hypogymnia physodes (foliose) GC-SIM-MS 12-482 ng/g Studabakeret al., 2017 

 GC-TOF-MS <20 - >400 ng/g Landis et al., 2019 

 GC-MS 2-30 ng/g  Graney et al., 2017 

 GC-MSD 1184–2253 ppb Migaszewski et al., 2002 

    

    
Parmotrema dilatatum HPLC 1-62 ng/g  Zoungranan et al., 2018 
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Fruticose (Bryoria furcellata, GC-MS 2-30 ng/g  Graney et al., 2017 

Cladina mitis, Evernia     
mesomorpha) and foliose    
Tuckermannopsis americana    

    
Cetrariella deliseia GC-QqQ-MSD 147.3-194.4 ng/g  Ji et al., 2019 

    

    

    
Pseudevernia furfuracea GC-MS 186-2129.5 ng/g  Nascimbene et al., 2014 

 (L.) Zopf    

 GC-MS 48.22-272.73 ng/g (Summer), Kodnik et al., 2015 

  289.73-1575.85 ng/g (Winter)  

    
Pseudevernia furfuracea  GC-MS  185.4 ± 23.7-4023.2 ± 1164.4 Cecconi et al., 2019 

var. furfuracea (L.) Zopf. triple quadrupole ng/g  

    
Parmotrema hypoleucinum HPLC-DAD/V–UV 95.5-873.8 ng/g,  Augusto et al., 2010 

(Steiner) Hale  HPLC-FLD 442.6-562.0 ng/g  

    
Platismatia glauca, Bryoria sp.,  GC-MS 22.3-91800 ng/g lipid Schrlau et al., 2011 

Xanthoparmelia (rock lichen),    
Masonhalea richardsonii (tundra    
lichen), Hypogymnia sp., Letharia     
sp., Alectoria sp., Flavocetraria    
sp.    

    
Xanthoparmelia mexicana  GC-TQ MS 522-3571 ng/g Puy-Alquiza et al., 2016 

(Gyeln.) Hale    
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Phaeophyscia hispidula HPLC-UVD 3.38-25.01 µg/g Shukla and Upreti, 2009 

    

    
Parmelia sulcata Tayl., GC-MS 238 ± 10-6240 ± 356 ng/g Blasco et al., 2011 

Evernia prunastri (L.) Ach.,    
Ramalina farinacea,    
Pseudevernia furfuracea (L.) Zopf.,    
Usnea sp. and Lobaria    
pulmonaria (Schreb.) Hoffm.    

 

Note: To be read in conjunction with Table 4.  
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b) Use of mosses for PAHs monitoring in ambient air 

Another group of lower plants, bryophytes - mainly mosses - are also considered as 

indispensable tools for monitoring of ambient air quality owing to their potential for surface 

accumulation of toxic xenobiotic compounds like PAHs along with uptake of water and 

nutrients directly from the atmosphere (dry and bulk atmospheric deposition) based on their 

constitutional structures which are devoid of any roots or wax-like cuticles (having ectohydric 

nature) (Foan and Simon, 2012). In comparison with higher terrestrial (vascular) plants, mosses 

exhibit more spontaneous and sensitive responses with respect to environmental stress due to 

PAHs burden, having direct influence on their mode of reproduction, diversity, habitat and 

sustenance for growth (Krommer et al., 2007). They have strong affinity for cationic exchanges 

and allow huge deposition of atmospheric pollutants (far exceeding their physiological 

requirement) on their surface due to high surface-to-volume ratios (Domeno et al., 2012). 

Broadly two types of mosses are generally encountered, namely pleurocarpous and 

acrocarpous, for biomonitoring studies. Pleurocarpous mosses (Pleurozium schreberi, 

Hylocomium splendens, Hypnum cupressiforme, Pseudoscleropodium purum, Eurynchium sp., 

etc.) are characterized with heavily branched stems, resembling densely matted structures, 

whereas acrocarpous mosses (Ceratodon purpureus, Polytrichum sp., Funaria hygrometrica, 

etc.) are rarely branched and erect having a central stem and can thrive in dry environment as 

compared to pleurocarpous mosses (Fabure et al., 2010). Pleurocarpous mosses are widely used 

in most of the studies for analysis of atmospheric PAHs due to their matted structures which 

segregate them from the soil-sediment layer. However, they are rarely distributed in urban areas 

owing to their high sensitivity towards polluted environment and dry weather conditions 

(Harmens et al., 2013). Sensitive mosses have been reported to have slow growth rates with 

low metabolic activities but resistant species have high growth rates with greater capacity for 

detoxification of the absorbed pollutants (Gilbert, 1970; Bharali and Bates, 2006).  

Researchers had been utilizing moss samples for quantification of PAHs in the ambient 

air by employing several sample preparation techniques such as extraction and clean-up with 

appropriate solvents for achieving optimum analytical results. Extraction using classical 

Soxhlet or Soxtec apparatus is time intensive (16-24 h), requiring large volumes of purified 

organic solvents (100-200 mL) (Concha-Grana et al., 2015a). Therefore, modified and 

improved techniques such as MAE, ASE/PLE, ultrasonication/DSASE, MSPD and SUPRAS-

based microextraction have been in great demand as potential alternatives for obtaining 

maximum PAHs recoveries from sample matrices. These powerful techniques consume less 
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solvent and offer better analyte recovery within short extraction time by improving the contact 

between analytes and extractant. Accumulation of both LMW and HMW PAHs was observed 

in mosses through PLE/ASE in diverse (urban/sub-urban, rural or industrial) areas of Spain, 

Czech Republic, France, Switzerland and Poland by different groups of researchers in order to 

evaluate the bioaccumulative potential of different moss species for identifying the emission 

sources (Galuszka, 2007; Foan and Simon, 2012; Foan et al., 2014, 2015; Sucharova and Hola, 

2014). Foan and Simon (2012) compared Soxtec extraction technique with PLE using the 

species Isothecium myosuroides Brid. and found PAHs concentrations more or less in the same 

range (220-234 ng g-1) with recoveries ranging between 67 and 77%. However, PLE proved to 

be a highly selective technique with the reduction of both extraction time and solvent 

consumption. The authors applied the optimized PLE technique to other two pleurocarpous 

moss species Hypnum cupressiforme Hedw. and Hylocomium splendens (Hedw.) Schimp and 

observed that H. cupressiforme Hedw. accumulated lower concentrations of fluorene (FLR), 

benzo(a)anthracene (B(a)A), benzo(b)fluoranthene (B(b)F), benzo(k)fluoranthene (B(k)F), 

benzo(a)pyrene (B(a)P), dibenzo[a,h]anthracene (D(ah)A) and benzo [ghi]perylene (B(ghi)P) 

than the later one except PYR which was higher in Hypnum. According to Galuszka (2007) 

also, Hylocomium splendens showed high concentrations of PAHs compared to Pleurozium 

schreberi (Brid.) Mitt. and proved itself to be a better biomonitor. Zechmeister et al. (2006) 

showed in a road tunnel experiment in Vienna, Austria, that the presence of Hylocomium 

splendens (commonly known as glittering woodmoss), a perennial clonal moss, is indicative 

of heavy pollution due to automobile emissions. Sucharova and Hola (2014) tested air-dried 

and freeze-dried samples and demonstrated that the 3-ring PAHs (ACE, ACY, FLR, PHE, and 

ANT) were predominant in moss samples due to heavy traffic exhausts near highways in air-

dried samples. Seasonal variations and environmental parameters like rainfall, elevation and 

wind turbulence also do have influences on PAHs accumulation in mosses (Foan et al., 2014, 

2015). A novel extraction technique MSPD using devitalized moss clone samples and 

mossphere of Sphagnum palustre L. clones followed by PTV-GC-MS/MS analysis was 

employed by Concha-Grana et al. (2015b) and Aboal et al. (2020) to investigate the usefulness 

of moss clones or mossphere technique for monitoring PAHs levels as well as to validate the 

suitability of the extraction procedure. Homogeneous moss clones were preferred due to their 

lower variabilities in genetic, structural and biochemical compositions over time. Concha-

Grana et al. (2015b) reported good PAHs recoveries in the range of 77-116% for Sphagnum 

palustre L. clones and 73-102% for natural moss species Sphagnum sp. and Hypnum 

cupresiforme. The authors also suggested the applicability of this innovative extraction 
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technique for quantitative determination of PAHs in different moss and lichen species. On the 

other hand, Aboal et al. (2020) concluded that the mossphere device is suitable for monitoring 

of 4-, 5- and 6- ring PAHs that are mainly related to wet or dry deposition, rendering it to be 

an effective phytosampling tool. The percentage recovery for PAHs with more than 4 rings 

using Soxhlet extraction ranges between 84 and 100% and increases with the increase in 

molecular weight (Smith et al., 2006). The results obtained from Soxhlet technique are quite 

comparable to those produced by other modified methods with small variations having low 

standard deviations (Flotron et al., 2003). For these reasons researchers from different countries 

still use this classical technique for qualitative or quantitative assessment of PAHs accumulated 

in mosses.  

Varying degrees of PAHs concentrations have been reported depending on the type of 

species and sampling locations (Viskari et al., 1997; Holoubek et al., 2000; Krommer et al., 

2007; Migaszewski et al., 2009; Skert et al., 2010; Dolegowska and Migaszewski, 2011; 

Colabuono et al., 2015; Oishi, 2018). In order to avoid matrix interferences from pigments and 

organic matter, Blasco et al. (2011) devised a new modified technique DSASE for 

determination of PAHs in lichens, which was further extended to moss samples also by 

Domeno et al. (2012) for the analysis of nitrated derivatives of PAHs (NPAHs) due to their 

high toxicity leading to carcinogenic impacts. The authors observed very low concentrations 

of NPAHs (41-315 ng g-1) as compared to parent compounds (188-1733 ng g-1) with 75-98% 

recovery. Vukovic et al. (2015) for the first time applied the moss bag technology in Belgrade, 

Serbia, using Sphagnum girgensohnii Russow and Hypnum cupressiforme Hedw. for studying 

the spatio-temporal trend of PAHs distribution in urban air through sonication extraction. The 

most common PAHs found in moss samples include NAP, PHE, FLA, PYR, CHR, B(b)F, 

B(k)F, B(a)P and I(cd)P, confirming that the moss bags can be used as a potential tool for 

mitigating air pollution. Capozzi et al. (2017) also proved that moss bags could reveal 

information about the short-term deposition of PAHs from pyrogenic sources. A study 

conducted by Otvos et al. (2004) in Hungary revealed that 99% of PAHs accumulated in 

mosses was LMW PAHs generated from heavy vehicular emissions, having no significant 

relation with population distribution. Presence of 16 EPA-PAHs was assessed in epiphytic 

moss Leptodon smithii Hedw. by De Nicola et al. (2013) by employing ultrasonication with 

GC-MSD analysis. The authors found low levels of PAHs in mosses as compared to plant 

leaves due to their different bioaccumulative capabilities which are regulated by their 

morphological and physiological properties. Caballero-Casero et al. (2015) focused on 

supramolecular solvents other than organic solvents for simultaneous extraction of PAHs from 
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mosses (as indicated in Table 6 and Table 7) and elimination of matrix interferences. The 

authors synthesized the supramolecular solvents by mixing decanoic acid, tetrahydrofuran 

(THF) and water in adequate proportions, thereby producing colloidal aggregates through self-

assembly and coacervation. This caused a phase separation due to lesser density of SUPRAS 

which favoured their isolation from the equilibrium solution. SUPRAS-based microextraction 

process does not require any sophisticated laboratory instruments, only simple equipment 

would serve the purpose of sample treatment. This method yielded better recoveries ranging 

between 89 and 108% within 5 min using only 800 mL of SUPRAS. The results prove it to be 

an efficient technique but the use of SUPRAS for extraction needs further investigation with 

other complex matrices. Herbarium mosses, preserved during three periods 1879-1881, 1973-

1975 and 2006-2007, were also explored by Foan et al. (2010) to examine the long-term or 

chronic PAHs inputs with the help of Soxtec extraction technique in the northern areas of 

Spain. The specimens were sampled from the Natural Park of Bertiz, Navarra, Spain, and 

preserved in the Herbarium PAMP of the University of Navarra. The authors’ intention was to 

study the evolution of the anthropogenic emissions spanning over the centuries and observed 

that mainly charcoal production for old foundries and biomass burning for domestic purposes 

were responsible for LMW PAHs deposition during 19th century. The scenario started 

changing in the 20th century due to the advent of industrial revolution, building of power 

stations using fossil fuels, tremendous increase in population, development of other 

infrastructures and invention of cars, steam engines for railways, etc. which contributed to 

overall ambient pollution levels to a global extent. PAHs determinations in mosses by Soxtec 

technique were also carried out by Migaszewski et al. (2002) in the mountainous regions of 

Southern Poland and they noticed no appreciable change in the air quality of south-central 

Poland since 1998 till the date of experiment. Active moss biomonitoring studies with the 

application of MAE were undertaken by Ares et al. (2009) and Ares et al. (2011) in different 

areas of Spain using pleurocarpous moss Pseudoscleropodium purum (Hedw.) M. Fleisch. 

Their findings indicated that the bioconcentration of PAHs in mosses decreased exponentially 

with the distance from the source of emission, deposition being encouraging up to 1 Km from 

the source. Concha-Grana et al. (2015a) also studied MAE with Pseudoscleropodium purum 

(Hedw.) M. Fleisch., Sphagnum sp. and Hypnum cupressiforme and obtained desirably 

accurate recoveries between 83 and 108%, uncertainty being less than 20%. Use of PTV 

detector along with tandem mass spectrometry enhanced the sensitivity and selectivity of the 

process. PAHs content along with other details as obtained from different moss species by 

many researchers worldwide have all been referenced in Table 6 and Table 7. Therefore, it can 
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be concluded that the terrestrial mosses as passive samplers of atmospheric PAHs pollution 

have got global recognition from the research communities for biomonitoring surveys and 

environmental remediation. 
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Table 6 

Biomonitoring of airborne PAHs using moss species with sampling sites, extraction methods and solvents used for extraction. 

 

Moss species Sampling area/country 
Extraction methodology  

Solvents used for 

extraction  References 

  adopted for PAHs of PAHs   
     

Isothecium myosuroides Brid., Navarra, Spain Pressurized liquid n-Hexane Foan and Simon, 2012 

Hypnum cupressiforme Hedw.,  extraction for 10 min,     

Hylocomium splendens (Hedw.) Schimp  Soxtec extraction for 3h n-Hexane  

     
Pleurozium schreberi (Brid.) Mitt. Czech Republic Accelerated solvent extraction n-Hexane Sucharova and Hola, 2014 

     
Pseudoscleropodium purum (Hedw.) M. Fleisch., Galicia, NW Spain Microwave extraction for 16 min Hexane:Acetone (90:10) Concha-Grana et al., 2015a 

Sphagnum sp., Hypnum cupressiforme     

     
Sphagnum palustre L. moss clones, Five different locations, Spain Matrix solid-phase dispersion  DCM:Hexane (20:80)  Concha-Grana et al., 2015b 

Natural moss of same genus Sphagnum sp.,  extraction for 3 min   
Natural species of Hypnum cupresiforme     

     
Fissidens crassipes Wilson ex Brunch & Schimp., Cordoba and Jaen provinces, Spain SUPRAS-based microextraction Decanoic acid/THF/Water Caballero-Casero et al., 2015 

Plagiomnium undulatum (Hedw.) T. J. Kop.,  for 5 min   
Leucodon sciuroides (Hedw.) Schwagr.,     
Distichium capillaceum (Hedw.) Brunch & 

Schimp.,     
Pleurochaete squarrosa (Brid.) Lindb.     

     
Sanionia uncinata,  Adjacent to Brazilian Antarctic Soxhlet extraction for 8h n-Hexane:Methylene  Colabuono et al., 2015 

Warnstorfia sarmentosa,  Station, Admiralty Bay,    chloride (1:1, v/v)  
Brachitecyum sp., Syntrichia princeps King George Island    
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Hypnum cupressiforme Navarra, Spain DSASE Pure hexane Domeno et al., 2012 

     

     
Scleropodium purum, Hypnum cupressiforme, Man and Biosphere Reserve Soxhlet extraction n-Hexane Krommer et al., 2007 

Abietinella abietina  Wienerwald, Austria    

     
Hylocomium splendens (Hedw.) Schimp. Bertiz Nature Reserve, Pressurized liquid extraction n-Hexane Foan et al., 2015 

 NW Navarra, Spain    

     
Hypnum cupressiforme Hungary Ultrasonic extraction n-Hexane:Acetone (1:1, v/v) Otvos et al., 2004 

     

     
Moss bags of Sphagnum girgensohnii Russow and Belgrade urban area, Serbia Ultrasonication for 5 min DCM Vukovic et al., 2015 

Hypnum cupressiforme Hedw.     

     
Hypnum cupressiforme Hedw. European countries icluding  Pressurized liquid extraction n-Hexane Foan et al., 2014 

 France, Spain, Switzerland    

     
Red-stemmed feather moss Pleurozium Central Finland Soxhlet extraction for 16h DCM Viskari et al., 1997 

schreberi     

     
Hypnum cupressiforme L. ex Hedw. Kosetice observatory of Czech  Soxhlet extraction for 8h DCM Holoubek et al., 2000 

 Hydrometeorological Institute,    

 Valasske Mezirici,    

 Vresova, Czech Republic    

     
Hylocomium splendens(Hedw.) B.S.G., Pleurozium Holy Cross Mountains (Poland), Soxhlet extraction DCM Migaszewski et al., 2009 

schreberi (Brid.) Mitt. Wrangell–Saint Elias National     

  Park and Preserve (Alaska),       
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 Denali National Park and    

 Preserve (Alaska)    

     
Pseudoscleropodium purum (Hedw.)  Galicia, NW Spain Microwave extraction for  Hexane:Acetone (1:1) Ares et al., 2009 

M. Fleisch.  30 min   

     

     

     
Herbarium mosses including Dicranum scoparium  Navarra, Northern Spain Soxtec extraction n-Hexane, cyclohexane, Foan et al., 2010 

Hedw., Hypnum cupressiforme Hedw., 

Thamnobryum   DCM  
 alopecurum Hedw. Gangulee, Thuidium     
tamariscinum Hedw. Schimp.     

     
Leptodon smithii Hedw. Italian regions Campania and Sonication DCM:Acetone (1:1; v/v) De Nicola et al., 2013 

 Tuscany    

     

 Hylocomium splendens Holy Cross Mountains, South- Soxtec extraction DCM Migaszewski et al., 2002 

 Central Poland    

     
Racomitrium lanuginosum (Hedw.) Brid. Central Japan Soxhlet extraction Acetone (for >2h) Oishi, 2018 

   Toluene (for 16h)  

     
Hylocomium splendens(Hedw.) B.S.G.,  Holy Cross Mountains, Accelerated solvent extraction DCM Galuszka, 2007 

Pleurozium schreberi (Brid.) Mitt. South-Central Poland    

     
Hylocomium splendens(Hedw.) B.S.G.,  Kielce Area, South-Central Soxhlet extraction DCM Dolegowska and  

Pleurozium schreberi (Brid.) Mitt.  Poland   Migaszewski, 2011  

     
Hypnum cupressiforme moss bags Naples, Italy Sonication for 20 min DCM Capozzi et al., 2017 
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Pseudoscleropodium purum (Hedw.)  Canary Island, Spain Microwave extraction   Hexane:Acetone Ares et al., 2011 

M. Fleisch. Moss bags     

     
Hypnum cupressiforme moss bags Basovizza, Trieste, North Extraction with microsoxhlet Cyclohexane Skert et al., 2010 

   eastern Italy   system    

     
Mossphere filled with Sphagnum palustre clone Southern Italy, North-West Matrix solid-phase dispersion  DCM:Hexane (20:80)  Aboal et al., 2020 

 Spain extraction    
 

Note: To be read in conjunction with Table 7.  
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Table 7 
 
Biomonitoring of airborne PAHs using moss species: Method of analysis and concentration of PAHs. 
 

Moss species Method of analysis Concentration of PAHs  References 

 of extracted PAHs (dry weight basis)  

Isothecium myosuroides Brid., HPLC-FLD 233.5 ng/g; 220.3 ng/g Foan and Simon, 2012 

Hypnum cupressiforme Hedw.,  130 ng/g  

Hylocomium splendens (Hedw.) Schimp  133.3 ng/g  

    

Pleurozium schreberi (Brid.) Mitt. GC-IT-MS 4-100 ng/g Sucharova and Hola, 2014 

    

Pseudoscleropodium purum (Hedw.) M. Fleisch., GC-MS/MS 50.7 ng/g; 93.1 ng/g Concha-Grana et al., 2015a 

Sphagnum sp., Hypnum cupressiforme    

    
Sphagnum palustre L. moss clones, PTV-GC-MS/MS 1.105 µg/g Concha-Grana et al., 2015b 

Natural moss of same genus Sphagnum sp.,  77.35 ng/g  
Natural species of Hypnum cupresiforme  148.4 ng/g  

    
Fissidens crassipes Wilson ex Brunch & Schimp., LC-FLD 17 ± 1 µg/kg; 38.1 ± 0.6 µg/kg Caballero-Casero et al., 2015 

Plagiomnium undulatum (Hedw.) T. J. Kop.,  26.1 ± 0.3 µg/kg  
Leucodon sciuroides (Hedw.) Schwagr.,  22 ± 1 µg/kg  
Distichium capillaceum (Hedw.) Brunch & Schimp.,  12 ± 1 µg/kg  
Pleurochaete squarrosa (Brid.) Lindb.  97 ± 2 µg/kg  

    
Sanionia uncinata,  GC-SIM-MS 544 ± 457 ng/g; 126-254 ng/g; Colabuono et al., 2015 

Warnstorfia sarmentosa,  955 ng/g  
Brachitecyum sp., Syntrichia princeps  Not detected  
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Hypnum cupressiforme APGC-Q-TOF-MS 188-1733 ng/g; 41-315 ng/g (NPAHs) Domeno et al., 2012 

    
Scleropodium purum, Hypnum cupressiforme, GC-MSD (SIM mode) 120-730 ng/g Krommer et al., 2007 

Abietinella abietina    

    
Hylocomium splendens (Hedw.) Schimp. HPLC-FLD 133.3 ng/g Foan et al., 2015 

    

    
Hypnum cupressiforme HPLC-UV (LMW PAHs) 0.1567-10.45*10^4 mg/kg Otvos et al., 2004 

 HPLC-FLD (HMW PAHs)   

    
Moss bags of Sphagnum girgensohnii Russow and GC-MSD 42-178 ng/g Vukovic et al., 2015 

Hypnum cupressiforme Hedw.  80-249 ng/g  

    
Hypnum cupressiforme Hedw. HPLC-FLD 98.1-697.8 ng/g Foan et al., 2014 

    

    
Red-stemmed feather moss Pleurozium GC-MSD 139.9-493.9 ng/g FW Viskari et al., 1997 

schreberi    

    
Hypnum cupressiforme L. ex Hedw. HRGC-MSD <0.3 ± 4700 ng/g Holoubek et al., 2000 

  229 ± 10,222 ng/g  

  <0.3 ± 16,733 ng/g  

    
Hylocomium splendens(Hedw.) B.S.G., Pleurozium GC-MSD 523-2970 µg/kg; 473-2610 µg/kg Migaszewski et al., 2009 

schreberi (Brid.) Mitt.  80-3010 µg/kg; 215-3390 µg/kg  

  140-1890 µg/kg; 266-1510 µg/kg  

    

    
Pseudoscleropodium purum (Hedw.)  GC-MS (MS/MS mode) 265.7321 ng/g (sample storage Ares et al., 2009 
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M. Fleisch.   at -30 ⁰C)  

  359.72 ng/g (sample storage   

  at room temperature)  

    
Herbarium mosses including Dicranum scoparium  HPLC-FLD 782.8-2009.1 ng/g (19th century) Foan et al., 2010 

Hedw., Hypnum cupressiforme Hedw., Thamnobryum 206.1-464.6 ng/g (20th century)  
 alopecurum Hedw. Gangulee, Thuidium  86.0-372.5 ng/g (21st century)  
tamariscinum Hedw. Schimp.    

    
Leptodon smithii Hedw. GC-MSD 124.82-380.98 ng/g De Nicola et al., 2013 

  72.33-154.18 ng/g  

    

 Hylocomium splendens GC-MSD 587-622 ppb Migaszewski et al., 2002 

    

    
Racomitrium lanuginosum (Hedw.) Brid. GC-HRMS 55.9-272.4 ng/g Oishi, 2018 

    

    
Hylocomium splendens(Hedw.) B.S.G.,  GC-MSD 238-1629 ng/g Galuszka, 2007 

Pleurozium schreberi (Brid.) Mitt.  183-822 ng/g  

    
Hylocomium splendens(Hedw.) B.S.G.,  GC-MSD 558-4457 mg/kg Dolegowska and  

Pleurozium schreberi (Brid.) Mitt.  643-3086 µg/kg Migaszewski, 2011  

    
Hypnum cupressiforme moss bags GC-MSD 79.53-294 ng/g Capozzi et al., 2017 

    
Pseudoscleropodium purum (Hedw.)  GC-MS (MS/MS mode) 0.310-1954 ng/g Ares et al., 2011 

M. Fleisch. Moss bags    

    
Hypnum cupressiforme moss bags HPLC-FLD 164-2871 ng/g Skert et al., 2010 
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Mossphere filled with Sphagnum palustre clone PTV-GC-MS/MS 1.506-46.768 ng/m^3 Aboal et al., 2020 

 
Note: To be read in conjunction with Table 6.  
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1.6. Statement of the problem 

Since conventional equipment-based air sampling and air quality analysis are lengthy and 

uneconomic processes due to installation and maintenance of bulky instruments onsite; 

monitoring of ambient air quality through plant biomonitors has been in vogue for a long time. 

Moreover,  recently it has gained momentum worldwide due to sudden enormous increase in 

the levels of atmospheric pollution over the past few years as a consequence of unbounded 

industrial and human activities. Suitable selection of biomonitor plants is the foremost criteria 

of biomonitoring protocol which depends on type of pollutants under study, test species, plant 

characteristics and areas under investigation. These bioaccumulators respond sensitively to 

contaminants developing damage, symptoms or injuries in their host organs, which provide 

strong reasons for their use as effective biomonitoring tools for controlling the pollution effects 

on living biota. Their abundance in nature, affordability, long life span, greater efficacy in 

monitoring of heavy anthropogenic impacts and eco-friendliness make them the prime choices 

for their utilization as ecological indicators over conventional measurement techniques. 

Recently, Real-time Air Quality Index (AQI) of Kolkata is > 150 (as measured by Kolkata-US 

consulate) which indicates very high pollution load with unhealthy environmental condition. 

Therefore, measurement of concentration of PAHs in air is of paramount concern in Kolkata 

to determine air quality. However, less work has been actually reported in recent past on 

biomonitoring using abundant and indigenous plant species along roadsides of Kolkata to get 

a detailed idea of ambient PAHs profile as a basis of green belting proposal and efficient 

protocol of isolation of PAHs from plant matrix. Development of traditional and a process 

intensified extraction-purification-analysis route for determination of PAHs content in 

biomonitors, based on economic, efficient, robust and time-effective extraction techniques 

using suitable solvents are indeed important and preferred as environmentally favourable 

method. Optimization of the extraction and clean-up techniques using multivariate approaches 

should be carried out in order to achieve authentic and reproducible results. Validation of the 

extraction technique is necessary for assessing the extraction regime to ensure better analyte 

recoveries and stable measurements over time, elevating the levels of sensitivity and specificity 

of analytical procedures. Another important focus area may be the scrutinizing of different 

available roadside plants for selection of one or few species that can be considered as green 

belting members outperforming others among the lot. Furthermore, it is imperative to establish 

PAHs distribution characteristics in biomonitor tissues and ambient air based on their 

partitioning behavior  to identify the widespread pattern of occurrences of the pollutants in the 
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area under study. Effect of environmental and meteorological parameters and seasonal flux on 

uptake efficiency of organic pollutants by bioaccumulators should also be properly studied 

through actual field works. Thus, accurate identification of air pollution hotspots through 

bioindication would be a critical step in implementing stringent measures for environmental 

protection, management and sustainable development.  

Conforming to the aforestated issues, selection of plant bioindicators with substantial 

biomonitoring potencies was accomplished for South Kolkata pollution hotspots based on 

complete characterization (physical, biochemical, physiological and morphological) results 

obtained for those plant leaves. Comprehensive studies on performance evaluation of 

conventional (Soxhlet) and process intensified extraction (microwave-assisted Soxhlet 

extraction (MAE)) techniques followed by high-end instrumental analysis were further 

undertaken for supporting the objective of establishing appropriate isolation protocols for 

PAHs from biomonitor plant tissues. Variations in the profiles of ambient PAHs were 

investigated corresponding to their spatio-temporal distribution behaviour. Moreover, PAHs 

uptake by plant foliage was modeled with respect to their partitioning behavior between air and 

plant matrix. Conclusively, in order to devise a green belting proposal, a large number of plant 

bioindicators was taken under consideration in this study to examine their performances as 

PAHs biomonitors. 

1.6.1. Objectives of the work: Overall and specific 

The overall and specific research objectives for achieving the broader outcomes have been 

stated below.  

I. Ecophysiological evaluation for the assessment of biomonitoring potential (i.e., air 

pollution tolerance) of a terrestrial plant Murraya paniculata in traffic congested South 

Kolkata, India. 

 

• Careful selection of four different study sites in South Kolkata, West Bengal, India, on the 

basis of pollution load supported by national ambient air quality data of central and state 

pollution control boards (CPCB and WBPCB). Selection of a control site in a remote area 

of East Midnapore, West Bengal, India, with minimal pollution load for data comparison. 

• Identification of a dominant perennial plant species of shrub variety (M. paniculata) along 

the roadsides of the study areas and collection of plant leaves as sample. 

• Pretreatment of plant samples prior to target analysis. 
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• Characterization study of plant leaves with respect to physical (dust retention capacity), 

biochemical (chlorophyll, carotenoids, ascorbic acid and lipid), physiological (leaf pH and 

moisture content) and morphological (leaf surface microstructures) attributes.   

• Estimation of air pollution tolerance index (APTI) of M. paniculata for better indication of 

its biomonitoring potential. 

• Isolation of PAHs from leaf matrix to detect their presence in plant foliage as a further step 

towards clear understanding of plant tolerance and bioaccumulative nature. 

 

II. Determination of PAHs in biomonitor tissues by means of solvent extraction and 

analytical protocols.  

 

• Application of four different solvent extraction methods including mechanical stirring, 

Soxhlet method, sonication and microwave-assisted Soxhlet extraction (MAE) for 

evaluation of their efficiencies in acquiring high PAHs yield from Murraya leaves after 

sample processing. 

• Selection of suitable solvents with desirable properties and high extraction performance for 

PAHs recovery. 

• Optimization of extraction time to intensify the yield of PAHs from M. paniculata. 

• Development of a purification procedure of column chromatography using silica gel for 

sample extracts. 

• Qualitative analysis of PAHs using GC-MS based on the characteristic parameters, such as 

retention time and quantification ions. 

• Quantitative analysis of PAHs using HPLC-UVD based on the development of a processing 

method of quantitation for concentration measurement. 

• Validation of the analytical method of HPLC in terms of quality checks, recoveries and 

LOD/LOQ for checking the accuracy and reliability of analysis. 

 

III. Development of microwave-assisted Soxhlet extraction (MAE) technique as a process 

intensified approach for PAHs isolation from the plant leaves of M. paniculata and 

optimization of extraction methodology. 

  

• Selection of proper solvents for MAE experiments based on the polarity and nature of target 

PAHs. 

• Comprehensive study on determination of individual effects of MAE variables (extraction 

temperature, extraction time and solvent-to-sample ratio) on PAHs extraction yield. 



77 
 

• Optimization of MAE conditions using response surface methodology (RSM) with Box-

Behnken design for evaluating the optimal values of input variables for enhanced yield. 

• Estimation of PAHs yield based on the analyzed concentrations of PAHs in HPLC. 

• Establishment of MAE as an intensified approach of PAHs extraction over traditional 

Soxhlet method relating to energy efficiency, economy and yield enhancement (basic 

aspects of process intensification).  

 

IV. Analysis of spatio-temporal variations of PAHs accumulated in the foliage of M. 

paniculata in South Kolkata, India. 

 

• Determination of spatial distribution of PAHs based on their foliage concentrations at four 

different pollution hotspots (urban sites) identified in South Kolkata. 

• Determination of temporal variations in PAHs concentrations based on seasonal effects, 

considering the meteorology of premonsoon, postmonsoon and winter. 

• Identification of PAHs emission sources in the study areas using diagnostic ratios (DRs).  

 

V. Screening of urban plant bioindicators for their performance in urban greenery 

planning. 

 

• Investigation of PM capturing efficiencies of eight different urban roadside plant species 

(N. oleander, T. divaricata, C. gigantea, B. acuminata, P. longifolia, A. scholaris, N. 

cadamba and P. alba) of South Kolkata based upon the mass concentrations of leaf surface-

bound and wax-embedded PM of large (PM10-100) and coarse (PM2.5-10) fractions. 

• Extensive investigation of the synergistic effects of plant surface characteristics (including 

leaf surface microstructures, leaf waxes and properties of leaf lamina) on PM retention. 

• Analysis of the pattern of bioaccumulation of PAHs in all the selected species through the 

estimation of variabilities in their distribution percentage and ring structures. 

• Estimation of specific leaf area (SLA) as an important characteristic parameter of plants 

affecting PAHs accumulation. 

• Evaluation of carcinogenicity and mutagenicity of individual PAHs for risk assessment 

based on their toxic and mutagenic equivalency factors. 

• Analysis of abiotic stress biomarkers of plants to predict their responses towards PM and 

PAHs pollution and aid in the selection of tolerant species. 
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• Performance evaluation of the studied plants as green barrier species through APTI and 

anticipated performance index (API).   

 
VI. Partitioning behavior of PAHs between air and plant matrix and assessment of PAHs 

uptake by the foliage of a biomonitor plant (M. paniculata) using a mechanistic 

approach-based material balance model. 

 

• Determination of plant-air (KPA) partition coefficients of PAHs for demonstrating PAHs 

uptake capacity of plants. 

• Determination of particle-gas (KP) partition coefficients of PAHs for indicating their 

potential of adsorption to foliage-laden particulates. 

• Assessment of PAHs bioaccumulation in a biomonitor plant foliage through multiple uptake 

pathways, highlighting their translocation behaviour in PM-to-leaf and root-to-leaf 

interfaces. 

• Investigation of the main routes of PAHs scavenging by the biomonitor plant species for 

effective removal of pollutants from the ambient air and determination of calculated uptake 

rate of PAHs along with theoretical uptake rate by plant biomonitors. 

• Comparison of theoretical and calculated uptake rates of PAHs to validate the predictive 

model.  

• Estimation of fugacity capacities to confirm the role of plant leaves in PAHs sorption. 

1.6.2. Outline of the thesis  

The outline of all the chapters of the PhD thesis has been presented.  

 Chapter 2 presents the descriptive analysis of functional traits of plant leaves of M. 

paniculata, collected from both urban (South Kolkata, India) and control/reference sites (East 

Midnapore, India), and assessment of APTI for the selected species to ascertain its tolerance 

and biomonitoring potential which has been exploited for determination of PAHs distribution 

in plant tissues for further confirmation. 

 Chapter 3 highlights the isolation techniques of PAHs from biomonitor (Murraya 

plant) tissues employing solvent extraction methods and chromatographic analysis. 

Optimization of extraction factors (relating to extraction methods (mechanical stirring, 

sonication, Soxhlet and MAE), extraction solvent and extraction time for PAHs isolation has 

been emphasized. Development of silica gel column cleanup as an extract purification step and 
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procedures of GC-MS and HPLC-UVD for PAHs analysis has also been elaborated. 

Additionally, HPLC method validation is provided for quality analysis. 

 Chapter 4 focuses on process intensification on the conventional Soxhlet method aided 

by MAE with special emphasis on design and optimization of MAE process parameters 

(extraction temperature, extraction time and solvent-to-sample ratio) using RSM approach for 

increased PAHs extraction yield from the leaf matrix of M. paniculata. From the view point of 

sustainability, advantages (such as cost, energy and time efficient, green and safer technique 

with high yield and less requirement of solvent) of MAE as a process intensified route have 

been established beyond doubt.  

 Chapter 5 highlights the spatial and temporal distribution trends of foliar PAHs in M. 

paniculata concerning site- and season- specific characteristics. Strong dependence of such 

variation on emission sources and climatic (premonsoon, postmonsoon and winter) conditions 

has also been portrayed. Moreover, this chapter provides descriptions on source analysis by 

DRs based on locational and seasonal variations. 

 Chapter 6 deals with assessment of the performance of different urban plant 

bioindicators of diverse nature to act as green belting species for strategic planning of urban 

greenery. Potential of the investigated plants for foliar accumulation of PM and PAHs has been 

demonstrated based on the properties of accumulative leaf surfaces, SLA and pollutant nature. 

Besides, risk factor analysis of PAHs is again provided for expressing their toxicity, 

carcinogenicity and mutagenicity. Explanation and justification of abiotic stress tolerance or 

adaptation by plants for their application in urban green belt formation through quantification 

of the relationships among stress-responsive biomarkers, APTI and API are given in this 

chapter. 

 Chapter 7 sheds light on the elucidation of plant-air and particle-gas partitioning 

behaviour of PAHs for investigating the effects of leaf lipids and organic matter of foliar 

particulates on PAHs distribution. Different pathways of translocation of PAHs (foliar PM to 

plant leaves and roots to plant leaves) are further highlighted. This chapter again provides 

thorough descriptions and interpretations of multiple pathways of PAHs uptake and their extent 

of contribution to total foliage accumulation based on a material balance model (mechanistic 

framework). Fugacity approach-based confirmation of plant uptake capacity is also presented. 

 Chapter 8 highlights the summary of results of the research study, concluding remarks 

of the entire research work and gives recommendations for some new dimensions in the future 

work.  
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 An appendix section as Appendix-I has been provided at the end of the PhD thesis after 

‘References’. This section presents the graphical depiction of variation between rate of change 

of PAHs concentration in plant leaves (dCL/dt) and overall foliar PAHs concentration (CL) for 

all the 16 EPA-PAHs.   
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Chapter 2 

2. Methodology I 

Assessment of biomonitoring potential of 

Murraya paniculata (L.) Jack (terrestrial 

plant) along major roads of South Kolkata, 

India 

2.1. Background 

Unplanned depletion of agricultural, water and forest lands in and around Kolkata, India, for 

expansion of city’s boundaries to accommodate rapidly growing population including human 

migration from other places is the primary cause behind the destruction and decay of century-

old natural ecosystem. Environmental worsening due to the diversified presence of xenobiotics, 

gaseous pollutants, heavy metals, persistent organic pollutants (POPs) such as polycyclic 

aromatic hydrocarbons (PAHs) and dust or particulate matter (PM) imposes toxic air effects 

on the residents together with native flora and fauna (Haque and Singh, 2017). The situation is 

also aggravated owing to relentless activities for the construction of infrastructures and 

industries, power sectors, high traffic density, growth of slum-like settlements, reducing open 

spaces and boundless emission (local and transboundary) of air pollutants, increasing their level 

in the atmosphere manifold (Haque and Singh, 2017). Air suspended PM and PAHs are among 

the deadly air pollutants that are genotoxic in nature. PM has been classified as Group I human 

carcinogen by The International Agency for Research on Cancer (IARC, 2013). PAHs are a 

group of hydrophobic organic compounds, ubiquitously present in different environmental 

compartments and mainly derived from either incomplete combustion of fossil fuels and 

biomass (anthropogenic inputs) or natural emissions (Mukhopadhyay et al., 2020). Their 

recalcitrance and persistence in nature make them highly toxic and carcinogenic for which they 
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have been prioritized as hazardous pollutants by US Environmental Protection Agency 

(USEPA) (Guidotti et al., 2003; Ghosal et al., 2016). Gas-particle partitioning of PAHs governs 

their atmospheric mass distribution (gas-phase PAHs are mostly of low molecular weight 

(LMW PAHs), while high molecular weight or HMW PAHs are adsorbed on PM). 

Epidemiological studies revealed that the detrimental effects of these pollutants on human 

beings are linked to the impairment of human reproductive and excretion systems, acute 

respiratory infections, cardiovascular diseases and cancerous growth in different organs (like 

skin, lungs and bladder) (Detmar and Jurisicova, 2010). 

In this context, detail and elaborate study of air biomonitoring using passive plant 

samplers has been the prime concern for recognition and estimation of even small-scale 

environmental changes in the spatio-temporal trends of the pollutants in air (Garty, 2001). 

Onsite deployment of direct-reading instruments or air samplers makes the process costly on 

account of their long operating time and requirement for skilled supervision in monitoring the 

air supply lines (Blasco et al., 2006). Plants with large leaf surface area act as natural receptors 

and bioaccumulators of airborne pollutants, initiating adaptive responses which involve 

modifications in plant biochemistry, physiology and morphology (Rai, 2016). Green belts 

along the roadways alleviate outdoor air pollution simply through impingement, absorption, 

accumulation and uptake of contaminants through stomata, improving air quality in high 

density cities (Prajapati and Tripathi, 2008a). Indigenous perennial plants for urban landscaping 

are usually selected based on their availability, adaptability, hassle-free preservation and 

hardiness (Rai, 2016). Such plants should also not produce and disperse copious amount of 

pollens provoking allergic reactions in human beings.  

Singh et al. (1991) for the first time introduced a factor, namely Air Pollution Tolerance 

Index (APTI) with respect to plants to investigate their vulnerability towards airborne organic 

and inorganic pollutants. According to their study, the evaluation of APTI can be related to 

biochemical and physiological parameters of plants, such as ascorbic acid, chlorophyll content, 

relative water content and leaf-extract pH, which signifies their tolerance or sensitivity to 

environmental changes. Based on APTI value, plant groups can be classified as sensitive 

(APTI<10) intermediate (10<APTI<16) and tolerant (APTI>17) species (Singh and Rao, 

1983). Several studies had been conducted by researchers across the globe on APTI of plants, 

considering tropical dry deciduous forest trees (Shorea robusta, A. auriculiformis, Eucalyptus 

globulus, A. indica), naturally grown tree species (Psidium guajava, Magnifera indica, Ficus 

benghalensis, Delonix regia, etc.), climber plants, trees with broad canopy, flowering plants of 

Apocynaceae family (Alstonia scholaris, Nerium oleander, Tabernaemontana coronaria, 
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Thevetia peruviana), herbaceous plants, etc. for urban greenery (Pandey et al., 2016; Kaur and 

Nagpal, 2017; Nadgorska-Socha et al., 2017; Chaudhary and Rathore, 2018; Karmakar and 

Padhy, 2019; Mukherjee et al., 2020). Dust capturing capacities of plant leaves are also 

exploited for trapping particulate pollutants from the atmosphere. Numerous plant species and 

their parts (leaves, conifer needles, tree barks, trunk and ring) have already been investigated 

as PAHs biomonitors and scavengers globally (Migaszewski et al., 2002; Sun et al., 2010; Zhao 

et al., 2018). 

Murraya paniculata (L.) Jack or Orange Jasmine (commonly known as ‘Kamini’ in 

West Bengal, India) has been in use since long for its medicinal values and high percentage of 

essential oil (91.5%) that possesses antimicrobial and antifungal properties due to the presence 

of oxygenated sesquiterpenoids (Dosoky et al., 2016; Arya et al., 2017). Murraya species is 

widely used for hedging in India as well as Australia and its neighbouring countries and not 

known to produce allergens that may harm the surrounding people. Biomonitoring potential of 

Kamini has not been properly explored to its fullest extent and very few investigations had 

been carried out over the world for the assessment of pollution effects on the ecosphere using 

this species. Most of the studies related to air pollution in Kolkata are focused on direct air 

sampling till date (Ray et al., 2017; Haque and Singh, 2017; Ray et al., 2019) and very scanty 

details with recent reports are available on PAHs profiles present in the ambient air of the city 

along with paucity of information related to its source apportionment. There have been meagre 

attempts in Kolkata so far for air pollution monitoring using plant bioaccumulators or 

biomonitors (which may be referred to as pollutants’ sink or store house of information related 

to pollution history) for qualitative and quantitative determination of airborne PAHs.  

The present study reports the first effort as field study of South Kolkata, India, to assess 

the potential of Murraya paniculata (L.) Jack to work as an effective biomonitor of air quality 

affected by PAHs. This may be proved as a sustainable approach over traditional protocol of 

monitoring and control. This study primarily aimed at determination of APTI for the plant 

species and effect of plant parameters on APTI to prove its worth in biomonitoring. The species 

ability to serve as a biomonitor was further judged through the analysis of one of the criteria 

air pollutants, PAHs, accumulated in plant leaves. Four different urban sampling locations were 

primarily focused, results of which were then compared to a control or reference site for 

depicting the variations in plant performance under pollution load. Lipophilic characteristics 

of PAHs make them suitable to be translocated into lipid-rich tissues of plant leaves, even if 

they are non-detectable through air sampling due to quick dispersal by wind flow. Probable 
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sources influencing PAHs accumulation in air were also recognized which would aid in 

controlling PAHs release at the point of emission. 

 
2.2. Materials and methods  

2.2.1. Study area and site selection 

The study was carried out in the city of Kolkata (22º34′21.5220′′N, 88º21′50.0112′′E), West 

Bengal, India. Sampling campaign was conducted during winter months (December, 2019–

January, 2020: peak periods of pollution having high Real-time Air Quality Index (AQI) values 

of 200–400) under stable weather conditions when thermal inversion, low vertical mixing and 

wind turbulence and less volatilization or photodegradation were predominant. The study 

covered four sites within the southern part of the city (South Kolkata) including areas near 

Jadavpur University, Jadavpur (JDV); on Rash Behari (RB)-Connector near Bakultala Bus 

Terminus (RBC); at Exide More (EXM) and in Tollygunge (TGN) which are corresponded to 

the nearby national ambient air quality monitoring (NAAQM) stations run by Central Pollution 

Control Board (CPCB), India and West Bengal Pollution Control Board (WBPCB), India. 

Mean NAAQM data (involving four major criteria air pollutants: PM10, PM2.5, NO2 and SO2) 

of the study areas as provided by the CPCB and WBPCB during sampling period have been 

displayed in Table 8. A location map of the study areas has been shown in Fig. 6. The sampling 

points are chosen based on the rising level of pollution loads associated with devastating 

consequences and mainly characterized by heavy traffic density, urban or residential 

settlements, commercial establishments, shops, restaurants, bakeries, battery production units, 

etc. Kolkata has been selected as the study area since limited data on biomonitoring of airborne 

PAHs is available till date. A control area was selected about 90 km away from Kolkata city in 

Champadali, Panskura (CMD), a remote semi-urban and village area in close proximity to the 

river Kansabati in East Midnapore, West Bengal, India with very low air pollution levels due 

to minimum traffic, less industries, scanty crowd and huge open spaces. The control site, CMD 

is also spotted in Fig. 6. 
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Table 8 

National ambient air quality monitoring (NAAQM) data (average) of the study sites during sampling period (as provided by CPCB and WBPCB) (Ref.: 

https://app.cpcbccr.com/ccr/#/caaqm-dashboard-all/caaqm-landing; http://emis.wbpcb.gov.in/airquality/citizenreport.do). 

Site Geographical coordinates                                                                                                                     Average NAAQM data   

 

  

PM10 (g m-3) PM2.5 (g m-3) NO2 (g m-3) SO2 (g m-3) 

Air quality index 

(with respect to 

PM2.5) 

Air quality 

status 

 
 Permissible limit 

(24-hourly average) 

100 60 80 80   

JDV 22⁰29’57.5”N; 88⁰22’18.7”E  251.70 113.19 57.97 9.52 201-300 Poor 

 
        

RBC 22⁰31’09.4”N; 88⁰22’53.0”E  231.44 143.70 44.55 12.32 301-400 Very poor 

 
        

EXM 22⁰32’29.3”N; 88⁰20’38.2”E  271.51 147.20 82.64 12.06 301-400 Very poor 

 
        

TGN 22⁰29’33.9”N; 88⁰20’43.4”E  221.98 111.37 72.28 16.93 201-300 Poor 

 
        

CMD  22⁰23’41.1”N; 87⁰44’30.8”E  57.32 42.66 32.87 17.86 51-100 Satisfactory 

(control site)         
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Fig. 6. Location map of the sample sites: Jadavpur (JDV), Rash Behari Connector (RBC), 

Exide More (EXM) and Tollygunge (TGN) in South Kolkata and control site, Champadali 

(CMD) in Midnapore, West Bengal, India. 

N 

Jadavpur University 

Exide More 
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2.2.2. Sampling and processing of plant materials  

Small twigs of Murraya paniculata (L.) Jack, an ornamental, tropical evergreen flowering tree 

or shrub (Fig. 7) of family Rutaceae, having waxy leaf surfaces, widely grown as a garden 

plant, were severed during morning rush hours from the branches of 2–3 individual Murraya 

trees of same species located in each selected zone with pruning shears at a height of 1–3 m 

from the ground. Six replicates of samples for each location were considered for analysis. The 

leaves were randomly plucked by hand using sterile gloves to reduce the contact with tree 

foliages for avoiding exogenous contamination, put in polyethylene bags and immediately 

transported to the laboratory for storage till further processing and analysis. Leaf samples, after 

collection, were carefully washed with distilled water three to five times to remove 

accumulated dust or soil particles from leaf surfaces, spider webs, aphids, insect eggs and other 

foliage debris and dried using a lyophilizer (Eyela, Singapore; Model: FDU-1100) (freeze-

drying) under vacuum for 24 h to avoid degradation of matrix components including pigments, 

analytes and other volatile organic compounds (de Koning et al., 2009). Dried leaves were then 

manually crushed with mortar and pestle to obtain powdered homogeneous sample which 

would enhance the kinetics of analyte extraction by reducing the diffusion pathways and 

increasing the contact surface area between the sample and solvent (de Koning et al., 2009). 

 

Fig. 7. Murraya paniculata.  
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2.2.3. Chemicals and reagents  

A standard mix containing all the 16 EPA-PAHs (acenaphthene, acenaphthylene, anthracene, 

benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[ghi]perylene, 

benzo[a]pyrene, chrysene, dibenzo[a,h]anthracene, fluoranthene, fluorene, indeno[1,2,3-

cd]pyrene, naphthalene, phenanthrene and pyrene; Polynuclear aromatic hydrocarbons 16 

solution, analytical standard in acetonitrile; 10 μg mL− 1 ) was purchased from Sigma-Aldrich 

(St. Louis, Missouri, United States) for determination of PAHs in the tested samples. Highly 

pure HPLC grade (≥99.9% purity) methanol, ethanol, n-hexane, acetone, chloroform and 

extractant toluene along with LC-MS grade deionized water used were acquired from Merck 

(Darmstadt, Germany). 2, 6-dichlorophenol indophenol (DCPIP) dye of AR/ACS grade (≥98% 

by assay), used in titrimetry, was procured from Loba Chemie (India). All the other chemicals, 

reagents and materials of high purities (namely, oxalic acid, ascorbic acid (both are of ACS 

reagent grade with assay ≥99%), glutaraldehyde (≥98% by TLC), sodium phosphate buffer 

(ACS reagent grade, ≥98%), silica gel (100–200 mesh, pore size 25 Å, high purity grade) and 

Na2SO4 (anhydrous for analysis, ACS, ≥99%)) employed for characteristics analysis and 

extract clean-up were also supplied from Merck (Darmstadt, Germany). 

2.2.4. Physical, biochemical, physiological and morphological characterization of plant 

leaves  

2.2.4.1. Dust retention capacity of plant leaves  

Foliar accumulation of dust was evaluated by following a gravimetric method. The fresh leaves 

were thoroughly washed with distilled water and the washed-out solutions were then filtered 

through Whatman cellulose filters (Grade 1) which were previously weighed dry to constant 

weights. Dust laden wet filter papers were again oven-dried and weighed. The difference in 

weights between the two stages of the filters gave the weight of dust (mg) on the plant leaves. 

Leaf surface areas (cm2) were also determined by tracing out the impression of individual leaf 

on graph paper (Prajapati and Tripathi, 2008a). Specific leaf area was calculated using the ratio 

of leaf area to leaf dry mass in cm2 g−1. Dust capturing or retention capacity of the plant leaves 

was estimated afterwards using the ratio of weight of dust to total leaf area (Jiao et al., 2004; 

Yang et al., 2017). Foliar dust concentration or dust load was finally expressed in terms of mg 

cm−2. 
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2.2.4.2. Air pollution tolerance index (APTI) 

In the present study, APTI was calculated to investigate the tolerance of Murraya paniculata 

to air pollutants, based on biochemical (ascorbic acid and total chlorophyll contents) and 

physiological (namely, leaf extract pH and relative water content) factors according to the 

formula given by Singh and Rao (1983) and Singh et al. (1991) as discussed in Chapter 1 in 

Eq. 3.  

For leaf extract pH, 2 g of powdered leaf sample (in every case) was initially 

homogenized in 20 mL of deionized water. The homogenate was then centrifuged and pH of 

the supernatant was measured using a calibrated digital pH meter FP20 (Mettler-Toledo, 

Schwerzenbach, Switzerland) (Prasad and Rao, 1982).  

The quantitative determination of leaf ascorbic acid contents was performed by a 

titrimetric method using DCPIP dye solution (Zubeckis, 1962; Hughes, 1983; CoSeteng et al., 

1989; Roy et al., 2020). In brief, 2 g of dried, ground plant leaves (for each sample) were 

homogenized in 100 mL of 4% oxalic acid extracting solution for continuously 30 min. The 

samples were then immediately titrated against the titrant dye solution after centrifugation of 

the homogenates till the endpoint (distinct pink colour) was reached which persisted for about 

30 s. Standardization of the dye solution was also done by titrating against a standard ascorbic 

acid solution of known volume and strength.  

Total chlorophyll contents in plant leaves were assayed in accordance with the methods 

described by Arnon (1949) and Sudhakar et al. (2016). Homogenized samples (~1 g d.w.) were 

macerated in 20 mL of 80% acetone and sequential chlorophyll extractions were carried out 

thrice. The absorbances of the supernatants collected after filtration were read at 663, 645 and 

470 nm for chlorophyll a and b and carotenoids (Lichtenthaler and Wellburn, 1983; 

Lichtenthaler, 1987; Lichtenthaler and Buschmann, 2001) respectively using a UV/Vis 

spectrophotometer (PerkinElmer, Massachusetts, United States; Model: L365) and coefficients 

of absorption were used for the measurement of chlorophyll and carotenoids contents.  

RWCs of fresh leaves were analyzed as per the protocol developed by Henson et al. 

(1981) and Pathak et al. (2011). Samples of fresh leaves were washed clean after collection and 

fresh weights thereof were recorded. They were then submerged in deionized water and kept 

overnight at room temperature for saturation. The turgid weights of the samples were obtained 

after blotting the leaves surface dry. Subsequently, the leaf samples were oven-dried at 70 ºC 

to constant dry weights which were also noted for the estimation of RWC. 
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2.2.4.3. Leaf lipid content  

Leaf lipid contents were determined following the method of Bligh and Dyer (Bligh and Dyer, 

1959) which is a gravimetric method based on solvent extraction. Prior to lipid extraction, 

intracellular chlorophyll was removed using ethanol, as otherwise, presence of chlorophyll 

would erroneously increase the total lipid content in the final extract (intense green in nature) 

due to its structural similarity with lipids. On the other hand, same solvents 

(chloroform:methanol mixture) used for lipid extraction would also extract the chlorophyll 

simultaneously (Lloyd and Tucker, 1988; Archanaa et al., 2012). Hence, powdered leaf 

samples (1 g each time) were extracted with 20 mL of ethanol 4–5 times with subsequent 

centrifugation for complete removal of chlorophyll till the supernatant became colourless 

(Archanaa et al., 2012). The pellets (biomass) were then dried for Bligh and Dyer method of 

lipid extraction. 30 mL of chloroform:methanol mixture (20:40) was added to the dried biomass 

followed by the addition of chloroform and water separately. Two layers of organic and 

aqueous phases were formed where the lipids were extracted in the chloroform or organic layer 

and the non-lipid parts were solubilized in the methanol-water or aqueous layer (Bligh and 

Dyer, 1959). An aliquot of chloroform (of known volume) was evaporated to dryness at 50–60 

ºC and weighed for quantification of lipid contents. All the data were calculated and tabulated 

as mean ± standard deviation, mean value being presented based on six replicate values. 

2.2.4.4. SEM-EDX analysis  

Macromorphology of plant leaves was investigated visually to understand the extent of damage 

caused by the dust particles. Surface micromorphologies with the deposition of particulates and 

elemental composition of homogenized plant leaves were examined by scanning electron 

microscopy (SEM, Hitachi S-3400 N) with energy-dispersive X-ray microanalysis (EDX 

Micro Analyser, Horiba). A standard procedure for sample preparation was followed which 

involved chemical fixation of the plant leaves in glutaraldehyde and sodium phosphate buffer, 

dehydration of specimens in graded series of ethanol with simple air-drying under vacuum in 

a desiccator and mounting of samples on aluminium stubs coated with gold for visualization 

under SEM (Pathan et al., 2008; Fellet et al., 2016; Skrynetska et al., 2019). Six replicates of 

samples collected from different sites were studied for ascertaining the morphologies of leaf 

surfaces. Electron probe X-ray microanalysis (EDX) was also performed for quantitative 

analysis of the elements present in the foliage at the microscopic level (Skrynetska et al., 2019). 

SEM analyses were performed at 500×-4000× magnification at 15 kV accelerating voltage on 

selected point locations. 
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2.2.5. PAHs analysis in plant leaves  

Isolation of PAHs from homogenized plant leaves was accomplished by means of solvent 

extraction method with toluene using Soxhlet apparatus. The extracted solutions were purified 

using silica gel column chromatography for accurate and reliable analysis and the fractions 

enriched with PAHs were eluted with n-hexane. The chromatographic fractions were 

evaporated under vacuum using a Buchi Rotavapor and consequently, the dried residues were 

dissolved in HPLC grade methanol for analysis by gas chromatography–mass spectrometry in 

a Thermo Scientific Trace 1300 gas chromatograph (GC) connected with a single quadrupole 

mass spectrometer (MS) (Thermo Scientific, USA) operated in electron impact ionization 

mode. The column used was a TG-5MS capillary column having dimensions: 30  m × 0.25  mm 

× 0.25  µm (Thermo Scientific, USA). Identification of the selected contaminants [qualitative 

analysis on the basis of retention time (RT, min) and quantification ion (m/z)] was carried 

through proper standardization of the GC–MS system with a certified reference material 

(Sigma-Aldrich, USA), ensuring measurement reproducibility (EPA, 1984; Dong et al., 2012).  

 

2.2.6. Statistical and correlation/regression analyses 

One-way analysis of variance (ANOVA) was accomplished in MS Excel 2010 by taking into 

consideration the leaf parameters and APTI of different sites to analyze the statistical 

significance of the data obtained. A correlation test was executed to quantify the strength of 

relationship between the foliar dust load and plant biochemical and physiological parameters. 

Data fitting by linear regression analysis and power law model was performed in order to 

investigate the impact of leaf pH and ascorbic acid on APTI and variation at different sites. MS 

Excel 2010 was used for both the cases (Pandey et al., 2015a, 2016; Achakzai et al., 2017). The 

whole experiment was repeated three times in order to collect the time dependent data and each 

run was carried out in triplicate. Goodness of fit was judged by enumerating the Coefficient of 

Determination (R2) and Correlation Coefficient (r). 

2.3. Results and discussion 

2.3.1. Dust retention capacity of Murraya paniculata leaves  

Dust interception efficiency of plant leaves depends on plant species, leaf surface 

micromorphology, specific leaf area, leaf orientation and its arrangement on the stem (which 

is also referred to as phyllotaxy), external features such as presence of hairs or trichomes, 

cuticles and petioles, pattern of venation, distribution of leaf crowns in the canopy of trees, 
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stomatal density and epicuticular or cuticular waxes. In addition, meteorological parameters 

like weather or climatic conditions, wind velocity and direction as well as man-made 

interferences also influence foliar dust accumulation (Prajapati and Tripathi, 2008a; Shi et al., 

2016). In the present study, amount of dust adsorbed on the leaves of M. paniculata ranged 

from 0.85±0.04–2.26±0.02 mg cm−2 in winter months. Apart from traffic emissions and 

commercial activities in Kolkata, air quality drop in winter is also prominent due to 

uncontrolled burning of solid fuels or biomass for heating, dust storms and endless bursting of 

firecrackers during Diwali festival at the advent of winter season which were responsible for 

high dust deposit on Murraya leaves. Wettability of plant leaves due to fog, dews or 

precipitation and low air turbulence or atmospheric stability inhibiting pollutant transport in 

winter can also be singled out as reasons for high dust retention by Murraya paniculata. As 

represented in Table 9, concentration of foliar dust is maximum at EXM as compared to other 

three sites owing to the existence of an urban crossing of many roads (busiest area) with very 

high vehicular density throughout the day and unavoidable road traffic congestion in rush hours 

(emitting particulate pollutants such as heterocyclic compounds, hydrocarbons, PAHs and their 

derivatives, metals, inorganic sulphates and nitrates) coupled with other reasons as explained 

above. Sparse distribution of trees at EXM also contributed to highest dust load on the targeted 

plants along the roadsides. Other locations are comparatively more covered by roadside plants 

which proved to be the front defense line against pollution from vehicular emissions in urban 

areas. Dust distribution pattern in plant leaves among the sites was obtained as follows: foliar 

dust loadEXM (2.26 ± 0.02 mg cm−2) > foliar dust loadTGN (1.05 ± 0.02 mg cm−2) > foliar dust 

loadJDV (0.95 ± 0.02 mg cm−2) > foliar dust loadRBC (0.85 ± 0.04 mg cm−2). Lowest foliar dust 

concentration, as expected, was obtained from the control site CMD (0.025 ± 0.01 mg cm−2), 

far away from traffic congestion. All these findings are indicative of significant dust-borne 

pollution in every sampling location of South Kolkata. All the data of Table 9 have been 

compared with those of the control site in order to reveal the extent of atmospheric pollution 

in the urban zones of South Kolkata and degree of exposure for the entire population. The 

measured concentrations of dust deposition on the perennial Murraya leaves far surpassed the 

values obtained by Prajapati and Tripathi (2008a) for both deciduous and evergreen plants such 

as Dalbergia sissoo, Magnifera indica, Psidium guajava, Ficus benghalensis, Ficus religiosa 

and Dendrocalamus strictus growing in the central parts of the Varanasi city, Uttar Pradesh, 

India (0.025–0.05 mg cm−2) and Yang et al. (2017) for evergreen dominant tree species 

Cinnamomum camphora of Shanghai, China (0.02–0.65 mg cm−2). Bharti et al. (2018) 

investigated 25 plant species of Talkatora Industrial Area, Lucknow, Uttar Pradesh, India and 
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reported high dust concentration (5.7 mg cm−2) for evergreen Moringa oleifera leaves having 

rough surfaces and short petiole and low values for Acacia nilotica (0.10 mg cm−2), indicating 

that the dust retention is strictly dependent on specific plant species as well as other leaf 

morphologies. In comparison to others, Murraya leaves exhibited high dust capturing potential 

due to the presence of reticulate venation leading to rough leaf surfaces, small petioles, waxy 

coating and associated foliar trichomes (Hall et al., 2018) which facilitated greater adhesion of 

dust particles. 

 

Table 9 

Physical, biochemical and physiological characteristics of M. paniculata (L.) Jack. 

 
                                                       Locations 

Parameters JDV RBC EXM TGN CMD  

(Control site) 

Foliar dust  0.95±0.02 0.85±0.04 2.26±0.02 1.05±0.02 0.025±0.01 

concentration      
(mg cm-2)      

 

Total 

 

1.72±0.03 

 

2.10±0.01 

 

1.23±0.02 

 

1.41±0.03 

 

2.18±0.01 

Chlorophyll      
(mg g-1 d.w.)      

 
     

Specific leaf  554.23 662.13 463.18 466.67 724.14 

area (cm2 g-1)      

 

Ascorbic acid 

 

20.45±1.31 

 

18.18±1.34 

 

27.27±1.20 

 

22.73±1.27 

 

13.64±1.42 

(mg g-1 d.w.) 
     

 

Leaf extract pH 

 

6.84±0.04 

 

6.69±0.01 

 

7.50±0.06 

 

6.94±0.02 

 

6.98±0.04 

 

Relative water 

 

76.21±0.57 

 

78.71±0.74 

 

73.15±1.12 

 

74.98±1.29 

 

72.90±1.44 

content (%) 
     

 

APTI 

 

25.13±1.06 

 

23.85±1.21 

 

31.12±0.72 

 

26.48±0.91 

 

19.78±1.20 

      

 

Total  

 

0.59±0.17 

 

0.62±0.03 

 

0.42±0.09 

 

0.49±0.13 

 

0.60±0.02 

Carotenoids      
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(mg g-1 d.w.)      

 

Lipid  36.33±1.22 119.60±1.17 26.19±1.16 128.92±2.46 20.37±1.19 

(mg g-1 d.w.) 
     

 

2.3.2. Tolerance of Murraya paniculata to abiotic stress  

2.3.2.1. Total chlorophyll content  

Photosynthetic rate of plants, biomass growth and productivity are directly regulated by the 

chlorophyll content of plants which is influenced by leaf age, degree of pollution, plant species 

and environmental factors such as ambient temperature, light intensity, drought or aridity, salt-

induced osmotic stress, foliar accumulation of aerosols and soil contamination (Zhang et al., 

2016; Nadgorska-Socha et al., 2017). In the proposed work, content of total chlorophyll (TCh) 

varied between 1.23 ± 0.02–2.10 ± 0.01 mg g−1 among all the studied sites (as evident from 

Table 9). The study clearly reveals that the total chlorophyll content is inversely proportional 

to the foliar dust concentration which may be due to the fact that increase in dust load decreases 

the rate of chlorophyll synthesis because of (a) shading effect or inaccessibility of sunrays to 

the chlorophyll (absorber of sunlight) owing to dust barrier, preventing the enzyme activity of 

chlorophyll synthase from chlorophyll biosynthesis and increasing the production of catabolic 

enzyme chlorophyllase responsible for chlorophyll degradation, (b) alkaline environment 

created by diffused dust particulates, production of cytotoxic free radicals and formation of 

crust on plant leaf surfaces due to hydration, denaturing the chemical structures of chlorophyll 

and (c) clogging of stomatal pores, thereby reducing the rates of CO2 transfer, carbon 

assimilation and transpiration (Wellburn et al., 1972; Petkovsek et al., 2007; van Heerden et 

al., 2007; Prajapati and Tripathi, 2008a; Prajapati, 2012; Sett, 2017; Peng et al., 2019; Roy et 

al., 2020). Such phenomena reduce photosynthetic activity, influencing consequently the 

growth of the plant which, in turn, is related to specific leaf area (SLA) (Liu et al., 2017b). 

Differences in tree growth were also evidenced among the study sites based on the values of 

SLA. SLA values were low at the polluted sites (JDV, RBC, EXM and TGN) unlike the control 

site (CMD) (ref. Table 9). This implies retarded plant growth at the polluting places as opposed 

to the control site since low SLA is a manifestation of stunted plant growth (Dwyer et al., 

2014). Further, reduction in total chlorophyll content of Murraya leaves due to adherence of 

huge amount of dust particulates on the leaf surfaces was observed at polluted sites as compared 

to the unpolluted or rural site, the reason being the nominal dust deposition on the foliage of 
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the tree species at the control site. The trend of chlorophyll concentration as evaluated from the 

experimental study (Table 9) based on sampling locations was established as: TChEXM (1.23 ± 

0.02 mg g−1) < TChTGN (1.41 ± 0.03 mg g−1) < TChJDV (1.72 ± 0.03 mg g−1) < TChRBC (2.10 ± 

0.01 mg g−1). At the control site, TCh and SLA values were maximum and found to be 2.18 ± 

0.01 mg g−1 and 724.14 cm2 g−1 respectively. Likewise, lowest chlorophyll content and SLA 

of the plant leaves at EXM are attributable to highest deposition of atmospheric dust particles 

on tree foliage. The TCh values presented in Table 9 are in good agreement with the amount 

of dust load on the leaves in each location. Similar results were obtained by Karmakar and 

Padhy (2019) in their study with deciduous trees at Barjora forest, Bankura, India and control 

site Ballavpur Wildlife Sanctuary (BWLS), Birbhum, India. The authors reported lower 

concentrations of total chlorophyll (mg g−1 fresh weight) for Shorea robusta Gaertn. (1.06 ± 

0.08), A. auriculiformis Benth. (1.06 ± 0.16), Eucalyptus globulus Labill. (1.05 ± 0.16) and A. 

indica A. Juss. (1.15 ± 0.09) at Barjora forest as compared to the reference site BWLS (S. 

robusta: 1.92 ± 0.16; A. auriculiformis: 1.71 ± 0.27; E. globulus: 1.35 ± 0.08; A. indica: 1.29 

± 0.14). Pandey et al. (2016) examined 24 climber plant species of Varanasi city, Uttar Pradesh, 

India, and also observed lower chlorophyll content at the polluted urban sites (2.98 ± 0.03–

11.82 ± 0.84 mg g−1), whereas higher chlorophyll levels (3.89 ± 0.87–11.58 ± 0.92 mg g−1) 

were detected at the control site. Therefore, it can be conferred that the decreased content of 

plant chlorophyll is a pointer towards heavy atmospheric pollution, but high chlorophyll 

content of plants even in polluted environment is indicative of their tolerance to hazardous 

contaminants (Ogunkunle et al., 2015). 

2.3.2.2. Ascorbic acid content  

Elevated level of leaf ascorbic acid content is indicative of air quality degradation and also 

assists in the selection of plant species applicable for biomonitoring air pollution. Absorption 

of airborne pollutants by the plant leaves induces excessive formation of reactive oxygen 

species (ROS) within plant cells. Ascorbic acid (which is found in rapidly growing parts of all 

the plants) can effectively degrade ROS and controls overexpression of genes linked with stress 

responses, thereby enhancing the tolerance level in plants under polluted conditions (Hossain 

et al., 2012; Singh et al., 2016a; Pathak et al., 2019). It also controls plant growth and 

development, enzyme activity, photosynthesis and transpiration, redox signaling pathways in 

chloroplasts, integrity and stability of plasma membranes for the survival of cells, RWC of 

plants and leaf senescence or aging (Akram et al., 2017). In relevance to the aforesaid facts, 

high ascorbic acid contents (18.18 ± 1.34–27.27 ± 1.20 mg g−1) of plant leaves were obtained 
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from heavily contaminated zones (EXM, TGN, JDV and RBC), which are much higher than 

what is recorded from the reference site CMD (13.64 ± 1.42 mg g−1) as indicated in Table 9. 

Highest increase in leaf ascorbic acid content was observed at EXM (27.27 ± 1.20 mg g−1) 

when compared to the other three sites (TGN: 22.73 ± 1.27 mg g−1; JDV: 20.45 ± 1.31 mg g−1; 

RBC: 18.18 ± 1.34 mg g−1). Significant breakdown of chlorophyll at the polluted sites is a 

definite marker of plant leaf senescence under abiotic stressors which is effectively combatted 

and controlled by increased level of ascorbic acid content in the foliar tissues to help them 

thrive in the polluted environment. Therefore, it is clear that highest dust load (2.26 ± 0.02 mg 

cm−2) and lowest concentration of chlorophyll (1.23 ± 0.02 mg g−1) are responsible for highest 

ascorbic acid content at EXM which is a typical response of defense mechanism for the tolerant 

plant species under stress. Correspondingly, distribution and uptake of atmospheric dust 

particles by the leaves of Murraya paniculata leading to ROS-mediated denaturation of 

chlorophyll acted as a signal for overproduction of ascorbic acid in the plant leaves at the 

sampling points which, in turn, amplify their tolerance level against ambient air pollution 

during colder periods. In this context, it can be inferred that the lowest amount of ascorbic acid 

and maximum chlorophyll content of plant leaves are associated with less polluted atmosphere 

at the reference site. The above study has also been validated by the findings of Thawale et al. 

(2011), Gupta et al. (2016), Pandey et al. (2016), Bharti et al. (2018), Karmakar and Padhy 

(2019) and Roy et al. (2020). 

2.3.2.3. Leaf extract pH  

Alkalinity determines the tolerance level of plant species through detoxification mechanism 

developed in the plant under polluted conditions. Stomatal activity of plant leaves, proper 

functioning of different enzymes, photosynthetic efficiency and cell expansion are also 

influenced by the leaf tissue pH (Jia and Davies, 2007; Yan-ju and Hui, 2008; Thawale et al., 

2011; Sen et al., 2017; Karmakar and Padhy, 2019; Karmakar et al., 2021). In the polluted 

environment, pH of the plant leaves decreases or becomes acidic due to high contents of SOX 

and NOX in the ambient air. Sensitive plants are more susceptible to acidic pollutants which 

readily diffuse through the stomatal opening (process of gaseous exchange) and form nitrous 

acid, sulphurous acid and nitric acid after dissolution of the acidic pollutants in the aqueous 

sub-cellular compartments of leaf tissues, thereby lowering the foliar pH (Bligny et al., 1997). 

Conversely, abiotic stress tolerant plant species maintain high levels of pH which favours the 

conversion of hexose sugars such as glucose and galactose into ascorbic acid for their 

adaptation and resistance. In the proposed study, relative values of foliar extract pH were found 
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to be in the alkaline range (6.69 ± 0.01–7.50 ± 0.06) both at the urban and control sites (ref. 

Table 9). Plant species collected from the reference site displayed higher pH (6.98 ± 0.04) than 

that sampled from the polluted sites except EXM (Table 9). This may be attributed to the 

highest deposition of suspended particulate matter (SPM) on plant leaf surfaces at EXM 

because of higher anthropogenic influences affecting biotic communities in contrast to other 

three sampling points (Roy et al., 2020). On the other hand, plant leaves at the control site were 

subject to less stressful habitats which enabled them to maintain an optimal pH value (optimum 

pH range: 6–7) for their health and growth (Bacon et al., 1998). This also supported them in 

acquiring air pollution tolerance for survival in the changing environment (Escobedo et al., 

2008). Hence, plants having alkaline leaf-extract pH even in the stressed conditions are said to 

be more tolerant and counter the atmospheric pollution effectively which is also apparent from 

the present study. The outcome of the study is in accordance with those of Karmakar and Padhy 

(2019) who considered the trees of tropical dry deciduous forests for urban greening (control 

site: 4.67 ± 0.07–5.72 ± 0.08 and polluted site: 4.49 ± 0.11–5.58 ± 0.16) and Pandey et al. 

(2016) who adopted climber trees or vines for developing strategies of vertical gardens in 

Varanasi, India (rural site: 6.12–7.85 and urban site: 5.80–6.53). 

2.3.2.4. Relative water content (RWC)  

Plant responses to abiotic stress are correlated to leaf RWC (water status in plants) which helps 

to regulate the physiological functions or processes (mainly growth and metabolism) of plants 

(Kaur and Nagpal, 2017). Under environmental stress (such as drought or aridity and burden 

of aerial emissions), high leaf water content assists in homeostatic regulation in plants in which 

a physiological balance prevails inside the cells for their viability (Agarwal and Tiwari, 1997; 

Karmakar et al., 2021). High pollution load increases the permeability of protoplasm, causing 

depletion of water and dissolved nutrients from the plant cells, ultimately leading to leaf 

senescence at early stage (Agarwal and Tiwari, 1997). Effectually, cell permeability is altered 

due to the increased tendency of leakage through the damaged cell membrane which also 

renders the pumps and transporters ineffective for the flow of ions and solutes (Trivedi and 

Sati, 2013). Additionally, acidity of plant leaf cell sap gets reduced due to high RWC which 

increases their tolerance against pollution and helps them fight drought condition (Gupta et al., 

2016; Rai, 2016; Kaur and Nagpal, 2017; Sen et al., 2017; Mina et al., 2018).  

Murraya paniculata showed an increase in RWC (in %) at the polluted areas (73.15 ± 

1.12–78.71 ± 0.74) than that of the control site (72.90 ± 1.44) (Table 9). Transpiring leaves, 

while in a state of full turgidity, will have RWC approximately 98% and it gets reduced to 
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about 30–40% in plant leaves during dehydrated conditions or at the stage of dying, whereas, 

at the initial phase of wilting (drooping, folding and rolling of leaves due to loss of water from 

plant cells), RWC is found to be in the range of 60–70% depending on plant species (Arndt et 

al., 2015). However, levels of atmospheric humidity fall in winter months, having a stronger 

influence on the process of transpiration and RWC. At low relative humidity, increased loss of 

water facilitates stomatal closure by the plant leaves hampering the uptake of CO2 and causing 

plant growth impairment. Among the four contaminated sampling sites, plant leaves at EXM 

exhibited lowest RWC (73.15 ± 1.12%) as dust load was found to be highest due to significant 

air pollution stress. Though, in winter, RWC is below 90% for the plant species in all the sites, 

it can be explicitly stated that 70–80% of RWC even in adverse environmental conditions was 

enough for their acclimation and tolerance, since it is a species-specific physiological trait. 

Thus, the results depicted in Table 9 dictate the alarming status of the sampling locations and 

the tolerance capacity of the plant species to counteract the hazardous effects of air pollution. 

2.3.2.5. Air pollution tolerance index (APTI)  

APTI is a measure of plant’s capacity to attenuate air pollution having deleterious effects on 

ecosystem and biodiversity. Variation in plant responses depends on characteristics of species 

and meteorological conditions of a particular area. A preliminary screening test is therefore 

carried out by means of APTI for the selection of plant species as environmental biomonitors 

on the basis of their air pollution tolerance. APTI values obtained for M. paniculata ranged 

from 19.78 ± 1.20 to 31.12 ± 0.72 among the sampling sites (Table 9) and were also observed 

to change with the level of pollution in the ambient air (i.e. higher the pollution burden, more 

is the tolerance index). It was higher at polluted sites and relatively lower at the reference site 

based upon considerable variability in plant parameters. Highest ascorbic acid content at EXM 

(in view of maximum dust deposits and least chlorophyll content) resulted in highest APTI 

value (31.12 ± 0.72) specifying increased levels of air pollutants. Higher index values imply 

high tolerance of plants, competent enough to withstand environmental pollution with less 

visible damage or external injury and thus, it can be comprehended that the species of Murraya 

paniculata is tolerant towards air pollution with APTI > 17 at every site under study and can 

be advantageously utilized as a biomonitor which permits both qualitative and quantitative 

assessment of eco-health for accurate estimates of air pollutant exposure. Sensitive species of 

plants, categorized by APTI < 10, cannot normally be applied for biomonitoring, but are 

exploited as biological indicators which can only give stress indication through alterations in 

their developmental patterns and functional parameters and cannot sustain their growth in 
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unfavourable circumstances. Hence, development of green infrastructures by employing such 

tolerant ornamental roadside plants as eco-sustainable tool is highly recommended for 

monitoring and abatement of air pollution along with ecological restoration of urban 

environment, Murraya paniculata being one of the best options. 

2.3.3. Total carotenoids content  

Contents of carotenoids in plant leaves can be considered to be the principal determinant for 

assessing the physiological state of plants under pollution stress and function as accessory light-

harvesting pigments, provide photoprotection, help plant colouration and regulate cell 

proliferation, floral induction and development (Das and Roychoudhury, 2014; Li et al., 2020). 

Carotenoids (i.e. carotenes and xanthophylls) possess antioxidative properties to shield plants 

from oxidative stress by effectively scavenging ROS and also prevent chlorophyll disruption 

by photo-oxidation through epoxide cycle (Sifermann-Harms, 1987; Truscott, 1990). Despite 

that, increase in pollutant concentrations makes them vulnerable to oxidative cleavage by ROS 

resulting in the formation of oxidized products, some of which are bioactive triggering 

variations in gene expression to raise tolerance in plants exposed to air pollution (Havaux, 

2013). On the other side, under serious threats, the protective mechanism may become 

progressively inefficient causing cell death including pigment degradation (Senser et al., 1990).  

 In the current study, the total amount of carotenoids was also affected by heavy air 

pollution. The trend of variations for both carotenoids and chlorophyll are more or less 

comparable as defined in Table 9. Plant leaves with highest load of road dust at EXM showed 

extreme reduction in the content of carotenoids (0.42 ± 0.09 mg g−1) than the other sites. JDV 

and TGN followed the same trend, denoting low carotenoid levels with the increase in airborne 

dust. A slight deviation from the trend was noted at RBC where the carotenoid content (0.62 ± 

0.03 mg g−1) was marginally higher than the control site (0.60 ± 0.02 mg g−1). This may be 

credited to the fact that the concentrations of some of the xanthophyll compounds do not get 

affected and proportions of some compounds may even get increased in stressful environment 

(Mibei et al., 2017; Shah et al., 2019). Decline in the concentration of plant leaf carotenoids 

due to hindrance in photosynthesis caused by the phytotoxicity of air pollutants is also 

demonstrated by many researchers (Rajput and Agrawal, 2005; Tiwari et al., 2006). Dreadful 

effects of automobile and coal smoke pollution on the pigment contents of Shorea robusta 

(Sal), Mallotus philippinensis (Rohini) and A. indica were also studied by Swami et al. (2004) 

and Iqbal et al. (2010a, 2010b) respectively. As a result, it can be opined that the plant defense 

mechanism cannot be modulated by carotenoids only but is highly dependent on the ascorbic 
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acid level as it forms the first line of plant’s protection against the oxidative injury (Chaudhary 

and Rathore, 2018) and it is also clearly reflected in the present study for Murraya paniculata. 

2.3.4. Lipid content of plant leaves  

Leaf lipids respond to abiotic stresses by firstly giving signals on stress initiation and secondly, 

mitigating cellular injury via membrane lipid remodelling and regaining of membrane stability, 

fluidity, permeability and integrity (Balogh et al., 2013; Moradi et al., 2017). These have also 

been proved as the main domains for accumulation, absorption, partitioning and digestion of 

organic pollutants (such as PAHs) in plant leaves from air due to their lipophilicity (Hwang 

and Wade, 2008; Zhang and Zhu, 2009), the process being influenced by temperature variations 

(Simonich and Hites, 1994a). Transport of hydrophobic organic compounds from cuticles to 

the inner leaf tissues gets interrupted due to low permeability and high sorption ability of 

cuticles, leading to the dissolution of compounds in the amorphous cuticular phase (Li et al., 

2010). In this study, foliar lipid yield ranged from 26.19 ± 1.16 to 128.92 ± 2.46 mg g−1 at the 

sites of pollution (Table 9). Higher plants may undergo changes in leaf lipid composition and 

content according to their physiology and different environmental, meteorological and 

anthropogenic factors (Kuiper, 1985). The lipid contents of plant leaves in different polluted 

areas did not follow any specific trend in this study. High content of plant leaf lipids at the 

polluted sites than the reference site (20.37 ± 1.19 mg g−1) can be considered as a good predictor 

for the presence of persistent organic pollutants including PAHs and is a salient feature of plant 

tolerance to pollution stress. The results have also been corroborated by the study carried out 

by Li et al. (2017) with perennial plants where the authors had concluded that PAHs 

accumulation was highest in Mahonia sp. having least lipid content and conversely, Hypericum 

sp. with maximum lipid content showed bioaccumulation of PAHs to a lesser degree. 

Contribution of lipid microstructures along with the surface morphology of wax layer, in 

addition to lipid content, might also be a controlling factor for uptake mechanism and diffusion 

rate of organic pollutants into the plant leaves by providing a sharp concentration gradient as 

reflected in the results illustrated in Table 9 (Li et al., 2017). 

2.3.5. SEM observation with energy-dispersive X-ray microanalysis 

Surface accumulation of atmospheric particulates on tree foliage is determined by the size and 

nature of particles and properties of the surfaces to which they adhere (Liang et al., 2017). Plant 

interactions with the atmosphere are directed via stomata — dynamic interface between plant 

leaves and air. Murraya leaves were found to develop distresses, though on a lesser extent, 
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such as coloured patches (brown or yellow), surface lesions, black spots and curling owing to 

PM pollution. At the control site, negligible clogging of stomatal pores was seen (Fig. 8(a)), 

while, in the environmentally polluted sites, heavy stomatal blockages by dust were found 

because of roadside air pollution (Fig. 8(b), (c) and (d)). Deposition of non-uniform and flaky 

dust particles, both fine and coarse, was detected near the inner walls of the stomata or at the 

periphery of guard cells (Fig. 8(c) and (d)), distribution of particles being different with respect 

to locations. Similar observation was made by Skrynetska et al. (2019) and Roy et al. (2020) 

in and around Southern Poland and Ranchi (commercial area, India), respectively. Deformity 

of guard cells, surface roughness, degradation of epicuticular wax structures surrounding the 

stomatal aperture and embedment of dust particles throughout the surfaces were also noticed 

further as intense effects of vehicular air pollutants. EDX spectral analysis showed that the vast 

surfaces of plant leaves from the rural region CMD mostly contain calcium (Ca: 5.87 wt %), 

magnesium (Mg: 0.21 wt %), manganese (Mn: 0.15 wt %), chloride (Cl− : 0.12 wt %), 

potassium (K: 0.95 wt %), silicon (Si: 0.25 wt %), carbon (C: 50.67 wt %) and oxygen (O: 

41.79 wt %) (ref. Fig. 8(e)), probably from the plants’ uptake of subsoil water as well as 

atmospheric absorption for ionic balance and growth. Presence of both heavy metals and 

atmospheric trace elements such as mercury (Hg: 0.92 wt %), cobalt (Co: 0.15 wt %), zinc (Zn: 

0.33 wt %), iron (Fe: 0.15 wt %), Ca (3.27–4.85 wt %), Mg (0.28–0.29 wt %), K (0.49–0.99 

wt %), Cl− (1.03–1.24 wt %), Si (0.35–0.54 wt %) and aluminium (Al: 0.16 wt %) was 

evidenced in the surfaces of plant leaves of urban locations contaminated by vehicular exhausts 

and dust (Fig. 8(f) and (g)). Besides these, peaks of sodium (Na), nickel (Ni) and antimony 

(Sb) were also identified. It may be noted that the trace elements (including Zn, Al, Ni, Mg, 

Ca, K, Cl− , Si, Na) might have originated from vehicular emissions, soil dust, tyre wears and 

broken road dust (Lin et al., 2005; Duong and Lee, 2011; Weerakkody et al., 2018a). High 

concentrations of major elements, C (51.30–52.93 wt %) and O (40.01–41.99 wt %), may be 

attributable to two reasons — bioaccumulation of mutagenic PAHs, and secondly plant growth 

requirements (Weerakkody et al., 2018a). Bulk composition of trace elements as obtained in 

the study can serve dual purposes of activating ROS scavenging enzymes and synthesizing 

plant hormones for their protection against ROS-induced damage, thereby increasing plant 

tolerance in adverse growing conditions (Khan et al., 2018). Acquisition of gold (Au) peaks in 

the spectra may be due to the sputter coating of samples with gold for better quality images at 

high voltage of SEM. 
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(g) 

Fig. 8. SEM-EDX micrographs (a) SEM image of plant leaves of control site, (b), (c) and (d) 

SEM images of plant leaves of roadside areas, (e) EDX spectrum of plant leaves of control 

site, (f) and (g) EDX spectra of plant leaves of roadside areas. 

 

2.3.6. PAHs detection in Murraya paniculata leaves for biomonitoring: A qualitative 

approach  

Passive monitoring of air pollution through tolerant tree species that can endure the imposed 

stress is very much crucial for environmental clean-up by mass greening in urban spaces, 

practical estimation of pollutants along with the identification of their contributing sources and 

improvement of microclimates in megacities. PAHs in urban air is highly dominated by human 

interventions and meteorology which have direct impact on humidity, ambient temperature, 

mixing height, cloudiness, intensity and frequency of rain and wind speed, governing the 

dispersal of PAHs from diverse emission sources. The field study with biomonitor plant 

Murraya paniculata in the urban sites of South Kolkata revealed remarkable differences in 

PAHs contamination (Table 10). Due to the presence of isomers, PHE and ANT, BaA and CHR 

and BbF and BkF (having same quantitation ions) completely co-eluted at the same retention 

time during GC–MS analysis (Table 10). On the other hand, DB[ah]A and IP, though co-eluted 

very closely, could be easily identified for their different quantitation ions from the mass 

spectrum. PAHs peaks were also confirmed by comparison with library spectra. The sample 

chromatograms of leaf-extracted PAHs from the five different sites are presented in Fig. 9.  

The plant uptake and accumulation of both LMW and HMW PAHs in the leaf tissues 

(favoured by biotic and abiotic factors: lipid concentration of plant leaves, surface area of 
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leaves, state of PAHs and partition coefficient) proved it to be a good and dependable 

biomonitoring agent for airborne PAHs. Table 10 gives a clear picture of urban air quality 

concerning PAHs and it is definitely worse than that of the control site CMD due to multiple 

anthropogenic stressors and enormous number of vehicles on roads releasing large number of 

PAHs in the atmosphere. Ray et al. (2017) proposed that the loading of PAHs in the atmosphere 

of Kolkata is commonly related to diesel and petrol combustion (17–24%), burning practices 

with wood and coal (15–26%) as well as exhausts from residential kitchens and commercial 

food stalls down the roads (18%). Abundance of ACY, FLU, ANT, PYR, and PHE in the plant 

samples collected from JDV, RBC, EXM and TGN suggest substantial effects of heavy traffic 

volume with elaborate road network at all the selected sites (Ravindra et al., 2008a). Existence 

of BaA, BbF, BkF, PHE, CHR, IP and B[ghi]P in the plant leaves of RBC may represent 

vehicular activity using petrol, diesel and natural gas, signifying plying of both heavy-duty and 

light-duty motor vehicles through the study point (Zhu and Wang, 2005). JDV area appears to 

be a food hub with a large scale of restaurants and street food vendors lining up the roadsides. 

Hence, cooking oil fumes or cooking soot are assumed to be the predominant sources of LMW 

PAHs such as PHE, FLU, NAP, PYR at JDV apart from automobile exhaust emissions. Studies 

have also demonstrated that PAHs emission from cooking sources account for approximately 

20–40% in metro cities (Huang et al., 2010; Liu et al., 2012). LMW and HMW PAHs in the 

Murraya tree leaves of TGN are associated with a combined source of vehicle emissions and 

garbage burning with leaf litters or wood remnants from the green belts by the side of the roads. 

Kakareka et al. (2005) and Yu et al. (2007) stated that PHE, BbF and BkF are the main 

components of open field burning of rice straw, affecting air quality and visibility. Most of the 

HMW PAHs recognized at EXM (PYR, BaP, BbF, BkF, IP, DB[ah]A and B[ghi]P) are 

believed to be released from coal, wood and biomass combustion by the squatter and slum 

communities, generating more SPM in the air (Ray et al., 2017). PAHs having molecular 

masses 178 and 202 are often used for differentiating petroleum and combustion sources 

(Budzinski et al., 1997). The occurrence of NAP, PHE, ANT, FLA and PYR in the leaves of 

control site can be ascribed to household burning of woods, long-range transport of PAHs from 

other anthropogenic sources through wind flow and synthesis of PAHs by plant metabolism 

(Krauss et al., 2005; Papa et al., 2012). Leaf accumulation of potentially carcinogenic PAHs 

(BaA, BaP, BbF, BkF, CHR, D[ah]A and IP) at the polluted sites raises the need for proper 

exercise of the control on the sector-wise emissions of pollutants and use of cleaner fuels for 

transport. In most cases, BaP is used as an indicator for total carcinogenic PAHs exposure as 

carcinogenicity of other PAHs is less than BaP (Ohura et al., 2004). 
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Table 10 

Identification of PAHs in the leaf samples of M. paniculata (L.) Jack by GC-MS analysis for different sampling locations. 

 

Retention time 

(min)/Quantification ion (m/z)  

of PAHs in the Certified 

Reference Material 

     Retention time (min)/Quantification ion (m/z) of identified PAHs in the tested samples 

    Locations   

EPA-PAHs  JDV RBC EXM TGN CMD (Control site) 

       

Naphthalene (NAP) 6.23, 6.74/128 6.07/128.61 6.73/128.52 6.94/128.77 6.66/128.67 6.76/128.01 

Acenaphthylene (ACY) 10.23/152 ⎯ 10.29/152.25 10.50/152.26 10.42/152.30 ⎯ 

Acenaphthene (ACE) 10.60/154 10.84/154.07 ⎯ ⎯ ⎯ ⎯ 

Fluorene (FLU) 12.89/166 12.75/166.03 12.28/166.50 ⎯ 12.54/166.16 ⎯ 

Phenanthrene (PHE) 15.37/178 15.66/178.35 ⎯ 15.80/178.56 15.47/178.08 15.06/178.00 

Anthracene (ANT) 15.37/178 15.66/178.35 ⎯ 15.80/178.56 15.47/178.08 15.06/178.00 

Fluoranthene (FLA) 19.30/202 19.63/202.76 ⎯ ⎯ ⎯ 19.03/202.81 

Pyrene (PYR) 20.59/202 20.88/202.51 20.72/202.58 20.72/202.62 ⎯ 20.30/202.70 

Benzo[a]anthracene (BaA) 24.96/228 24.25/228.61 24.09/228.92 ⎯ ⎯ ⎯ 

Chrysene (CHR) 24.96/228 24.25/228.61 24.09/228.92 ⎯ ⎯ ⎯ 

Benzo[b]fluoranthene (BbF) 28.37/252 ⎯ 28.42/252.62 28.58/252.68 28.14/252.92 ⎯ 

Benzo[k]fluoranthene (BkF) 28.37/252 ⎯ 28.42/252.62 28.58/252.68 28.14/252.92 ⎯ 

Benzo[a]pyrene (BaP) 29.69/252 ⎯ ⎯ 29.29/252.42 ⎯ ⎯ 

Dibenzo [a,h]anthracene (DB[ah]A) 36.75/278 ⎯ 36.20/278.26 36.94/278.00 36.30/278.01 ⎯ 

Indeno[1,2,3-cd]pyrene (IP) 36.75/276 ⎯ 36.20/276.03 36.94/276.70 36.30/276.81 ⎯ 

Benzo[g,h,i]perylene (B[ghi]P) 38.89/276 38.57/276.97 38.33/276.22 38.67/276.59 ⎯ ⎯ 

Total no. of extracted PAHs  16 10 11 11 9 5 
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Fig. 9. GC-MS chromatograms of PAHs extracted from the leaves of M. paniculata of different sites a) JDV, b) RBC, c) EXM, d) TGN and e) 

CMD.
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2.3.7. Statistical and correlation/regression analyses  

One way ANOVA results demonstrated that statistically significant differences were present 

among the biochemical and physiological factors (total chlorophyll, ascorbic acid, leaf extract 

pH and RWC) and APTI of different sites (as p < 0.05 and F > Fcrit). Therefore, exact correlation 

between APTI and different parameters effected by abiotic stress can be developed from the 

obtained data. The study of the plant samples from the polluted areas revealed that strong 

positive correlations exist between foliar dust load with leaf ascorbic acid content (r=0.931) 

and leaf extract pH (r=0.985). Higher the dust load on tree foliage, higher will be the ascorbic 

acid content under high pH (alkaline condition), rendering the plant more tolerant. Contrarily, 

strong negative correlations have been observed to exist with leaf RWC (r=−0.822) and total 

carotenoids content (r=−0.862). Moreover, a good negative correlation has also been found 

between accumulated dust loads and total chlorophyll content (r=−0.76). Negative correlations 

suggest that the higher values of dust deposition on plant leaf surfaces are associated with loss 

of plant pigments and low RWC as described earlier. Fig. 10(a–d) represents the plots of APTI 

with plant functional parameters for the polluted sites, wherein it was found that the APTI is 

strongly dependent on ascorbic acid content (R2=0.9766), leaf tissue pH (R2=0.9958), RWC 

(R2=0.8874) and total chlorophyll content (R2=0.8521), justifying the objective of the study. 

The goodness of fit of the expected outcome for different biochemical and physiological 

parameters is determined by the R2 value (which is close to unity), signifying good fit. The 

results of the study showed that high positive correlations of APTI exist with ascorbic acid and 

foliar pH and negative correlations with RWC and total chlorophyll in case of Murraya 

paniculata species. 
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                                             (a)                                                                        (b) 

 

                                                  (c)                                                                    (d) 

Fig. 10. Variation of APTI of Murraya paniculata (L.) Jack with (a) total chlorophyll content 

of plant leaves, (b) leaf ascorbic acid content, (c) foliar pH and (d) relative leaf water content 

at the polluted sites. 

 

2.4. Conclusion  

The present study highlights the ecophysiological features of Murraya paniculata (L.) Jack in 

response to inimical environmental factors such as presence of PM, PAHs, etc. influencing 

plant growth, cellular metabolism, reproduction and sustenance, which have been examined to 

ascertain the plant biomonitoring potential. Presence of highest concentration of foliar dust and 

maximum number of PAH congeners in one of the sample sites (EXM) referred to the highest 

pollution load compared to other selected sites. Reduction in leaf chlorophyll and carotenoid 

contents at the selected sampling sites (distinctly higher in EXM site) compared to control site 

(CMD) ensued from abiotic stressors, causing premature leaf senescence and restricting plant 

growth and diffusive resistance mechanism due to clogged stomata or deformed guard cells 
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with respect to unaffected condition available at CMD. To withstand pollution load, the plant 

showed several responses like increased production of ascorbic acid, high leaf extract pH and 

high RWC having highly pronounced impact on plant tolerance which helped the plant inhabit 

the extreme environment (Fig. 11) and thus eventually carries higher APTI values. Moreover, 

variation of APTI is in line with leaf intercepted PM and other pollution burden. The said plant 

not only shows bioindicator behavior which is evident from the APTI value of the species 

collected from control site (>17), but also shows biomonitoring behavior by adapting to the 

environment with high pollution load (where APTI changes from 19.78 up to 31.12). So, it can 

be affirmed that the tree species M. paniculata is a biomonitor of worth for assessing and 

minimizing environmental contamination as its tolerance index is much above the limiting 

value (APTI > 17). The hydrophobic character of plant leaf lipids facilitated sorption of PAHs 

at the study sites since they behave similarly to lipids, plant resistance being also highly 

dependent on lipid stores. The selected plant species can easily germinate and grow in harsh 

situations with minimal practical maintenance, which would offer an eco-friendly, economic 

and highly effective alternative to conventional air sampling approaches, paving the way for 

redemption of breathable air quality with the help of locally available common flora. Thus, 

explicit study on extraction and analysis of PAHs as techniques of isolation from the tissues of 

such biomonitor plant M. paniculata has been targeted in the next chapter (Chapter 3).  

 

 

Fig. 11. Illustrative outlook on abiotic stress tolerance of M. paniculata under the exposure of 

ambient air pollution for greenbelt development.
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Chapter 3 

3. Methodology II 

Extraction and analysis of PAHs from 

bioindicators  

3.1. Background  

Polycyclic aromatic hydrocarbons (PAHs) are lipophilic environmental carcinogens having 

pernicious impact on public health owing to their long presence and resistance to 

biodegradation (Bostrom et al., 2002; IARC, 1983; Mallah et  al., 2022; Patel et  al., 2020; 

Zheng et  al., 2018). Anthropogenic pollution has been the key contributor of airborne PAH 

emissions and is a menace to ecosystem sustainability. Biomonitoring strategies as eco-based 

solution are thus broadly adopted for improving air quality on account of process economy, 

simple sampling procedures and wide scope of experimental maneuvering (Capozzi et  al., 

2016; Jiang et  al., 2018; Swislowski et al., 2021). Identification and quantification of PAHs 

after extraction or isolation are the major requirements of biomonitoring for understanding the 

degree of pollution and state of changes occurring in the environment (Mukhopadhyay et al., 

2020). Complex structural characteristics and diversity of plant matrices make the process of 

target analyte extraction difficult (as there are possible chances of coextraction of plant 

pigments and other organic compounds), and hence, in quality analysis, sample preparation is 

a vital step toward recovery (Domeno et  al., 2012; Steiner et al., 2020). Traditional Soxhlet 

and process intensified extraction approaches (assisted with ultrasonication, supramolecular 

solvents, supercritical and subcritical fluids, microwave heating, high pressure and 

temperature, etc.) with gas or liquid chromatographic analysis proved to be indispensable for 

true detection of PAHs in sample materials (Barreca et al., 2014; Szulejko et al., 2014). 

Maximum usage of organic solvents (e.g., acetone, hexane, dichloromethane, petroleum ether 

and toluene) has also been noticed in numerous extraction applications (Birke et  al., 2018; 
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Kargar et  al., 2017; Klingberg et al., 2022; Niu et al., 2019b; Oishi, 2018; Sari et al., 2021; 

Yang et  al., 2017).  

There is a pressing need for detailed examination of performance characteristics of 

analytical techniques for advancement of laboratory-based standardization protocols and 

quality assurance/control checks when dealing with desired matrices of heterogeneous 

composition (Steiner et  al., 2020). It is very common that the extracted solutions would always 

contain some impurities and interferents, tampering with the analytical outcome and inducing 

experimental bias which generates false positive results (leading to faulty interpretation or 

erroneous data due to overlapping peaks of matrix components masking the analyte of interest) 

during PAHs quantitation. Therefore, the impure extracts often require effective purification 

and concentration stages to increase the sensitivity and accuracy of the analysis with reduction 

in the source of experimental bias (Gerssen et  al., 2009). Extract clean-up procedures involving 

adsorbents or solid-phase extraction cartridges are generally used for complex matrices (Blasco 

et al., 2007; De Nicola et al., 2016; Hussain and Hoque, 2015; Ray et al., 2021; Tian et al., 

2019; Yang et  al., 2017). Critical evaluation of extraction process parameters through 

optimization studies is of utmost importance to maximize the extraction yield and deduce the 

interactive influences of the operating variables. Single factor and multivariate optimization 

(using Box–Behnken, Taguchi, Plackett–Burman, full factorial, central composite or combined 

designs) are well-recognized techniques for improvement of the efficacy of sample preparation 

methodologies (Fazeli et al., 2020; Foan and Simon, 2012; Frempong et al., 2021; Scaramboni 

et al., 2021). Hence, the main aim of this work was to provide a comprehensive comparative 

analysis of Soxhlet extraction with other methods [viz. mechanical stirring, sonication and 

microwave-assisted Soxhlet extraction (MAE)] for performance validation in PAHs recovery 

from the leaves of Murraya paniculata (L.) Jack and to optimize the suitability of extracting 

solvents and extraction time with the objective of determining the optimum extraction 

conditions for maximized PAHs yield. 

3.2. Materials and methods 

3.2.1. Sampling and sample pretreatment 

Precisely, small branches, facing the roads, from 2 to 3 Murraya plant species (on the basis of 

availability) within 2–3  m height from the road level at JDV area were sampled with hand 

pruners for maximum pollution effects (Tian et al., 2019; Yang et al., 2017). After collection, 

healthy and mature leaves were hand-picked using nitrile (sterile) gloves to prevent external 

contamination through direct contact and subsequently stored in polyethylene zip lock pouch 
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bags for direct shipment to the testing laboratory. Replicate samples were also taken from each 

zone for robust analytical measurements.  

Pretreatment of the plant leaves involved prewashing, drying and grinding for acquiring 

desired performance of the process. After washing of the dry mud and other residues from plant 

foliage, samples were lyophilized (Lyophilizer, Eyela FDU-1100) and dry leaf powder was 

produced thereafter with a porcelain mortar and pestle for long-term preservation. 

3.2.2. Optimization of extraction factors for isolation of PAHs from plant leaves  

3.2.2.1. Extraction methods  

Mechanical stirring  

Freeze-dried samples of leaves [10 g on dry weight (d.w.) basis] were extracted with 120 mL 

of high-purity n-hexane (primary solvent generally employed for all analyte groups) in an 

Erlenmeyer flask for 6 h at room temperature using a magnetic stirrer (Remi 2MLH) at 

moderate speed (Fig. 12). The extracts were then passed through Whatman Grade 1 filter 

papers for filtration. The entire process was repeated thrice to ensure complete extraction of 

target PAHs and the filtered extracts were combined together for further purification and 

analysis.  

 

Fig. 12. Schematic representation (left) and laboratory set-up (right) of mechanical stirring. 
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Sonication  

About 5 g of sample (leaf dry mass) was sonicated with a probe (or sonotrode MS7 of tip 

diameter 7 mm) sonicator [Ultrasonic Processor UP50H (50 W, 30 kHz), Hielscher 

Ultrasonics, Germany] (Fig. 13) at 70% amplitude for 30  min utilizing n-hexane as solvent. 

Pulsed mode of sonication was applied for extraction to minimize heat generation (Delacour 

et al., 2019). Six cycles of 5 min sonication with subsequent 5 min of rest period were carried 

out, and 30  mL of fresh solvent being added to the system in each cycle. Temperature as 

recorded during the operation was in the range of 25–35 °C. The processing conditions given 

by Benson et al. (2018) and Herrera-Pool et al. (2021) were followed with some amendments. 

After consecutive extractions, all the sample extracts were recovered, integrated and 

centrifuged (Remi R-8  M Plus laboratory centrifuge) at 2800  rpm for 15  min. The supernatant 

was collected afterward and stored in a borosilicate glass reagent bottle with screw cap at 4 °C 

for future investigation. 

 

Fig. 13. Schematic representation (left) and laboratory set-up (right) of sonication extraction. 
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Soxhlet extraction  

10 g (d.w.) of sample was Soxhlet extracted for 6 h in 120 mL of n-hexane. A filter paper 

thimble containing the solid plant matrix was loaded in the main extractor chamber of the 

apparatus (Fig. 14) for continuous extraction by solvent reflux; the exhaustive extraction cycles 

being repeated several times throughout the duration at boiling point temperature of the solvent. 

The final extract was then refrigerated for further separation and clean-up to get active PAHs 

fraction.  

 

 
Fig. 14. Schematic representation (left) and laboratory set-up (right) of the conventional 

Soxhlet apparatus used for experimentation. 

 

Microwave-assisted Soxhlet extraction (MAE)  

A microwave extractor [Microwave synthesis/extraction system, Model: NuWav-Uno (11-

19/Uno-112), NutechAnalytical Technologies, Pvt. Ltd., Kolkata] was deployed for PAHs 

extraction (Fig. 15). The methodology adopted in the study was slightly modified from the 

procedures recommended by Herbert et  al. (2006) and Ratola et  al. (2009). Lyophilized 
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samples (~3  g) were mixed with 90 mL of n-hexane:acetone mixture (9:1 v/v) for extraction 

up to 30 min under 500 W microwave power, 50 °C temperature and 500 rpm stirring speed. 

After extraction, the extract was filtered and the filtrate was then transferred to a borosilicate 

glass bottle for sample storage.   

 

 

           Fig. 15. Schematic diagram (left) and laboratory set-up (right) of the modified     

microwave oven used for extraction purposes. 

3.2.2.2. Selection of extracting solvent for maximum recovery of  PAHs  

After validation of the favorable method, efficiencies of various solvents with different 

polarities (from polar to non-polar range) were analyzed in respect of their interactions with 

the plant matrix and PAHs extraction ability. Extraction experiments were conducted for 6 h 

with five separate solvent systems: acetone (relative polarity, RP: 0.355), dichloromethane 

(DCM) (RP: 0.309), n-hexane (RP: 0.009), toluene (RP: 0.099) (Reichardt and Welton, 2010) 

and acetone:n-hexane (1:1  v/v) (Merck, Darmstadt, Germany), for the purpose of identifying 

the best extraction solvent for highest analyte recoveries. In case of binary mixture, solvent 

composition in volume % has a bearing on the measurement of polarity (Zalewski et al., 1991).  
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3.2.2.3. Optimization of extraction time  

The extraction time was optimized with the best-suited solvent to ascertain the equilibrium 

time for maximization of PAHs yield. Extractions were designed for 5 h, 6 h, 7 h and 8 h 

duration, and recoveries of all the analytes were compared among the designed experiments.  

3.2.3. Extract purification and concentration  

Extract clean-up was achieved through silica gel column chromatography to fractionate PAHs 

from matrix interferences. The extracts were loaded on a chromatographic column fitted to a 

retort stand and filled with anhydrous sodium sulfate (2  g; assay≥99.0%) and preheated silica 

gel (10  g; 100–200 mesh, chromatographic quality). However, before packing of the column, 

silica gel slurry was prepared each time in the same organic solvent as used for sample 

extraction. Cotton plugging was also done at the bottom of the column to maintain a uniform 

level of silica gel throughout the process. Once the silica bed was in form, excess solvent was 

drained out taking precaution to avoid development of cracks in the bed. The column was 

conditioned with 25 mL of n-hexane before purification. In every case, sample extract of 

volume 8  mL was passed through the silica column and PAHs were eluted with 25 mL of n-

hexane in polypropylene vials with screw cap. The eluates were concentrated within a rotary 

evaporator (Buchi R-3 Rotavapor) under reduced pressure, resuspended in methanol (HPLC 

grade, assay≥99.9%) to make up the final volume to 4 mL and stored in a refrigerator till 

analysis. 

3.2.4. Instrumental analysis of PAHs using GC-MS and HPLC-UVD 

Purified extracts were analyzed by GC–MS (Gas chromatograph with Quadrupole mass 

analyser, Thermo Fisher Scientific, United States; Model: Trace GC Ultra; Model No.: 

320080111) for proper identification of PAHs at low levels. GC–MS was equipped with a 

Thermo Scientific TG-5MS capillary column coated with 5% diphenyl/95% dimethyl 

polysiloxane (Length: 30 m; I.D.: 0.25 mm; Film: 0.25 μm; Maximum temperature: 330/350 

ºC) and the oven temperature programme followed in the present study for qualitative 

assessment was in line with the EPA Method 610 (EPA, 1984) and the one suggested by Dong 

et al. (2012). For obtaining high resolution analyte peaks, temperature programme was 

maintained as follows: initial temperature kept at 40 ºC for 1 min; then increased to 120 ºC at 

a temperature ramping of 25 ºC min−1 and held for 5 min; again, raised to 160 ºC, temperature 

ramping being 10 ºC min−1 and held for 5 min; ultimately, final temperature was raised to 300 
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ºC at the rate of 5 ºC min−1 and held for 15 min. The GC–MS instrument conditions are given 

in Table 11. Mass spectra of PAHs were detected using electron impact ionization (EI) detector 

and selected ion monitoring (SIM) mode for their high level of accuracy, specificity and 

sensitivity, maintaining the detector temperature at 280 ºC. Xcalibur™ software (Thermo 

Fisher Scientific) was used for the analysis of analyte peaks. PAHs were identified by 

comparing the retention time (RT) of individual PAHs in each sample with that of the pure 

components in the PAHs standard mix. Quantification (mass) ions (m/z) were also recorded 

from mass spectra for confirmation of the presence of target PAHs in the test samples. RT and 

ions of the individual PAH congeners in standard mix are given in Table 12. Structural 

determination of PAHs was also simultaneously carried out from MS library.  

Qualitative analysis had been conducted using proper quality control and assurance 

checks and following EPA Method 610 (EPA, 1984). All the glassware used in the experiment 

were thoroughly rinsed with HPLC grade methanol and baked in oven for about 6–8 h. Method 

feasibility was checked through procedural spike blank runs for every set of samples using the 

same analytical protocol. It was ensured that the target compounds were absent in the 

procedural blanks for avoidance of method interferences. Duplicate samples were also run to 

verify the efficiencies of sampling, extraction and analysis.   

Table 11 

Operating conditions for GC-MS analysis of PAHs using TG-5MS capillary column (Length: 

30 m; I.D.: 0.25 mm; Film: 0.25 µm). 

 

GC  

Carrier gas Helium (99.99%); flow rate: 1 mL min-1; linear velocity: 10 mL s-1 

Operation mode Constant pressure 

Inlet temperature  40 ⁰C 

Oven temperature  300 ⁰C  

Temperature Program 40-120-160-300 ⁰C  

Injection volume 1 L 

Split ratio Operated at split less mode 

Run time 51 min 
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MS  

Transfer line temperature  280 ⁰C  

Source temperature  200 ⁰C 

Solvent delay 3 min 

Scan mass range 30-600 m/z 

 

Table 12  

GC-MS detection of PAHs in the certified reference material. 

EPA-PAHs 

RT (min)/Quantification ion (m/z) 

of PAHs in the analytical standard 

mix 

NAP 6.23, 6.74/128 

ACY 10.23/152 

ACE 10.60/154 

FLU 12.89/166 

PHE 15.37/178 

ANT 15.37/178 

FLA 19.30/202 

PYR 20.59/202 

BaA 24.96/228 

CHR 24.96/228 

BbF 28.37/252 

BkF 28.37/252 

BaP 29.69/252 

DB[ah]A 36.75/278 

IP 36.75/276 

B[ghi]P 38.89/276 

 

PAHs were also eventually quantified using a high performance liquid chromatograph (HPLC, 

Waters, USA) coupled to UV detection at 254  nm (Waters 2489 UV/Visible detector) and 

associated with a reversed phase Waters PAH C18 Column, S-5  μm (4.6 mm i.d. × 250 mm 

length) for separation of PAHs and a binary pump (Waters 1525) for drawing two solvents 

together under high pressure (maximum limit: 5000 psi) creating a gradient. Injector port of 

the HPLC system was fitted to a 20 μL loop with a sample injection volume of 20  μL. 
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Acetonitrile (ACN) and water of HPLC grades were used as mobile phases, and the gradient 

elution was programmed at a flow rate of 1.5 mL min−1 as per the following protocol: 50% 

ACN for initial 5 min, then increased to 100% in 20 min and maintained for 28  min, again 

reduced to 50% within 32 min and held for 37 min (Waters Corporation, 2008). Column 

temperature was set at 30 °C with a total run time of 37  min. The method as described above 

was based on the guidelines of EPA Method 550.1. Breeze2 software was employed for data 

acquisition and processing. RTs of the sample peaks were compared to that of the injected 

reference standards for recognizing the analytes of interest. A processing method was further 

developed for determination of concentrations of PAHs in test samples with respect to the 

certified standard mix [with 10 µg each mL−1 of 16 EPA-PAHs, such as naphthalene (NAP), 

acenaphthylene (ACY), acenaphthene (ACE), fluorene (FLU), phenanthrene (PHE), 

anthracene (ANT), fluoranthene (FLA), pyrene (PYR), benzo[a]anthracene (BaA), chrysene 

(CHR), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), 

dibenzo[a,h]anthracene (DB[ah] A), indeno[1,2,3-cd]pyrene (IP) and benzo[g,h,i]perylene 

(B[ghi]P)]. Quality of the analytical results had been verified by assessing calibration 

standards, method blanks and spiked samples periodically during the study under similar 

experimental conditions. Absence of analytes in the blank samples was confirmed, and 

replicate samples were also tested for method accuracy and validation. The mean recoveries of 

PAHs in spiked samples varied between 78 and 99% (Table 13) and the corresponding HPLC 

chromatogram has been shown in Fig. 16. Percentages of recovery of PAHs extracted from test 

samples were determined against a standard solution as follows (Eq. 5) ⸻ 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑃𝐴𝐻𝑠

𝑆𝑝𝑖𝑘𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑃𝐴𝐻𝑠 (=10 µ𝑔 𝑚𝐿−1)
× 100                           (5) 

Table 13 

Percentage recovery of 16 EPA-PAHs extracted from Murraya leaves. 

PAHs Recovery (%) 

NAP 90.12 

ACY 97.57 

ACE 90.61 

FLU 85.32 

PHE 93.43 
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ANT 95.85 

FLA 77.75 

PYR 84.31 

BaA 91.13 

CHR 99.43 

BbF 82.97 

BkF 87.59 

BaP 92.90 

DB[ah]A 78.24 

IP 86.70 

B[ghi]P 80.84 

 

 

Fig. 16.  Chromatogram revealing the recovery peaks of 16 EPA-PAHs. 

The limits of detection (LOD) and limits of quantification (LOQ) of individual PAHs as 

calculated with the following equations (Eqs. 6, 7 and 8) based on the slope of calibration curve 

(peak area vs. concentration) (ref. Table 14) using regression statistics (Deokar et al., 2016; 

Saadati et al., 2013) for the analytical method are shown in Table 15. 

𝐿𝑂𝐷 =
3.3×𝑆

𝑏
                                                                               (6) 

𝐿𝑂𝑄 =
10×𝑆

𝑏
                                                                             (7) 
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where, S = Standard deviation of the intercept and 

 b = Slope of the calibration curve.  

Standard deviation of the intercept can again be calculated using the expression given below⸻ 

𝑆 = 𝑆𝐸 × √𝑁                                                                           (8) 

where, SE = Standard error of the intercept (can be estimated from regression analysis) and 

N = Number of observations.  

Table 14 

Calibration data of 16 EPA-PAHs.  

PAHs 
Regression equation (y = Peak area (µV*sec),  

x = PAHs concentration (µg mL-1)) 

Coefficient of 

determination (R2) 

Concentration range of 

calibration (µg mL-1) 

NAP 𝑦 = 124667𝑥 + 2𝐸 + 06 0.9818 0.05-10 

ACY 𝑦 = 242594𝑥 + 211805 0.9903 0.05-10 

ACE 𝑦 = 209393 − 63262 0.9928 0.05-10 

FLU 𝑦 = 176111𝑥 + 2𝐸 + 06 0.9935 0.05-10 

PHE 𝑦 = 166853𝑥 + 4𝐸 + 06 0.9858 0.05-10 

ANT 𝑦 = 327606𝑥 + 441572 0.994 0.05-10 

FLA 𝑦 = 27837𝑥 + 370709 0.9926 0.05-10 

PYR 𝑦 = 46273𝑥 + 32877 0.9972 0.05-10 

BaA 𝑦 = 55077𝑥 + 795163 0.9828 0.05-10 

CHR 𝑦 = 240344𝑥 − 13505 0.9885 0.05-10 

BbF 𝑦 = 241876𝑥 − 15158 0.9936 0.05-10 

BkF 𝑦 = 909462𝑥 − 161282 0.994 0.05-10 

BaP 𝑦 = 778914𝑥 + 569110 0.9862 0.05-10 

DB[ah]A 𝑦 = 326264𝑥 + 925712 0.9919 0.05-10 

IP 𝑦 = 108684𝑥 + 105425 0.9866 0.05-10 

B[ghi]P 𝑦 = 630367𝑥 + 1𝐸 + 06 0.9965 0.05-10 
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Table 15  

LOD and LOQ of individual PAHs in chromatographic (HPLC) analysis. 

EPA-PAHs LOD (g g−1) LOQ (g g−1) 

NAP 0.003 0.09 

ACY 0.002 0.06 

ACE 0.002 0.06 

FLU 0.002 0.05 

PHE 0.003 0.08 

ANT 0.002 0.05 

FLA 0.002 0.06 

PYR 0.001 0.03 

BaA 0.003 0.09 

CHR 0.002 0.07 

BbF 0.002 0.05 

BkF 0.002 0.05 

BaP 0.003 0.08 

DB[ah]A 0.002 0.06 

IP 0.003 0.07 

B[ghi]P 0.001 0.04 

 

3.3. Results and discussion 

3.3.1. Comparison of extraction methods 

Four distinct extraction methods were compared relating to ease of application, selectivity, 

extraction efficiency and yield. The results of PAHs extraction acquired with different methods 

are indicated in Table 16. Both Soxhlet (272.07±26.15  μg  g−1) and MAE 

(280.17±15.46  μg  g−1) techniques outperformed sonication (173.61±13.02  μg  g−1) and 

mechanical stirring (122.06±5.19  μg  g−1) with respect to total PAHs yield based upon specific 

macroscopic and microscopic reasons. Mass spectral confirmation of PAHs detected in all the 

optimization studies (refer Tables  16, 17 and 18) was also validated through GC–MS analysis 
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with reference to the results presented in Table  12 for analytical standard mix. Mass transfer 

of PAHs from the solid plant matrix to the extraction solvent is regulated by the mechanisms 

of convection and diffusion. Moreover, PAHs concentration difference between the leaf matrix 

and solvent is the driving force which controls the rate of extraction (Pinelo et al., 2006).   

Soxhlet technique is a semi-batch process involving temperature acceleration (de 

Castro and Ayuso, 2000). Elevated temperature in Soxhlet extraction expedites the kinetics of 

mass transfer by increasing the solubility of solute in the solvent and hence, improves the 

extraction efficiency. Besides, high temperature (1) reduces solvent density, viscosity and 

surface tension which assists in better solvent selectivity, wettability, diffusivity and 

penetrability for maintaining contact with the solid surface, (2) drastically alters the surface 

equilibrium by denaturing the analyte–analyte (cohesive) and analyte–matrix (adhesive) 

interactions owing to the reduction in activation energy of desorption, (3) enhances the 

solvation power of solvent and (4) allows analyte diffusion into the surface of the matrix along 

with the mass transfer of targeted solutes into the extracting solvent (Malik and Mandal, 2022). 

Thus, in Soxhlet method, complete extraction of desired PAHs was possible by virtue of 

multiple siphoning as the solvent could reach the active sites of the matrix more easily at high 

temperature and the rapid rate of diffusion promoted mass transfer of PAHs which, in turn, 

increased the extraction rate. Furthermore, a favorable PAHs concentration gradient (almost 

constant) was maintained via continuous recycling of fresh solvent through the matrix (with 

the aid of boiling and condensation) which prevented PAHs saturation in the extractant making 

the extraction process exhaustive in nature, enhanced the transfer equilibrium and eventually 

the mass transfer rate in Soxhlet technique (Malik and Mandal, 2022).   

In MAE, application of electromagnetic energy (microwaves) to the sample matrix 

caused damage to the structure of cell membrane, thereby increasing the maximum release of 

PAHs into the solvent as in the case of Soxhlet. Homogeneous heating by ionic conduction and 

thermal agitation due to dipole rotation improved the diffusion of solvent into the sample and 

stimulated the partitioning of PAHs from the matrix to the extractant (Veggi et al., 2013). 

Induced heat in MAE caused evaporation of residual moisture present in the sample, creating 

appreciable intracellular pressure which ruptured the cell walls of the leaf matrix and enhanced 

the leaching of PAHs (Ngamkhae et al., 2022). Increased solubility of PAHs, solvent dispersion 

and selectivity because of high temperature also raised the extraction efficiency without 

degradation of analytes. Additionally, the unidirectional flow of heat and mass transfer to the 

outer side of the cells was responsible for high extraction yield along with reduction in process 

time and energy loss (Veggi et al., 2013). 
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Sonication technique transmits the sound energy of ultrasonic waves while propagating 

through the fluid mix, promoting high solvent inflow into plant matrix, intimate contact 

between them and rate of mass transfer of analytes. Wave propagation also causes frequent 

changes in the fluid density (compression and rarefaction) resulting in creation and rupture of 

vapor bubbles in quick succession (cavitation action) throughout the solvent. Bursting of such 

bubbles facilitated cell wall breakdown and simultaneous release of PAHs into the extraction 

solvent. Smith et al. (2006) reported that the ultrasonic-assisted extraction (UAE) is not very 

much effective for LMW PAHs as compared to Soxhlet and microwave-assisted extraction 

(MAE) owing to low recovery rates varying between 44 and 76%. In the present study also, 

recovery of LMW PAHs (NAP, ACY, ACE, FLU, PHE and ANT) through sonication was not 

satisfactory [only ACY and ACE could be detected (ref. Table  16)] due to, probably, the lower 

temperature range (25–35 °C) of the process (Ngamkhae et al., 2022).  

Mechanical stirring or agitation at room temperature (in a simple shake flask placed on 

a magnetic stirrer) is an easy extraction technique with low requirements for glassware. 

However, the stirring method could not efficiently extract the HMW PAHs and the extraction 

efficiency was appreciably lower than the other methods (ref. Table 16) because of poor 

selectivity for PAHs, giving inappropriate results (Berset et al., 1999; Graham et al., 2006). 

Normally, faster extraction occurred initially when the difference in PAHs concentration was 

maximum. But gradually, the extraction rate decelerated with the decrease in concentration 

difference, thereby causing a sharp decline in the rate of mass transfer. The extended extraction 

time did not further increase the yield once the saturation point was reached (Kalbe et al., 

2008). Considerably higher rate of solvent evaporation was also witnessed in agitation 

extraction, leading to PAHs losses during evaporation.  

The above-cited benefits rendered Soxhlet and MAE more effective over other 

techniques. Cicero et al. (2000) also obtained comparable recoveries in both the cases for the 

extraction of polychlorinated biphenyl (PCB) congeners from marine sediments. The highest 

extraction yield of bioactive compounds was again recorded by Ngamkhae et al. (2022) with 

MAE in contrast to UAE. A comparative study between MAE and UAE by Ratola et  al. (2009) 

for PAHs extraction from pine needles and bark showed relatively same recovery results for 

the two methods. Hence, sonication might give better results with high extraction efficiency in 

some other species under optimized extraction conditions. Many studies have suggested high 

recoveries of PAHs from leaf matrices of various plant species (Pinus sylvestris, Acer 

campestre, Pinus koraiensis, Cinnamomum camphora and Phyllostachys edulis) using Soxhlet 

extraction (Bi et al., 2018; Chun, 2011; Hubert et al., 2003; Yang et  al., 2017). Therefore, in 
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this study, all the other experiments were carried out with the Soxhlet technique. But, 

considering the aforesaid advantages and extraction yield of MAE, design and optimization of 

its parameters have also been performed and discussed in the next chapter. 

Table 16 

 Comparison between extraction methods.  

 
PAHs concentration (g g−1 d.w.) in the leaf extracts obtained with different methods 

EPA-PAHs Mechanical stirring Sonication Soxhlet extraction MAE 

NAP 8.56±1.92 nd 35.93±3.19 nd 

ACY 9.84±1.97 5.07±1.57 8.60±1.02 68.67±4.96 

ACE nd 54.00±11.31 1.38±0.59 34.62±7.98 

FLU 48.90±9.09 nd nd nd 

PHE 5.38±1.61 nd 7.07±0.91 1.26±0.19 

ANT 28.74±4.34 nd 46.92±9.77 1.05±0.34 

FLA 19.54±2.19 2.10±0.83 51.13±5.77 2.34±0.32 

PYR nd 1.65±0.49 16.85±3.17 0.21±0.02 

BaA nd 0.96±0.36 3.05±0.38 0.60±0.28 

CHR nd 0.18±0.06 2.52±0.23 0.15±0.02 

BbF 0.18±0.11 0.57±0.04 0.85±0.24 0.24±0.06 

BkF 0.56±0.18 0.36±0.13 2.24±0.40 0.33±0.11 

BaP 0.36±0.06 0.15±0.06 nd 0.84±0.17 

DB[ah]A nd 0.24±0.04 4.68±1.63 62.10±8.59 

IP nd 38.64±8.32 34.96±7.49 45.06±5.18 

B[ghi]P nd 69.69±11.79 55.89±4.01 62.70±5.32 

Total PAHs concentration 122.06±5.19 173.61±13.02 272.07±26.15 280.17±15.46 

**Optimization studies done using the plant samples of JDV site only. For other experimental runs, optimized parameters 

were used.  

   ‘nd’: Not detected. 

3.3.2. Choice of solvent for PAHs extraction  

Separation by solid–liquid extraction is greatly influenced by solvent selection, considering 

solubility, concentration and nature of analytes, capacity of solvents to penetrate and interact 

with the sample matrix, net polarities of solvents (correlated with their dipole moments, 

dielectric constant, viscosity, surface tension and cohesive energy density) and kinetic 

processes of mass transfer (Baskar et  al., 2019). High solute distribution coefficient with 

minimized solvent losses plays a crucial role in solvent selection, and solubility of solute is 

also mediated by the physicochemical properties and chemical structures of both the solute and 
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solvent (Bonventre, 2014). Table 17 portrays the Soxhlet-based PAHs yields against the 

studied solvents, and the observed trend was: extraction yield (103.70±4.47 μg g−1)with acetone < 

extraction yield (127.79±5.34 μg g−1)with acetone:n-hexane < extraction yield 

(148.06±19.37 μg g−1)with DCM < extraction yield (256.35±6.39 μg g−1)with n-hexane < extraction 

yield (279.49±16.93 μg g−1)with toluene.  

Inefficiency of acetone to extract HMW PAHs (yield: 43.50 μg g−1) is evident from 

Table 17. Similarly, analysis of the extracts obtained with DCM and acetone:n-hexane mixture 

specified the presence of mainly LMW PAHs (96.48 and 79.20 μg g−1, respectively) and very 

few HMW PAHs (only BaP, DB[ah]A and IP). But, toluene and n-hexane showed higher 

selectivity by extracting maximum amount of LMW (117.83 and 103.80 μg g−1, respectively) 

and HMW PAHs (161.66 and 152.55 μg g−1, respectively) from leaf samples. It can be clearly 

seen that the non-polar solvents were more suitable for the extraction of PAHs. For acetone:n-

hexane mixture, although good PAHs recoveries have been reported in case of other solid 

matrices (Haleyur et  al., 2016; Janska et  al., 2004), yet, in the current study, lower extraction 

output was attained when compared with toluene and n-hexane separately. This could have 

resulted from the complexity of plant cell membrane composed of non-polar lipid tails 

restricting the transmembrane permeation of polar acetone molecules to a certain degree and 

hindering, thereby, the diffusion path of n-hexane through the plasma membrane for extraction 

of PAHs (Orsi et al., 2009; Shinoda, 2016). So, the above phenomenon had affected the 

extraction efficiency to a great extent. Least extraction capacity of acetone for non-polar PAHs 

can be ascribed to its high polarity as solvent extraction works on the basic principle of ‘like 

dissolves like’ (law of similarity and miscibility which states that a solute better dissolves in a 

solvent having close relative value of polarity) (Kamarudin et al., 2021) and impermeability of 

biological membrane with lipid bilayer limiting the free entry of highly polar molecules. DCM 

is a moderately polar solvent and thus, exhibited lower extraction recovery of hydrophobic 

PAHs. In addition, it is not recommended to be used as an extraction solvent on account of its 

volatility (boiling point: 39.6 °C) which caused huge solvent loss in Soxhlet method. In 

contrast, toluene and n-hexane being most non-polar in nature (having low dipole moments), 

diffusion across the hydrophobic core of lipid bilayer enhanced the extraction performance. 

According to the results obtained (Table 17), toluene has been proved to be an ideal solvent 

which solvated almost all the lipophilic PAHs molecules of the matrix completely by means of 

dispersion interactions. Good relative yields of PAHs from the samples of tree bark, pine 

needles and moss species with the application of toluene in Soxhlet technique were also 

documented by Birke et al. (2018) and Oishi (2018). Alternatively, during dynamic sonication-
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assisted extraction of PAHs from lichen samples, toluene did not show adequate method 

efficiency implying the significances of the process and matrix properties on extraction yield 

(Domeno et al., 2006). 

Table 17  

Variation in PAHs recovery from plant leaves using different solvents in Soxhlet extraction.  

 Concentration (g g−1 d.w.) of PAHs extracted from leaf matrix with various 

solvents   

EPA-PAHs Acetone DCM n-Hexane Toluene 
Acetone: n-

Hexane (1:1) 

NAP 13.59±4.24 29.05±6.61 29.10±4.55 36.34±3.34 27.89±4.18 

ACY 3.32±1.59 18.69±2.66 5.70±3.45 nd nd 

ACE nd 1.43±0.53 10.94±3.94 1.13±0.32 nd 

FLU nd 0.36±0.17 nd 24.26±4.09 17.02±3.24 

PHE 7.88±2.27 2.42±0.58 16.48±2.05 28.33±4.09 14.12±1.42 

ANT 35.41±4.17 44.53±5.62 41.58±5.28 27.77±5.30 20.18±2.84 

FLA nd 32.34±5.75 31.39±9.49 18.34±4.79 9.87±4.15 

PYR 19.12±1.99 nd 19.94±6.45 14.17±4.78 nd 

BaA 20.84±3.79 nd 2.24±1.09 14.56±2.35 nd 

CHR 3.54±1.26 nd 4.24±1.43 29.76±5.27 nd 

BbF nd nd 11.83±6.01 18.94±3.80 nd 

BkF nd nd 2.99±1.48 16.63±2.15 nd 

BaP nd 2.36±0.74 nd 15.82±3.69 12.74±2.99 

DB[ah]A nd 6.42±3.08 6.49±2.40 12.46±0.91 15.16±6.06 

IP nd 10.46±1.61 26.98±4.36 2.90±0.54 10.81±1.29 

B[ghi]P nd nd 46.45±5.36 18.08±1.29 nd 

Total PAHs 

concentration 103.70±4.47 148.06±19.37 256.35±6.39 279.49±16.93 127.79±5.34 

 

3.3.3. Effect of extraction time on PAHs yield 

It is necessary to optimize the extraction period in order to protect the analytes, reduce energy 

consumption and cost of the process. So, duration of extraction demonstrated a strong impact 

on the effective recovery of PAHs from Murraya leaves. The performance of the extraction 

experiments at different time intervals employing toluene is depicted in Table 18. The results 

revealed that the efficient extraction time (i.e., when equilibrium condition achieved between 

inside and outside of the solid matrix following convective mass transfer) for obtaining the 
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highest number and quantity of extracted PAHs was up to 6  h (yield: 274.24±4.20  μg  g−1), 

beyond, which, the extraction efficacy reduced (ref. Table 18). Majority of LMW PAHs were 

not detected in 5 h of experimental run (only NAP and ACY present), probably due to the 

reason that the extraction equilibrium had not reached (i.e., persistence of a non-equilibrium 

state between the matrix and the solvent) at that time for all the analytes. Typically, exposure 

to longer extraction time disrupts plant cell membrane, enhancing the release as well as 

diffusion of PAHs into the solvent (Christou et  al., 2021). However, extraction time exceeding 

the optimum value can lead to break down or conversion of target analytes owing to heat 

accumulation. Hence, temperature overshoot with the increase in time might have induced 

PAHs vaporization or thermal decomposition in the course of 7 h (yield: 149.86±10.13  μg  g−1) 

and 8 h (yield: 116.61±7.54 μg g−1) of extractions and consequently lowered the recovery. 

Thus, 6 h of extraction was chosen as the optimum time for further considerations. Prolonged 

extraction periods were not examined as increase in time may not further affect the extraction 

process or may degrade or transform the analytes. Comparable extraction period has also been 

studied by Domeno et al. (2006) and Ray et al. (2021) using lower (Xanthoria parietina) and 

higher plant species (evergreen trees and shrubs) for PAHs determination via Soxhlet method, 

respectively. 

Table 18 

Profiles of foliar PAHs obtained during varying time periods of extraction with optimized 

solvent toluene using Soxhlet technique. 

 Concentration (g g−1 d.w.) of PAHs in time course of extraction  

EPA-PAHs 5 h 6 h 7 h 8 h 

NAP 13.89±3.45 29.81±5.20 15.09±2.24 12.11±3.27 

ACY 27.85±3.82 nd 23.48±5.04 nd 

ACE nd 33.78±7.64 nd nd 

FLU nd 16.59±2.64 nd nd 

PHE nd 19.39±4.65 nd nd 

ANT nd 28.75±5.45 nd nd 

FLA nd 30.62±5.88 nd nd 

PYR 47.54±7.84 nd 37.39±3.13 32.93±4.77 

BaA nd 14.30±3.61 nd nd 

CHR nd 8.81±2.09 nd nd 

BbF 7.13±3.42 2.94±0.49 15.11±4.09 25.50±4.93 

BkF 9.76±3.02 1.92±0.31 9.00±1.51 21.02±3.69 

BaP 14.17±4.01 30.54±3.83 15.66±2.45 9.67±2.72 
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DB[ah]A 19.29±7.06 20.75±4.73 23.04±4.11 13.98±4.21 

IP 12.67±3.17 17.02±4.77 11.09±4.25 1.40±0.35 

B[ghi]P nd 19.02±3.33 nd nd 

Total PAHs 

concentration 152.30±6.44 274.24±4.20 149.86±10.13 116.61±7.54 

 

3.4. Conclusion  

Performance of monitoring potential of plant biomonitors lies in accurate determination of 

PAHs in bio-matrices for air pollution monitoring using comprehensive extraction protocols 

and for such purpose detailed analytical approaches are of great relevance. The work presented 

in this chapter shows a complete roadmap of conducting extraction of PAHs, followed by 

purification and instrumental analysis (by GC-MS and HPLC). Standardized extraction 

techniques are usually aimed for effective and quantitative isolation of analytes from the matrix 

with proper solvent consumption. Process costing, usability and solvent volume are the 

principal factors to be considered for an extraction process. In this aspect, four different 

methods were tested for their efficacy in extracting PAHs from the leaves of an evergreen 

species Murraya paniculata exposed to traffic hotspots. Among the methods investigated, 

Soxhlet and MAE exhibited high efficiencies of PAHs extraction. Soxhlet extraction with 

toluene ensured high selectivity and yielded maximum number and quantity of non-polar 

parent PAHs. The optimized extraction time of 6 h can certainly be claimed as the equilibration 

time for PAHs. Although this chapter confirms the aim of establishing Soxhlet extraction as a 

traditional and efficient member of solid-liquid extraction category for PAHs isolation from 

plant matrix, but it is noteworthy that MAE may be a far more efficient alternative over it. 

Therefore, detailed and critical study on MAE method for isolation of PAHs from plant matrix 

was carried out as process intensification study which is presented in the following chapter 

(Chapter 4). 
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Chapter 4 

4. Methodology III 

Microwave-assisted Soxhlet extraction (MAE) 

method for PAHs isolation from Murraya 

paniculata (L.) Jack: Process optimization 

using response surface  methodology as 

process intensification  

 

4.1. Background 

Analysis of PAHs in environmental biomonitors is a challenging endeavor on account of the 

complex structural organization of the biomatrices and relatively low pollutant levels. To this 

end, isolation of target PAHs from the matrix and obtainment of the concentrations preferably 

above the limits of detection (LODs) would be of primary importance (Sanchez-Prado et al., 

2010). Extraction of analytes from the pretreated matrix generally follows, firstly, desorption, 

then diffusion of solvent through the matrix pores and finally dissolution in the solvent 

(solvation). Of the three steps stated above, desorption is the key determinant of the overall 

extraction process, though the recovery may be hindered due to shortcoming of any of the steps 

(Sanchez-Prado et al., 2010). Hence, sample preparation becomes an integral part of analyte 

detection. The main considerations for the selection of extraction techniques should be highest 

yield and extraction efficiency in less time with low solvent volume and maximum 

reproducibility. Soxhlet extraction has been the most commonly applied technique for isolating 

PAHs from solid matrix, the process being time- and energy- intensive with consumption of 

huge volume of solvent (Ramirez-Brewer et al., 2024). Thus, microwave-assisted extraction 



131 
 

(MAE) obviates the above intrinsic disadvantages of Soxhlet method, yielding comparable 

recovery efficiency with less time and solvent volume, thereby reducing generation of wastes 

(Martinez-Ramos et al., 2020). Additionally, MAE involves the usage of minimum sample 

quantity with reduction in electrical energy and cost (Quintana et al., 2021). Application of 

microwaves enhances the heating performance through direct transfer of the microwave energy 

to the solution maintaining a minimum temperature gradient (Cao et al., 2024), in comparison 

to conventional heating methods where heat transfer to the solution takes place by the 

phenomenon of surface heating after the vessels are heated to a temperature.    

Being electromagnetic and non-ionizing radiation, microwave energy generates 

molecular agitations arising from ionic conduction and dipole rotation (Bahndral et al., 2024). 

Exposure to microwaves as energy carriers causes rapid heating of the solvent-sample mixture, 

stimulating the partitioning of the desired analytes into the solvent from the matrix. Increase in 

temperature due to heat generation is facilitated by the medium resistance to flow of ions that 

causes random collisions between molecules which is brough about by the frequent changes of 

ionic movement due to rotation of dipoles to align in the direction of the electrical field (Zhao 

et al., 2023). Moreover, the dielectric constant of the solvent positively influences the 

generation of heat in the sample under MAE conditions. The high dielectric constant of the 

solvent, which reflects its capacity to absorb microwaves, increases the rate of heating by 

liberating more heat energy at a certain frequency. This relates the dependence of microwave 

heating on solvent choice and matrix. Besides, MAE offers both volumetric (i.e., faster and 

uniform heating of the whole system) and selective (i.e., rapid heating of specific components 

of a multicomponent mixture, thereby changing the processes of heat and mass transfer in the 

course of extraction through temperature gradients) heating effects (Sanchez-Prado et al., 

2010). Microwave heating disrupts the structural organization of the biomatrix (by breaking 

the analyte-matrix bonds) by causing a huge difference in chemical potential between the solid 

matrix and bulk which forces the solvent or extractant to diffuse through the cellular structure 

and increases the cellular pressure, resulting in cell rupture and improving analyte extraction 

(Mason et al., 2011; Araujo et al., 2021). Furthermore, transport of heat and mass through 

parallel flow also provides higher extraction yield in MAE. Polar solvents having high 

dielectric losses act as microwave absorbers and are frequently used in MAE processes either 

singly or in mixtures (Putra et al., 2021). However, in case of PAHs, combinations of polar (for 

heating the solvent in contact with the solid sample) and non-polar (for extraction of non-polar 

analytes) solvents in varying volume percentages are commonly applied. Besides, sample 

matrices having high water content or dielectric loss can also be subjected to MAE by 
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employing a microwave non-absorbing solvent (Madej, 2009). MAE can be operated either in 

an open vessel mode (focused MAE which shows direct influence of solvent boiling point on 

maximum operating temperature at atmospheric pressure) or in a closed chamber (pressurized 

MAE which involves pressure mediated temperature acceleration) (Nobrega et al., 2002). 

MAE parameters affecting the performance and efficiency of the process constitute 

volume and nature of the extracting solvent, matrix, sample weight, irradiation time, 

temperature and microwave power (Ramirez-Brewer et al., 2024). Solvents used in MAE 

should exhibit good absorption characteristics of microwave energy, should convert it to heat 

energy depending on dielectric factor loss, need to be highly selective to target analytes, 

thereby reducing the undesirable matrix effects and should have high capacity to interact with 

the matrix, rendering increased mass transfer and leaching of the compounds of interest from 

the matrix into the extractant. The ability of the solvents to absorb microwaves is correlated to 

their dielectric constant which specifically indicates the bulk polarity of the solvents (i.e., 

higher the dielectric constant, more is the polarity and absorption). For MAE, the amount of 

solvent required is determined by the sample weight and nature of matrix. Lower solvent 

volume is always preferred; however, it has to be adequate enough to immerse the sample 

completely. Unlike traditional extraction processes which consume huge amount of solvents 

for maximum analyte recovery, MAE can serve the purpose with minimal solvent quantity. 

Recovery efficiency may deteriorate if large volumes are used because of insufficient 

dissolution of analytes in the solvent resulting from improper mixing by the microwaves 

(Madej, 2009; Camel, 2000; Camel, 2001). Content of water (with high dipole moment) in the 

biomaterials/biomatrices is considered to be crucially important as it increases the penetrability 

of the microwaves, causing efficient heating of the sample. On the other hand, ferrous and 

organic carbon contents of the matrix are known to interfere with the extraction process 

(Sanchez-Prado et al., 2010). Regarding microwave power and exposure time, nature of both 

sample and solvent aids in their selection. High power can reduce the extraction time, but 

degradation of analytes can also take place concurrently at a very high power, lowering the 

extraction efficiency. In focused MAE, high power leads to excessive boiling of the solvent 

within a short span of time and hence affects extraction by limiting the contact between solvent 

and sample. MAE yields better analyte recoveries in shorter time period of extraction owing to 

the heating mechanism when compared to conventional extractions. It is also noteworthy that 

the extended extraction time beyond the optimum value may not further exert any influence on 

extraction process after equilibrium has reached or perhaps even scale down the target 

compound recovery. Again, high operating temperature in MAE favours the process of 
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extraction by disturbing the analyte-analyte or cohesive and analyte-matrix or adhesive 

interactions, reducing solvent viscosity and surface tension by weakening the solvent 

intermolecular interactions and enhancing solvent penetration and diffusivity, thereby 

increasing the dissolution of the analytes into the solvent after desorption from the matrix. But, 

pressure (which is directly related to temperature) remains a concern when dealing with closed 

vessel MAE and more specifically, thermolabile or heat-sensitive substances deserve particular 

attention (Sanchez-Prado et al., 2010).      

From the purview of maximization of MAE yield in minimal time with reduced cost, 

suitable experimental designs with proper optimization of the extraction variables (as 

mentioned above) are the fundamental requirements. The conventional univariate optimization 

approach, where a single parameter is varied at a given time keeping other parameters 

unchanged, renders itself arduous, lengthy, expensive and inadequate for not being able to read 

the interactions between the factors (Jovanovic et al., 2023). Thus, implementation of 

multivariate designs, in which controlling factors are simultaneously varied, is more frequently 

carried out for improving the performance of extraction for their accuracy, promptness and 

economy. Among the multivariate ones, full factorial and fractional designs are most 

commonly used, but are limited to only two factor levels. However, for better results, response 

surface methodology (RSM) shall have to be resorted to as it integrates a set of statistical and 

mathematical tools for the development of empirical models and data fitting for close 

approximation with the experimental output (Jovanovic et al., 2022). It also accounts for the 

precise evaluation of combined effects of different variables and interactions thereof in order 

to have a complete idea about the optimal process conditions for achieving desired responses 

with less trial runs and process time (Teslic et al., 2019). Second-order Box-Behnken design 

(BBD) of RSM is more advantageous and efficient since it provides quadratic response surface 

model employing three-level incomplete factorial designs and the structural arrangement takes 

into consideration a central point and the middle points of the edges of a cube in a factorial 

design, excluding combinations of the factors at their extreme levels (maximum or minimum) 

which might result in uncertain and inappropriate test runs with unsatisfactory response (Gaur 

et al., 2014; Mishra and Aeri, 2016). In BBD, the number of experiments is represented by the 

following expression (Eq. 9) (Grosso et al., 2014): 

𝑁 = 2𝑘(𝑘 − 1) + 𝐶0                                                                   (9) 

where, k and C0 are the numbers of factors and central points respectively.   
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 Various reports are available on RSM for determining the optimum conditions of the 

factors affecting MAE of mostly bioactive compounds from different matrices and for the 

enhancement of the quality attributes of formulation of any product isolated using MAE as a 

green technique (Mary Leema et al., 2022; Shende et al., 2024; Bansod et al., 2023). But, from 

the perspective of biomonitoring of airborne pollutants, recent studies on design and 

optimization of process variables of MAE based on RSM for isolation of PAHs from plant 

leaves are very scarce. MAE and microwave-assisted headspace solid- phase microextraction 

have been previously used successfully by Ratola et al. (2009) and Ratola et al. (2012) 

respectively for the extraction of PAHs from pine trees. The extraction techniques exhibited 

high recoveries of PAHs (70-130%) with enhanced method efficiency. MAE of PAHs from 

sediment and source rock samples was also reported earlier by Cresswell and Haswell (1999), 

Letellier et al. (1999) and Prevot et al. (2001) using various extraction solvents and nonionic 

surfactant solutions. The authors suggested the suitability of the approach for quantitative 

determination of PAHs with high extraction yield, less extraction time and solvent usage. Thus, 

the broad of goal of the current study is to establish the MAE method as process intensification 

over traditional Soxhlet method. Hence, studies have been carried out to investigate the effects 

of MAE parameters on the selective recovery of PAHs from the plant leaves of Murraya 

paniculata, a familiar plant of high medicinal value having appreciable contribution towards 

biomonitoring of air quality as nature-based solution. A three-factor Box-Behnken design 

(BBD) for optimization of MAE conditions (i.e., extraction temperature, time and solvent-to-

sample ratio) has been employed for maximum PAHs yield considered as a response factor. 

The results have also been compared with those of the traditional Soxhlet extraction to establish 

the potential of MAE in PAHs recovery over other methods to instill credulity about its efficacy 

in the field of environmental monitoring.        

4.2. Materials and methods 

4.2.1. Sample processing for extraction 

The fresh leaves of Murraya paniculata were collected from the areas near Eastern 

Metropolitan Bypass, a central roadway in south eastern Kolkata, India, in the month of May, 

2023. Prior to the process of extraction, the leaves were fully washed in deionized water and 

subjected to oven drying in a laboratory hot air oven at 50-60 ºC for 48 h. Leaf powder was 

made thereafter from dried plant materials by grinding them in a mortar and pestle and stored 

at normal temperature in airtight zipper bags for subsequent analysis.  
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4.2.2. MAE of PAHs from the leaves of M. paniculata 

PAHs extraction was carried out in a microwave extractor [Microwave synthesis/extraction 

system, Model: NuWav-Uno (11-19/Uno-112), NutechAnalytical Technologies, Pvt. Ltd., 

Kolkata] combined with a Soxhlet apparatus (i.e., reflux system). The original photograph and 

schematic representation of MAE has been shown in Chapter 3. Sample extraction was aided 

by microwave heating with appropriate temperature control. The current study was conducted 

by varying the process variables including extraction temperature, time and solvent-to-sample 

ratio in stages. The round bottom (RB) flask holding the sample and extractant was placed 

inside the oven and connected to an extractor which, in turn, was externally fitted with a 

condenser attached to a continuous flow of water for cooling. The obtained extracts were 

subjected to filtration using Whatman filter paper upon completion and preserved to avoid loss 

of target analytes. 

4.2.3. Primary selection of solvents 

Screening experiments were initially performed for the selection of best solvent for the 

extraction of PAHs using binary mixtures of n-hexane:acetone, n-hexane:dichloromethane, n-

hexane:ethyl acetate, toluene:acetonitrile and toluene:tert-butanol (blends of polar and non-

polar solvents). All the HPLC grade solvent blends were prepared based on volume ratios, i.e., 

in the proportion of 1:1 (v/v). In microwave treatment, 3  g of powdered leaf sample was added 

to 90 mL of extraction solvent in a 250 mL RB borosilicate glass flask and extracted for 30 min 

at 500 W power and 50 °C temperature under a stirring speed of 500 rpm (Herbert et al., 2006; 

Ratola et al., 2009). The recovered leaf extracts were then analyzed for PAHs contents.  

4.2.4. Experimental design of MAE of PAHs 

4.2.4.1. Study of single parameter effects 

The single factor designs were conceived after preliminary solvent selection for studying the 

effects of process parameters on foliar PAHs extraction at distinct levels, which involved single 

parameter testing, one at a time, in place of changing multiple factors concurrently (Ye et al., 

2023). Three independent variables were considered for the design at different extents: 

extraction temperature varied at 30, 35, 40, 45, 50, 55, 60, 65 and 70 ºC, extraction time varied 

at 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5 and 25 min and solvent-to-sample ratio varied at 30:5 

(=6), 45:5 (=9), 60:5 (=12), 75:5 (=15), 90:5 (=18), 105:5 (=21), 120:5 (=24), 135:5 (=27) and 

150:5 (=30) (mL g-1). All experimental runs were taken in triplicates for reproducible results. 

The selection of the operating range for each factor was made on the basis of the scientific 
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outcome of previously published literatures in the field (Katoch et al., 2023; Mary Leema et 

al., 2022; Mishra and Aeri, 2016) and some laboratory groundwork. 

4.2.4.2. Parameter optimization using RSM 

In this study, the process of MAE to isolate PAHs from Murraya leaves was optimized using 

BBD approach of RSM and the parameter effects on extraction performance and PAHs yield 

were also evaluated (Shende et al., 2024; Wen et al., 2015; Katoch et al., 2023; Tomasi et al., 

2023). The range of independent variables, extraction temperature, extraction time and solvent-

to-sample ratio was defined in accordance with the results of single factor experimental designs 

for acquiring the desired or optimal conditions of extraction (ref. Table 19).   

Table 19 

Design summary with levels and experimental scale of input variables. 

Independent variables Factor level 

Factor Name Units 
Lower value 

(-1) 

Central value 

(0) 

Higher value 

(1) 

A Extraction temperature ᵒC 30 45 60 

B Extraction time min 5 12.5 20 

C Solvent-sample ratio mL g-1 6 18 30 

 

PAHs extraction yield in terms of concentration (µg g-1) was chosen as the response or 

dependent variable for the study. Design of experiments was carried out using Design Expert 

6.0 software which allowed for 17 randomized trial runs based on three-factor, three-level (-1, 

0 and 1 for each factor) BBD technique. The runs were repeated in replicate experiments for 

accurate measurements. A quadratic polynomial model equation involving response and input 

variables was developed with three main effects, three quadratic effects, three interaction 

effects and one model constant. Checking and validation of model adequacy and fitting were 

substantiated by F-test, coefficient of determination (R2) and analysis of variance (ANOVA). 

The model equation can be represented in a generalized form as follows (Eq. 10) (Katoch et 

al., 2023):  

𝒀 = 𝜷𝟎 + 𝜷𝟏 × 𝑨 + 𝜷𝟐 × 𝑩 + 𝜷𝟑 × 𝑪 + 𝜷𝟏𝟏 × 𝑨𝟐 + 𝜷𝟐𝟐 × 𝑩𝟐 + 𝜷𝟑𝟑 × 𝑪𝟐 + 𝜷𝟏𝟐 × 𝑨𝑩 +

𝜷𝟏𝟑 × 𝑨𝑪 + 𝜷𝟐𝟑 × 𝑩𝑪                                                                                           (10) 
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where, Y denotes the process response, i.e., concentration of PAHs (µg g-1); 𝛃0 is the model 

constant; A, B and C represent the extraction parameters; and 𝛃1, 𝛃2, 𝛃3, 𝛃11, 𝛃22, 𝛃33, 𝛃12, 𝛃13 

and 𝛃23 are the linear, quadratic and interaction factor coefficients. 

4.2.5. Extract clean-up and PAHs quantification by HPLC-UVD 

The filtered extracts of MAE were subjected to PAHs fractionation by silica gel column 

chromatography and collected in separate fractions after eluting out of the column. The 

gradient separation of PAHs was attained by HPLC-UV analysis in reversed phase mode using 

a mobile phase of ACN:water (v/v) and a highly selective PAH column with a total flow rate 

of 1.5 mL min-1 (Mukhopadhyay et al., 2023). The purification method description and the 

instrumental analysis procedure along with the separation parameters have been elaborated in 

the previous chapter. Target PAHs were identified and characterized based on their RTs 

compared against a multi-component PAH reference standard mix. Quantitative determination 

of the analyzed compounds was also performed on the basis of a processing method created 

using the standard PAH solution. The complete procedure adopted has been diagrammatically 

represented in Fig. 17 and some sample chromatograms representing high PAHs yield at 

different MAE conditions (as obtained in HPLC) have been displayed in Fig. 18(a-i). 

 

                Fig. 17. Schematic depiction of the overall methodology. 
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(a) 

 

(b) 

 

(c) 

 

30 ᵒC, 20 min, 18 mL g-1 

30 ᵒC, 12.5 min, 30 mL g-1 

30 ᵒC, 5 min, 18 mL g-1 
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(d) 

 

(e) 

 

(f) 

 

45 ᵒC, 12.5 min, 18 mL g-1 

45 ᵒC, 5 min, 30 mL g-1 

45 ᵒC, 20 min, 30 mL g-1 
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(g) 

 

(h) 

 

(i) 

Fig. 18 (a-i). Representative chromatograms of PAHs extracted from plant leaves under 

varying conditions of extraction temperature (30-60 ᵒC), extraction time (5-20 min) and 

solvent-to-sample ratio (6-30 mL g-1) in MAE. 

60 ᵒC, 5 min, 18 mL g-1 

60 ᵒC, 20 min, 18 mL g-1 

60 ᵒC, 12.5 min, 30 mL g-1 
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4.3. Results and discussion 

4.3.1. Solvent suitability in MAE 

Selection of an appropriate solvent is the first step in extraction application which depends on 

the sample matrix and target compounds (Huschek et al., 2022). Adequate or optimal recovery 

of PAHs can only be achieved by suitable choice of the solvent selective for the process with 

respect to solubility factors because of their high hydrophobicity and inherent properties. 

Different combinations of organic solvents (n-hexane:acetone, n-hexane:dichloromethane, n-

hexane:ethyl acetate, toluene:acetonitrile and toluene:tert-butanol) were explored for the 

selection of the best one for maximized PAHs yield or recovery from plant leaves. The 

solvation ability of a solvent depends on its polarity (Zarrinmehr et al., 2022). Pure non-polar 

solvents, though generally give better extraction yield for non-polar PAHs based on the concept 

of ‘like dissolves like’ (Deshmukh et al., 2019), are not compatible to MAE because of their 

ineffectiveness to absorb microwaves having low dielectric constants and causing no heating 

effect for extraction and isolation of PAHs (Huschek et al., 2022). Therefore, in the proposed 

work, mixtures of polar and non-polar solvents (in the ratio of 1:1) were used to facilitate the 

interaction between microwaves and extractant and also to improve the extraction selectivity 

and rate of heating in order to enhance the analyte recoveries from respective matrix. 

Microwave-induced cell lysis or disruption, layer-by-layer diffusion of solvent into the leaf 

matrix and extraction and release of the target analytes in the extractant are the fundamental 

processes of MAE which result in enhanced performance in terms of yield and recovery 

(Araujo et al., 2021). Varying concentrations of PAHs were obtained in MAE using the 

solvents studied as reflected in Fig. 19 and the trend was found as follows: PAHs yieldwith 

toluene:acetonitrile (283.77 µg g-1) > PAHs yieldwith toluene:tert-butanol (258.72 µg g-1) > PAHs yieldwith n-

hexane:acetone (175.53 µg g-1) > PAHs yieldwith n-hexane:dichloromethane (160.14 µg g-1) > PAHs yieldwith 

n-hexane:ethyl acetate (129.69 µg g-1). Solvent combinations of toluene with highly polar acetonitrile 

and tert-butanol exhibited maximum extraction yield than the binary mixtures of n-hexane with 

acetone, dichloromethane and ethyl acetate. This could be attributed to: a) stronger microwave 

absorption by acetonitrile and tert-butanol having high relative polarities (0.46 and 0.389 

respectively) and dielectric constants (37.5 and 17.51 respectively), thereby leading to the 

attainment of desired temperature for enhanced recovery (Zarrinmehr et al., 2022) and b) the 

aromatic nature of toluene which renders it more effective in breaking down the PAHs-matrix 

(more specifically π-π) interactions and solvating desired analytes through strong dispersive 

electrostatic forces as compared to n-hexane which manifest weak intermolecular interactions 
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with PAHs (Gao et al., 2015). Hence, toluene:acetonitrile, showing highest PAHs yield, has 

been preferred as the optimal solvent for all the other experiments in MAE. 

n-Hexane:Acetone

n-Hexane:Dichloromethane

n-Hexane:Ethyl acetate

Toluene:Acetonitrile

Toluene:tert-Butanol
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Fig. 19. Comparative study on obtained concentrations of PAHs extracted from Murraya 

leaves using different solvent mixtures. 

 

4.3.2. Single-parameter experiments of MAE 

4.3.2.1. Effect of extraction temperature on PAHs yield  

As observed in Fig. 20(a), increase in temperature steadily enhanced the extraction yield and 

highest PAHs concentration (292.31 µg g-1) was obtained at 45 ᵒC, which gradually decreased 

with further increase in temperature. Such observation can be related to the fact that the high 

temperature improves the solubility of PAHs by increasing solvent diffusivity and solvation 

power and by decreasing solvent viscosity and surface tension, resulting in enhanced rates of 

diffusion and mass transfer (Veggi et al., 2013). Thus, under these conditions, extraction rate 

and efficiency also get increased as elevated temperature drives rapid desorption of compounds 

from the biomatrix active sites. Since, temperature and microwave irradiation power are 

directly proportional to each other (i.e., microwave power spontaneously changes to maintain 

the desired temperature level) (Chen et al., 2023), only temperature effect has been studied, 

while the power level was maintained at 100 W. It is worth mentioning that the excessive high 
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temperature in MAE can lead to analyte degradation and huge solvent losses as also noticed by 

Chen et al. (2023), Idham et al. (2022) and Liu et al. (2021). Therefore, 45 ᵒC temperature can 

be said to be favourable for PAHs extraction from M. paniculata leaves in MAE.  

4.3.2.2. Effect of extraction time on PAHs yield 

Extraction time in MAE is an important factor controlling the mass transfer of compounds from 

the matrix to the extractant by means of diffusion and permeation and is imperative to be 

optimized for the purpose of protecting the target analytes from heat generated by high 

temperature and curtailing the costs of energy consumption during the process (Svarc-Gajic et 

al., 2013). Thus, profile of PAHs concentration changes with extraction time has been 

examined in the present study and represented in Fig. 20(b). Increase in PAHs concentration 

from 238.98 to 292.31 µg g-1 was observed with gradual increase in extraction time from 5 to 

12.5 min and the concentration reached maximum value (292.31 µg g-1) in 12.5 min beyond 

which (up to 25 min) significant drop in PAHs yield (117.35 µg g-1) was detected. Long-term 

exposure under microwave irradiation may result in degradation or transformation products 

and consequently, PAHs losses in tested samples, lowering the extraction yield (Svarc-Gajic et 

al., 2013). Similar trends in the effect of extraction time were also observed by Chen et al. 

(2023) and Ye et al. (2023) regarding process optimization of anthocyanin and essential oil 

extraction. Hence, 12.5 min has been analyzed as the suitable extraction time for maximized 

yield. 

 4.3.2.3. Effect of solvent-to-sample ratio on PAHs yield 

The high solvent-to-sample ratio in MAE considerably enhances the extraction yield by 

improving the availability of adequate volume of solvent to the matrix for increased dissolution 

of target compounds. In the current study, higher PAHs yield with the rise in solvent-to-sample 

ratio from 6-21 mL g-1 was noticed (as also apparent from Fig. 20(c)) under the pre-optimized 

conditions of extraction temperature (45 ᵒC) and time (12.5 min), while maximum 

concentration (296.25 µg g-1) was determined at 21 mL g-1. Steep increase in the ratio increased 

the surface area of contact between the solvent and solid plant matrix, allowing better solvent 

penetration through the matrix (due to swelling and rupture of cell walls of leaf tissue and 

resulting concentration gradient between the leaf sample and solvent), promoting solute-

solvent interactions as well as mass diffusion of PAHs (through diminution of solvent 

viscosity), ultimately leading to enhanced extraction yield (Chen et al., 2018). Moreover, high 

solvent-to-sample ratio raised the dielectric constant of the extractant, facilitating microwave 
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absorption which eventually caused rapid leaching of PAHs from the ruptured cells under 

temperature elevation. PAHs concentration (242.71 µg g-1) was again found to decrease 

thereafter when the solvent-to-sample ratio increased from 21-30 mL g-1. Usage of excess 

solvent can dilute the concentration of PAHs, decrease the rate of mass transfer and create 

diffusivity problem as a result of increased heat energy dissipation (thereby reducing the 

efficiency of heating and slowing down the process of extraction) with unenviable wastage of 

solvent (Chen et al., 2015a; Ye et al., 2023). Conversely, PAHs yield can also be lowered by 

inadequate solvent volume due to intensive microwave heating of the matrix, leading to 

charring of the sample and hence, incomplete extraction (Samadi et al., 2017). The findings are 

in line with the results obtained by Mollaei et al. (2019) and Ye et al. (2023) for the extraction 

of essential oil from herbaceous plants. Thus, the solvent-to-sample ratio of  21 mL g-1 has 

been found to be optimum for foliar PAHs extraction. 
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Fig. 20. Effects of (a) extraction temperature, (b) extraction time and (c) solvent-to-sample 

ratio on the concentration of extracted PAHs. 
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4.3.3. Optimization of MAE parameters by RSM 

4.3.3.1. Statistical modeling and model fitting with response surface analysis 

In conformity with the above facts of single factor experiments, the MAE process for PAHs 

yield from Murraya plant leaves was further optimized using a three-factor, three-level BBD 

approach of RSM. The experimental and predicted responses for PAHs extraction yield with 

respect to concentration have been elaborated in Table 20 and no significant differences were 

observed between the response values as also evident from Fig. 21. A second-order quadratic 

polynomial regression model indicating the association between independent variables and 

response was developed for the process and is interpreted as the following mathematical 

equation (Eq. 11) in terms of actual factors:  

𝑬𝒙𝒕𝒓𝒂𝒄𝒕𝒊𝒐𝒏 𝒚𝒊𝒆𝒍𝒅 = −𝟗𝟎𝟕. 𝟏𝟓𝟒𝟎𝟑 + 𝟑𝟔. 𝟑𝟕𝟕𝟐𝟓 × 𝑨 + 𝟑𝟔. 𝟏𝟗𝟓𝟐𝟖 × 𝑩 +

𝟏𝟒. 𝟔𝟖𝟕𝟖𝟖 × 𝑪 − 𝟎. 𝟑𝟕𝟔𝟏𝟑 × 𝑨𝟐 − 𝟏. 𝟎𝟐𝟒𝟎𝟒 × 𝑩𝟐 − 𝟎. 𝟒𝟐𝟔𝟒𝟒 × 𝑪𝟐 −

𝟎. 𝟐𝟗𝟏𝟔𝟕 × (𝑨 × 𝑩) + 𝟎. 𝟎𝟔𝟓𝟏𝟐𝟓 × (𝑨 × 𝑪) + 𝟎. 𝟎𝟔𝟕𝟕𝟕𝟖 × (𝑩 × 𝑪)                                                  

                                                                                                                                               (11)                                                                    

 

Table 20 

Design of experiments with response variable. 

Run Factor 1: A Factor 2: B Factor 3: C 

Response: PAHs 

extraction yield (µg g-1) 

(Experimental) 

Response: PAHs 

extraction yield (µg g-1) 

(Predicted) 

1 60 12.50 6 95.62±8.41 96.39 

2 45 12.50 18 290.74±12.07 290.74 

3 45 5 6 145.39±10.69 150.29 

4 60 5 18 197.60±8.86 191.93 

5 45 20 30 210.27±18.46 205.37 

6 45 12.50 18 290.74±12.07 290.74 

7 45 12.50 18 290.74±12.07 290.74 

8 60 12.50 30 190.82±9.84 194.57 

9 30 12.50 30 170.34±19.24 169.57 

10 30 5 18 125.91±17.29 124.75 

11 45 5 30 210.90±12.16 212.83 

12 45 20 6 120.36±17.15 118.43 

13 45 12.50 18 290.74±12.07 290.74 
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14 30 12.50 6 122.03±17.81 118.28 

15 30 20 18 165.04±10.14 170.71 

16 60 20 18 105.48±4.84 106.64 

17 45 12.50 18 290.74±12.07 290.74 

 

 

 

 

Fig. 21. Predicted vs. experimental plot of responses for PAHs extraction yield. 

 

The ANOVA data for the response surface quadratic model are summarized in Table 21 for 

ensuring the desired adequacy. The statistical significance of the model is well-established by 

the F (428.74) and p (<0.0001) values as indicated in Table 21. The R2 value (0 ≤ R2 ≤ 1), 

implying the goodness of fit of a regression model, was found to be 0.9982 which signified that 

the experimental data set are in good agreement with the predicted values and 99.82% 

variabilities in PAHs extraction yield (response) can be appropriately justified by the model 

within the input range of factors. High values of adj. R2 (0.9959) and pred. R2 (0.9710) also 

indicated accurate and satisfactory model prediction of response, as the extent of variation 

between the two ought to be 0.2 to be in good agreement with each other. Coefficient of 

variation (C.V.) is defined as the dispersion of the experimental data from the mean values and 

should desirably be less than 10% (Jovanovic et al., 2023). The current study showed a C.V. 

value of 2.39 which is much less than the limiting value, resulting in greater accuracy, 

acceptability and reproducibility of the response data. Additionally, adeq. precision of 54.40 
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(i.e., adequate signal which is much higher than the limiting signal to noise ratio of 4) indicated 

strong model fitting. p < 0.05 suggests the significance of the model terms and hence,  B, C, 

A2, B2, C2, AB, AC and BC are found to be significant.  

 

Table 21 

Analysis of variance for the predicted quadratic model. 

Source 
Sum of 

squares 
df Mean square F value 

p value 

(Prob>F) 

Feasibility study of 

regression model 

Model 83715.21 9 9301.69 428.74 <0.0001 Std. Dev. 4.66 

A 4.81 1 4.81 0.22 0.6522 Mean 194.91 

B 773.23 1 773.23 35.64 0.0006 C.V. 2.39 

C 11169.89 1 11169.89 514.85 <0.0001 Press 2429.88 

A2 30156.79 1 30156.79 1390.01 <0.0001 R2 0.9982 

B2 13970.73 1 13970.73 643.95 <0.0001 Adj. R2 0.9959 

C2 15877.39 1 15877.39 731.83 <0.0001 Pred. R2 0.9710 

AB 4306.64 1 4306.64 198.51 <0.0001 Adeq. Precision 54.404 

AC 549.67 1 549.67 25.34 0.0015   

BC 148.84 1 148.84 6.86 0.0344   

Residual 151.87 7 21.70     

Lack of fit 151.87 3 50.62     

Pure error 0 4 0     

Cor. Total 83867.08 16      

 

The integrated effects of extraction temperature (A), extraction time (B) and solvent-to-sample 

ratio (C) on extraction yield of PAHs have been illustrated with the help of two-dimensional 

(2D) contour and three-dimensional (3D) response surface plots in Fig. 22(a-c). The interaction 

terms AB, AC and BC were found to be positively (AC and BC) and negatively (AB) 

significant as also corroborated by the elliptical shapes of the contour surfaces (Fig. 22(a1, b1, 

c1)), unlike circular shapes of the contour plots which depict insignificant interactions between 

parameters (Gunalan et al., 2023). It can also be seen from the model equation that the linear 
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terms including A, B, and C have positive impacts (although factor A having p value > 0.05), 

whereas, quadratic terms, like A2, B2 and C2 have negative impacts on the response factor. 

 The favourable effect of high extraction temperature (in linear form) could be explained 

by the enhanced PAHs recovery owing to the loss of cell wall integrity and weakening of 

molecular interactions causing more leaching of PAHs as a result of improved mass transfer 

from the sample matrix due to reduced solvent viscosity. Increased temperature may also 

induce compound degradation and eventually reduction in extraction yield which has been 

represented by the negative quadratic term (A2) (Chan et al., 2011). Similarly, increasing 

extraction time led to appreciable enhancement in the effective recovery of PAHs but the 

negative influence of the quadratic term (B2) might be attributed to the fact that the extraction 

yield had already reached maximum limit (i.e., attainment of peak performance) and no further 

increase in yield would be achievable with further rise in extraction time (Jovanovic et al., 

2023; Kaur et al., 2019). Moreover, higher solvent-to-sample ratio ensured high recovery in 

PAHs extraction through dilution effect which created differences in concentration of PAHs 

(between matrix and solvent) compelling their mass transfer from high to low concentration 

(Chan et al., 2011). This phenomenon continued only up to an equilibrium point beyond which 

no further improvement in yield was observed, as explained by the negative quadratic effect 

(C2). Concerning the mutual effect between A and B (Fig. 22(a1, a2)), highest decrease in PAHs 

yield (105.48 µg g-1) was observed at 60 ºC in 20 min, while the yield was maximum (290.74 

µg g-1) at 45 ºC in 12.5 min, which implied that the PAHs concentration tended to increase 

between 30-45 ºC with varying extraction time from 5-12.5 min. Immoderate microwave 

exposure for long duration under elevated temperature might be the reason for lower yield. 

Thus, application of high temperature for shorter time period and vice versa might help achieve 

the increased yield, as can be understood from the negative effect of interaction (Jovanovic et 

al., 2023). Fig. 22(b1, b2) (indicating AC interaction) demonstrated an increasing trend of PAHs 

concentration from 30-45 ºC and 6-18 mL g-1 followed by a decreasing trend with further 

increase in extraction temperature and solvent-to-sample ratio (Darvishzadeh and Orsat, 2022). 

The plot of extraction time and solvent-to-sample ratio (BC) with respect to response (Fig. 

22(c1, c2)) highlighted that the PAHs yield from plant matrix improved within 5-12.5 min and 

6-18 mL g-1 and peaked at 18 mL g-1 in 12.5 min. Deceleration of recovery efficiency was 

noticed thereafter with higher extraction time and ratio (Shende et al., 2024; Wen et al., 2015).   
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(a1) 

 

(a2) 
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(b1) 

 

(b2) 
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(c1) 

 

(c2) 

Fig. 22. 2D and 3D graphs of PAHs extraction yield against (a1) and (a2): extraction 

temperature and time, (b1) and (b2): extraction temperature and solvent-to-sample ratio and 

(c1) and (c2): extraction time and solvent-to-sample ratio.  
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4.3.3.2. Model optimization and validation 

The optimum extraction parameters for highest PAHs recovery in MAE were obtained by 

numerical optimization process (Mali and Kumar, 2023) using Design Expert software. The 

optimization-driven approach presented ten solutions with the goal of keeping the input 

variables ‘in range’ and response at ‘maximum’. All the combinations of optimal solutions 

with corresponding extraction yields for PAHs having maximum desirability factor of 1 are 

displayed in Table 22. Among the ten predictive conditions provided for enhancing the process 

efficiency, the one (i.e., extraction temperature: 45.77 ºC, extraction time: 11.67 min and 

solvent-to-sample ratio: 22.64 mL g-1) associated with the highest extraction yield (296.366 µg 

g-1) was preferred in order to validate the model reliability. Under the optimized processing 

conditions, experimentation was carried out with replicate measurements and the response 

value was determined as 290.61±13.74 µg g-1 which is close to the model predicted value of 

PAHs extraction yield. This indicates that the model is predictive of about 98% of the actual 

data and nearly 2% deviation was only noticed from the predicted yield. Hence, it can be 

affirmed that the model is highly significant in predicting and estimating the optimum 

conditions of MAE for PAHs yield from plant leaf matrix with desired accuracy. 

     Table 22 

     Numerical optimization of PAHs extraction yield with desirability of 1. 

Number 

Extraction 

temperature 

(ºC) 

Extraction 

time (min) 

Solvent-to-

sample ratio 

(mL g-1) 

Extraction yield 

w.r.t. 

concentration 

(µg g-1)  

Desirability 

1 43.32 11.20 22.43 293.46 1 

2 44.34 11.70 24.45 292.508 1 

3 42.86 11.29 20.69 292.92 1 

4 43.23 13.95 21.24 291.706 1 

5 48.44 11.76 23.14 293.257 1 

6 46.57 9.77 23.19 291.356 1 

7 44.91 12.51 22.91 295.707 1 

8 46.97 11.23 25.13 290.942 1 

9 45.40 12.90 20.02 294.63 1 

10 45.77 11.67 22.64 296.366 1 
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4.3.4. Comparison of optimized MAE process with classical Soxhlet technique: Process 

intensification     

After optimization, the extraction efficiency of MAE was compared with that of the traditional 

Soxhlet method, universally the most prferred choice for PAHs extraction but operated at 

boiling point temperature of extraction solvents for prolonged duration (4-48 h) (Eskilsson and 

Bjorklund, 2000; Giergielewicz-Mozajska et al., 2001). For the said matrix, the previusly 

optimized extraction time for Soxhlet technique was found to be 6 h. From Table 23, it can be 

easily observed that the recoveries of PAHs from the same amount of sample (5 g) in both the 

methods are quite comparable (marginally higher in MAE), but the time requirement is about 

30 times more in case of Soxhlet extraction. Moreover, the solvent consumption is 1.8 times 

higher for Soxhlet method. Thus, MAE showed better performance for PAHs yield when 

aiming to address the issues of huge solvent requirement and lengthy extraction processes.  

The relative energy consumption and amount of CO2 emission during the extraction 

processes are also calculated for assessing the environmental impacts using the following 

formulae (Eqs. 12 and 13) (Benmoussa et al., 2018; Benmoussa et al., 2023; Farhat et al., 2017): 

𝐸𝐶
∗ =

𝐸𝐶
𝑚⁄                                                   (12) 

𝐸𝐶𝑂2 = 𝐸𝐶 × 800                                         (13) 

where, E*
C = Relative electric consumption (Watt-hour (Wh) / µg of PAHs extracted), 

EC = Electric consumption (Wh), 

m = mass of PAHs extracted (µg) and 

ECO2 = CO2 emission (gCO2 / µg of PAHs extracted). 

As for energy consumption, the basic energy input for Soxhlet process was observed to be 2100 

Wh (ref. Table 23) which is more than 100 times than that required for MAE (19.5 Wh). This 

is also true for relative energy consumption based on the total mass of extracted PAHs. Besides, 

it has been reported that 1 kWh of electrical energy consumed corresponds to 800 g of CO2 

emitted in the air due to burning of coal or fossil fuel (Solanki et al., 2019; Drinic et al., 2020), 

indicating a direct correlation between power utilization, extraction time and carbon footprint. 

Hence, for Soxhlet extraction, CO2 emission (1.2 g / µg of PAHs) was significantly higher 

(more than 100 times) than that of MAE, suggesting potential environmental threats. Mary 

Leema et al. (2022) and Vila Verde et al. (2018) also suggested MAE as an efficient method in 

reducing energy (by 5-6 fold) and time (by 14-15 fold) consumption as compared to 
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conventional processes. Again, Benmoussa et al. (2023) proved the superiority of microwave 

intensification with reduced environmental implication in terms of CO2 ejection and 

wastewater generation over classical hydrodistillation techniques. 

 Process intensification in extraction refers to the intended advancement of the process 

to enhance recovery efficiency and sustainability. Safe and easy handling and reduction in time, 

cost and electrical energy are the key factors influencing the choice of process intensification 

(Shirsath et al., 2012). In the present study, microwave irradiation has been employed to 

intensify the process of PAHs extraction. Therefore, optimization of extraction time and 

solvent-to-sample ratio, distribution of heat and mass transfer (same directional flow) as well 

as dielectric or volumetric heating effects in MAE helped meet the energy performance 

requirements by lowering the energy demand or electrical energy usage and CO2 emission 

along with the environmental consequences of increased energy consumption (Benmoussa et 

al., 2018). For all such reasons, process intensification by applying microwave heating has been 

proved to be a promising, cost-efficient and environmentally-safe or greener alternative to 

conventional Soxhlet extraction with improved extraction efficiency.    

Table 23 

Comparison between MAE and Soxhlet method. 

Parameters MAE Soxhlet extraction 

Comparative 

remarks of 

Soxhlet with MAE 

Extraction conditions    

Sample amount (g) 5 5 – 

Extraction time (h) 0.195 (11.67 min) 6 (360 min) 30 times higher 

Solvent-to sample ratio (mL g-1) 22.6 40 1.8 times higher 

Extraction yield (µg g-1) 290.61±13.74 279.96±24.01 1.04 times lower 

Environmental implication    

Energy consumption (Wh) 19.5 2100 108 times higher 

Relative Energy consumption (Wh / µg of PAHs extracted) 0.013 1.5 115 times higher 

CO2 emission (g) / µg of PAHs extracted 0.011 1.2 109 times higher 
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4.4. Conclusion 

In the current study, microwave-assisted Soxhlet extraction was applied as a process intensified 

route over conventional Soxhlet extraction for the recovery of PAHs from biomonitor plant 

leaves like Murraya paniculata (L.) Jack. The considered MAE factors which include 

irradiation time, solvent-to-sample ratio, microwave power, and temperature played vital roles 

in recovering PAHs from plant leaves. Among the solvents studied for MAE, 

toluene:acetonitrile revealed better extraction performance with highest PAHs yield owing to 

the potential of forming strong complementary molecular bonding with the compounds of 

interest. Single-factor experimental designs demonstrated major influences of extraction 

temperature, time and solvent-to-sample ratio on PAHs yield. Hence, optimization of the 

processing parameters of MAE was performed by combining Box-Behnken approach with 

RSM. The optimum conditions of 45.77 ºC, 11.67 min and 22.64 mL g-1 gave a maximum yield 

of 290.61±13.74 (observed value) µg g-1 of PAHs, representing high precision when compared 

with the predicted value (296.366 µg g-1). Therefore, it can be opined that the developed 

regression model is well-suited with very high predictability (98%) of the optimized yield. 

 The comparative study between MAE as a process intensified route of solvent 

extraction and conventional Soxhlet technique revealed that the MAE outperformed Soxhlet 

method in respect of energy requirement, extraction time and solvent volume along with less 

generation of CO2, making it economic and more ecofriendly. 

 After protocol establishment for extraction of PAHs from biomonitor plant tissues, 

spatial and temporal occurrences of the pollutants were evaluated for enhanced understanding 

of PAHs distribution with locational and seasonal variations and discussed in Chapter 5. 
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Chapter 5 

5. Methodology IV 

Biomonitoring of PAHs by Murraya 

paniculata (L.) Jack in South Kolkata, West 

Bengal, India: Spatial and temporal 

variations  

 

5.1. Background 

The plant cover and green spaces are the universal attenuators of air pollution, which absorb 

the deadly atmospheric pollutants and protect the human population from high risks of 

vulnerability. PAHs may penetrate the plant leaves either by diffusion through stomatal pores 

(gaseous uptake) or by atmospheric deposition (in particulate phase) on leaf cuticles and their 

partitioning from air to outer leaf surfaces and to inner tissues is driven by environmental 

factors, pollutant properties and plant behavior (Lin et al., 2006). A multitude of studies has 

focused on PAHs determination using leaves of both deciduous and evergreen trees (Quercus 

robur, Quercus palustris, pine species (Pinus pinaster, Pinus nigra), Olive, Salix matsudana 

and Murraya paniculata) as good pollution indicators (biomonitors) of terrestrial environment 

and come up with multiple outcomes (De Nicola et  al., 2016; Kargar et  al., 2017; 

Karnchanasest and Satayavibul, 2005; Klingberg et  al., 2022; Mukhopadhyay et  al., 2021; 

Ray et al., 2021; Sari et al., 2021; Zhao et al., 2018). The levels of foliar PAHs undergo changes 

in response to spatial and temporal variations in wind flow, diurnal temperature, ambient 

moisture content and stability class (i.e., presence of clouds during day and night time), 

concentrations of tropospheric oxidants, rate of photodegradation and pollution load from 



158 
 

mobile or point sources of emission (Bidleman and Leone, 2004; Ohura et  al., 2013; Totten 

et  al., 2002; Wang et  al., 2015). Diagnostic ratios (DRs), positive matrix factorization (PMF) 

and principal component analysis with multiple linear regression (PCA-MLR) are commonly 

employed for source apportionment studies to reveal the origin of PAHs contamination in 

plants and quantify the percent contribution of the components of emission (De Nicola et  al., 

2008; Kargar et  al., 2017; Yang et  al., 2017; Zhou et al., 2014). As far as air quality is 

concerned, better assimilation of knowledge about the interactions between the pollutants and 

vegetative barriers is imperative to effectively implement the biomonitoring scheme for 

pollution control. Paucity of related field works in and around Kolkata, India, has driven us to 

undertake such studies as an endeavor toward bridging the gap between scanty information and 

biomonitoring prospect. In this aspect, the specific objectives of the study were framed to 

establish the spatio-temporal patterns of PAHs concentrations in plant samples of selected 

contaminated zones of South Kolkata with respect to three different seasons, premonsoon, 

postmonsoon and winter, and apply DRs for determination of the primary sources of PAHs 

along with seasonal effects. 

 
5.2. Materials and methods  

5.2.1. Materials, sampling location and collection time 

A field work was executed in the urban areas of South Kolkata, India, during three different 

seasons [premonsoon (May and June, 2019), postmonsoon (October to mid of November, 

2019) and winter (January and February, 2020)], which comprised collection of waxy leaf 

samples of a dominant tree species, Murraya paniculata (L.) Jack, applying proper 

methodological approaches (Mukhopadhyay et al., 2021) from the roadsides of selected study 

sites: Jadavpur (JDV), Rash Behari Connector (RBC), Exide More (EXM) and Tollygunge 

(TGN). The overall considerations and representation of sampling locations are clearly 

delineated in Chapter 2. The choice of the above sites was mainly based on the following 

factors: (1) overcrowding of the areas and intense human activities, (2) huge increase in the use 

of motor vehicles, (3) small-scale polluting units and (4) proximity to the Central/State 

Pollution Control Board operated regular air quality monitoring networks. 

5.2.2. Spatio-temporal variations of ambient PAHs: quantitative estimation and diagnostic 

ratios (DRs) for characterization of sources  

The spatial and temporal trends of PAHs uptake and accumulation were examined in plant 

leaves of various sampling locations in urban environment under distinct climatic conditions 
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of premonsoon, postmonsoon and winter, depending on their concentrations, to assess the 

integrated exposure with time along with overall status of air quality. Differences in mean 

concentrations of PAHs in plant leaves were determined using two-way analysis of variance 

(ANOVA) in Microsoft Excel 2010 on spatial and temporal considerations (i.e., among sites 

and seasons). The significance level was tested at p < 0.05. All the data were represented as 

mean ± standard deviation (n=6). Polluting sources of emitted PAHs in the ambient air of the 

urban sites were also differentiated by applying DRs (Ray et  al., 2017; Tobiszewski and 

Namiesnik, 2012). DRs, such as Σ(low molecular weight PAHs)/Σ(high molecular weight 

PAHs) (i.e., ΣLMW/ΣHMW), ANT/(ANT+PHE), FLA/(FLA+PYR), BaA/(BaA+CHR), 

BbF/BkF, FLU/(FLU+PYR), BaP/BghiP and IP/(IP+BghiP) (refer Table 24) were evaluated 

in the present study as major emission source markers on the basis of their concentrations to 

investigate the origin of PAHs accumulated in the plant leaves. 

 

Table 24 

Standard range of DRs applied in the study (Tobiszewski and Namiesnik, 2012). 

DRs Standard Range (with PAHs Source)  

ΣLMW/ΣHMW 
<1 (Pyrogenic) 

>1 (Petrogenic) 

ANT/(ANT + PHE) 
<0.1 (Petrogenic) 

>0.1 (Pyrogenic) 

FLA/ (FLA + PYR) 

<0.4 (Petrogenic) 

0.4-0.5 (Fossil fuel combustion) 

>0.5 (Grass, wood, and coal combustion) 

BaA/(BaA + CHR) 

0.2-0.35 (Coal combustion) 

>0.35 (Vehicular emissions) 

<0.2 (Petrogenic)  

>0.35 (Combustion) 

BbF/BkF 
2.5-2.9 (Aluminium smelter emissions) 

>0.5 (Diesel emissions) 

FLU/ (FLU + PYR)  
<0.5 (Petrol emissions)  

>0.5 (Diesel emissions) 

BaP/BghiP  
<0.6 (Non-traffic emissions)  

>0.6 (Traffic emissions) 

IP/(IP + BghiP)  

<0.2 (Petrogenic) 

0.2-0.5 (Petroleum combustion) 

>0.5 (Grass, wood and coal combustion) 
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5.3. Results and discussion 

5.3.1. Temporal variability in PAHs concentrations  

Identification of air pollution hotspots by assessing spatial and temporal variations of pollutant 

concentrations is obligatory for enforcing control actions to reduce elevated risks of negative 

health impacts. Atmospheric concentration, transport and dispersion of PAHs, weather events, 

air/plant partitioning and uptake dynamics of PAHs in the plant leaves influence their content 

in tree foliage (De Nicola et al., 2005). Plant leaves can be considered as passive air samplers 

(or biomonitors) having keen propensity for differentiating even small-scale heterogeneity in 

the levels of urban air pollution (De Nicola et al., 2011). The temporal variabilities observed 

in the total concentration of foliar PAHs (TPAHs in μg g−1 d.w.) among the four study points 

can be described in the order of: TPAHswinter (278.42±3.02–550.79±10.11 )> TPAHspostmonsoon 

(210.52±12.78–401.83±13.61)> TPAHspremonsoon (200.98±2.72–329.17±4.03) (Table 25). Air 

quality downfall as evidenced in winter months (having highest values of TPAHs) is mostly 

associated with air stagnation leading to clean, stable and tranquil atmosphere, restricted 

circulation of air masses (i.e., poor vertical mixing and horizontal dispersion) due to low 

velocity of the prevailing winds and night-time temperature inversion (Grundstrom et  al., 

2015). Non-detection of some of the HMW PAHs during winter in some sites (viz. BaP, 

DB[ah]A and IP at JDV; BaP at RBC and FLA at TGN) might be due to their reaction with the 

atmospheric oxidants under stable atmospheric stratification, generating secondary pollutants 

or polar PAHs derivatives (nitrated/oxygenated congeners: NPAHs/OPAHs) (Bandowe and 

Meusel, 2017). Percentage composition (varying between 59.01 and 87.44%) of 2-, 3- and 4-

ring PAHs, namely NAP, ACY, ACE, FLU, PHE, ANT, FLA, PYR, BaA and CHR, revealed 

their dominance during premonsoon study of the selected sites. This can be attributed to the 

conversion of above-stated PAHs into gaseous phases from particulate state in presence of high 

temperature, enabling their easy permeation into the leaf tissues (internal diffusion by gas-

phase transfer), whereas, lower levels of accumulated 5- and 6-ring PAHs may be credited to 

their photochemical degradation under the same condition (Ambade et al., 2022a) which led to 

an overall decline in TPAHs with respect to other seasons. Contrary to premonsoon, moderate 

temperature, relatively stable, dry and clear weather in postmonsoon period may be 

accountable for greater accumulation of PAHs (4.75–23.45% higher TPAHs) in Murraya 

leaves.  
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Table 25 

Seasonal variations in total and individual concentrations (g g-1 d.w.) of PAHs measured in Murraya paniculata leaves of different sites. 

 Foliar PAHs concentrations 

 JDV RBC EXM TGN 

EPA-PAHs Premonsoon Postmonsoon Winter Premonsoon Postmonsoon Winter Premonsoon Postmonsoon Winter Premonsoon Postmonsoon Winter 

NAP 15.24±2.38 19.75±0.59 27.08±0.49 20.42±2.31 21.55±1.64 24.16±1.70 43.61±3.45 45.66±1.35 39.22±1.27 9.97±1.26 13.39±0.82 14.83±2.52 

ACY nd 9.56±0.67 11.28±1.56 nd 14.17±1.33 12.30±1.79 nd 53.29±1.79 55.62±2.47 5.63±0.54 6.35±0.57 9.17±1.53 

ACE 25.32±2.29 nd 7.29±0.28 9.72±1.37 nd 11.86±0.37 nd 6.77±0.21 8.11±1.87 8.98±0.67 9.23±0.88 10.04±2.32 

FLU 7.74±1.76 nd 7.78±0.52 9.80±3.47 10.49±1.43 5.82±0.11 13.80±2.73 11.32±0.66 7.67±1.72 10.56±3.17 nd 11.74±2.43 

PHE 23.40±4.33 18.89±0.71 18.44±0.30 13.63±2.07 15.85±1.79 17.27±0.66 12.91±1.63 nd 21.32±1.57 28.62±3.77 25.86±1.77 35.57±3.36 

ANT 16.44±2.94 43.70±1.62 69.11±3.10 39.02±1.45 41.58±1.46 42.83±1.35 26.29±2.46 nd 34.56±2.99 37.84±3.08 19.51±0.75 26.45±2.86 

FLA nd 39.88±1.37 23.10±0.34 40.73±2.27 46.91±2.33 59.52±2.50 nd 57.88±2.49 70.26±3.78 44.52±4.63 47.09±2.04 nd 

PYR 7.93±2.26 32.20±0.89 51.25±2.79 41.52±3.14 55.27±2.69 63.09±2.19 59.66±2.67 nd 75.01±3.89 11.92±4.46 18.15±1.12 21.98±3.43 

BaA 48.50±3.76 nd 81.20±2.96 33.54±1.75 37.67±1.87 50.22±1.81 65.39±3.51 78.17±2.61 86.95±2.81 nd nd 29.47±2.22 

CHR 31.90±1.68 nd 48.61±1.65 50.83±2.17 50.97±2.41 52.19±2.07 29.59±3.45 58.30±0.88 64.61±3.13 nd nd 42.17±4.39 

BbF nd 14.57±1.25 11.60±1.34 nd 24.30±1.32 25.70±1.05 21.96±1.48 22.84±0.51 33.42±4.49 nd 20.95±1.18 36.44±4.15 

BkF 10.76±2.63 22.37±0.69 25.76±0.94 nd 23.81±1.82 16.46±1.35 19.12±1.97 15.48±0.68 18.36±2.23 nd 12.72±0.50 13.96±1.26 

BaP 29.47±1.99 30.92±0.69 nd 2.52±0.35 13.22±0.83 nd 2.82±0.53 4.65±0.28 9.73±0.75 3.64±0.86 11.05±1.72 11.48±1.63 

DB[ah]A 59.64±2.88 62.81±1.54 nd 16.32±1.44 8.26±0.65 9.42±0.44 31.08±2.21 36.71±1.72 13.59±1.95 23.16±3.82 8.54±0.71 2.38±0.34 

IP 22.69±3.66 17.53±0.52 nd nd 1.93±0.10 5.18±0.15 2.94±0.29 3.31±0.52 4.37±0.58 13.43±2.93 17.68±0.73 10.10±1.21 

B[ghi]P nd 3.49±0.24 6.14±0.82 18.41±1.92 nd 10.12±1.01 nd 7.45±0.47 7.99±2.04 2.71±1.08 nd 2.64±0.34 

Total PAHs 

concentration 
299.03±15.18 315.67±10.33 388.64±3.94 296.46±15.52 365.98±17.46 406.14±9.38 329.17±4.03 401.83±13.61 550.79±10.11 200.98±2.72 210.52±12.78 278.42±3.02 

 Concentration values expressed as (mean ± S.D.)
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The current findings are in line with the conclusions drawn by De Nicola et al. (2005), Prajapati 

and Tripathi (2008c), Ray et al. (2021) and Yang et al. (2017).   

 
5.3.2. Spatial variability in PAHs concentrations  

The significant variations in concentration of individual PAH congeners as well as total PAHs 

(TPAHs) were observed among the four sample locations. Fig.  23(a–c) illustrates the site-

specific leaf PAHs concentrations in the urban locations. The highest accumulation of TPAHs 

(μg g−1 d.w.) at EXM (329.17±4.03–550.79±10.11) than RBC (296.46±15.52–406.14±9.38), 

JDV (299.03±15.18–388.64±3.94) and TGN (200.98±2.72–278.42±3.02) in all the seasons 

may be primarily accredited to the huge vehicular emissions at the point of traffic intersection 

due to movement/idling of vehicles on the congested roadways. Moreover, excluding few of 

the PAHs, almost every PAHs congener was found to be present in highest proportions at EXM 

location which is supported by the availability of highest foliar dust (major carrier of PAHs) 

concentration in that location. Among the four locations, RBC and TGN were found to have 

lesser PAHs pollution burden. The spatial differences in the levels of PAHs were significantly 

affected by the type and intensity of local human impacts, commercial operations and traffic 

emissions. Therefore, the source profiles were classified in the current study through the use 

of distinctive characteristic ratios of PAHs (or molecular DRs: concentration ratios of particular 

PAHs of same molar masses and inherent properties) for minimizing uncertainties.  

The seasonal and locational variations of the PAHs levels were significant with p < 0.05 

(p=2.94 × 10–11; 0.02) and F > Fcrit (F=6.76; 2.11 and Fcrit = 1.73; 1.85) as confirmed by two-

way ANOVA.  
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Fig. 23. Locational variations in individual PAHs concentrations (µg g-1 d.w.) in Murraya 

paniculata leaves with respect to three seasons (a) winter, (b) premonsoon and (c) 

postmonsoon. 

5.3.3. Source apportionment using DRs  

PAHs analysis results of ambient air samples are compared with well-described sources at the 

sites with reported DRs for source apportionment. The estimated values of DRs (standard 

ranges of which are depicted in Table 24) analyzed for discerning the heterogeneous sources 

of PAHs pollution in the sampling sites on seasonal basis are presented in Table 26. It may be 

inferred that the seasonal variability of emission sources at the sampling areas of South Kolkata 

had not been found to be very much prominent. ΣLMW/ΣHMW and ANT/(ANT+PHE) ratios 

are usually employed to distinguish between the pyrogenic and petrogenic sources of PAHs 

(Pies et  al., 2008; Zhang et  al., 2008). As shown in Table  26, ΣLMW/ΣHMW < 1 and ANT/ 

(ANT+PHE) > 0.1 are indicative of coal, wood and biomass combustion as well as automobile 

exhausts (pyrogenic origin) emitting PAHs into the atmosphere for all the sites. Moreover, 
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FLA, PYR, BaA, CHR, BbF, BkF, BaP, IP and B[ghi]P are categorized as combustion-derived 

PAHs (Bucheli et  al., 2004; Hwang et al., 2003). Foliar concentrations (ref. Fig.  23(a–c)) of 

ACY, FLU, PHE, ANT, FLA, PYR, CHR and BkF in the sites again pointed to the release of 

PAHs from fly ash of open biomass and coal burning (Kakareka and Kukharchyk, 2003; Larsen 

and Baker, 2003; Lee et al., 2005), while, in case of TGN site, ΣLMW/ΣHMW > 1 during 

premonsoon suggested the predominance of petrogenic origin of emission. It is noteworthy that 

the presence of 4-, 5- and 6-ring PAHs including BaA, CHR, BbF, BkF, BaP, IP and B[ghi]P 

is a strong indicator of emission from petrol combustion (Dzepina et  al., 2007; Ho et  al., 2009; 

Larsen and Baker, 2003; Yunker et al., 2002). The measured DR values for FLA/(FLA+PYR), 

BaA/(BaA+CHR), BbF/BkF, FLU/(FLU+PYR) and BaP/BghiP had also demonstrated 

majorly transport-related emissions (from petrol/diesel) and presumed to be the sources for 

PAHs absorption by the leaves at the study sites. However, at RBC, effects of non-exhaust 

traffic emissions in premonsoon (BaP/BghiP < 0.6 (such as resuspension of dust particulates 

from road pavements, construction activities, tires and brakes, burning of solid fuels and street 

cafes or restaurants) and contribution from fossil fuel combustion in both pre- and post-

monsoon [FLA/(FLA+PYR)  ≈  0.4–0.5] were recognized as well (De La Torre-Roche et  al., 

2009; Katsoyiannis et  al., 2007). FLA/(FLA+PYR) > 0.5 at TGN signified PAHs outflow from 

biomass burning during premonsoon together with vehicular activities (De La Torre-Roche 

et  al., 2009). IP/(IP+BghiP) > 0.5 at JDV and TGN reflected mixed origin of PAHs liberated 

from coal or biomass burning and cooking fume emissions from chimneys of roadside 

restaurants (Chen et al., 2015b). The maximum variation of seasonal concentrations (μg g−1 

d.w.) of BaP (29.47±1.99–30.92±0.69) and DB[ah]A (59.64±2.88–62.81±1.54) at JDV 

confirmed the sources of oil-based cooking (grilling, smoking, frying, barbecuing and roasting, 

etc.) in several wayside food stalls or commercial kitchens, corroborating the above inference. 

Observed concentrations of DB[ah]A at EXM (13.59±1.95–36.71±1.72 μg  g−1 d.w.) and TGN 

(2.38±0.34–23.16±3.82  μg g−1 d.w.) also represented the influences of cooking processes on 

the outdoor environment. Mainly, at RBC and EXM with IP/(IP+BghiP) lying between 0.2 and 

0.5, petroleum-related PAHs pollution was observed to be widespread. Prevalence of lighter 

and heavier PAHs (NAP, ACY, FLU, PHE, PYR, BaA, CHR and BghiP) in high and low levels 

in every site is a pointer toward combustion of petroleum products and exposure to cooking oil 

smoke (Masih et al., 2012). Occurrence of ACE in the leaf samples due to coal combustion and 

diesel exhausts was recorded, but in low concentration (6.77±0.21–25.32±2.29 μg g−1 d.w.) 

owing to its short half-life and high susceptibility for biodegradation (Chanda and Mehendale, 

2005).
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Table 26  

Molecular DRs with their obtained values (as mean ± S.D.) for identification of foliar PAHs origin in the sampling sites.    

                                   DRs for the plant leaves of urban areas 

PAHs ratio  Seasons 
JDV RBC EXM TGN 

Value Range Source Value Range Source Value Range Source Value Range Source 

LMW/HMW 

Premonsoon 0.42±0.03 <1 Pyrogenic 0.45±0.01 <1 Pyrogenic 0.42±0.01 <1 Pyrogenic 1.02±0.26 >1 Petrogenic 

Postmonsoon 0.41±0.01 <1 Pyrogenic 0.40±0.01 <1 Pyrogenic 0.41±0.00 <1 Pyrogenic 0.55±0.00 <1 Pyrogenic 

Winter 0.57±0.02 <1 Pyrogenic 0.39±0.01 <1 Pyrogenic 0.43±0.01 <1 Pyrogenic 0.63±0.01 <1 Pyrogenic 

ANT/(ANT + PHE) 

Premonsoon 0.41±0.01 >0.1 Pyrogenic 0.74±0.02 >0.1 Pyrogenic 0.67±0.01 >0.1 Pyrogenic 0.57±0.01 >0.1 Pyrogenic 

Postmonsoon 0.70±0.00 >0.1 Pyrogenic 0.72±0.03 >0.1 Pyrogenic ⎯ ⎯ ⎯ 0.43±0.01 >0.1 Pyrogenic 

Winter 0.79±0.01 >0.1 Pyrogenic 0.71±0.01 >0.1 Pyrogenic 0.62±0.01 >0.1 Pyrogenic 0.43±0.05 >0.1 Pyrogenic 

FLA/(FLA + PYR) 

Premonsoon ⎯ ⎯ ⎯ 0.50±0.01 0.4-0.5 
Fossil fuel 

combustion 
⎯ ⎯ ⎯ 0.79±0.06 >0.5 

Grass, wood 

burning and 

diesel 

emission Postmonsoon 0.55±0.01 >0.5 
Diesel 

emission 
0.50±0.03 0.4-0.5 

Fossil fuel 

combustion 
⎯ ⎯ ⎯ 0.72±0.00 >0.5 

Winter 0.31±0.01 <0.5 
Petrol 

emission 
0.49±0.01 <0.5 

Petrol 

emission 
0.48±0.03 <0.5 

Petrol 

emission 
⎯ ⎯ ⎯ 

BaA/(BaA + CHR) 

Premonsoon 0.60±0.01 >0.35 

Vehicular 

emission or 

combustion 

0.40±0.00 >0.35 

Vehicular 

emission or 

combustion 

0.69±0.04 >0.35 

Vehicular 

emission or 

combustion 

⎯ ⎯ ⎯ 

Postmonsoon ⎯ ⎯ ⎯ 0.43±0.01 >0.35 0.57±0.01 >0.35 ⎯ ⎯ ⎯ 

Winter 0.63±0.02 >0.35 

Vehicular 

emission or 

combustion 

0.49±0.02 >0.35 0.57±0.02 >0.35 0.41±0.01 >0.35 

Vehicular 

emission or 

combustion 

BbF/BkF 

Premonsoon ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ 1.15±0.17 >0.5 
Diesel 

emission 
⎯ ⎯ 

⎯ 

Postmonsoon 0.65±0.04 >0.5 
Diesel 

emission 
1.02±0.02 >0.5 

Diesel 

emission 
1.48±0.04 >0.5 

Diesel 

emission 
1.65±0.02 >0.5 

Diesel 

emission 

Winter 0.45±0.04 na na 1.56±0.17 >0.5 
Diesel 

emission 
1.82±0.03 >0.5 

Diesel 

emission 
2.61±0.06 >0.5 

Diesel 

emission  

FLU/(FLU + PYR) Premonsoon 0.49±0.01 <0.5 
Petrol 

emission 
0.19±0.04 <0.5 

Petrol 

emission 
0.19±0.02 <0.5 

Petrol 

emission 
0.47±0.18 <0.5 

Petrol 

emission 
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Postmonsoon ⎯ ⎯ ⎯ 0.16±0.01 <0.5 
Petrol 

emission 
⎯ ⎯ ⎯ ⎯ ⎯ ⎯ 

Winter 0.13±0.01 <0.5 
Petrol 

emission 
0.08±0.00 <0.5 

Petrol 

emission 
0.09±0.02 <0.5 

Petrol 

emission 
0.35±0.08 <0.5 

Petrol 

emission 

BaP/BghiP 

Premonsoon ⎯ ⎯ ⎯ 0.14±0.03 <0.6 
Non-traffic 

emission 
⎯ ⎯ ⎯ 1.34±0.54 >0.6 

Road traffic 

emission 

Postmonsoon 8.86±0.88 >0.6 
Road traffic 

emission  
⎯ ⎯ ⎯ 0.62±0.07 >0.6 

Road traffic 

emission 
⎯ ⎯ 

⎯ 

Winter ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ 1.22±0.63 >0.6 
Road traffic 

emission 
4.35±0.05 >0.6 

Road traffic 

emission 

IP/(IP + BghiP) 

Premonsoon ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ 0.83±0.01 >0.5 

Biomass 

burning, coal 

combustion 

and eateries 

Postmonsoon 0.83±0.01 >0.5 

Biomass 

burning, 

coal 

combustion 

and eateries 

⎯ ⎯ ⎯ 0.31±0.01 0.2-0.5 
Combustion 

of 

petroleum 

fuel 

⎯ ⎯ ⎯ 

Winter ⎯ ⎯ ⎯ 0.34±0.01 0.2-0.5 

Combustion 

of 

petroleum 

fuel  

0.35±0.11 0.2-0.5 0.79±0.04 >0.5 

Biomass 

burning, coal 

combustion 

and eateries 

Range and sources referred from: Akyuz and Cabuk, 2010; Katsoyiannis et al., 2007; Park et al., 2002; Pies et al., 2008; Ravindra et al., 2008a; Ravindra et al., 2008b; Shukla et al., 2022; 

Yunker et al., 2002; Zhang et al., 2008.  

Note: ‘⎯’ stands for paucity of data due to non-detection of specific PAHs of the binary ratios during concentration analysis.  

‘na’: Not available 
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5.4. Conclusion 

The current work provides a detailed evaluation of PAHs concentrations with respect to 

seasonal distribution in air gathered from four distinct sample sites along the roads of South 

Kolkata in India. Plant uptake of pollutants primarily depends on the fluctuations in 

environmental, ecological and meteorological factors. Leaf PAHs concentrations 

(200.98±2.72–550.79±10.11 μg g−1 d.w.) and spatial/temporal distribution pattern noticed in 

different sites seemed to be directly dependent on site-specific characteristics or sources. Based 

on seasonality, extent of leaf contamination by PAHs was extreme in winter followed by 

postmonsoon and then premonsoon, and the fate of pollutants being controlled by air 

movement, temperature, partition coefficient and boundary layer or mixing height. The isomer 

pair ratios (DRs) exemplified the substantial effects of pyrogenic sources of PAHs in all the 

sites (e.g., ΣLMW/ΣHMW0 < 1 and ANT/(ANT+PHE) > 0.1), and vehicular pollution and 

cooking exhausts were found to be the leading causes of deteriorating air quality of South 

Kolkata apart from combustion of solid/liquid fuels and biomass. Atmospheric condition-

mediated degradation of PAHs affects proper identification/analysis of polluting sources; 

hence, multiple DRs have been worked upon to decipher the type of emission. Continuous 

monitoring (round the year) of PAHs would offer better perception into the degree of pollution 

and would help us to devise appropriate mitigation strategies. Thus, green belting in the vicinity 

of severely polluted areas using biomonitor plants such as M. paniculata is strongly advised 

for curbing the hazardous effects of air pollution and reinforcing sustainable practices for 

ecosystem vitality, human health and well-being. In line with the above, screening of local 

abundantly available different plant bioindicator species of urban roadsides of South Kolkata 

was undertaken in Chapter 6 based on their performance evaluation for exploitation of their 

potential for urban greenery planning.  
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Chapter 6 

6. Methodology V 

Assessment of different urban plant 

bioindicators for urban greenery planning  

 

6.1. Background 

Deteriorating air quality and increased emission rates of greenhouse gases with other criteria 

air pollutants in India must be tackled on war-footing to prevent the disease burden for a greener 

and cleaner future. Findings of continuous studies on sustainable practices by the researchers 

(at both government and institutional levels) for curbing air pollution have compelled the 

government bodies (like Central Pollution Control Board (CPCB), India) to establish a number 

of monitoring stations in different states of India through the National Air Monitoring 

Programme (NAMP) based on environmental policies and legislative actions (Kaur and 

Pandey, 2021; NAMP, 2023). Among the major airborne pollutants, particulate matter (PM) 

with size specification large (aerodynamic diameter, AD: 10−100 m), coarse (AD: 2.5−10 

m) and fine (AD: 2.5 m)) and polycyclic aromatic hydrocarbons (PAHs) including low 

molecular weight PAHs (LMW PAHs) and high molecular weight PAHs (HMW PAHs) 

critically affect human health or any other life form in the ecosphere (Delgado-Saborit et al., 

2011; Venkatesan, 2016; WHO, 2006). Overshoot in the anthropogenic emissions, being 

responsible for a sharp increase in pollutants’ generation, has already caused irreversible 

destruction to the natural environment (Ambade et al., 2022b). Remediation efforts must be 

identified by the scientific society to primarily address the life-threatening challenges posed by 

the carcinogenic or mutagenic impacts of PAHs and PM with their incidences of prevalence. 

Health risk evaluation of gaseous and particle−bound PAHs (in terms of benzo[a]pyrene 

equivalents, incremental lifetime cancer risks (ILCR) and lifetime average daily dose (LADD)) 
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has indicated that the human exposure increases the lifetime probability of developing cancers 

in individuals (Morakinyo et al., 2020; Shukla et al., 2022).   

Traditional monitoring methods though have provision for discerning location−based 

real−time air quality trends in relation to actual concentrations of pollutants, they only measure 

the current concentration of the pollutants in the atmosphere, but never give any idea about the 

history of long-term accumulation of atmospheric pollutants. Such methods have limited 

capacity depending on the suction abilities of the installed air samplers that have to be shifted 

from one site to other (consuming more time) in order to have a greater picture of air quality 

on a regional basis with spatial gradients. They also entail huge expenses for installation and 

maintenance of facilities at sample locations as well as for manpower deployment for security 

and continuous monitoring of machineries (Li et al., 2023). From environmental perspective, 

urban green belts opened out as a fundamental, sustainable and lucrative solution to ambient 

air pollution control with greater spatio−temporal coverage (Han et al., 2022b; Liu et al., 2023; 

Wu et al., 2021). Multidimensional studies, already carried out with plant leaves, involving 

theoretical, experimental and computational or simulation approaches, evolved explicit 

perceptions of phytomonitoring and remediation of PM and PAHs along with the proper 

understanding of plant−air partitioning (Borgulat and Borgulat, 2023; Pleijel et al., 2022; 

Redondo−Bermudez et al., 2021; Xie et al., 2022). Therefore, the growing importance of plant 

foliage in removing and uptaking pollutants has now become apparent relating to their 

epidermal formations (such as hairy layers, deep grooves, ridges, waxy cuticles, stomatal 

abundance), flexible characteristics, macromorphology and larger porous contact surface 

favourable for adherence, assimilation, internalization and distribution of pollutants in vegetal 

tissues (De Nicola et al., 2017; Li et al., 2021). Research studies conducted at laboratory scale 

with optimization trials must also be validated with real−time environmental ambience loaded 

with manmade interventions replenishing abominably huge quantities of pollutants 

continuously into the atmosphere (Ghafari et al., 2020). Thus, it is essential to classify the point, 

non-point and mobile sources of emission for anticipating the nature and characteristics of 

pollutants contributing to transboundary or local air pollution (Thunis et al., 2019).  

 The interactions of plants with atmospheric pollutants mediate direct or indirect 

changes in leaf variables (e.g., chlorophyll, ascorbic acid, sugar, proline, moisture, pH, 

membrane permeability, wax, trichomes, surface roughness, epidermal cells, stomatal type, 

etc.) and phenotype which are the expressions of dynamic integrated mechanisms of plant 

defense against abiotic stress (Anand et al., 2022; Rai, 2016). Since, environmental conditions 



171 
 

have profound effects on leaf parameters, analysis of such quantitative traits as biomarkers 

would yield valuable information on air quality. In relevance with the fact, local plant species 

growing in overwhelming numbers should have prime weightage for environmental 

purification through biomonitoring in comparison to the meagrely grown plants (Hajizadeh et 

al., 2019). In addition to parameter estimation for determining the combinations of plant 

responsive traits, assessment of species based on air pollution tolerance index (APTI) and 

anticipated performance index (API) ranking approaches could also assist in green belting 

configurations in order to improve the filtering effects of tolerant/biomonitor plants (Banerjee 

et al., 2019; Karmakar and Padhy, 2019). It is worth mentioning that the incorporation of some 

pollution sensitive plants in green landscaping fulfils the role of indicator species.   

 Kolkata, one of the Indian megacities most vulnerable to pollution-induced 

climatological hazards, has been facing tremendous unplanned growth due to overpopulation 

for the past few decades, causing unprecedented increase in the levels of air pollution. As a 

result of which, a number of respiratory airway disorders spiked among 50% of young children 

(https://timesofindia.indiatimes.com/city/kolkata/50-of-city-kids-have-airway-disorder-docs-

blame-pollution/articleshow/104956414.cms). Human suffering from respiratory illness 

(affecting ⁓70% of the citizens) and reduced life expectancy (by 6.1 years) is the biggest 

scourge of the city (https://timesofindia.indiatimes.com/city/kolkata/breathing-citys-toxic-air-

is-like-smoking-doctors/articleshow/63423970.cms) owing to the huge presence of aerosols. 

Also, there is a shortage of studies in Kolkata exploring how the mass of PM of discrete size 

distribution varies differently on plant leaf surfaces or in cuticular waxes and identifying 

structural, biochemical and physiological traits at the leaf level to predict the response of 

diverse plant types towards atmospheric PM and PAHs for their long-term performance in 

urban plantations. Research on risk factors of accumulated plant leaf PAHs is also inchoate and 

needs to be taken up in right earnest. Hence, the current study aimed at (1) estimating the mass 

fractions of surface−adsorbed and wax−retained PM (large and coarse) deposited on the leaves 

of eight dominant plant species (trees and shrubs) from the street canyons of Patuli in southeast 

Kolkata, India, to evaluate their PM retention capacities and quantifying the relationship of leaf 

waxes, laminar structure and surface micromorphology with particulate capture, (2) measuring 

the concentrations of foliar PAHs with particular focus on PAHs distribution percentage and 

profiling based upon ring structure with a view to studying the bioaccumulation pattern for the 

selected plant species highlighting the significance of specific leaf area (SLA) on total PAHs 

content, (3) detecting the nature of PAHs (low or high temperature−derived) at the study area 
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through the application of total index, (4) carrying out the toxicity risk analysis of foliar PAHs 

with reference to the benzo[a]pyrene equivalent concentrations and carcinogenic and 

mutagenic potential thereof and (5) investigating the feasibility of plant species by examining 

different plant leaf variables (biomarkers of air quality) with APTI and API screening for urban 

landscaping. The concept is pictorially elaborated in Fig. 24 below. 

 

Fig. 24. Schematic view of biomonitoring of airborne PM and PAHs by plant species. 

6.2. Materials and methods   

6.2.1. Location of sampling site, selection of plant species, sample collection and 

preservation 

In the proposed work, Patuli (Baishnabghata Patuli Township (BPT): 22.4710⁰N, 88.3924⁰E) 

was chosen as the study area which is situated on the southern part of East Kolkata in the state 
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of West Bengal, India. It is well-connected to the Eastern Metropolitan (EM) Bypass (State 

Highway SH 1) which has very high traffic load and related commercial activities. The BPT 

site is under the surveillance of a semi-automatic ambient air quality monitoring station 

(SAAQMS) of West Bengal Pollution Control Board (WBPCB), which has prompted us to 

select the sampling points (near Benubana Chhaya: water park and garden, Patuli overbridge 

and Metropolis shopping mall) within such area due to the possibility of high load of urban 

pollution. The location of the study area along with a route map has been depicted in Fig. 25(a) 

and Fig. 25(b) highlighting the sampling spots which are adjacent to and surrounded by SH 1 

(EM Bypass), super speciality hospitals, modern housing complexes, many big commercial 

outlets and metro train line. Moreover, air quality data given by WBPCB for three criteria 

pollutants, PM10, SO2 and NO2, across the site throughout the sampling time have been 

presented in Table 27 to recognize the aggravated air quality of the selected sites in Kolkata 

metro city.   

 

 

 

(a) 
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(b) 

Fig. 25. (a) Location of the study area (Baishnabghata Patuli Township, BPT) within 

Kolkata, West Bengal, India and (b) route map view of sampling at Patuli.  
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Table 27 

Air quality information of BPT area based on the data of WBPCB monitoring station during the 

sampling period (http://emis.wbpcb.gov.in/airquality/filter_for_aqi.jsp). 

   Ambient air quality monitoring data  

Month 
Sampling 

date 
 

NO2 (g 

m−3) 

SO2 (g 

m−3) 

PM10 (g 

m−3) 

Air quality index with 

respect to PM10 (Range) 

Air quality 

status 

  

Permissible 

limit (24 h 

average) 

80 80 100   

January 15/01/2021  49 9 226 184 (101−200) Moderate 

 18/01/2021  49 9 274 224 (201−300) Poor 

 24/01/2021  48 10 276 226 (201−300) Poor 

February 02/02/2021  52 10 267 217 (201−300) Poor 

 11/02/2021  45 9 172 148 (101−200) Moderate 

 17/02/2021  51 9 239 193 (101−200) Moderate 

March 03/03/2021  51 9 188 159 (101−200) Moderate 

 13/03/2021  47 9 205 170 (101−200) Moderate 

 19/03/2021  52 10 244 196 (101−200) Moderate 

 

The most common roadside plants of varied life forms (shrubs and trees), nature (evergreen 

and deciduous) and leaf types, such as Nerium oleander (Local name: Rakta Karabi, Family: 

Apocynaceae), Tabernaemontana divaricata (Local name: Tagar, Family: Apocynaceae), 

Calotropis gigantea (Local name: Akanda, Family: Apocynaceae), Bauhinia acuminata (Local 

name: Kanchan, Family: Fabaceae), Polyalthia longifolia (Local name: Debdaru, Family: 

Annonaceae), Alstonia scholaris (Local name: Chhatim, Family: Apocynaceae), Neolamarckia 

cadamba (Local name: Kadam, Family: Rubiaceae) and Plumeria alba (Local name: Champa, 

Family: Apocynaceae) were selected to examine the potential to act as vegetation barriers (with 

diversifying plant communities) for mitigation of air pollution (Fig. 26). Hence, in accordance 

with the current study, fully expanded and matured leaves were sampled using stainless steel 

garden scissors with proper precaution, in the peak hours at morning, from the road-facing 

branches of different individual plants of same species as available within 3 m height from 

ground level in the selected spots during January-March, 2021. The collected samples 

(including the replicates of each species) were then kept in polyethylene sample bags and 

directly taken to the laboratory for further investigation (Yang et al., 2017). The plant leaves 

were processed to fine powder in a mortar after rinsing with deionized water (for the removal 
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of extraneous materials (biological or non-biological) from foliar surfaces) and lyophilization 

and ultimately stored for leaf tissue analysis (De Nicola et al., 2016; Foan and Simon, 2012). 

Fresh leaves were also utilized for some parametric tests, like measurements of PM, RWC, 

membrane stability index and electrolyte leakage as well as for morphological examination.   

   

   

   

C. gigantea B. acuminata 

N. oleander T. divaricata 

P. longifolia A. scholaris  
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Fig. 26. Photographs of selected terrestrial urban plant species for the study. 

 

6.2.2. Quantitative estimation of particulate matter (PM) retained on plant foliage and leaf 

waxes 

Assessment of the contents of PM deposited on plant leaves (surface PM or sPM) and that 

entrapped in leaf waxes (wax PM or wPM) was accomplished in accordance with the method 

elaborated by Dzierzanowski et al. (2011). Leaf samples were kept in Erlenmeyer flasks and 

thoroughly washed with 250 mL of deionized water aided by agitation for 1 min to wash out 

the surface-adsorbed particulates. For eliminating particles of size >100 m, the washed-out 

solutions were first filtered through a metal sieve. Sequential filtration was also carried out 

afterwards using pre-weighed Whatman Grade 1 filter paper to collect large fraction of PM 

(ranging between 10-100 m) and Whatman Grade 42 filter paper for the retention of coarse 

PM (2.5-10 m) by the help of a filtration unit with porcelain Buchner funnel fitted to a portable 

oil-free vacuum pump (Rivotek). Filters were again oven-dried post-filtration at 60-70 ⁰C for 

about 30 min and mass of each PM fraction was noted. 

 The plant leaves, already washed with water, were immersed in 150 mL of chloroform 

and shaken for 40 s to extract the wax-embedded PM for its quantification through the same 

filtration procedure as stated above. Total PM load was defined as the summation of sPM and 

wPM (i.e. summation of total large PM = large (sPM + wPM) and total coarse PM = coarse 

(sPM + wPM)). The resulting extracts containing dissolved waxes in chloroform were 

transferred to different pre-weighed vials, dried for solvent evaporation and thereafter 

accurately weighed as leaf waxes. Total areas of all the leaf samples were calculated using 

graph papers (Prajapati and Tripathi, 2008a), which were then utilized to express the content of 

N. cadamba P. alba 
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PM deposited and waxes in g cm-2 of leaf area. Specific leaf areas (SLAs) were also evaluated 

with the estimated values of leaf area (A, cm2) and leaf dry weight (DW, g) (Eq. 14): 

𝑆𝐿𝐴 (𝑐𝑚2𝑔−1) =
𝐴

𝐷𝑊
                                                           (14)                                                                          

6.2.3. Analysis of leaf core attributes to discern the biomonitoring potential of the selected 

plant species 

6.2.3.1. Total chlorophyll, carotenoid and ascorbic acid contents 

Leaf chlorophyll (Chl) and carotenoid concentrations were determined by classical 

spectrophotometric method, wherein, 1 g sample was extracted with 20 mL of acetone:water 

mixture (80:20, v/v) under stirring for 15 min at ambient temperature followed by extract 

filtration and refrigerated storage (Sudhakar et al., 2016). The extraction was repeated five 

times until complete removal of pigments from the leaf matrix was anticipated. Measurement 

of the filtrates was carried out with a LAMBDA 365 ultraviolet-visible (UV-Vis) 

spectrophotometer (PerkinElmer, USA) at 663 (for Chl a), 645 (for Chl b) and 470 (for 

carotenoids) nm with respect to a blank sample of 80% acetone. Chl and carotenoid contents 

were quantified as per the formulae (based on specific absorption coefficients) (Eqs. 15-18) 

proposed by Arnon (1949) and Lichtenthaler and Buschmann (2001): 

 𝐶ℎ𝑙 𝑎 (𝑚𝑔 𝑔−1) =
(12.7×𝐴663−2.69×𝐴645)×𝑉

1000×𝑊
                                   (15) 

 𝐶ℎ𝑙 𝑏 (𝑚𝑔 𝑔−1) =
(22.9×𝐴645−4.68×𝐴663)×𝑉

1000×𝑊
                                   (16) 

 𝐶ℎ𝑙𝑇 (𝑚𝑔 𝑔−1) =
(20.2×𝐴645+8.02×𝐴663)×𝑉

1000×𝑊
                                    (17) 

          𝐶𝑋+𝐶(𝑚𝑔 𝑔−1) =
(1000×𝐴470−1.82×𝐶ℎ𝑙 𝑎−85.02×𝐶ℎ𝑙 𝑏)×𝑉

198×1000×𝑊
                    (18) 

where, Chl a, Chl b, ChlT and CX+C = chlorophyll a, chlorophyll b, total chlorophyll and 

carotenoid contents, A663, A645 and A470 = absorbances at 663, 645 and 470 nm, V = total 

volume of extract (in mL) and W = weight of leaf (g). 

Plant leaves were analysed for ascorbic acid (AA) content using the standard 2,6-

dichlorophenol indophenol (DCPIP, AR/ACS grade, assay: 98%; Loba Chemie, India) titration 

method (Hughes, 1983; Roy et al., 2020). AA was extracted from the plant leaves (2 g) in 4% 

oxalic acid (ACS reagent, 99%; Merck, Darmstadt, Germany) solution of 100 mL (titrating 
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medium) and the mixture was stirred for 30 min. Leaf extracts were then centrifuged (Remi 

laboratory centrifuge R-8M Plus) at 2800 rpm for 10 min. Subsequently, 5 mL of the 

supernatant and AA (extra pure 99%; Loba Chemie, India) working standard were transferred 

into two separate conical flasks containing 10 mL of 4% oxalic acid and titrated against the 

dye till the appearance of pink colour (endpoint). AA contents were calculated using the 

expression (Eq. 19) as follows (Roy et al., 2020):  

𝐴𝐴 (𝑚𝑔 𝑔−1) =
0.5 (𝑚𝑔)×𝑉2(𝑚𝐿)×100(𝑚𝐿)

𝑉1(𝑚𝐿)×5 (𝑚𝐿)×𝑆𝑎𝑚𝑝𝑙𝑒𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
                                    (19) 

where, V1 = Volume of dye consumed for the working standard and V2 = Volume of dye 

consumed for the sample.  

6.2.3.2. Relative water content and foliar pH 

Appropriate measurement of relative water content (RWC) of sampled leaf tissues was 

performed by the following mathematical expression (Eq. 20) (Pathak et al., 2011) considering 

leaf fresh weight (FW), turgid weight (TW acquired after water saturation of the leaves kept 

overnight in submerged condition) and dry weight (DW obtained after drying of leaves in hot 

air oven at 70-80 ⁰C): 

𝑅𝑊𝐶 (%) =
(𝐹𝑊−𝐷𝑊)

(𝑇𝑊−𝐷𝑊)
× 100                                                                  (20) 

 pH of the filtered leaf extracts was monitored using a LT-23 digital pH meter 

(Labtronics, India) calibrated with standard buffer capsules of pH 4 and 9, after 

homogenization of 2 g of sample in 40 mL of double distilled water (Zhang et al., 2016). 

6.2.3.3. Membrane stability index and electrolyte leakage 

Fresh plant leaves of each species were cut into small circular discs which were then immersed 

in 20 mL of deionized water-filled glass beakers and incubated for 2-3 h at room temperature. 

Initial electrical conductivity (EC1) of the solution was measured with a benchtop digital 

conductivity meter (Labtronics, Model: LT-23). The glass beakers were placed in boiling water 

bath for 15 min and again cooled down to room temperature in order to record the final 

electrical conductivity values (EC2). The membrane stability index (MSI in %) (Eq. 21) and 

electrolyte leakage (EL in %) (Eq. 22) were evaluated in terms of conductance due to ion 

leakage from the foliar tissues applying the below-mentioned formulae (Mukherjee et al., 2020; 

Singh et al., 2007):  
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𝑀𝑆𝐼 (%) = (𝐸𝐶2 −
𝐸𝐶1

𝐸𝐶2
) × 100                                               (21) 

𝐸𝐿 (%) = (
𝐸𝐶1

𝐸𝐶2
) × 100                                                             (22) 

6.2.3.4. Leaf carbon content 

Carbon content of plant leaves was quantitated by loss on ignition method which is a simple, 

rapid and cost-effective technique widely employed for larger sample sizes (Dean, 1974; Paull 

et al., 2021). Initially, the leaves were oven-dried at 70-80 ⁰C for 48 h and consequently, 1 g of 

dried sample was subjected to the process of dry ashing at 550 ⁰C temperature for 3 h using a 

muffle furnace (Baxter et al., 2014). Content of leaf carbon was then obtained with Eq. 23: 

𝐿𝑂𝐼 =
𝐷𝑊−𝐴𝑊

𝐷𝑊
× 100                                                                (23) 

where, LOI = loss on ignition (%), DW = dry weight of sample (g) and AW = ash weight of 

sample (g). 

6.2.3.5. Protein, proline and total soluble sugar contents 

Quantification of proteins in plant leaves was carried out using a colorimetric assay, i.e., 

Bradford method (Bradford, 1976). Primarily, leaf protein extracts were obtained after grinding 

of dried foliar tissues (2 g for each extraction) in 5-10 mL of extraction buffer (STET lysis 

buffer; SRL, India) with mortar pestle accompanied by centrifugation. For analysing the 

protein content of all the leaf samples, 5 mL of Bradford reagent (SRL, India) was added to 0.1 

mL of each extract in separate test tubes, mixed thoroughly and incubated for 5-10 min. 

Absorbances of the solutions were then recorded at 595 nm by a UV/Vis spectrophotometer 

(PerkinElmer, USA; L365) with reference to a reagent blank (composed of 0.1 mL extraction 

buffer and 5 mL Bradford reagent). Protein concentrations were thus determined against a 

calibration curve of commercial bovine serum albumin (BSA, assay: 98%; SRL, India) 

prepared by a series of standards diluted from the BSA stock of 2 mg mL−1 in extraction buffer 

and computed on a dry weight basis in mg g−1. 

 Proline content of plant leaves was assessed according to the protocol proposed by 

Bates et al. (1973) using ninhydrin reagent. Leaf tissues (1 g) were first macerated in an 

aqueous solution (3% w/v) of sulfosalicylic acid (extrapure, 99%; SRL, India) (20 mL). After 

homogenization, tissue homogenates were centrifuged at 2800 rpm for 10 min. The 

supernatants were collected thereafter in glass vials for analysis, wherein, 2 mL of ninhydrin 
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reagent (extrapure AR/ACS grade, 99%; SRL, India) (prepared by dissolving 1.25 g in a 

solution of glacial acetic acid (ACS reagent, 99.7%; Merck, Darmstadt, Germany) (30 mL), 

deionized water (15 mL) and 85% ortho-phosphoric acid (extrapure, assay: 85%; SRL, India) 

(5 mL) (6:3:1) (Ncube et al., 2013)) and 2 mL of glacial acetic acid were added to different test 

tubes containing 2 mL of extract. The sample tubes with mixture were kept in boiling water 

bath for 1 h and 4 mL of toluene was then added to each tube after cooling them down to room 

temperature. Upon vigorous mixing, the organic (toluene or chromophore) layer was pipetted 

out and transferred to glass cuvettes for absorbance reading at 520 nm as against a sample blank 

with only toluene. A standard curve (of pure proline (99% by assay; SRL, India) with initial 

stock of 0.1 mg mL−1) was used for calculating the unknown concentrations of proline in the 

test samples in mg g−1 DW of leaves. 

 To isolate and quantify total soluble sugars, ground foliar tissues (1.5 g) were subjected 

to sequential extractions (three times for 5 min each) using 15 mL of hot ethanol (80%). The 

clear extracts were recovered after centrifugation and 2 mL aliquot of the extracts transferred 

in each test tube was mixed with 5 mL of 5% (w/v) zinc sulphate (pure, 99%; SRL, India) and 

4.7 mL of 0.3 (N) barium hydroxide (pure, 98%; SRL, India) solutions. The mixtures were 

vigorously shaken and again centrifuged for 10 min at 2800 rpm. 4 mL of anthrone reagent 

(extrapure AR, 98%; SRL, India) solution (of standard composition ⎯ 2 g dissolved in 1 L of 

concentrated sulphuric acid) was then added to 0.5 mL aliquot of the collected supernatant in 

glass tubes and heated to 90-100 ⁰C for 10 min. The resulting solutions were allowed to cool 

down and consequently analysed spectrophotometrically at 630 nm in respect of a blank (1 mL 

distilled water and 5 mL reagent) (Sarabi and Arjmand-Ghajur, 2021; Yemm and Willis, 1954). 

Quantitation of total soluble sugars was performed based on a standard curve of varying 

concentrations of glucose (extrapure AR/ACS; SRL, India) made from the stock of 0.2 mg 

mL−1 and expressed in mg g−1 DW of leaves.    

6.2.4. Air pollution tolerance index (APTI) 

Plants’ inherent ability to combat air pollution was examined through the estimation of APTI 

based on the formula of Singh and Rao (1983) and Singh et al. (1991) involving biochemical 

and physiological markers, such as Chl, AA, RWC and pH, as indicated and explained in Eq. 

3 of Chapter 1.  
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6.2.5. Anticipated performance index (API) 

Feasibility of plant species for green belting to help in ecological restoration was assessed by 

API which particularly depends on several biological, biochemical and socioeconomic 

characteristics of plants including APTI, type of plant and growth habit, arrangement of plant 

canopy, laminar structure and economic value (Pandey et al., 2015a, 2015b; Prajapati and 

Tripathi, 2008b). API is based on a grading system where each plant is assigned with a grade 

(+) / (−) owing to its traits, totalling up to 16 positive points and leading to a percentage 

evaluation (% score) as given by the following formula (Eq. 24):  

% 𝑆𝑐𝑜𝑟𝑒 =
𝑇𝑜𝑡𝑎𝑙 𝑔𝑟𝑎𝑑𝑒𝑠 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑡 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑔𝑟𝑎𝑑𝑒𝑠 𝑓𝑜𝑟 𝑎𝑛𝑦 𝑝𝑙𝑎𝑛𝑡 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 (16)
× 100                                    (24) 

API values were determined for all the plants corresponding to their respective % score, to 

finally ensure their category for utilization in urban landscaping.  

6.2.6. Investigation of leaf surface micromorphology 

The adaxial and abaxial surfaces of plant leaves were studied with the help of a scanning 

electron microscope (SEM, Hitachi S-3400 N) for minute observations of leaf surface 

microstructures and epidermal characteristics along with PM deposition. The fresh leaves were 

first sized into pieces, not more than 3−5 mm2, and then placed into the solution of phosphate 

buffer (molecular biology grade; SRL, India) for 2−3 min. After buffer wash, leaf samples were 

fixed in methanol for 10 min and dehydrated with graded alcohol (ethanol: 30, 50, 70, 80, 90, 

100% followed by t-butanol: 70, 80, 90, 100%) solutions maintaining 15 min per change 

(Ickert-Bond et al., 2018; Kim, 2020; Yuan et al., 2020). All the specimens were air-dried and 

kept under desiccation for a dry environment. The dried samples were mounted on specimen 

stubs using double-sided carbon adhesive tape and gold coated in a sputter coater. The SEM 

images (with magnification range of 35X-3000X) were finally acquired under high vacuum at 

an accelerating voltage of 15 kV. 

6.2.7. PAHs determination in plant foliage 

Prior to analysis, the process of Soxhlet extraction was employed, where 120 mL of toluene 

was used to extract PAHs from plant leaves (10 g for each sample) for 6 h and the specific 

fractions of PAHs were separated using silica gel (high purity grade, 100-200 mesh; Merck, 

Darmstadt, Germany) column as previously reported in Mukhopadhyay et al. (2023). The 
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collected fractions were almost concentrated to dryness via rotary evaporation (Rotavapor R−3, 

Buchi) and solvent-exchanged to analytical grade methanol for high performance liquid 

chromatographic (HPLC) analysis. Concentrations of 16 priority USEPA-PAHs (naphthalene 

(NAP), acenaphthylene (ACY), acenaphthene (ACE), fluorene (FLU), phenanthrene (PHE), 

anthracene (ANT), fluoranthene (FLA), pyrene (PYR), benzo[a]anthracene (BaA), chrysene 

(CHR), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), 

dibenzo[a,h]anthracene (DB[ah]A), indeno[1,2,3-cd]pyrene (IP) and benzo[g,h,i]perylene 

(B[ghi]P)) were measured with HPLC-UV (Waters, USA) detection (2489 UV/Vis detector) 

method through the use of a certified standard (Sigma-Aldrich, United States) at 254 nm in 

gradient elution mode (with run time of 37 min, overall flow rate 1.5 mL min−1 and 20 L 

sample injection) using organic (acetonitrile) and aqueous (water) mobile phases. Based on the 

non-polar nature of analytes, Waters PAH C18 column (length: 250 mm; inner diameter: 4.6 

mm; particle size: 5 m) was used in the analysis (separation mode: reversed phase). Validation 

of the analytical method for PAHs quantification was performed in the context of recovery 

(78−99%), limit of detection (LOD: 0.001−0.003 g g−1) and limit of quantification (LOQ: 

0.03−0.09 g g−1). The chromatographic test conditions followed for analysing foliar PAHs 

and the validity measurements through laboratory level quality assurance/control program were 

elaborated in an earlier work (Mukhopadhyay et al., 2023).   

6.2.8. Risk factor assessment 

Risks associated to PAHs were evaluated by means of carcinogenic and mutagenic equivalent 

concentrations (BaPTEQ and BaPMEQ in g g-1 respectively) relative to BaP (which is regarded 

as an indicator of carcinogenic PAHs). Individual toxicity (i.e. carcinogenicity and 

mutagenicity) of each PAH congener was calculated by multiplying the measured foliar 

concentration of every PAH compound (PAHi) with its toxic equivalency factor (TEF) (Nisbet 

and LaGoy, 1992) and mutagenic equivalency factor (MEF) (Durant et al., 1996). Values of 

BaPTEQ (for all the 16 PAHs) and BaPMEQ (for BaA, CHR, BbF, BkF, BaP, DB[ah]A, IP and 

B[ghi]P) were then summed up to estimate the total carcinogenic and mutagenic potencies of 

PAHs present in the matrix (denoted in Eq. 25 and Eq. 26) (Ihunwo et al., 2021; Verma et al., 

2022) with the assumption that the toxicity of all the individual PAHs would be additive 

(USEPA, 2002; WHO, 2000). Contribution of each PAH to total risk potency was also 

determined in terms of carcinogenic and mutagenic potential (CP and MP in %) as represented 

below in Eq. 27 and Eq. 28 (Blaszczyk et al., 2017; Delgado-Saborit et al., 2011): 
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𝐵𝑎𝑃𝑇𝐸𝑄 = ∑ 𝑃𝐴𝐻𝑖 ×𝑁
𝑖=1 𝑇𝐸𝐹𝑖                                                (25) 

𝐵𝑎𝑃𝑀𝐸𝑄 = ∑ 𝑃𝐴𝐻𝑖 ×𝑁
𝑖=1 𝑀𝐸𝐹𝑖                                               (26) 

𝐶𝑃𝑖 =
𝑃𝐴𝐻𝑖
𝐵𝑎𝑃

×𝑇𝐸𝐹𝑖

∑
𝑃𝐴𝐻𝑖
𝐵𝑎𝑃

×𝑇𝐸𝐹𝑖
𝑁
𝑖=1

× 100                                                     (27) 

𝑀𝑃𝑖 =
𝑃𝐴𝐻𝑖
𝐵𝑎𝑃

×𝑀𝐸𝐹𝑖

∑
𝑃𝐴𝐻𝑖
𝐵𝑎𝑃

×𝑀𝐸𝐹𝑖
𝑁
𝑖=1

× 100                                                    (28) 

6.2.9. Statistical analysis 

The results have been reported in terms of standard deviation (SD) as mean ± SD of each 

dataset of triplicate values. Statistical analysis was carried out using one-way and two-way 

ANOVA in Microsoft Excel in order to express the significance of the data variability. 

Correlation coefficient (r) was estimated to reveal the positive or negative linear relationships 

between PM and PAHs and between PM or PAHs with each of the different leaf variables 

(biochemical, physiological and morphological). The same was also performed between some 

of the leaf traits to understand their strength of relationship. The significance threshold was 

maintained at p<0.05 for data acceptability and reliability.  

6.3. Results and discussion 

6.3.1. PM capturing potential of plant leaves: Impacts of environmental influence, leaf 

waxes and morphology 

The competence of plants for particulate retention plays a pivotal role in selection of species 

for designing of urban green spaces, leading to sustained source of environmental comfort and 

protection. PM reduction by plants from the ambient air involves discrete mitigative 

mechanisms ⎯ diffusion, impaction, interception, sedimentation and a combination thereof 

and is governed by the abundance, diversity and arrangement of plant species in a vegetation 

cover (taking into account leaf traits, phenology, tree measurement, crown spread and plant 

growth characteristics), actual distance of the green zone from the original source of emissions 

as well as particle sizes and concentration (Beckett et al., 2000; Brantley et al., 2014; Huang et 

al., 2013; Janhall, 2015). Foliar micromorphology, properties of leaf cuticle and environmental 

factors including weather and climate change, landscape ecology and human settlements also 
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have considerable impacts on deposition and accumulation of PM on plant leaves (Thompson, 

2018).  

 The mass of different size fractions of PM captured by the surfaces and cuticular waxes 

of plant leaves has been demonstrated in Fig. 27(a) and Fig. 27(b). The occurrence of high 

concentrations of PM in the study area is directly related to the level of pollution from 

atmospheric stability (most common in winter months) and anthropogenic factors, such as 

construction activities, heterogeneous fleet of vehicles, high traffic flow and volume, 

turbulences generated by motor vehicles, urban road/street design and existence of various 

types of roadside buildings/business establishments. Significant variability (F>Fcrit and p<0.05) 

between the accumulation of both sPM and wPM were noticed among all the species applying 

one-way ANOVA along with significant differences in their total loads. It was found that the 

large particles (10−100 m) were dominant (493±91.70 − 2680±78.85 g cm−2) in the 

deposition of PM on leaf surfaces as compared to the coarse PM (2.5−10 m) (33.59±13.68 − 

86.51±19.45 g cm−2) (ref. Fig. 27(a)) and the total sPM (large + coarse) load on the plant 

foliages ranged between 526.59±105.38 − 2731.76±96.39 g cm−2. In cuticular/epicuticular 

waxes, though different PM fractions were trapped, total accumulation of large and coarse 

particulates (total wPM: 8.73±1.39 − 34.51±9.61 g cm−2) was observed to be less with respect 

to surface deposition (ref. Fig. 27(b)). Also, individual concentrations of large (5.30±1.19 − 

25.82±7.54 g cm−2) and coarse (1.77±0.62 − 15.34±5.48 g cm−2) PM in wax layers were 

much less than those of the surfaces in all the plant species examined. The probable reason 

could be that the immobilisation of PM in waxes is not prompt but a time-intensive process, 

less dependent on weather variations, unlike sPM which is strongly influenced by the impact 

of weather turbulences (Lu et al., 2019). For spruce, black pine and juniper species, Xu et al. 

(2019) reported 1.58−3.33 times higher PM retention by leaf surfaces than that of waxy layers. 

Przybysz et al. (2019) and Zhou et al. (2022) also obtained comparable results in case of tree 

species (T. baccata L., P. nigra L. and C. betulus L.) and evergreen shrubs (R. pulchrum, O. 

fragrans and P. fraseri) respectively. Predominantly, highest proportion of large-sized PM was 

recorded for all the eight species, while leaf retention accounted for lowest proportion of coarse 

particles. This might be due to the fact that larger particles have high propensity to settle at a 

faster rate under gravity, thereby facilitating foliar retention, in comparison to the coarse PM 

which is most likely to be transported by air before their deposition on environmental surfaces 

(Lu et al., 2019). Dzierzanowski et al. (2011), Konczak et al. (2021) and Przybysz et al. (2019) 

studied PM accumulation with plant species diversity (leafy trees, conifers, shrubs, climbers 
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and vines) and noticed maximum contribution of large-sized particulates to the total mass of 

accumulated PM.   

The PM retention capacity (g cm−2) of the plants varied in the order of: 

Tabernaemontana divaricata (2766.27±86.79) > Nerium oleander (1808.64±46.99) > 

Bauhinia acuminata (1697.57±95.76) > Polyalthia longifolia (1100.44±94.77) > Plumeria 

alba (1054.27±112.85) > Alstonia scholaris (932.61±89.93) > Calotropis gigantea 

(709.91±71.34) > Neolamarckia cadamba (539.32±101.49). Many studies have reported 

pronounced contribution of leaf waxes on PM accumulation (Popek et al., 2015; Popek et al., 

2022; Przybysz et al., 2019; Saebo et al., 2012). In the present study, quantity of waxes ranged 

between 23.69±3.83 − 182.12±24.95 g cm−2 in all the species (ref. Fig. 27(c)). It was observed 

that T. divaricata showing highest accumulation of total PM displayed maximum wax content, 

followed by N. oleander. On the other hand, C. gigantea and N. cadamba presented minimum 

wax contents with least PM capturing capacities. The other four species (namely, B. acuminata, 

P. longifolia, P. alba and A. scholaris) did not follow the similar trend. Hence, it could be 

inferred from above that the PM accumulation would depend not only on the foliage 

concentrations of waxes, but also on the chemical constituents and structure of the wax layers 

which determine the area of interfacial surface in addition to adhesion, uptake and translocation 

of particles (Corada et al., 2021; Lukowski et al., 2020; Popek et al., 2015; Saebo et al., 2012). 

Considering all the species together, positive correlations were obtained between wax content 

and total large PM (r=0.89, p<0.05), total coarse PM (r=0.45, p>0.05), total PM (r=0.89, 

p<0.05), total sPM (r=0.89, p<0.05) and total wPM (r=0.68, p<0.05) loads. However, it can be 

seen from the above results that the variation between wax content and total coarse PM is not 

very much significant. The current findings are in line with the previous researches, conducted 

by Lukowski et al. (2020) and Popek et al. (2022), where leaf wax contents were positively 

correlated to the PM load.  
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(c) 

Fig. 27. Foliar contents (g cm−2) of (a) surface PM (sPM), (b) wax PM (wPM) of different 

size fractions and (c) waxes of selected plant species (data are presented as mean ± SD, n=3).   

 

The shape of the plant leaves also significantly controls PM accumulation (Saebo et al., 2012; 

Weerakkody et al., 2018b). Interaction of plant leaves having different shapes, texture and 

flexible porous structures with the wind generate variable drag forces on the foliages, affecting 

the flow regime of ambient air and cause swaying, bending and fluttering of leaves through 

absorption of wind momentum and dissipation of energy due to eddy shedding and formation 

of turbulence within the plants, resulting in deposition or dislodging of particulates (Gemba, 

2007; Gillies et al., 2002). Based on the inferences given by Corada et al. (2021), Leonard et 

al. (2016), Popek et al. (2013), Przybysz et al. (2014), Saebo et al. (2012) and Weerakkody et 

al. (2018b), it has become increasingly evident that the lanceolate, ovate, obovate and lobed 

leaves are more capable of capturing particles. T. divaricata, N. oleander and B. acuminata 

exhibited high PM capturing potential because of their short/medium height, bushy nature and 

spreading crown with dense leaf arrangement; deposition being also greatly effected by their 

leaf shapes ⎯ lanceolate, linear-lanceolate and bilobed ovate respectively. P. longifolia (ovate-

lanceolate leaves with wavy margin), P. alba (obovate leaves) and A. scholaris (narrowly 

obovate leaves) were also found to be good accumulators of PM owing to their complex leaf 
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shape. C. gigantea (elliptic-ovate leaves), though of medium height, did not show much 

potential for PM capturing. N. cadamba (elliptic-oblong to ovate leaves) was least effective in 

PM retention due to its large height and branchy nature. Similarly, Chowdhury et al. (2022) 

indicated an inverse relationship between foliar deposition of PM and increased height of urban 

trees. Moreover, peculiar elliptical shapes of C. gigantea and N. cadamba leaves were not very 

much conducive to the retention of PM as already explained by Leonard et al. (2016) and 

Weerakkody et al. (2018b). Although noticeable PM accumulation per square cm of leaf area 

was not achieved for these two species in contrast to others, as a whole they can very well be 

used for green belts as filtering barriers against pollution and phytoaccumulators, ensuring 

ecological balance (Pragasan and Ganesan, 2022; Sharma and Tripathi, 2009). They also have 

their ornamental values and economic consideration in India. 

Efficacies of evergreen plants for the interception of large quantities of PM have been 

documented in several studies because of their strong abilities of foliage retention and typical 

leaf morphology (Cai et al., 2017; Corada et al., 2021; Zhou et al., 2022). However, in the 

proposed work, B. acuminata and P. alba, though deciduous species, performed desirably well 

to capture PM besides the other evergreen ones. Reduction in the ambient concentrations of 

PM by about 60% was achieved by Pugh et al. (2012) using deciduous trees and shrubs in the 

urban areas of street canyons. Lukowski et al. (2020) proved that the leaf surfaces of deciduous 

species, B. pendula and Q. robur, were highly retentive in capturing PM and B. pendula, being 

the best performer, can be effectively utilized for planting in urban environment in order to 

improve roadside air quality. Thus, application of deciduous plants should also be highlighted 

for the development of green infrastructure-based ambient air pollution control system (i.e. 

passive control) in combination with evergreen species. 

Leaf surface microstructure is one of the key factors associated with plant species’ 

ability for adsorption or absorption of PM. The differences in the micromorphology of abaxial 

and adaxial surfaces of the plant leaves are apparent from Fig. 28. T. divaricata, C. gigantea 

and P. alba manifested greater number of stomata on the abaxial surface than that of the adaxial 

side, whereas, no occurrence of stomata was noted in the adaxial surfaces of B. acuminata, P. 

longifolia and N. cadamba, but, high stomatal count was noticed in the abaxial surfaces of the 

same. However, open and closed stomatal distribution across the leaf epidermis caused 

heterogeneity in the areas of stomatal pores, influencing PM deposition through developed 

creases. The abaxial side of N. oleander was found to be characterized with highly cutinized 

epidermis having multiple layers and many large depressions (crypts) with prominently 

distributed trichomes or leaf hairs, densely covering, lining and projecting into the epidermal 
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cavities and guarding the stomata within the crypts, thereby promoting PM capture (Stefi et al., 

2020). Adaxial epidermis showed convex epidermal cell patterns with wax platelets forming 

roughness on the surfaces which helped accumulation of particulates in the grooves and 

furrows (Adhikari et al., 2021). The upper and lower epidermis of T. divaricata revealed the 

presence of a compact organization of epidermal cell lining combined with cuticular covering, 

leading to a grooved or striated surface (Seenu et al., 2019). Such intricate networks of leaf 

surface topography facilitated highest particle deposition. In C. gigantea, cuticular striations 

were present around the stomata, spreading out covering guard cells and epidermal cells on 

both upper and lower sides of the leaves, having particles sticking to the stomatal openings and 

the adjoining clefts, rifts or narrow grooves generated by the clustering of waxy cuticular 

materials (Abeysinghe and Scharaschkin, 2022). The adaxial epidermal surface of N. cadamba 

consisted of wrinkled and striated dense cuticular protrusions or ridges, but, on the abaxial 

surface, the same were detected surrounding the stomata (Jamil et al., 2009). Despite the 

presence of uneven microstructures with ridges or grooves, foliar accumulation of PM on the 

leaves of C. gigantea and N. cadamba was not significantly appreciable in respect of other 

species. Therefore, it can be presumed that the large leaf size, elliptic shape, arrangement and 

field/environmental conditions may also act as limiting factors for PM capture (Leonard et al., 

2016). Additionally, plant height sometimes plays an important role. The epidermis of B. 

acuminata contained large number of abaxial trichomes protruding from fibrous midrib, veins 

and veinlets, creating deep ridges and irregular polygonal convex shaped adaxial epidermal 

cells forming trenches and grooves. These particular morphological structures assisted in huge 

PM accumulation (Duarte-Almeida et al., 2015; Pereira et al., 2018). It is well-known that the 

leaf hairs reduce the rate of retained particulate resuspension and provide high surface area for 

capture, enhancing foliage adhesion of particles (Beckett et al., 2000; Leonard et al., 2016; 

Prusty et al., 2005; Qiu et al., 2009; Saebo et al., 2012). A huge number of stomata were seen 

in the lower epidermis of P. longifolia with particle deposition in and around the stomatal 

cavities. It has been seen in P. longifolia that the high stomatal conductance increases the rate 

of transpiration in plants, accelerating the capture of PM on the moisture layer formed due to 

transpiration (Jamil et al., 2009; Tong, 1991). The adaxial surface, on the other hand, also 

indicated particulate accumulation on the waxy film of the epidermis. In A. scholaris, the 

cuticular layer appeared to be in varicose and papillate forms with cuticular ridges 

interconnecting the projections on the abaxial epidermis, hiding the stomata underneath. 

Perhaps, such morphology might have been resulted from the species’ response to biotic/abiotic 

stress to thrive in the polluted environment and aided the entrapment of particles in the 
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protrusions, inhibiting their entry into the hidden stomatal apparatus and clogging thereof. 

Polygonal epidermal cell outlines having striated cuticles were observed on the adaxial side 

with particle deposition (Singh et al., 2016b). The upper and lower epidermal surfaces of P. 

alba leaves are composed of cuticular layer with arch like structures, paracytic stomata 

(embedded within cuticular arches), vein-like projections and cell lining, developing grooves 

and ridges which might be associated with PM retention (El-Khatib et al., 2012; Shrivastava 

and Mishra, 2018). Studies carried out by Li et al. (2021), Niu et al. (2020), Redondo-Bermudez 

et al. (2021), Shao et al. (2019) and Weerakkody et al. (2018b) also corroborated the current 

observations, explicitly elaborating the importance of plant leaves with rough surfaces, 

microhairs, epidermal undulations due to specialized cell structure, distinct stomatal 

complexes, cuticular folds and waxes.  
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Fig. 28. SEM images of abaxial and adaxial surfaces of studied plant leaves with particulate 

deposition. 

 

6.3.2. Bioaccumulation of PAHs 

It is an established fact that the foliar uptake is the principal route of PAHs transfer directly 

from the atmosphere to the plants when exposed to airborne PAHs pollution in the outdoor 

environment (Lehndorff and Schwark, 2004). PAHs may either be adsorbed on waxy cuticular 

leaf surfaces or absorbed in the internal leaf mesophyll tissues (penetrating the membranes) via 

cuticular and stomatal infiltration (Desalme et al., 2013). Interspecies variations in the pattern 

of accumulation of PAHs in plant leaves relating to the distribution percentage of each foliar 

PAH congener and contribution percentage of PAHs categorized by different aromatic rings to 

total PAHs are evaluated based on the PAHs concentrations in the samples and represented in 

Fig. 29(a) and Fig. 29(b). Significant differences were found in the accumulated concentrations 

of PAHs among the species using two-way ANOVA (F>Fcrit and p<0.05). Proportion of HMW 

PAHs (4-6 rings) was found to be higher with respect to LMW PAHs (2-3 rings) in N. oleander 

Plumeria alba 

 Abaxial surface                                 Adaxial surface 
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(~61%), T. divaricata (~62%), C. gigantea (~53%) and N. cadamba (~55%), whereas in P. 

alba, the difference is marginal (LMW: ~51% and HMW: ~49%). Besides, B. acuminata, P. 

longifolia and A. scholaris showed greater potential for accumulation of LMW PAHs (~56%, 

~57% and ~53% respectively). ACY, ACE, IP and B[ghi]P appeared to be the high yielding 

compounds in the leaves of N. oleander, B. acuminata and P. alba with 11.46-19.49%, 16.71-

27.63%, 8.32-20.38% and 12.71-24.69% contributions respectively (ref. Fig. 29(a)). A similar 

distribution pattern of PAHs was observed in C. gigantea and N. cadamba exhibiting high 

levels of ACE, ANT, IP and B[ghi]P (~77% and 84% of total PAHs respectively). Highest 

proportion of BaP (a potent carcinogen) was noted in Tabernaemontana leaves (10.90% vs. 

other species: 0.54 - 5.16%) with PAHs, such as ACY, ACE, BkF and IP also having higher 

percentage compositions. Relative abundance of ACY and ACE followed by ANT and FLA in 

P. longifolia (18.86%, 15.13%, 14.04% and 8.34% respectively) and BkF and NAP in A. 

scholaris (11.36%, 23.63%, 9.37% and 8.77% respectively) was also evident from 

experimental observation. Thus, as seen from Fig. 29(b), percentage of 3-ring PAHs 

(~37−55%) was highest in almost all the species except N. oleander (~43%) and N. cadamba 

(~47%) where 6-ring PAHs were dominant. However, for the two species, percentage 

composition of PAHs with 3-rings was detected as ~39% and ~44% respectively. C. gigantea 

(~40%) and P. alba (~34%) were also able to arrest high proportion of 6-ring PAHs when 

compared with T. divaricata (~17%), B. acuminata (~21%), P. longifolia (~13%) and A. 

scholaris (~12%). 4-ring compounds accounted for ~4−18% of the total PAHs in the leaves of 

studied plants. Concerning 5-ring PAHs, T. divaricata showed highest fraction percentage 

(~34%) followed by A. scholaris (~25%) and least in N. cadamba (~4%). Contribution of 2-

ring congener (NAP) to total PAHs was considerably low, ranging between ~0.13−9% in the 

plant species, which may be attributed to its high volatility and degradability. The mechanism 

of PAHs accumulation is mainly effected by gaseous diffusion and deposition based on 

equilibrium partitioning and gas-phase kinetics respectively, along with wet and dry deposition 

of PAHs associated with particles. Such processes are frequently controlled by man-made 

impacts, ambient concentration levels, meteorology, climatology, ecosystem properties and 

characteristics of plant surfaces (leaf hair density, roughness, texture, wettability and structural 

features of epidermis) (Desalme et al., 2013; Loppi et al., 2015; McLachlan, 1999). Since, leaf 

morphology differs greatly with plant diversity, accumulation behaviour is species-specific. 

All these factors caused differences in PAHs bioavailability, composition and content in the 

leaves of individual plant species from even proximal areas (Gerdol et al., 2002). Numerous 
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studies have investigated airborne PAHs−leaf interactions in many plants and reported 

differential accumulation patterns of PAHs based on the species, thereby stating it a complex 

phenomenon (Jia et al., 2019; Pleijel et al., 2022; Tian et al., 2019; Yang et al., 2017). In the 

current study, the trend of total concentration (g g−1 DW) of PAHs in the plant samples was 

determined as: T. divaricata (393.01±30.34) > P. alba (342.28±25.38) > N. cadamba 

(301.13±37.31) > N. oleander (286.08±32.65) > C. gigantea (267.47±11.49) > A. scholaris 

(256.80±32.31) > B. acuminata (177.22±14.57) > P. longifolia (159.92±21.23). SLA (cm2 g−1) 

of plants, which has an important bearing on the accumulation of PAHs through foliage and 

reflects the leaf surface area available per unit mass for the uptake of pollutants from ambient 

air (Nizzetto et al. (2008), varied in the following order: T. divaricata (376.79±0.74) > B. 

acuminata (190.82±0.91) > P. longifolia (150.82±0.49) > C. gigantea (138.47±0.21) > P. alba 

(136.45±0.55) > N. cadamba (131.34±0.29) > A. scholaris (122.16±0.19) > N. oleander 

(71.01±0.47). A positive correlation was observed between SLAs and accumulated PAHs 

levels (r=0.42, p<0.05), which indicated that the SLA would favour the process of foliar 

absorption of PAHs, depending also on other morphological factors. Positive influence of SLA 

on PAHs concentrations was again suggested by Terzaghi et al. (2015) and Wang et al. (2020b). 

Leaf concentrations of PAHs were found to be weakly related (r=0.35, p<0.05) to total PM 

load, which may be due to different independent sources of emission affecting their deposition.     

The concentrations of PAH compounds can be employed for the recognition of their 

emission source types. In this context, a total index (TI) was applied to distinguish between 

PAHs originated from high (TI>4) and low (TI<4) temperature processes. The TI is generally 

given by the following formula (Eq. 29) (Orecchio, 2010): 

𝑇𝐼 =
𝐹𝐿𝐴

(𝐹𝐿𝐴+𝑃𝑌𝑅)×0.4
+

𝐴𝑁𝑇

(𝐴𝑁𝑇+𝑃𝐻𝐸)×0.1
+

𝐵𝑎𝐴

(𝐵𝑎𝐴+𝐶𝐻𝑅)×0.2
+

𝐼𝑃

(𝐼𝑃+𝐵[𝑔ℎ𝑖]𝑃)×0.2
                            (29) 

 

TI values for all the plant samples were estimated as follows: N. oleander (7.08±0.94), T. 

divaricata (15.89±1.68), C. gigantea (18.16±0.58), B. acuminata (11.97±0.62), P. longifolia 

(15.29±1.15), A. scholaris (14.07±2.88), N. cadamba (15.90±0.36) and P. alba (15.98±0.54) 

and found to be more than 4, signifying vehicular emission (i.e. high temperature combustion) 

as the major source of PAHs in the study area. Liu et al. (2017c), Pereira et al. (2019) and Pu 

et al. (2022) have used TI for identifying the sources of PAHs contamination in surface soil 

and subsoil layers of different depths, tree barks, total suspended particles as well as gas-phase 

samples and found the predominance of combustion-derived PAHs. Accretion of carcinogenic 
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PAHs of high molecular weight (viz. BaA, CHR, BbF, BkF, BaP, DB[ah]A and IP) as shown 

in the present work elucidates the importance of the selected species for biomonitoring studies. 

Therefore, natural vegetation with vast accumulating surfaces is crucially important in urban 

landscapes for scavenging or removing PAHs from the atmosphere and creates an ambience of 

biomonitoring of cumulative impacts of PAHs pollution using plant leaves, so vital for 

environmental quality assessment. 
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         (b) 

Fig. 29.  Variations in leaf accumulation (mean ± SD, n=3) of PAHs in plant species (a) % distribution of individual PAHs and (b) % fraction of 

PAHs of different aromatic rings with respect to total PAHs.  
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6.3.3. Carcinogenic and mutagenic risks of PAHs 

The carcinogenicity and mutagenicity of foliar PAHs were investigated in the present study in 

the context of BaP equivalent concentrations (BaPTEQ and BaPMEQ), CP and MP to represent 

the toxicity of PAHs. Two-way ANOVA showed statistically significant differences (F>Fcrit 

and p<0.05) among the concentrations, CP and MP for all the species. BaPTEQ16 (sum total of 

carcinogenic or toxic equivalent concentrations of 16 PAHs) and BaPMEQ8 (sum total of 

mutagenic equivalent concentrations of 8 PAHs) were found to be in the range of 

9.51±1.73−81.37±5.35 and 10.60±0.09−80.42±11.44 g g-1 respectively for all the selected 

species (ref. Table 28 and Table 29). Major contribution (91.54−99.12%) of seven carcinogenic 

PAHs having 4-, 5- and 6-rings, as mentioned earlier, was detected with the dominance of BkF, 

BaP, DB[ah]A and IP, which catered to the maximum toxicity in relation to  BaPTEQ16. In case 

of  BaPMEQ8, highest mutagenic threats were posed by 5- and 6-ring PAHs accounting for 

93.21−98.90% among the plant species. Moreover, it can be seen from Table 30 that the 4-6 

ring PAHs have highest CP, whereas, 5-6 ring PAHs indicated high mutagenicity (i.e. high 

MP, ref. Table 31). Vehicular sources (i.e. emissions from fuel vehicles powered by petrol, 

diesel, natural gas or local blending of petrol with kerosene oil) might be the root cause for the 

release of carcinogenic and mutagenic PAHs in the sampling locations. Based on the above 

findings, it can be opined that the assessment and control of HMW PAHs should be given 

utmost priority for maintaining a clean and habitable environment and reducing possible health 

risks. Evaluation of potential risks of PAHs for hazard analysis due to exposure has been 

actively performed by many researchers (Blaszczyk et al., 2017; Fred-Ahmadu and Benson, 

2019; Ihunwo et al., 2021; Li et al., 2014) which is quite compatible with the results of the 

current study.  
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Table 28 

Toxic equivalent concentrations (TEQ) of PAHs accumulated in the leaves of selected plant species.   

  BaPTEQ (g g-1) (mean ± SD) of PAHs 

PAHs TEFa Nerium oleander 
Tabernaemontana 

divaricata 

Calotropis 

gigantea 

Bauhinia 

acuminata 

Polyalthia 

longifolia 

Alstonia 

scholaris 

Neolamarckia 

cadamba 
Plumeria alba 

NAP 0.001 0.0004±0.0002 0.004±0.001 0.001±0.0003 0.002±0.0004 0.005±0.001 0.02±0.005 0.001±0.001 0.004±0.001 

ACY 0.001 0.03±0.01 0.04±0.01 0.007±0.002 0.03±0.01 0.03±0.01 0.03±0.01 0.002±0.001 0.07±0.01 

ACE 0.001 0.05±0.01 0.06±0.004 0.06±0.01 0.05±0.01 0.02±0.003 0.06±0.01 0.08±0.01 0.07±0.01 

FLU 0.001 0.008±0.003 0.01±0.0004 0.02±0.01 0.008±0.002 0.004±0.002 0.01±0.01 0.01±0.002 0.006±0.002 

PHE 0.001 0.02±0.01 0.007±0.001 0.001±0.0003 0.005±0.002 0.006±0.001 0.003±0.001 0.007±0.001 0.006±0.002 

ANT 0.01 0.01±0.002 0.28±0.02 0.34±0.06 0.05±0.002 0.22±0.04 0.07±0.02 0.37±0.06 0.22±0.06 

FLA 0.001 0.01±0.01 0.02±0.002 0.008±0.003 0.01±0.01 0.01±0.01 0.01±0.01 0.004±0.001 0.02±0.002 

PYR 0.001 0.002±0.001 0.006±0.003 0.002±0.0004 0.002±0.001 0.002±0.001 0.003±0.0005 0.002±0.0004 0.002±0.0004 

BaA 0.10 0.45±0.20 1.12±0.36 0.44±0.12 0.32±0.09 0.77±0.13 0.46±0.06 0.49±0.08 0.68±0.19 

CHR 0.01 0.06±0.01 0.06±0.01 0.03±0.01 0.03±0.01 0.05±0.02 0.05±0.01 0.02±0.01 0.05±0.0001 

BbF 0.10 0.39±0.15 3.12±0.78 0.22±0.05 0.25±0.01 0.26±0.07 0.67±0.09 0.19±0.05 0.35±0.10 

BkF 0.10 2.01±0.61 3.33±0.81 0.76±0.24 0.97±0.04 0.95±0.15 2.41±0.62 0.51±0.11 1.06±0.27 

BaP 1.00 1.55±0.30 42.84±8.80 2.42±0.59 1.82±0.61 1.68±0.66 13.25±2.84 1.86±0.52 3.42±0.93 

DB[ah]A 1.00 2.66±1.09 26.36±6.24 4.61±1.08 4.69±1.06 4.40±1.35 19.50±6.27 3.26±0.98 4.28±0.95 

IP 0.10 5.25±1.09 3.82±0.90 7.19±1.04 1.48±0.37 0.99±0.09 1.71±0.49 6.77±0.69 6.98±0.85 

B[ghi]P 0.01 0.71±0.17 0.29±0.08 0.36±0.09 0.23±0.03 0.11±0.03 0.13±0.04 0.73±0.09 0.47±0.09 

 BaPTEQ16 ⎯ 13.21±0.13 81.37±5.35 16.47±0.28 9.95±0.85 9.51±1.73 38.39±10.36 14.31±0.49 17.69±0.96 

aList proposed by Nisbet and LaGoy (1992). 
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Table 29 

Mutagenic equivalent concentrations (MEQ) of foliar PAHs.   

 BaPMEQ (g g-1) (mean ± SD) of PAHs 

PAHs MEFa 
Nerium 

oleander 

Tabernaemontana 

divaricata 

Calotropis 

gigantea 

Bauhinia 

acuminata 

Polyalthia 

longifolia 

Alstonia 

scholaris 

Neolamarckia 

cadamba 
Plumeria alba 

BaA 0.082 0.37±0.16 0.92±0.29 0.36±0.09 0.26±0.08 0.63±0.11 0.37±0.05 0.39±0.06 0.56±0.15 

CHR 0.017 0.09±0.01 0.11±0.01 0.05±0.02 0.05±0.02 0.09±0.04 0.09±0.02 0.04±0.01 0.09±0.01 

BbF 0.25 0.99±0.37 7.79±1.94 0.54±0.13 0.62±0.02 0.66±0.19 1.67±0.22 0.49±0.11 0.87±0.26 

BkF 0.11 2.21±0.66 3.66±0.88 0.84±0.27 1.06±0.04 1.05±0.17 2.65±0.69 0.56±0.12 1.16±0.29 

BaP 1.0 1.55±0.30 42.84±8.80 2.42±0.59 1.82±0.61 1.68±0.66 13.25±2.84 1.86±0.52 3.42±0.93 

DB[ah]A 0.29 0.77±0.32 7.64±1.81 1.34±0.31 1.36±0.30 1.28±0.39 5.66±1.82 0.95±0.28 1.24±0.28 

IP 0.31 16.26±3.39 11.84±2.80 22.31±3.25 4.57±1.14 3.09±0.32 5.30±1.53 20.99±2.13 21.63±2.62 

B[ghi]P 0.19 13.42±3.08 5.62±1.46 6.79±1.63 4.28±0.69 2.12±0.55 2.49±0.74 13.94±1.85 8.99±1.77 

 BaPMEQ8 ⎯ 35.66±5.99 80.42±11.44 34.65±4.24 14.02±0.14 10.60±0.09 31.48±6.39 39.22±3.25 37.96±4.93 

aList proposed by Durant et al. (1996). 
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Table 30  

Carcinogenic potential (CP) of accumulated PAHs in the plant leaves.   

 CP (in %) (mean ± SD) 

PAHs 
Nerium 

oleander 

Tabernaemontana 

divaricata 

Calotropis 

gigantea 

Bauhinia 

acuminata 

Polyalthia 

longifolia 

Alstonia 

scholaris 

Neolamarckia 

cadamba 
Plumeria alba 

NAP 0.002±0.001 0.01±0.002 0.01±0.005 0.02±0.002 0.05±0.003 0.06±0.003 0.01±0.002 0.02±0.002 

ACY 0.23±0.05 0.05±0.01 0.04±0.01 0.31±0.04 0.32±0.12 0.08±0.002 0.01±0.003 0.38±0.04 

ACE 0.35±0.07 0.08±0.005 0.39±0.04 0.49±0.05 0.25±0.09 0.16±0.03 0.52±0.08 0.39±0.07 

FLU 0.06±0.02 0.01±0.002 0.11±0.03 0.08±0.01 0.04±0.02 0.04±0.03 0.09±0.03 0.04±0.01 

PHE 0.12±0.01 0.01±0.001 0.01±0.005 0.05±0.01 0.06±0.02 0.01±0.01 0.05±0.01 0.03±0.01 

ANT 0.10±0.001 0.34±0.004 2.08±0.28 0.5±0.02 2.35±0.71 0.17±0.004 2.61±0.49 1.26±0.29 

FLA 0.08±0.04 0.02±0.01 0.05±0.02 0.14±0.05 0.14±0.02 0.04±0.03 0.03±0.003 0.09±0.04 

PYR 0.01±0.01 0.01±0.002 0.01±0.004 0.02±0.01 0.02±0.01 0.01±0.004 0.01±0.01 0.01±0.001 

BaA 3.40±1.59 1.37±0.38 2.67±0.74 3.22±0.77 8.10±0.05 1.19±0.26 3.39±0.62 3.83±1.38 

CHR 0.47±0.11 0.08±0.01 0.16±0.06 0.27±0.18 0.56±0.26 0.14±0.11 0.15±0.05 0.31±0.004 

BbF 3.05±1.13 3.83±0.77 1.32±0.27 2.49±0.32 2.75±1.03 1.73±0.39 1.37±0.25 1.97±0.76 

BkF 15.14±4.45 4.09±0.79 4.63±1.52 9.75±1.36 9.96±2.71 6.27±0.13 3.56±0.85 5.98±1.29 

BaP 11.74±2.45 52.65±8.11 14.69±3.28 18.32±8.71 17.61±3.05 34.51±3.10 13.00±3.06 19.34±4.54 

DB[ah]A 20.18±8.54 32.40±10.79 27.98±5.95 47.22±7.61 46.12±4.73 50.79±4.24 22.77±5.76 24.21±7.22 

IP 39.67±7.97 4.69±0.88 43.68±6.94 14.85±2.79 10.50±2.38 4.46±0.15 47.31±6.13 39.46±2.85 

B[ghi]P 5.40±1.23 0.36±0.13 2.17±0.55 2.27±0.63 1.17±0.41 0.34±0.31 5.12±0.81 2.68±0.42 
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Table 31 

Mutagenic potential (MP) of accumulated PAHs in the plant leaves.  

 MP (in %) (mean ± SD) 

PAHs 
Nerium 

oleander 

Tabernaemontana 

divaricata 

Calotropis 

gigantea 

Bauhinia 

acuminata 

Polyalthia 

longifolia 

Alstonia 

scholaris 

Neolamarckia 

cadamba 
Plumeria alba 

BaA 1.04±0.81 1.06±0.08 1.05±0.18 1.82±0.46 6.03±1.07 1.26±0.01 1.00±0.07 1.44±0.76 

CHR 0.26±0.03 0.11±0.06 0.14±0.02 0.26±0.23 0.79±0.38 0.29±0.08 0.10±0.01 0.27±0.001 

BbF 2.78±2.00 9.56±1.10 1.54±0.68 4.42±0.17 6.20±1.72 5.45±0.53 1.23±0.46 2.25±1.25 

BkF 6.21±1.09 4.78±0.71 2.44±0.60 7.66±0.35 9.84±1.45 8.38±0.66 1.42±0.21 3.07±0.49 

BaP 4.35±2.07 53.13±4.28 6.98±3.11 12.99±4.55 15.87±6.54 41.89±0.40 4.74±1.95 9.02±1.56 

DB[ah]A 2.13±1.69 9.56±4.56 3.84±1.71 9.74±2.22 12.06±3.73 18.01±3.09 2.42±1.05 3.25±1.41 

IP 45.59±2.42 14.90±1.88 64.39±1.85 32.59±7.94 29.21±2.71 16.76±1.92 53.56±1.19 56.98±0.57 

B[ghi]P 37.64±3.08 6.90±3.44 19.62±2.85 30.52±5.33 20.0±5.08 7.96±5.47 35.53±1.98 23.72±1.94 
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6.3.4. Analysis of biomarkers and pollution/performance indices for comparing the 

suitability of plant species for urban plantation 

Leaf biomarkers, APTI and API, based on the characterization of plants, have been used to 

discern the functioning of terrestrial plants in response to prevailing pollutant changes for 

increasing vegetation coverage along the urban streets for uplifting the quality of ambient air. 

The statistical comparison of leaf characteristics and indices by two-way ANOVA revealed 

significant differences (F>Fcrit and p<0.05) among the species.  

6.3.4.1. Contents of photosynthetic pigments (chlorophyll (Chl) and carotenoids (CX+C))  

Chlorophyll and carotenoids are the key functional pigments of plants which control the 

photosynthetic capacity, favouring plant growth and yield. In response to abiotic stress, plants 

induce adaptive changes in their leaf traits to cope up with the environmental fluctuations. 

Likewise, plants are able to modulate the levels of required pigments and acclimatize to the 

surrounding environment for maintaining the normal process of photosynthesis (Li et al., 

2018). The results demonstrated that the values of ChlT, Chl a/b and CX+C varied from 

0.90−5.13 mg g-1, 1.73−4.23 mg g-1 and 0.24−1.12 mg g-1 respectively (ref. Table 32). It is also 

apparent from Table 32 that the values of Chl a are higher than Chl b for all the plants 

considered. Both ChlT and CX+C differed widely among plant species: a) shrubs: ChlT (T. divaricata) 

> ChlT (C. gigantea) > ChlT (P. alba) > ChlT (B. acuminata) > ChlT (N. oleander);  CX+C (T. divaricata) > CX+C (C. 

gigantea) > CX+C (B. acuminata) > CX+C (P. alba) > CX+C (N. oleander) and b) trees: ChlT (N. cadamba) > ChlT (P. 

longifolia) > ChlT (A. scholaris); CX+C (P. longifolia) > CX+C (N. cadamba) > CX+C (A. scholaris). It was observed by 

many researchers that in presence of PM pollution, Chl a/b ratio reduced owing to the shading 

of leaves by the particulate-induced decrease in the penetration of incident light (Nanos and 

Ilias, 2007; Shabnam et al., 2021). It is also consistent with the present study as a negative 

correlation (r=−0.46, p<0.05) was obtained between total PM load and Chl a/b ratio. The 

changes in the ratio might be an indication of the adaptive nature of plant leaves for 

maximization of the photosynthetic performance towards varying intensities of light, thereby 

controlling the concentration and composition of Chl molecules as well as the main functional 

units, photosystems I and II; the low values of Chl a/b being responsible for enhancing the light 

absorption capacity under PM stress (Porra and Scheer, 2019; Shabnam et al., 2015; Shabnam 

et al., 2021). Moreover, CX+C and ChlT were found to be positively correlated to each other 

(r=0.83, p<0.05) which may be attributed to the antioxidant activity of carotenoids in 

safeguarding the chloroplasts for retaining higher chlorophyll concentration (Kacharava et al., 
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2009). High levels of leaf ChlT were noted for species T. divaricata, C. gigantea, N. cadamba 

and P. alba. Substantially high concentrations of chlorophyll and carotenoids can effectively 

be linked to the tolerance of plants against stress as already established in different studies 

(Enete et al., 2013; Ogunkunle et al., 2015). 

6.3.4.2. Ascorbic acid (AA) content  

AA, the non-enzymatic antioxidant, is an essential metabolite of plant leaves associated with 

the stress response to multiple interacting factors (abiotic or biotic stressors), which upregulates 

many metabolic functions in plants for developing their tolerance against environmental 

adversity (Pathak et al., 2019). Furthermore, it is able to quench or eliminate the increased 

levels of reactive oxygen species (ROS) generated due to pollutant exposure in the plant cells 

either directly or by functioning through enzymatic reactions involved in ascorbate-glutathione 

pathway (Noctor and Foyer, 1998). Thus, it upholds the equilibrium in between generation and 

mitigation of ROS (Frei et al., 2012). In the plant leaves, AA contents ranged from 3.63−18 

mg g-1 as indicated in Table 32. Positive correlations were observed between AA contents and 

total PM (r=0.64, p<0.05) and PAHs (r=0.84, p<0.05) loads, justifying the presumption of the 

increase in leaf AA with abiotic stress. Plants having higher concentrations of AA (in this case: 

T. divaricata, N. oleander and P. alba) are said to develop more tolerance enabling them to 

respond quickly to pollutants for their survival and growth. However, B. acuminata, P. 

longifolia and A. scholaris exhibited lower levels of AA ⎯ this may be due to the fact that the 

production of AA got hampered, rendering them slow respondent towards detoxification of 

ROS or oxidative damage (Shah et al., 2020). The remaining two species, C. gigantea and N. 

cadamba, synthesized and maintained an intermediate level of AA to counter the phytotoxic 

effects of pollutants. The present findings revealed good congruence with recent researches 

(Banerjee et al., 2022; Goswami et al., 2023).      

6.3.4.3. Foliar pH 

Leaf extract pH serves as a stress biomarker directing pivotal functions, such as biochemical 

and physiological activities along with the processes of homeostatic control in plant cells 

(Mandal and Dhal, 2022). It has been noticed that the range of leaf pH in the collected species 

lies between 5.91−7.47 (Table 32). As illustrated in previous case studies (Escobedo et al., 

2008; Govindaraju et al., 2012; Singh et al., 2023), plants exhibiting high foliar pH values 

(close to 7 or greater) are known to acquire stress tolerance to a considerable extent, which may 
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be linked to higher endogenous biosynthesis of AA in plants from hexose sugars imparting 

good resilience to fight against environmental pollution. This was corroborated by the positive 

correlation (r=0.94, p<0.05) as obtained between leaf pH and AA levels and also conformed to 

the results of Zhang et al. (2020). Contrariwise, air pollution sensitivity across species increases 

with lower pH (formed as a result of plant metabolic alterations through stomatal uptake of 

polluting gases (e.g. nitrogen oxides, sulphur dioxide and ozone) and organic acids) (Latwal et 

al., 2023; Sharma et al., 2019). Further, pH was also found to be positively influenced by the 

concentrations of PM (r=0.78, p<0.05) and PAHs (r=0.66, p<0.05), because of its involvement 

in stress resistance response by increasing the content of AA in tolerant plant types with the 

increase in pollutants’ load (Khanoranga and Khalid, 2019). Among the species considered, T. 

divaricata and N. oleander presented highest pH values and the lowest was recorded for P. 

longifolia. 

6.3.4.4. Relative water content (RWC) 

Leaf RWC is essentially required for plant photosynthesis, respiration, transpiration, growth, 

yield, health and tolerance (Malav et al., 2022; Singh et al., 2023). In this study, RWC varied 

in the range of 65.16−88.93% (Table 32) among the plant types. In view of the responses of 

plant leaves based on water status to continuous air pollution exposure, RWC displayed a 

negative relationship with foliar PM load (r=−0.61, p<0.05), implying perturbations in plant 

cell wall permeability, water transportation and balance caused by the accumulation of 

particulate pollutants or aerosols on leaf canopy with a concomitant reduction in the rate of 

transpiration owing to clogged stomata (Malav et al., 2022; Zilaie et al., 2023). On the contrary, 

a weak correlation (r=0.21, p<0.05) was found to exist between RWC and total PAHs. 

Increased tolerance of plants to atmospheric pollution with high RWC through the regulation 

of functional mechanisms driving plant morpho-physiology has been reported in multiple 

investigations (Karmakar and Padhy, 2019; Kumar et al., 2023). Decline in the rate of carbon 

assimilation process and reduction in stomatal conductance are the known effects of lower 

RWC (Lawlor, 2002). In the present work, high values of RWC were seen in the leaves of N. 

cadamba, A. scholaris, C. gigantea and P. alba, while P. longifolia showed minimum leaf 

RWC. Similar observations of dust and heavy metal stress on leaf RWC of various plants from 

urban terrain were made by Nadgorska-Socha et al. (2017) and Yaghmaei et al. (2022). 

 



209 
 

6.3.4.5. Membrane stability index (MSI) and electrolyte leakage (EL): Role of proline 

accumulation 

Cellular membranes of plants are highly susceptible to abiotic toxicants which trigger 

membrane damage, thereby increasing EL and cell secretion as a result of increased membrane 

permeability (Ma et al., 2019b). Recurrent exposure to air pollutants stimulates excessive 

production of ROS in plant cells, which, in turn, catalyse the conversion of membrane lipids 

(phospholipids and polyunsaturated fatty acids) into lipid peroxides, causing disintegration and 

dysfunctioning of cell membranes, and eventually cell necrosis (accidental cell death) (Rangani 

et al., 2018). Thus, plants manifesting structural and functional integrity of plasma membranes 

(with high MSI) for cell survival are considered to be pollution tolerant species in 

biomonitoring (Ahmadizadeh et al., 2011). Hence, MSI and EL are better suited as pollution 

biomarkers for the determination of radical-induced cell membrane damage or injury 

(Shanazari et al., 2018; Zhang et al., 2022b).   

In accordance with the results depicted in Table 32, MSI revealed positive correlation 

with PM (r=0.51, p<0.05) and PAHs (r=0.82, p<0.05), whereas, EL appeared to be negatively 

correlated with PM (r=−0.54, p<0.05) and PAHs (r=−0.40, p<0.05). Such outcome is 

suggestive of the proline-mediated resistance mechanisms of plants for stress management. 

Proline acts as cytoplasmic osmolyte or osmoprotectant (capable of lowering osmotic potential) 

and ROS scavenger, which prevents disruption of cell membranes and structural collapse of 

biomolecules, such as proteins and DNA, promoting stress tolerance in plants through the 

activation of enzymatic antioxidant system (Hayat et al., 2012; Raza et al., 2023). It also 

modulates biochemical cascades for stress recovery, improving the performance of plants 

under polluted atmosphere. These inferences are again endorsed by the positive association 

between proline content (ref. Table 32) and abiotic stress due to PM (r=0.44, p<0.05) and PAHs 

(r=0.74, p<0.05). It also played a defensive role in sustaining membrane stability and reducing 

EL (as confirmed by the positive linear relationship (r=0.90, p<0.05) between MSI and proline 

and negative correlation, r=−0.72, p<0.05, between EL and proline). This study supports the 

previous findings of Gomes et al. (2010) and Sameena and Puthur (2021). It has been mostly 

seen that EL is predominantly accompanied by the efflux of potassium ions (K+) from plant 

cells. Therefore, it should be emphasized that tolerant species impede the excessive release of 

K+ (i.e. avoid EL) and uphold potassium homeostasis regulating plant cell physiology (Shabala 

and Cuin, 2008). N. oleander and T. divaricata showed highest percentages (80.52 and 88.69% 

respectively) of MSI and maximum proline contents (4.28 and 4.72 mg g−1 respectively) with 
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minimum EL (0.98 and 2.31% respectively). C. gigantea, N. cadamba and P. alba, though 

exhibiting high EL % (5.60−8.26), presented higher values of MSI (60.79−78.01%) because of 

substantial proline content (2.44−3.56 mg g−1) that may be considered to be responsible for 

initiation of the stress recovery process. However, minimum concentrations (0.55−1.56 mg g−1) 

of proline as recorded in B. acuminata, P. longifolia and A. scholaris had initiated appreciable 

ion leakages (5.21−8.93%) in the foliage rendering the MSI values (47.59−55.27%) to be 

lowest, proving the sensitive nature of the said plants.    

6.3.4.6. Leaf carbon content: Carbon allocation in stress tolerance 

Plants having sessile nature are constantly exposed to environmental changes unfavourable for 

their survival and growth. Therefore, utilization of all the viable resources at plants’ disposal 

would be the response of plants towards ensuring sustained growth and yield as well as 

combating pollution load with negation of ensuing stress injury. Among all the resources, 

carbon allocation may be termed as one of the most important processes of plants’ defense 

mechanism (Hartmann and Trumbore, 2016; Hartmann et al., 2020; Xia et al., 2017). PM-

induced stomatal blockage lowers the CO2 uptake by plants and hampers photosynthesis 

(Saxena and Kulshrestha, 2016), thereby prompting reallocation of carbon−need throughout 

the plant body (Kobe et al., 2010). As a result, carbon content of plant leaves makes it an 

effective biomarker of plant health against pollution. Differences in the leaf carbon contents of 

native species are demonstrated in Table 32. Carbon content of 43.64 − 52.43% implied 

increased carbon allocation and synthesis of carbon compounds in the leaf tissues for stress 

resilience. Occurrences of positive correlations of carbon with PM (r=0.66, p<0.05) and PAHs 

(r=0.72, p<0.05) also prove the above contention. Foliar carbon contents were found to be 

highest in T. divaricata and N. oleander and lowest in P. longifolia (Table 32). Comparable 

carbon percentages (42.4%) in the overground tissues of vegetation of arid ecosystem were 

also noticed by Juan et al. (2014). Drake et al. (2019) and Xia et al. (2017) observed enhanced 

carbon distribution in the aboveground parts of the plants (leaf, wood, etc.) in comparison to 

belowground part for physiological processes (i.e. respiration, growth, etc.) in presence of 

environmental stressors such as drought, warming, high water and low light conditions. Paull 

et al. (2021) investigated carbon content of green wall species subjected to atmospheric 

pollution and inferred it to be a health response mediated by plants.  
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6.3.4.7. Total soluble sugar (TSS) content 

TSS is usually regarded as another type of osmo-regulator (other than proline) which 

strengthens cell stability and turgor in plants and also triggers ROS defense machinery, 

protecting cellular components and controlling signaling pathways during stress (Rai, 2016). 

Plant sensitivity is associated with low TSS owing to the collateral effects of relatively less 

pollutant bioaccumulation capacity and structural impairment of leaf chlorophyll (Banerjee et 

al., 2021). Synergistic interactions of TSS with antioxidants at tissue and cellular levels impart 

stress tolerance to plants (Bolouri-Moghaddam et al., 2010). The current study also supports 

the above inferences (based on the results given in Table 32) as revealed by the positive 

correlations of TSS content with PM (r=0.82, p<0.05), PAHs (r=0.74, p<0.05), proline (r=0.80, 

p<0.05), AA (r=0.91, p<0.05), CX+C (r=0.15, p<0.05) and ChlT (r=0.46, p<0.05). This can be 

comprehended from the above correlations that the increase in pollution stress favours 

increased bio −synthesis and −accumulation of TSS which acts in conjunction with the 

enhanced levels of proline and AA, maintaining higher levels of ChlT to counterbalance the 

toxicity of pollutants for sustenance and growth of plants. However, it was noted that the CX+C 

have minimal direct impact on TSS which was, contrarily, found to have pronounced effect on 

leaf carbon content (r=0.72, p<0.05) as TSS might be considered as a primary carbon source 

for energy generation. The TSS accumulation was highest in T. divaricata and N. oleander 

with leaf concentrations of 24.75 and 15.05 mg g-1 respectively and lowest in P. longifolia 

(5.48 mg g-1) and A. scholaris (4.17 mg g-1). Jeddi et al. (2021) and Kamble et al. (2021) also 

detected high concentrations of TSS in the plant leaves of polluted sites, suggesting the 

multifaceted roles of soluble sugars.  

6.3.4.8. Protein content 

Besides being principal building blocks for different aspects of plant growth such as structural 

growth with biomass change, expansive growth, cell production and proliferation, etc., protein 

molecules also govern the cellular stress responses to environmental gradients (Qazi et al., 

2019). Pollution stress-mediated toxicity may act as an inducing factor for rise or decline of 

protein content in plant types based on their intrinsic capabilities of enduring abiotic stress 

(Rai, 2016). A declining trend in protein concentration (ref. Table 32) of plant leaves in 

response to stress was achieved in the present investigation which was affirmed by the inverse 

relationship of protein with PM (r=−0.56, p<0.05), PAHs (r=−0.46, p<0.05) and proline 

(r=−0.71, p<0.05).  The catalytic presence of pollutants might be deemed to be the inhibitor of 
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de novo protein synthesis and also prime mover behind the proteolytic cleavage of peptide 

bonds degenerating protein structures into miniscule amino acids, thereby enhancing protein 

reduction (Iqbal et al., 2000). Protein contents of T. divaricata (29.75 mg g-1) and N. oleander 

(30.72 mg g-1) were found to be more affected by air pollutants. Likewise, decreased levels of 

protein content were documented for F. benghalensis and T. arjuna (sampled from industrial 

regions) by Banerjee et al. (2022) as well as for D. alba and R. communis growing along the 

congested roads with dense traffic by Khalid et al. (2019).  

6.3.4.9. Air pollution induced stress tolerance of plants and considerations for green belting 

One way of expressing plants’ ability to combat stress is through assessment of APTI which 

involves ChlT, AA, leaf pH and RWC for its evaluation. The APTI values, shown in Table 32, 

reflected N. oleander, T. divaricata, C. gigantea, N. cadamba and P. alba as tolerant species 

(APTI: 19.49−29.72, i.e. >17), B. acuminata and A. scholaris as intermediately tolerant (APTI: 

15.29 and 14.43 respectively, i.e. lying between 10−16) and P. longifolia as a sensitive one 

(APTI: 9.65, i.e. <10). Moreover, APTI varied positively with PM (r=0.58, p<0.05) and PAHs 

(r=0.90, p<0.05), suggesting a direct relationship with high pollution levels. Strong positive 

influences of AA (r=0.94, p<0.05), pH (r=0.84, p<0.05) and ChlT (r=0.55, p<0.05) on APTI 

are also considerable pertaining to the structural and functional stability of the plants against 

stress-causing factors. Weak correlation between RWC and APTI (r=0.06, p<0.05) defined low 

dependence of APTI on RWC for all the investigated species. Thus, high APTI values signify 

enhanced competitive abilities of stress tolerant plants for biomonitoring of urban pollution 

through adaptive mechanisms (Kamble et al., 2021). 

 Being pollution indicators, plants change their responses with varying degrees of 

anthropogenic contamination. Hence, strategic selection of tolerant plants for green spaces is 

obligatory in order to ensure urban sustainability through the obtainment of maximum area− 

cover served by the green zone. Concerning biomonitoring, primary selection of plants is 

usually based on APTI analysis, but the grade of their performance should be critically judged 

through the application of API which also includes the impact of APTI along with other plant 

traits (as discussed in section 2.5) (Bala et al., 2022). Performance factor assessment with 

respect to plant species gradation and API has been represented in Table 33. N. cadamba 

(93.75%), N. oleander (81.25%) and P. alba (81.25%) have highest API score and are ranked 

as highly competent species with best and excellent performance. T. divaricata, C. gigantea 

and A. scholaris are also screened as very good and good performers (as seen from Table 4), 
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although A. scholaris displayed intermediate tolerance on APTI scale. In addition, B. 

acuminata, though lying in the poor category as per API grade, showed better performance in 

PM capture because of the leaf shape with the presence of specialized appendages or trichomes 

on leaf surfaces (ref. section 3.1). In a recent study, Patel et al. (2023) proposed that the plants 

scoring a percentage value of less than 50% need not be considered for planting designs in 

urban canyons. However, in spite of being sensitive from APTI screening, P. longifolia proved 

to be a moderate performer on the basis of API gradation. This has coherence with the results 

showing accumulation and encapsulation of particulates due to their distinctive macro− and 

microscale properties with prominent topographical structures on the surfaces of the leaves (as 

elaborated in section 3.1). Many studies offered comprehensive descriptions on the key aspects 

of APTI and API with major thrust on the broader outline of green belting using native flora 

(Goswami et al., 2022; Patel et al., 2023).  

 In this context, it may be argued that the plants’ tolerance or adaptability does not only 

depend on APTI or API scale, but there are several other biochemical, physiological, 

morphological, environmental and topographical variables contributing to their pollution 

tolerance capacities (Banerjee et al., 2022). In line with the above statement, the present study 

focused on the multiparametric analysis highlighting the influences of pollutants (PM and 

PAHs), foliar morphology, leaf wax, SLA, Chl a/b, CX+C, MSI, EL, proline, leaf carbon, TSS 

and protein apart from APTI/API and as such correlation analysis substantiated the strength of 

association between leaf traits and airborne pollutants. Even though RWC and protein revealed 

negative correlations with pollutants, Chl a/b, CX+C, AA, leaf pH, MSI, EL, proline, leaf carbon 

and TSS had beneficial impacts on plant responses. Variability assessment of more numbers 

of biomarkers would throw open the options of choosing the plant types from a vast reserve of 

vegetation depending on their enhanced probability of positive correlation with air pollution, 

rendering the vista of green belting wide open with the inclusions of species−diversified plant 

communities. However, APTI and API may serve the purpose of quick selection of the tolerant 

species.  

 Regarding green belt formation considering building geometry and plant height 

combination, Liu et al. (2023) suggested that relatively longer building length with respect to 

width and alternate tree and hedge arrangement would prove more beneficial in reducing the 

effect of particles in urban sprawl. This may also be applicable with double rows of tree 

arrangement. Wu et al. (2021) observed that the mixed designs with small shrubs and 

arbour−shrub combination at maximum concentration distance would substantially lower the 
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exposure risks to pedestrians and pollutant concentrations in horizontal dispersion. In case of 

vertical dispersion, the authors found that the shrubs served the purpose of inhibition of 

pollutant diffusion through wind flow, resulting in faster deposition of PM within a height of 

2−4 m. Conversely, Li et al. (2016) inferred that the low height of shrub mediated increase in 

the vertical movement and transportation of PM, thereby reducing ambient concentrations. 

Based on the above facts, it could be opined that after species selection, the following factors 

for planting arrangement should be considered in order to make the design effective and more 

conducive for maximum removal of pollutants: urban morphology/design, area under study 

including topography, vegetation composition and distribution, vegetation density index and 

coverage ratio, plant height, crown diameter, soil and water quality, aspect ratio (building 

width:height) and meteorological factors. Therefore, all the studied species may be surmised 

to be included in urban road green belt construction for alleviating somehow or other near 

roadway pollutant concentrations. 
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Table 32 

Evaluation of leaf characteristics (as mean ± SD) of selected plant species as potential biomarkers. 

 Plant species  

Parameters 
Nerium 

oleander  

Tabernaemontana 

divaricata  

Calotropis 

gigantea  
Bauhinia 

acuminata 
Polyalthia 

longifolia  
Alstonia 

scholaris  
Neolamarckia 

cadamba  
Plumeria  

alba  

Chl a (mg g-1 d.w.) 0.57±0.05 3.62±0.28 2.93±0.06 2.02±0.05 1.80±0.08 0.98±0.04 3.43±0.16 2.84±0.11 

Chl b (mg g-1 d.w.) 0.33±0.07 1.51±0.06 1.11±0.09 0.84±0.05 0.92±0.04 0.46±0.05 0.81±0.04 1.06±0.08 

ChlT (mg g-1 d.w.) 0.90±0.03 5.13±0.34 4.04±0.15 2.86±0.10 2.72±0.11 1.44±0.07 4.24±0.20 3.90±0.18 

Chl a/b 1.73±0.74 2.39±0.08 2.64±0.19 2.40±0.09 1.96±0.01 2.13±0.18 4.23±0.03 2.68±0.13 

CX+C (mg g-1 d.w.) 0.24±0.01 1.12±0.28 0.88±0.07 0.87±0.05 1.12±0.13 0.35±0.02 1.10±0.11 0.80±0.05 

AA (mg g-1 d.w.) 15.75±0.44 18.00±0.27 10.88±0.26 7.88±0.18 3.63±0.08 7.50±0.18 9.88±0.08 11.63±0.09 

Leaf  extract  pH 7.38±0.05 7.47±0.04 6.45±0.04 6.63±0.07 5.91±0.06 6.36±0.05 6.49±0.06 6.56±0.08 

RWC (%) 76.90±0.13 70.39±0.33 84.55±0.39 78.19±0.07 65.16±0.15 85.78±0.48 88.93±0.74 81.89±0.63 

MSI (%) 80.52±2.84 88.69±4.05 78.01±4.37 55.27±6.39 47.59±6.25 53.90±3.34 60.79±3.81 75.44±4.20 

EL (%) 0.98±0.30 2.31±0.42 7.29±0.57 8.93±1.52 5.21±0.88 6.10±0.95 5.60±0.43 8.26±0.65 

Proline content (mg g-1 d.w.) 4.28±0.59 4.72±0.18 3.56±0.73 0.55±0.13 1.56±0.49 1.27±0.37 2.54±0.66 2.44±0.58 

Leaf carbon content (%) 51.50±1.24 52.43±0.95 46.77±2.45 48.96±4.54 43.64±1.24 49.32±0.89 47.80±0.23 49.74±1.29 

TSS content (mg g-1 d.w.) 15.05±2.29 24.75±4.31 10.84±2.35 9.38±2.68 5.48±1.84 4.17±1.03 7.90±2.32 12.58±1.45 

Protein content (mg g-1 d.w.) 30.72±3.51 29.75±2.07 33.42±3.27 34.81±2.55 33.37±4.42 40.09±3.45 34.86±4.21 31.46±2.02 

APTI 20.73±2.07 29.72±3.15 19.87±1.58 15.29±0.46 9.65±0.89 14.43±1.20 19.49±0.48 20.35±1.99 

Total PM load (g cm−2)** 1808.64±46.99 2766.27±86.79 709.91±71.34 1697.57±95.76 1100.44±94.77 932.61±89.93 539.32±101.49 1054.27±112.85 

Total PAHs concentration (g g−1)** 286.08±32.65 393.01±30.34 267.47±11.49 177.22±14.57 159.92±21.23 256.80±32.31 301.13±37.31 342.28±25.38 

** Though these values are indicated in the body of the manuscript, these are again represented here for the ease of comparative/correlation study.     
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Table 33 

Anticipated Performance Index (API) of selected plant species.     

Plant 

species 
APTI 

Plant 

habit 

Canopy 

structure 

Type of 

plant 

Laminar structure 
Economic 

value 

Grade allotted Assessment 

Category 

(AC) Size Texture Hardiness 
Total 

plus (+) 
% score 

API 

value/Grade 

Nerium oleander +++++ + + + ++ + + + 13 81.25 6 Excellent 

Tabernaemontana 

divaricata 
+++++ + + + + + − ++ 12 75 5 Very good 

Calotropis 

gigantea 
++++ + + + ++ + − ++ 12 75 5 Very Good 

Bauhinia 

acuminata 
+++ − + − + + + + 8 50 2 Poor 

Polyalthia 

longifolia 
+ ++ + + + + + + 9 56.25 3 Moderate 

Alstonia scholaris ++ ++ ++ + ++ + + − 11 68.75 4 Good 

Neolamarckia 

cadamba 
++++ ++ ++ + ++ + + ++ 15 93.75 7 Best 

Plumeria alba +++++ + + − ++ + + ++ 13 81.25 6 Excellent 

Maximum grade of 16 can be scored by any plant. % Score ( 30) = Grade 0 (AC: Not recommended); % Score (31−40) = Grade 1 (AC: Very poor); % Score (41−50) = Grade 2 (AC: 

Poor); % Score (51−60) = Grade 3 (AC: Moderate); % Score (61−70) = Grade 4 (AC: Good); % Score (71−80) = Grade 5 (AC: Very good); % Score (81−90) = Grade 6 (AC: 

Excellent); % Score (91−100) = Grade 7 (AC: Best) (Prajapati and Tripathi, 2008b; Pathak et al., 2011; Pandey et al., 2015b; Kaur and Nagpal, 2017).
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6.4. Conclusion 

In urban areas, environmental exposures to traffic exhaust−generated PM and PAHs have led 

to extreme cases of morbidity and mortality. Development of green spaces fosters a better 

livelihood for the inhabitants. In this regard, the present study has focused on the selection of 

dominant locally available plant communities on the basis of their PM and PAHs retention 

abilities, air pollution biomarkers and tolerance. Deposition of surface PM (493−2680 g cm−2) 

and wax PM (5.30−25.82 g cm−2) of size 10−100 m was prominent in the leaves of all the 

species relative to the coarse ones, surface accumulation being recorded to be higher with all 

particle sizes. T. divaricata, N. oleander, B. acuminata, P. longifolia and P. alba were efficient 

PM retainers in terms of cumulative distribution. The particle accumulation by plant foliage 

was found to have definite correlations with intra/epicuticular wax composition and content, 

leaf shape and microstructural variability. PAHs concentrations were detected in the range of 

159.92−393.01 g g−1 in the plant leaves, which were found to be positively effected by SLA. 

In, N. oleander, T. divaricata, C. gigantea and N. cadamba, HMW PAHs (53−62%) were 

predominant, while composition profiles of B. acuminata, P. longifolia, A. scholaris and P. 

alba showed the prevalence of LMW PAHs (51−57%). TI values of more than 4 implied the 

presence of combustion emitted PAHs, more specifically those released from traffic emissions. 

The toxicological risk analyses revealed carcinogenic and mutagenic hazards from mainly 

HMW PAHs (>90% contribution).  

Plant responses to airborne pollutants for biomonitoring can easily be ascertained 

through the variations in the levels of different biomarkers, leading to the assessment of plant 

tolerance to withstand the impact of anthropogenic inputs and adverse climate in the urban 

areas. Parameters such as Chl a/b, CX+C, AA, leaf pH, proline, leaf carbon and TSS were 

examined as controlling variables by correlation analysis, imparting tolerance to the plants 

through maintenance of ChlT, membrane stability (viz. MSI) and ion leakage (viz. EL), under 

high air pollution stress severity. Abiotic stressors also triggered reduction in leaf RWC and 

protein content as stress symptoms.  

In compliance with the results of APTI, API and leaf trait evaluations in combination 

with PM and PAHs capturing capabilities, T. divaricata and N. oleander proved themselves to 

be immensely recommendable in most aspects for green belting. Also, N. cadamba, C. gigantea 

and P. alba with high APTI and API are suitable options for air pollution mitigation, P. alba 

turning out to be superior to the first two species in PM capturing and PAHs accumulation. B. 

acuminata and P. longifolia may be utilized in some specific areas with dust-laden atmosphere 
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because of their effectiveness in high PM removal with moderate potential of PAHs 

biofiltration. On the other hand, PAHs filtering behaviour of A. scholaris with average PM 

retention ability makes it an obvious choice for designing urban green spaces in densely 

populated areas. From the above, it can be recommended that the shrubs such as T. divaricata, 

N. oleander, C. gigantea, P. alba and B. acuminata and trees like N. cadamba, P. longifolia 

and A. scholaris of native origin and fast-growing nature should be planted in combination in 

a staggered formation to prevent wind funnelling. The available inter−spaces between trees 

should also be covered with meadows (particularly dominated by grasses, herbs or non−woody 

plants) or hedges to form an effective barrier by lessening the gaps. Such conceptual plan for 

proper green landscaping must be executed in the urban regions of Kolkata with appropriately 

selected species with due considerations to their orientation with respect to the relative 

locations of industrial and housing belts having elaborate road network.  

The conceptual framework along with the established results discussed so far in the 

current and earlier chapters has been further substantiated in Chapter 7 through the 

development of a mechanistic approach-based plant uptake model for PAHs across foliage-air 

interface.  
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Chapter 7 

7. Methodology VI 

Modeling of PAHs accumulation in 

biomonitors: Mechanistic approach  

 

7.1. Background 

Concerning the perilous effects of environmental pollution, plant cover is at the forefront of 

global transport and dispersion of persistent organic pollutants (POPs), where plant uptake and 

accumulation of organic chemicals through multiple routes (ref. Fig. 30) play a vital role in 

their alleviation. Atmospheric exchange of polycyclic aromatic hydrocarbons (PAHs) with 

vegetation surfaces (covering about 80% of the land) through gaseous deposition, particle 

deposition (wet and dry) and wet deposition controls their fate and transport in the terrestrial 

environment (Cousins and Mackay, 2001; Wang et al., 2015b). The environmental 

compartmentalization, distribution and possible fate of individual PAH congeners may diverge 

based on the relative differences in their molecular and bulk properties, such as vapour 

pressure, water solubility, partition coefficients, sorption behaviour and volatility (Zhu et al., 

2020). The exchange processes are greatly facilitated by the large canopy cover of diverse 

plant/vegetation types. The particle-laden deposition is governed by the concentration of PAHs 

in particulate phase, mass size distribution of the particulate pollutants, incidence and rate of 

rainfall and atmospheric particulate retention capacity of plant leaves (McLachlan, 1999). Gas 

phase deposition includes two processes: atmosphere-vegetation partitioning of PAHs at 

equilibrium and gaseous deposition under kinetic-limited regime. The first step relies on 

temperature, gas phase concentrations of PAHs preceding sampling duration and accumulative 

characteristics of vegetation cover and the other step is more dependent on vapour phase 

concentrations of PAHs during the plant life cycle, wind flow velocity, extent of atmospheric 

layer stability, plant age effects, spatial arrangement of mature tree crown and leaf surface 
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topography (McLachlan, 1999). PAHs which are intercepted and held by leaves may undergo 

adsorption and/or absorption. Adsorption acts as a reversible phenomenon, but absorption 

causes diffusion of PAHs in mesophyll tissue via cuticle layer. Prospect of terrestrial plants 

with trichomes, lipophilic cuticles, vast surface area per unit volume of foliage and high 

stomatal density in biomonitoring of ambient pollutants has been explored to a great extent 

(Janhall, 2015). The overall approximate aerial plant surface area on the globe has been 

evaluated to be 4  108 km2 with the area of stomatal pores extending between 46-125 µm2 

(for a particular species), giving a fair idea about the leaf capturing potential for pollutants, 

which ultimately influences the nation’s budget for pollution control (Wei et al., 2017). 

Periodic fluctuations in human activities are liable for varying degrees of PAHs in the ambient 

air. Diurnal, annual and seasonal changes in local weather patterns also determine airborne 

PAHs concentrations (Ravindra et al., 2006; Yang et al., 2013; Ray et al., 2017) and may even 

cause outflow of PAHs from leaf to the atmosphere. Quantitative evaluation of pollutant fluxes 

with respect to equilibrium considerations for foliar absorption or adsorption processes 

provides a factual basis for discerning the uptake mechanism, contribution of transport 

pathways and differential accumulation pattern depending on the plant-air or octanol-air or gas-

particle partition coefficient (KPA or KOA or KP respectively) (Mackay et al., 2006).   

 

 

Fig. 30. Dominant routes of POP uptake, accumulation and transport in plants along with loss 

mechanisms (Cousins and Mackay, 2001; Collins et al., 2006). 
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Air-leaf system constitutes the largest boundary of biotic/abiotic mass transfer and acts as the 

main pathway of pollutant transport in plants of terrestrial ecosystem with different pollution 

gradients. Moreover, mass transfer rates of pollutants are proportional to the available contact 

area. Leaf accumulation and sequestration of PAHs from ambient air has been recognized as 

the principal means of scavenging atmospheric PAHs and are strongly influenced by the 

physico-chemical properties of particular PAHs, their equilibrium distribution or partitioning 

between plant and atmosphere (relating to KPA or KOA which also determines the 

bioconcentration of organic compounds in plant foliage) as well as plant functional traits (viz. 

leaf lipid, wax and water contents, surface roughness, transpiration rates, etc.) and growth 

characteristics (i.e., evergreen or deciduous: evergreen species are more advantageous, 

enabling continuous capturing of pollutants over the whole year; shedding of leaves in winter 

months having high air pollution levels, etc.) (Wild et al., 2006; Wang et al., 2008; De Nicola 

et al., 2017). KOA is defined by the ratio of the chemical concentration in air and environmental 

surfaces (such as particulate matter, vegetation, soil and sediments) at thermodynamic 

equilibrium (Baskaran and Wania, 2023), while KPA is represented as the ratio between 

equilibrium concentration of PAHs in air to that in leaves (Komp and McLachlan, 1997). 

Characterization studies on variabilities in the biomonitoring potential of diverse plant types 

(broad-leaved and conifers) employing partition coefficient measurements have been carried 

out in few researches (Giraldez et al., 2022; Klingberg et al., 2022). Environmental conditions, 

specific leaf area, leaf area index, characteristics of PAHs and atmospheric concentration 

largely influence the partition coefficients (Terzaghi et al., 2015). Uptake by root system and 

subsequent translocation (i.e., acropetal translocation) to the aerial plant parts may also 

contribute to the total PAHs concentrations in foliage (Collins et al., 2006).  

PAHs entry into the plant leaves follows a two-step process: adsorption on cuticular 

surfaces (leaf cuticular compartments comprise epicuticular waxes (EW), cuticle proper (CP), 

and cuticular layer (CL)) by dry or wet deposition and absorption, penetration and migration 

or translocation into leaf tissues through stomatal uptake (Desalme et al., 2013; Li et al., 2016a). 

Leaf surface cuticular adsorption of PAHs takes place via three stages: sorption to wax crystals 

at the surface, penetration or diffusion across the cuticular membrane and release or desorption 

from the membrane surface into the leaf epidermis (Li et al., 2016b). The overall process of 

cuticular penetration of PAHs is usually associated to both sorption (being the driving force) 

and diffusion because of their concurrent occurrences (Shechter and Chefetz, 2008). 

Coexistence of two different paths of diffusion (lipophilic and aqueous pores or channels) in 

the cuticles mostly directs the pollutant penetration and hydrophobic PAHs follow the 
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lipophilic path of diffusion through cuticular lipids (Buchholz, 2006; Schonherr, 2006; Li and 

Chen, 2014). The ability of plant leaves to translocate PAHs within interior tissues determines 

their accumulative nature which is a prerequisite for biomonitoring (Yang et al., 2017). Once 

the pollutants get immobilized and trapped within those inner leaf layers, they are less affected 

by the weather-induced interferences and less susceptible to volatilization from foliar surfaces, 

thereby assuring the inherent air biofiltration capacity of plants.  

Very few studies have been conducted particularizing the contributions of different 

pathways (gaseous and particle depositions as well as root-to-leaf translocation) to the total 

foliar loading of PAHs (McLachlan, 1999; Simonich and Hites, 1994b; Bohme et al., 1999; 

Kaupp et al., 2000; Klingberg et al., 2022). Moreover, most of the investigations involving 

uptake models have been performed in laboratory or simulated conditions (hydroponic system, 

greenhouse/growth/closed/exposure chamber or artificially contaminated/spiked soil) (Zhu et 

al., 2020; Iwabuchi et al., 2020; Tani et al., 2022; Wang et al., 2023), unlike the field study 

without any controlled environment. Laboratory tests do not completely reflect the ambience 

of natural surroundings and field environment, thereby generating divergences in qualitative 

and quantitative results obtained from both the analyses (Wang et al., 2020a; Fan et al., 2020). 

Conceptual research designs are thus required for constructive integration of laboratory and 

field works for the assessment of intricate mechanisms of PAHs uptake and translocation. 

However, route-specific accumulation of PAHs in plants may differ based on pollutant nature. 

Explicit interpretation of PAHs uptake mechanism through modeling approaches incorporating 

environmental dynamics of both abiotic and biotic factors (viz., models based on material 

balance, fugacity capacity, etc.) is therefore of vital importance in order to evaluate the 

biomonitoring potential of plant species. The resulting model would precisely help in 

determining the performance of species exposed to co-occurring ambient stressors. Natural 

phenomena like litterfall, washout effects in rainy season and natural volatilization from 

surfaces may contribute in getting the actual uptake by a biomonitor plant. Therefore, net 

uptake by the plant biomonitor is certainly different in varied plant species, which must be 

accounted on a case to case basis. 

In view of the foregoing, the present study was undertaken using a model plant 

biomonitor species Murraya paniculata to (1) examine the partitioning of 16 EPA-PAHs from 

atmosphere into the particulate phase (i.e., leaf-laden particulate matter (PM)) and leaf matrix 

based on KP and KPA, (2) analyze the fate of ambient PAHs in plant biomonitor under real-field 

conditions underlining the mechanisms of foliar uptake and translocation dynamics (i.e., 

translocation into inner leaf compartments from foliar PM and from root to leaf), (3) identify 
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the PAHs scavenging or uptake pathways for Murraya leaves with their probable contributions, 

(4) evaluate the fugacity capacity of plant leaves for estimating the potential for foliar sorption 

and (5) predict a mechanistic model of net PAHs uptake by plant biomonitor based on real data. 

  
7.2. Materials and methods 

7.2.1. Experimental design 

A modeling approach was undertaken to demonstrate the specific pathway-driven inputs of 

PAHs into Murraya leaves (i.e., bioaccumulation) on the basis of the measurements of PAHs 

concentrations in multiple leaf compartments and roots of M. paniculata, keeping in view 

PAHs mass transfer, partitioning and translocation behaviour as well as leaf morphology. 

Estimates of total leaf surface area for approximately 40 leaves (A in cm2) were acquired with 

the help of graph paper (Prajapati and Tripathi, 2008a) and found as 241.75 cm2. Specific leaf 

area (SLA in cm2 g-1) was calculated as 151.09 using the ratio between leaf area and dry weight. 

Random scaling measurements were taken for leaf thickness determination using 20-30 leaves 

and the average thickness was calculated as 0.025 cm for an individual leaf sample, which is 

quite comparable to that of the literature values (0.016-0.029 cm) (Raskin, 1983). Leaf volume 

(V in cm3) was then estimated as (A × total leaf thickness) and found to be 241.75 cm3. A 

process flow diagram has been comprehensively depicted in Fig. 31. Mathematical 

interpretation of the model and parameters has been described elaborately in the subsequent 

sections. 
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Fig. 31. Flow chart for model design.  

 

7.2.2. Determination of plant-air partition coefficient (KPA) 

By definition, plant-air (KPA) and octanol-air (KOA) partition coefficients can be mathematically 

expressed in Eqs. 30 and 31 (Giraldez et al., 2022; Baskaran and Wania, 2023):  

 

𝐾𝑃𝐴 =
𝐶𝑃

𝐶𝐴
                                               (30) 

𝐾𝑂𝐴 =
𝐶𝑂

𝐶𝐴
                                               (31) 

 

where, CP, CA and CO are the equilibrium concentrations of a chemical compound in plant 

leaves, air and octanol-phase respectively.  

It is assumed that KPA is directly proportional to KOA with the consideration that the 

lipid-rich tissues of plant leaves acting as the storage compartment or sink for lipophilic or 

hydrophobic compounds like PAHs simulate the behaviour of octanol (Komp and McLachlan, 

1997). Hence, in the present work, for simplicity, KPA and KOA have been identically used and, 

in some cases, KOA has been substituted by KPA as needed. Since, CA is not available, therefore, 
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KOA (or KPA) (Eq. 32) was estimated using octanol-water partition coefficient (KOW) (Eq. 33) 

(Vallero, 2014):  

 

𝐾𝑂𝐴 =
𝐾𝑂𝑊𝑅𝑇

𝐾𝐻
                                                  (32) 

𝐾𝑂𝑊 =
𝐶𝑂

𝐶𝑊
                                                       (33) 

 
where, KH is the Henry’s law constant (atm m3 mol-1), R is the ideal gas constant (8.21 × 10-5 

atm m3 K-1 mol-1), T is the absolute temperature (K) and CW is the concentration of chemical 

compound in water-phase. 

  An equilibrium distribution study was conducted experimentally with the help of 

‘stirred flask technique’ for determining the partition coefficients of PAHs (Dearden and 

Bresnen, 1988; Streng, 2001; Silva et al., 2021). A standard solution (5 mL) of 16 EPA-PAHs 

in acetonitrile (prepared by diluting a stock solution of known concentration) was initially 

added to the aqueous matrix of volume 10 mL following which the two matrices, i.e., water 

and plant leaf (sample weight: 0.5 g), were mixed together. Blank matrices devoid of target 

compounds were used for the partitioning experiments. Slurries were then kept under stirring 

condition (with moderate speed) for 6-7 days at 25 °C to allow for equilibrium partitioning (the 

pre-experimental results revealed that the equilibrium was achieved within the stipulated 

period). After equilibration time, the two phases were separated and water matrix was subjected 

to direct clean-up followed by HPLC analysis for PAHs quantification. Dried leaf matrix was 

further extracted with toluene for 6 h, purified and analyzed in HPLC for PAHs estimation. 

KOW was then evaluated using the concentrations of individual PAHs in both leaf and water 

matrices and KOA was finally calculated as per the aforementioned formula for each congener. 

CA was also determined from the KPA expression. 

 
7.2.3. Determination of particle-gas partition coefficient (KP) 

Distribution equilibrium of PAHs between gas and leaf-laden particulate phases can be 

expressed by the particle-gas partition coefficient (KP) in order to establish the adsorption 

potential of PM for capturing PAHs (Weschler et al., 2008). Particle-bound PAHs have been 

found to be associated with high KP values (Tsapakis and Stephanou, 2005). In the current 

study, KP for individual PAHs was evaluated using the following empirical equations (Eqs. 34-

37) (Finizio et al., 1997; Harner, 1998; Weschler et al., 2008):  
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𝑙𝑜𝑔 𝐾𝑃 = 0.79 𝑙𝑜𝑔 𝐾𝑂𝐴 − 10.01                                                       (34) 

𝑙𝑜𝑔 𝐾𝑃 = 𝑙𝑜𝑔 𝐾𝑂𝐴 + 𝑙𝑜𝑔 𝑓𝑂𝑀 − 11.91                                             (35) 

log10 𝐾𝑃 = 0.829 log10 𝐾𝑂𝐴 − 10.263                                            (36) 

log10 𝐾𝑃 = log10 𝐾𝑂𝐴 + log10(1.88 × 10−12)                                 (37) 

 

where, fOM is the organic matter fraction of particles (= 0.4 for urban atmosphere) (Weschler 

and Nazaroff, 2010). Experimentally determined log KPA values were considered for 

calculating KP in place of log KOA to accurately predict the partitioning of PAHs into foliar PM 

from the ambient air.      

 
7.2.4. Determination of PAHs mass transfer coefficients for air-leaf and root-leaf uptake 

For estimating the overall air-leaf mass transfer coefficients of PAHs, an uptake model 

proposed by McLachlan (1999), Kobayashi et al. (2007) and Sun et al. (2016) for different 

systems, air to leaf, air to grain and air to crop leaf surface, was employed which can be 

described as follows (Eq. 38):  

𝑑𝐶𝐿

𝑑𝑡
= 𝑘𝐴𝐿𝑎𝐴𝐿𝐶𝐴 −

𝑘𝐴𝐿𝑎𝐴𝐿𝐶𝐿

𝐵𝐶𝐹𝐿𝐴
                                                            (38) 

where, CL is the concentration of PAHs in plant leaves (µg g-1), t is the time in days (d), kAL is 

the overall air to leaf mass transfer coefficient (cm day-1), aAL is the volumetric leaf area (i.e., 

leaf surface area normalized to leaf volume) (found to be 40.02 cm2 cm-3 based on 

experimentation), CA is the air-phase concentration of PAHs (µg g-1) and BCFLA is the foliage 

or leaf-air bioconcentration factor defined as (CL/CA). Therefore, from the plot of dCL/dt (µg 

g-1 day-1) vs. CL (refer Appendix-I), kAL values were calculated for individual PAH compounds 

from the slope ((kAL × aAL)/ BCFLA) of the curve.   

 The applicability of the above-mentioned model was further extrapolated for evaluating 

the root-leaf mass transfer coefficients of PAHs assuming the uptake from root compartment 

to foliage via transpiration stream through xylem. Thus, the model can be interpreted using Eq. 

39 below: 

 
𝑑𝐶𝐿

𝑑𝑡
= 𝑘𝑅𝐿𝑎𝑅𝐿𝐶𝑅 −

𝑘𝑅𝐿𝑎𝑅𝐿𝐶𝐿

𝐵𝐶𝐹𝐿𝑅
                                                          (39) 

where, kRL is the overall root to leaf mass transfer coefficient, aRL is the contact area of root, 

CR is the concentration of PAHs in root (µg g-1) and BCFLR is the foliage or leaf-root 

bioconcentration factor defined as (CL/CR). The parameter (kRL × aRL) (day-1) was then 
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calculated for PAHs from the slope (kRL × aRL)/ BCFLR) of the curve between dCL/dt and CL 

(refer Appendix-I) for the limitation in accurate measurement of surface area of intact root. 

  The rate of change of PAHs concentration in plant leaves (dCL/dt) was estimated based 

on the measurement of PAHs concentration (CL) in foliage collected (in replicates) during 

August-October, 2023, at a regular sampling interval of 10 days.  

For determination of the root concentrations of PAHs (CR), an uptake experiment was 

carried out, where root samples were initially soaked in a standard simulated PAH mix solution 

and samples were collected thereafter at an interval of 24 h for 10-15 days for the purpose of 

developing a concentration profile of PAHs in plant roots. All the leaf and root samples were 

extracted and the extracts were then subjected to silica gel column clean-up and 

chromatographic analysis for examining PAHs concentrations.  

7.2.5. Estimation of bioaccumulation and translocation factors  

Apart from direct uptake of PAHs from air, plant leaves collect and thereby accumulate 

ambient PAHs into their tissues from two main sources: PM laden PAHs and root associated 

PAHs. Determination of related concentrations of PAHs acquired by leaves from PM and its 

root is based on translocation factor (Blaine et al., 2014). The root concentration factor (RCF) 

(Eq. 40) and translocation factors (TF) (Eqs. 41 and 42) were assessed considering the 

concentrations of PAHs in plant foliage, root and surrounding medium (Lu et al., 2024). 

𝑅𝐶𝐹 =
𝐶𝑅

𝐶𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
⁄                                                         (40) 

𝑇𝐹𝑓/𝐿 =
𝐶𝐿

𝐶𝑓
⁄                                                                  (41) 

  [𝑁𝑂𝑇𝐸: 𝐶𝐿 = 𝐶𝑊 + 𝐶𝑀] 

𝑇𝐹𝑅/𝐿 =
𝐶𝐿

𝐶𝑅
⁄                                                                 (42) 

where, TFf/L and TFR/L denote the translocation factors from foliar PM to leaf and root to leaf 

respectively, Csolution is the concentration of PAHs in the exposure medium (µg mL-1), Cf is the 

concentration of PAHs in foliar PM (µg g-1), CW is the concentration of PAHs in cuticular wax 

(µg g-1) and CM is the concentration of PAHs in leaf inner mesophyll tissue (µg g-1).  
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7.2.6. Elucidation of plant uptake mechanism by material balance model and fugacity 

approach 

7.2.6.1. Material balance approach (with model assumptions) 

The overall foliage uptake processes of PAHs using M. paniculata have been presented in the 

proposed work. Basically, simultaneous direct-indirect uptake and direct/indirect loss of PAHs 

to/from leaves results in net PAHs uptake by leaves which indicates foliage air filtering 

capability. Though the processes are ‘unsteady state’ type individually, they result in steady 

rate of net uptake combinedly. Individual gain and loss components are looked into in details 

to have an actual net uptake (Eq. 43) of PAHs by M. paniculata leaves and then compared with 

theoretical net PAHs uptake (Eq. 44) values to confirm the validity of the predicted mechanistic 

PAHs uptake model.  

Two compartments have majorly been considered under gain study – foliage and root. 

Stem has not separately been studied; however, it is obvious that the translocation process 

involving PAHs transfer from root tissues to plant leaves takes place through the stem via 

xylem. Since, the major focus was given on the quantification and percent contributions of the 

uptake processes of PAHs by the plant of terrestrial origin, air to leaf pathway is the dominant 

route of accumulation. Thus, the processes can be summarized as follows: diffusional exchange 

between foliage and air (depicted in the form of Eq. 45), atmospheric deposition on foliar 

tissues (represented as Eq. 46), uptake through wet precipitation, bulk flow, uptake and 

transport in plants via transpiration streams at the interface of root-stem-foliage (refer. Eq. 47) 

along with a loss factor (Paterson and Mackay, 1994).  

Contribution of root to leaf pathway to the total foliar PAHs burden was examined 

neglecting the contribution from soil that may be considered to be another sink of PAHs. On 

the other hand, translocation of PAHs from plant leaves has been ignored as the pollutant 

holding capacity of foliage is much more than their abilities to translocate the chemicals into 

other plant parts. In case of tolerant plant types, it was reported by Perez et al. (2022) that only 

2-5% of the pollutants got translocated from the leaves after absorption. Uptake through wet 

particle deposition and precipitation or rainfall is ignored because of their prevalence in 

monsoon or wet season only.  

  In consideration of the dynamicity of plant leaf uptake of organic contaminants, 

inclusion of total loss factor in material balance has been represented in terms of evaporative 

loss (LEV) (Eq. 48) as it constitutes the major share. LEV was estimated based on the kinetics of 

PAHs uptake by plant leaves monitored for 15 days. In brief, plant leaves were soaked in 
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diluted solutions of PAHs standard mix and samples were taken at a sequence of 24 h time 

span and analyzed for PAHs concentrations. Cumulative loss (µg g-1) was determined after 

maximum uptake and finally expressed as rate of loss (RL) in µg g-1 day-1 from which LEV was 

evaluated and expressed in µg day-1.  

PAHs losses due to foliar litter and runoff have been ignored, since, these processes are 

observed during a specific time span of a year. Foliar PAHs transformation or degradation 

(representing pollutant loss) due to plant growth, metabolism and biochemical reactions is 

further ignored as the rate of absorption is much higher than the rate of loss in case of bio-

metabolism (Ayilara and Babalola, 2023) and thus contributes minimal with respect to other 

factors.    
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The generic form of the model equation is expressed as:                                          
N 

  ≈                                      

          
N 

  and is given by 

  

 

 

 
 

U
NT

  µ       = 
𝐕 (𝐜𝐦𝟑)× 

𝐝𝐂𝐋
𝐝𝐭 

 (
µ𝐠

𝐠.𝐝⁄ ) × 𝐥𝐨𝐠 𝐊𝐏𝐀

𝐒𝐋𝐀 (𝐜𝐦
𝟐

𝐠⁄ ) × 𝐋𝐞𝐚𝐟 𝐭𝐡𝐢𝐜𝐤𝐧𝐞𝐬𝐬 (𝐜𝐦)
                                                                                                                                  (44)  

 

                                   
N 

 

 

(𝐔𝐠𝐞

𝐀
𝐋⁄ )  µ   ay =

𝐤𝐀𝐋(
𝐜𝐦

𝐝
)× 𝐀 (𝐜𝐦𝟐) × 𝐂𝐀 (

µ𝐠
𝐠⁄ )

𝐒𝐋𝐀 (𝐜𝐦
𝟐

𝐠⁄ )
                                                                                                                                 (45) 

 

(𝐔𝐃𝐏)  µ   ay = (
𝐂𝐟 (

µ𝐠
𝐠⁄ ) × 𝐓𝐨𝐭𝐚𝐥 𝐦𝐚𝐬𝐬 𝐨𝐟 𝐟𝐨𝐥𝐢𝐚𝐫 𝐝𝐮𝐬𝐭 (𝐢𝐧 𝐠) × 𝐓𝐅𝐟/𝐋

𝐝𝐚𝐲𝐬 𝐨𝐟 𝐬𝐭𝐮𝐝𝐲
)                                                                                                    (46) 

 

(𝐔𝐓𝐒
𝐑/𝐋

)  µ   ay = [𝐤𝐑𝐋 × 𝐀𝐑] (𝟏 𝐝𝐚𝐲⁄ ) × 𝐂𝐑 (
µ𝐠

𝐠⁄ ) × (𝐓𝐅𝐑/𝐋) × 𝐓𝐨𝐭𝐚𝐥 𝐦𝐚𝐬𝐬 𝐨𝐟 𝐫𝐨𝐨𝐭 𝐬𝐚𝐦𝐩𝐥𝐞 𝐭𝐚𝐤𝐞𝐧 (𝐢𝐧 𝐠)                  (47) 

 

     µ       =  (𝐑𝐋 𝐢𝐧
µ𝐠

𝐠. 𝐝𝐚𝐲⁄ ) × 𝐓𝐨𝐭𝐚𝐥 𝐦𝐚𝐬𝐬 𝐨𝐟 𝐥𝐞𝐚𝐟 𝐬𝐚𝐦𝐩𝐥𝐞 𝐭𝐚𝐤𝐞𝐧 (𝐢𝐧 𝐠)                                                                     (48) 

   
N 

  =

[
 
 
 
 
 
 
 𝐔𝐩𝐭𝐚𝐤𝐞 𝐛𝐲 𝐚𝐢𝐫 − 𝐟𝐨𝐥𝐢𝐚𝐠𝐞 𝐠𝐚𝐬𝐞𝐨𝐮𝐬 𝐞𝐱𝐜𝐡𝐚𝐧𝐠𝐞 (𝐔𝐠𝐞

𝐀
𝐋⁄ ) +

𝐔𝐩𝐭𝐚𝐤𝐞 𝐛𝐲 𝐝𝐫𝐲 𝐩𝐚𝐫𝐭𝐢𝐜𝐥𝐞 𝐝𝐞𝐩𝐨𝐬𝐢𝐭𝐢𝐨𝐧 (𝐔𝐃𝐏) +

 𝐔𝐩𝐭𝐚𝐤𝐞 𝐛𝐲 𝐰𝐞𝐭 𝐩𝐚𝐫𝐭𝐢𝐜𝐥𝐞 𝐝𝐞𝐩𝐨𝐬𝐢𝐭𝐢𝐨𝐧 (𝐔𝐖𝐏) +

𝐔𝐩𝐭𝐚𝐤𝐞 𝐭𝐡𝐫𝐨𝐮𝐠𝐡 𝐫𝐚𝐢𝐧 𝐝𝐢𝐬𝐬𝐨𝐥𝐮𝐭𝐢𝐨𝐧 (𝐔𝐑) +

𝐔𝐩𝐭𝐚𝐤𝐞 𝐟𝐫𝐨𝐦 𝐫𝐨𝐨𝐭 𝐭𝐨 𝐟𝐨𝐥𝐢𝐚𝐠𝐞 𝐯𝐢𝐚 𝐭𝐫𝐚𝐧𝐬𝐩𝐢𝐫𝐚𝐭𝐢𝐨𝐧 𝐬𝐭𝐫𝐞𝐚𝐦(𝐔𝐓𝐒
𝐑/𝐋

)

 ]
 
 
 
 
 
 
 

−

[
 
 
 
 
 

𝐄𝐯𝐚𝐩𝐨𝐫𝐚𝐭𝐢𝐯𝐞 𝐥𝐨𝐬𝐬 (𝐋𝐄𝐕) +
𝐋𝐨𝐬𝐬 𝐝𝐮𝐞 𝐭𝐨 𝐩𝐥𝐚𝐧𝐭 𝐠𝐫𝐨𝐰𝐭𝐡 (L

G
) +

 𝐋𝐨𝐬𝐬 𝐝𝐮𝐞 𝐭𝐨 𝐩𝐥𝐚𝐧𝐭 𝐫𝐞𝐚𝐜𝐭𝐢𝐨𝐧 (𝐋𝐏𝐑) +
𝐋𝐨𝐬𝐬 𝐝𝐮𝐞 𝐭𝐨 𝐥𝐢𝐭𝐭𝐞𝐫𝐟𝐚𝐥𝐥

(𝐋𝐋𝐅) + 𝐋𝐨𝐬𝐬 𝐝𝐮𝐞 𝐭𝐨 𝐟𝐨𝐥𝐢𝐚𝐠𝐞 𝐫𝐮𝐧𝐨𝐟𝐟
(𝐋𝐅𝐑) ]

 
 
 
 
 

                             (43)      
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Ignored parameters 

(UWP) = 0; neglected 

(UR) = 0; neglected 

(L
G
) = 0; neglected 

(L
PR

) = 0; neglected 

(L
LF

) = 0; neglected 

(L
FR

) = 0; neglected 

7.2.6.2. Fugacity approach 

Fugacity capacity (ZF, mol m-3 Pa-1) of plant leaves was calculated using the following 

expressions (involving leaf-air partition coefficient (Eq. 49) and vegetation fraction resembling 

octanol (having hydrophobic nature) relating to partitioning characteristics (Eq. 50)) to affirm 

the natural filtering effect of vegetation and foliar sorptive capacities with respect to PAHs 

(Cousins and Mackay, 2001). 

𝑍𝐹 = 𝐾𝑃𝐴 × 𝑍𝐴                                              (49) 

𝑍𝐹 = 𝑣𝐹𝑂 × 𝑍𝑂                                              (50) 

where, KPA is the foliage-air partition coefficient, ZA is the fugacity capacity of air (mol m-3 Pa-

1) and can be estimated as 1/RT (R = universal gas constant = 8.21 × 10-5 atm m3 K-1 mol-1; T 

= absolute temperature = 298 K), 𝑣𝐹𝑂 is the volume fraction of the octanol-like material (i.e., 

plant leaf lipid) in vegetation (found out to be 4.95 m3 m-3 based on the measurement) and ZO 

is the fugacity capacity of octanol and can be given as (ZA × KOA) or (ZW × KOW) (ZW (mol m-

3 Pa-1) = fugacity capacity of water = 1/KH; KH = Henry’s law constant in Pa m3 mol-1). 

 
7.3. Results and discussion 

7.3.1. Plant-air partitioning of PAHs    

Less water solubility and lower vapour pressure of HMW PAHs make them easily partitionable 

into organic phase, comparatively to a greater extent than LMW PAHs. The exchange and 

partitioning of PAHs between plant foliage and air have been evaluated by KPA to discern the 

PAHs interception and uptake capacity of terrestrial plants. The partitioning of PAHs between 

foliage (i.e. octanol phase) and aqueous phases is represented in Fig. 32. Based on the results, 

it was observed that the concentrations of almost all the PAHs in leaf matrix were much higher 
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than that of the water matrix, except FLU, PHEN, FLT and CHR which exhibited high 

concentrations in aqueous phase and this may be attributed to the differences in their water 

solubilities and vapour pressures (Yu et al., 2020; Kim et al., 2019). Thus, it is interpretive that 

the PAHs have strong affinities to get accumulated in the foliar tissues rich in lipid fraction 

which is the primary phase of hydrophobic organic compound accumulation due to nonpolar 

absorptive nature (Gobas et al., 2018). As evident from Table 34, KPA or KOA values more than 

unity implied higher equilibrium concentrations of PAHs in octanol like plant-phase as 

compared to the ambient air, thereby proving the plant as a candidate biomonitor with 

accumulative potential. Similarly, log KPA values >1 also affirmed plant leaf uptake of 

atmospheric PAHs. Very low air-phase equilibrium concentrations of PAHs (CA) indicated 

efficient filtering capability of the chosen biomonitor species. Among the 16 PAHs, DahA 

having highest log KPA and lowest CA, showed strong characteristics of absorption to the biotic 

phase (plant foliage), whereas, filtration of FLU is lowest as apparent from highest CA. Giraldez 

et al. (2022) and Klingberg et al. (2022) reported log KPA values for different plant species such 

as C. japonica var. elegans, Cedrus atlantica, Cedrus deodara, Cupressus arizonica, Quercus 

palustris, etc. and confirmed plant capabilities in retaining PAHs with concomitant reduction 

in their ambient concentrations.  
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            Fig. 32. Octanol (foliage)- and water- phase concentrations (mean ± S.D.) of PAHs.
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      34 

Partition coefficients and estimated air-phase concentrations (mean ± S.D.) of PAHs. 

PAHs K
H

 (Atm m
3
/mol) K

OW
 K

OA
 / K

PA
 Log K

OA 
/
 
Log K

PA
 

C
A 

= C
P
/K

PA
 

(µg g-1) 

NAPH 4.24 × 10
–4

 1.96±0.32 113.09±40.39 2.05±0.69 0.043±0.01 

ACY 8.29 × 10
–5

 2.88±0.66 849.96±156.51 2.93±1.24 0.017±0.002 

ACE 1.20 × 10
–4

 1.79±0.19 364.95±112.45 2.56±1.63 0.013±0.003 

FLU 7.77 × 10
–5

 0.39±0.04 122.80±51.21 2.09±0.87 0.171±0.08 

PHEN 3.20 × 10
–5

 0.47±0.06 359.34±237.88 2.56±0.51 0.054±0.02 

ANT 3.91 × 10
–5

 40.40±2.59 25279.24±1685.75 4.40±1.89 1.599 × 10
-4

±1.16361E-05 

FLT 1.02 × 10
–5

 0.89±0.11 2134.76±831.08 3.33±1.46 9.724 × 10
-3

±0.002 

PYR 9.08 × 10
–6

 3.86±1.08 10400.66±3467.61 4.02±1.75 1.046 × 10
-3

±0.0007 

BaA 5.73 × 10
–6

 1.32±0.47 5636.10±2083.24 3.75±0.94 7.771 × 10
-4

±0.0006 

CHR 6.41 × 10
–7

 0.83±0.16 31679.59±6747.24 4.50±2.01 1.705 × 10
-4

±2.75777E-05 

BbF 4.26 × 10
–6

 3.72±0.93 21364.50±4507.73 4.33±1.66 1.569 × 10
-3

±0.001 

BkF 8.27 × 10
–7

 10.77±3.84 318617.49±92670.74 5.50±2.83 2.190 × 10
-4

±4.58352E-05 

BaP 4.54 × 10
–7

 6.35±2.15 342197.86±81927.00 5.53±2.39 2.026 × 10
-4

±3.43813E-05 

DahA 1.47 × 10
–8

 3.85±0.86 6407709.52±1012105.00 6.81±3.25 5.303 × 10
-6

±1.08064E-06 

BghiP 7.40 × 10
–7

 4.24±1.22 140182.42±28521.51 5.15±1.99 1.668 × 10
-4

±4.53669E-05 

IP 1.60 × 10
–6

 14.99±2.71 229213.96±29301.76 5.36±2.43 1.765 × 10
-4

±2.12132E-05 
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The present study also assists in the development of a relationship between theoretical and 

experimental log KPA values (Fig. 33), good predictor of terrestrial sequestration of airborne 

organic compounds in vegetation, on the basis of log KOA (Table 35) empirically determined 

for individual PAHs using the expression (Eq. 51) outlined below (Xiao and Wania, 2003; 

Nizzetto et al., 2008) which shows the dependence of log KOA on super-cooled vapour pressure 

of PAHs at 25 ºC (PL): 

 

𝑙𝑜𝑔 𝐾𝑂𝐴 = −0.98784 𝑙𝑜𝑔 𝑃𝐿 + 6.6914                                           (51)  

𝑙𝑜𝑔 𝐾𝑃𝐴 = −1.75 + 0.33 𝑙𝑜𝑔 𝐾𝑂𝐴                                                   (52) 

The log KPA values calculated from Eq. 52 are considered as theoretical and are given in Table 

35. The experimental and theoretical values of log KPA were relatively found to be in order as 

the R2 value 0.795 is indicative of good fit between the data (Fig. 33). Though previously it 

was assumed that log KPA ≈ log KOA, deviation was observed between them, probably due to 

the inclusion of the parameter PL in the empirical equation of log KOA as the standardized 

temperature of 25 ºC might not be the actual operating condition in the laboratory.  

 

Fig. 33. Plot of theoretical and experimental log KPA. 
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      35 
 

Theoretical values of log KOA and log KPA. 
 

PAHs 
𝐥𝐨𝐠 𝐏𝐋 (Pa)  

log K
OA

 

(from Eq. 51) (theoretical) 

log K
PA

 

(from Eq. 52) (theoretical) 

NAPH – – – 

ACY 0.35 6.346 0.344 

ACE 0.17 6.523 0.403 

FLU -0.24 6.928 0.536 

PHEN -1.08 7.758 0.810 

 
ANT -1.11 7.788 0.820 

FLT -2.24 8.904 1.188 

PYR – – – 

BaA – – – 

CHR -3.89 10.534 1.726 

BbF -4.80 11.433 2.023 

BkF -4.82 11.453 2.029 

BaP -5.04 11.670 2.101 

DahA -6.14 12.757 2.459 

BghiP -6.10 12.717 2.447 

IP -5.97 12.589 2.404 

    a Odabasi et al. (2006) 

 

7.3.2. Particle-gas partitioning of PAHs  

In the atmosphere, both gaseous and particulate fractions of PAHs may exist under ambient 

conditions. Absorption of gaseous PAHs in foliar tissues mostly takes place through stomatal 

pores and cuticle based on equilibrium partitioning between gas phase and vegetation, while 

on the contrary, the airborne particles may undergo long-distance dispersal and get accumulated 

and adsorbed on vegetation surfaces through atmospheric deposition and act as a probable sink 

for PAHs sorption (Yaffe et al., 2008). From the log KP values depicted in Table 36, partitioning 

of PAHs into foliar-adsorbed PM from the ambient air was predicted and the values for 

individual PAHs showed coherence with that of the literature values (Lohmann and Lammel, 

2004), suggesting that the PM also acts as a potential medium to capture PAHs and thus, PAHs 
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have a high tendency to get adsorbed on foliar PM. The plot of log KP vs. log KOA (Fig. 34) 

presented a good correlation (R2 = 0.795), specifying PAHs partitioning into particulate organic 

matter, since, octanol is considered as a good representative of organic matter for anticipating 

the distribution of organic compounds in different phases (Baskaran and Wania, 2023; 

Demircioglu et al., 2011). Different KP values for different PAHs indicated that the ambient 

particles exhibit discrete sorbing propensities for LMW and HMW PAHs (Demircioglu et al., 

2011). It can be further observed from Table 36 that most of the 5 and 6 ring PAHs have high 

values of log KP which is perfectly corroborating the fact that the HMW PAHs tend to get more 

associated with fine PM, having high particle-phase concentrations.  

 

Table 36 

Particle-gas partition coefficient (KP) (mean ± S.D.) of PAHs. 

PAHs log K
P (from Eq. 34) log K

P 
(from Eq. 35) log K

P 
(from Eq. 36) log K

P 
(from Eq. 37) 

NAPH -8.39±0.04 -10.25±0.13 -8.56±0.11 -9.68±0.13 

ACY -7.69±0.01 -9.38±0.08 -7.83±0.06 -8.8±0.07 

ACE -7.99±0.03 -9.75±0.12 -8.14±0.09 -9.17±0.11 

FLU -8.36±0.28 -10.22±0.27 -8.53±0.23 -9.64±0.27 

PHEN -7.99±0.10 -9.75±0.21 -8.14±0.17 -9.17±0.20 

ANT -6.53±0.09 -7.91±0.02 -6.62±0.02 -7.33±0.03 

FLT -7.38±0.04 -8.98±0.14 -7.50±0.11 -8.4±0.13 

PYR -6.84±0.22 -8.29±0.19 -6.93±0.16 -7.71±0.20 

BaA -7.05±0.24 -8.56±0.22 -7.15±0.19 -7.98±0.23 

CHR -6.45±0.003 -7.81±0.09 -6.53±0.07 -7.23±0.08 

BbF -6.59±0.15 -7.98±0.10 -6.67±0.09 -7.4±0.11 

BkF -5.66±0.02 -6.80±0.11 -5.70±0.09 -6.23±0.11 

BaP -5.64±0.01 -6.77±0.09 -5.68±0.08 -6.2±0.09 

DahA -4.63±0.13 -5.50±0.07 -4.62±0.07 -4.92±0.08 

BghiP -5.94±0.15 -7.16±0.10 -5.99±0.09 -6.58±0.11 

IP -5.78±0.02 -6.95±0.06 -5.82±0.04 -6.37±0.05 
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Fig. 34. Plot between log KP and log KOA. 

 

 

7.3.3. Bioaccumulation of PAHs in plant leaves 

7.3.3.1. PAHs translocation into leaf layers from foliar PM  

After investigation of the particle-gas partitioning behaviour of PAHs, the mechanism of their 

translocation from foliar PM into leaf tissues was evaluated. Fig. 35 depicts the individual 

concentrations of 16 PAH congeners in foliar PM (∑Cf = 273.58 µg g-1), leaf cuticular wax 

(∑CW = 247.44 µg g-1) and mesophyll tissues (∑CM = 250.74 µg g-1). It can be suggested that 

some PAHs are susceptible to cuticular sorption (CW>CM) and some are absorbed to inner 

tissues (CM>CW) after desorption from foliar PM. The sorption characteristics of cuticles, the 

exterior foliage layer forming the first interface between plant and atmosphere, are imparted 

by their lipophilicity due to the presence of complex structures containing cutin and waxes 

(Chen et al., 2005; Wang et al., 2005; Ossola and Farmer, 2024). Moreover, it was found that 

most of the HMW PAHs (FLT, BbF, BaP, DahA, BghiP and IP) exhibited high cuticle-phase 

concentrations (i.e., retained in cuticular waxes), indicating hindered migration to inner leaf 
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layers owing to their high molecular mass (Ossola and Farmer, 2024). However, exceptions 

were seen for few LMW (ACE, FLU and ANT showing cuticular sorption) and HMW (PYR, 

BaA, CHR and BkF manifesting inner tissue absorption) PAHs which may be attributed to 

their physico-chemical properties and characteristics of foliage and surrounding environment 

(Yang et al., 2017).   

  Estimation of translocation factor (TFf/L)>1 (higher the TF, more is the translocation 

capacity (Yang et al., 2017)) based on Cf and total foliage concentration of PAHs (CL) (refer 

Table 37) signified that the PAHs captured on PM (because of high particle-gas partition 

coefficient) got transported into the biomonitor tissues from particulates. The vital determining 

factors for PAHs-specific uptake include absorption into leaves and adsorption into particles 

followed by desorption and translocation into foliar tissues. So, a two-step air filtration 

mechanism is primarily taking place in the studied biomonitor species – directly by plant leaves 

ad indirectly via particulate deposition. Hence, both adsorption and absorption are found to be 

the dominant mechanisms of PAHs uptake by plant leaves from the ambient atmosphere in 

biomonitors. All the findings reflected the accumulative nature of plant leaves and also the 

pollutant filtering capability of M. paniculata through foliage canopy is ensured. 
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               Fig. 35. Concentrations (mean ± S.D.) of PAHs in foliar PM, leaf cuticular wax and 

inner mesophyll tissue.   



240 
 

 Table 37 

 Overall PAHs concentration and translocation (mean ± S.D.) in plant 

foliage. 

PAHs 
Total PAHs concentration 

in leaf (CL) (µg g-1) 
𝐓𝐅𝐟/𝐋 

NAPH 15.3±2.12 1.00±0.02 

ACY 5.92±1.54 3.75±0.46 

ACE 0.82±0.25 0.12±0.03 

FLU 24.76±9.07 1.71±0.16 

PHEN 27.22±11.76 2.48±0.34 

ANT 27.22±4.43 5.84±1.53 

FLT 20.06±6.43 1.70±0.34 

PYR 57.98±15.95 2.86±0.53 

BaA 44.74±8.70 1.16±0.07 

CHR 21.76±5.82 1.37±0.24 

BbF 58.08±11.51 2.68±0.82 

BkF 38.20±7.22 2.22±0.36 

BaP 53.56±8.08 1.40±0.61 

DahA 39.96±3.68 1.71±0.37 

BghiP 54.14±10.94 2.67±0.96 

IP 8.46±1.07 0.67±0.22 

∑ 498.18±50.59 33.34±5.08 

 

7.3.3.2. PAHs translocation into leaf from plant root  

Root uptake of organic compounds is generally controlled by two pathways: apoplastic and 

symplastic. Transfer of compounds through cell walls and intercellular spaces is mediated by 

apoplastic pathway, whereas, symplastic pathway regulates the transport through 

plasmodesmata (Ju et al., 2020). Accumulation of organic compounds via plant root system 

drives their transport and translocation into plant tissues depending on the physico-chemical 

attributes of the chemicals and environmental conditions (Lu et al., 2023; Liang et al., 2021). 

To elucidate the mechanisms of root uptake and translocation to foliage, studies were carried 
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out with four representative PAHs (including both LMW and HMW PAHs such as NAPH, 

ACE, ANT and PYR), root concentrations of which are portrayed in Fig. 36. Firstly, the 

accumulative capacity of plant root was examined through RCF and the values are given in 

Table 38. RCF values of 0.72-1.12 advocated the potential of root tissue to accumulate PAHs. 

Similar range of RCFs was also obtained by Lu et al. (2024) for contaminants like pyrrolizidine 

alkaloids and their N-oxides. Cheng et al. (2020) and Pullagurala et al. (2018) also stated that 

the compounds having high hydrophobicity are more readily taken up by the plant roots from 

the surrounding medium. This has congruence with the results of the present study where 

appreciable concentrations of PAHs were obtained from root samples and it may be said to be 

driven by the root lipid content (found to be as high as 100 ± 5.97 mg g-1) considered as a major 

pool of organic pollutants.  

   It can now be surmised that the root accumulated PAHs could be transported to the 

plant foliage and thus, the PAHs translocation ability of Murraya root tissue was quantified by 

means of root-leaf translocation factor (TFR/L). Lower TFR/L values (refer Table 38) imply 

weaker translocation from roots to leaves. Therefore, it is assumed that the PAHs showed 

higher tendency of bioaccumulation in roots than to be transported to the above-ground parts 

via transpiration pull as also evidenced by Lu et al. (2024). It may be opined here that the 

contribution of foliage accumulation due to transfer of PAHs from root is insignificant because 

of the strong adherence of PAHs with root epidermis, thereby greatly reducing the entry of 

PAHs into the inner root tissues with consequential reduction in their translocation into the leaf 

(Li et al., 2019; Miller et al., 2016; Zhang et al., 2017a, 2017b). 
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          Fig. 36. Concentrations (mean ± S.D.) of PAHs in plant root obtained from equilibrium 

uptake study. 



242 
 

Table 38 

Root concentration and root-leaf translocation factors (mean ± S.D.) of 

PAHs. 

PAHs RCF TFR/L 

NAPH 0.80±0.07 0.64±0.02 

ACE 0.72±0.14 0.04±0.001 

ANT 1.12±0.22 0.81±0.17 

PYR 0.97±0.30 1.99±0.25 

 

7.3.4. Mass transfer coefficients of PAHs 

7.3.4.1. Mass transfer from air to plant foliage 

The overall air to leaf mass transfer coefficient (kAL) (Table 39) has been used as a critical 

parameter for evaluating the rate of uptake of PAHs by plant leaves. The average kAL value for 

mixed PAHs was estimated as 2039.96 cm day-1, i.e., 84.99 ≈ 85 cm h-1, which confirms the 

uptake capacity as also verified from high BCFLA values. Among the 16 PAHs, DahA exhibited 

highest kAL value and the interchemical variability in kAL is viewed as: DahA > BaP > IP > 

BkF > BghiP > CHR > BbF > PYR > ANT > BaA >FLT > ACY > ACE > FLU > PHEN > 

NAPH. The reported ranges of kAL were found to be 168-513 cm h-1 for soybean and corn 

leaves, 180-440 cm h-1 for bell pepper leaves and 900 cm h-1 for cornel and maple leaves (Sun 

et al., 2016; Maddalena et al., 2002; Terzaghi et al., 2015). Variations in the kAL values of 

PAHs for Murraya leaves from other plant foliages can be ascribed to the fact that kAL varies 

with plant species having variable leaf wax and lipid contents, leaf surface roughness and 

specific leaf area (Sun et al., 2013; Franzaring and van der Eerden, 2000). Researches have 

shown that the simultaneous occurrence of different PAHs in the ambient atmosphere may 

restrict the individual foliar PAHs uptake capacity, but increases the total PAHs adsorption 

(Sun et al., 2016).  

Table 39 

Individual air-leaf mass transfer coefficients (mean ± S.D.) of 16 PAHs. 

PAHS 

Regression equation of the 

plot dCL/dt (µg g-1 d-1) vs. CL 

(µg g-1) 

R2 value BCFLA (=CL/CA) 
kAL (cm day-1) = (Slope 

of Eq. 38×BCF)/aAL 

NAPH y=-0.058x+2.2042 0.983 113.02326±40.44 0.16±0.06 

ACY y=-0.1068x+2.0865 0.6316 871.76471±141.09 2.33±0.37 
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ACE y=-0.1236x+4.4113 0.9837 358.46154±117.04 1.11±0.36 

FLU y=-0.183x+6.1854 0.7843 122.45614±50.97 0.56±0.23 

PHEN y=-0.0378x+1.6953 0.6873 360.74074±236.89 0.34±0.22 

ANT y=-0.0876x+3.4249 0.8646 25265.79±1676.24 55.30±3.67 

FLT y=-0.2032x+7.5175 0.9581 2134.92±830.96 10.84±4.22 

PYR y=-0.2339x+9.1721 0.9569 10401.53±3468.22 60.79±20.27 

BaA y=-0.1572x+5.791 0.7742 5636.34±2083.41 22.14±8.18 

CHR y=-0.1371x+5.4174 0.8205 31671.55±6752.93 108.49±23.14 

BbF y=-0.169x+6.2494 0.8652 21363.93±4507.33 90.22±19.04 

BkF y=-0.1228x+4.7819 0.894 318630.14±92661.80 977.71±284.33 

BaP y=-0.1911x+7.3164 0.9536 342250.74±81889.60 1634.29±391.03 

DahA y=-0.175x+6.7426 0.8849 6407693.8±1012094 28019.65±4425.69 

BghiP y=-0.1611x+6.429 0.9123 140167.87±28511.22 564.24±114.77 

IP y=-0.1905x+7.4218 0.9695 229235.13±29286.79 1091.19±139.41 

 

7.3.4.2. Diffusion from roots to plant foliage 

It is usually believed that the organic contaminants come in contact with the root tissues 

through the process of diffusion and subsequently get transported in the shoots via xylem 

stream (Tripathi et al., 2020). In the current work, values of leaf-root bioconcentration factor 

(BCFLR), as can be seen from Table 40, ranged between 0.04-1.99 for the four surrogate PAHs, 

indicating weak (0.01 < BCF < 0.1) to intermediate (0.1 < BCF < 1) absorption for NAPH, 

ACE and ANT and strong (1 < BCF < 10) absorption for PYR (Haghnazar et al., 2023). 

Parameter estimation of (kRL × aRL) (day-1) (representing low values) is again implicative of 

less mass transfer from roots to leaves (in line with low TFR/L) as compared to air-foliage 

transfer, which has been used in the material balance model to ascertain its validity.  

Table 40 

Parameter estimation for overall root-leaf mass transfer (mean ± S.D.) of PAHs.  

PAHs BCFLR (=CL/CR) 
(kRL × aRL) (day-1) = (Slope of 

Eq. 39×BCF) 

NAPH 0.64±0.02 0.04±0.02 

ACE 0.04±0.001 0.005±0.002 

ANT 0.81±0.17 0.07±0.01 

PYR 1.99±0.25 0.47±0.04 
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7.3.5. Determination of dCL/dt as a model parameter of theoretical net uptake of PAHs  

Mean values of dCL/dt as calculated with respect to change in PAHs concentration of plant 

leaves over time considering air to leaf transport are presented in Table 41 and have been used 

for the validation of the predicted uptake model. 

Table 41 

Calculated values (mean ± S.D.) of dCL/dt. 

PAHs 
𝒅𝑪𝑳

𝒅𝒕 
 (µg g-1 day-1) 

NAPH 0.77±0.04 

ACY 0.38±0.06 

ACE 1.04±0.19 

FLU 1.19±0.09 

PHEN 0.59±0.11 

ANT 0.39±0.07 

FLT 0.74±0.05 

PYR 0.39±0.04 

BaA 0.97±0.26 

CHR 0.84±0.21 

BbF 1.43±0.36 

BkF 0.88±0.06 

BaP 1.12±0.24 

DahA 0.85±0.32 

BghiP 1.24±0.48 

IP 0.68±0.11 

∑ 13.50±1.83 

 

7.3.6. Determination of evaporative loss (LEV) from PAHs uptake kinetics 

From the kinetics study, maximum uptake of PAHs by plant leaves was observed on 6th day, 

beyond which the rate was found to decline gradually (Fig. 37). The uptake concentration for 

each time period reached a plateau after 15 days. Hence, cumulative loss was calculated 

afterwards from 7th day of soaking till 15th day with reference to the concentration profile 

considering evaporation as the only loss factor (Fig. 38). Thus, RL was estimated as 16.29 µg 

g-1 day-1. 
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Fig. 37. Variation in leaf uptake concentration (mean ± S.D.) of PAHs over time.  

6 8 10 12 14 16

0

50

100

150

200

250

C
u

m
u

la
ti

v
e 

lo
ss

 w
.r

.t
. 
P

A
H

s 
u

p
ta

k
e 

co
n

ce
n

tr
a

ti
o

n
 (

µ
g

 g
-1

)

Number of days
 

Fig. 38. Profile of cumulative loss (mean ± S.D.) in uptake concentration of PAHs over time. 
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7.3.7. PAHs uptake model validation: Material balance 

The present study has focused on analyzing the contributions of gaseous absorption and particle 

deposition to the foliage uptake of PAHs along with the assessment of the probability of PAHs 

translocation (acropetal) to plant leaves from root tissues through transpiration pull generated 

inside the xylem tissue using a material balance model. The theoretical net uptake (UNT) of 

PAHs by the leaves is equated with calculated net uptake (UNC) based on predictive gain and 

loss modes of PAHs. The predicted model can be simplified as follows (Eq. 53): 

𝐔𝐍𝐂 = (𝐔𝐠𝐞
𝐀/𝐋

+ 𝐔𝐃𝐏 + 𝐔𝐓𝐒
𝐑/𝐋

) − (𝐋𝐄𝐕)                                                                  (53) 

The calculation of individual terms has been done as follows to validate the predictive 

mechanistic PAHs uptake model by the chosen biomonitor:
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N 

  µ       = 
𝐕 (𝐜𝐦𝟑)× 

𝐝𝐂𝐋
𝐝𝐭 

 (
µ𝐠

𝐠.𝐝⁄ ) × 𝐥𝐨𝐠 𝐊𝐏𝐀

𝐒𝐋𝐀 (𝐜𝐦
𝟐

𝐠⁄ ) × 𝐋𝐞𝐚𝐟 𝐭𝐡𝐢𝐜𝐤𝐧𝐞𝐬𝐬 (𝐜𝐦)
=

𝟐𝟒𝟏.𝟕𝟓×𝟏𝟑.𝟓𝟏×𝟔𝟒.𝟖𝟕

𝟏𝟓𝟏.𝟎𝟗×𝟏
= 𝟏𝟒𝟎𝟐. 𝟐𝟔 

µ𝐠
𝐝𝐚𝐲⁄   

       

(Uge

A
L⁄ ) (µg/day) =

kAL(
cm

d
)× A (cm2) × CA (

µg
g⁄ )

SLA (cm
2

g⁄ )× Leaf thickness (cm)
=

2039.96×241.75×0.31

151.09×1
= 1011.85 

µg
day⁄   

(UDP) (µg/day) = (
Cf (

µg
g⁄ ) × Total mass of foliar dust (g) × TFf/L

days of study
) =

273.58×0.5×33.34

10
=  456.06

µg
day⁄  

(UTS
R/L

) (µg/day) = [kRL × AR] (1 days of study⁄ ) × CR (
µg

g⁄ ) × TFR/L × mass of root sample taken (g) 

For calculating (UTS
R/L

), average data of four representative PAHs has been used as follows: 

 

(UTS
R/L

)
Average

 (µg/day) =

(
[[kRL × AR] × CR × TFR

L⁄
× sample mass]

NAPH
+ [[kRL × AR] × CR × TFR

L⁄
× sample mass]

ACE

+[[kRL × AR] × CR × TFR
L⁄
× sample mass]

ANT
+ [[kRL × AR] × CR × TFR

L⁄
× sample mass]

PYR

)

4

⁄

= 
([0.04 × 23.87 × 0.64 × 0.5]NAPH + [0.005 × 21.49 × 0.04 × 0.5]ACE + [0.07 × 33.74 × 0.81 × 0.5]ANT + [0.47 × 29.1 × 1.99 × 0.5]PYR)

4
⁄

=
([0.31]NAPH + [0.002]ACE + [0.96]ANT + [13.61]PYR)

4
⁄ = 3.72 

µg
day⁄  
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Hence, uptake rate for 16 PAHs = (UTS
R/L

)
16 PAHs

 (µg/day)  = (UTS
R/L

)
Average

× 16 = 3.72 ×

16 = 59.92 
µg

day⁄  

LEV (
µg

day⁄ ) = RL  (
µg

g. day⁄ ) × Total mass of leaf sample taken (g) = 16.29 × 5 =

81.45 
µg

day⁄   

Therefore, 𝐔𝐍𝐂  µ       =   0   85 + 456 06 + 59 52   8  45  
µ𝐠

𝐝𝐚𝐲⁄  =  445 98 
µ𝐠

𝐝𝐚𝐲⁄  

It can be concluded that UNT  and UNC  are closely matched with only 3% deviation. This 

suggests the validity of the predictive mechanistic model for uptake of PAHs from air by plant 

biomonitor like Murraya paniculata. The deviation can be linked to the factors ignored for 

model simplicity.  

The findings confirmed that the gaseous uptake (Uge

A
L⁄ )  mechanism (i.e., absorption in 

cuticular wax and inner mesophyll tissue lipid) through molecular and eddy diffusion is the 

principal route (~ 70%). In addition, PAHs uptake through particle adsorption and deposition 

(UDP) also showed an appreciable contribution (~31% of total uptake) to strengthening the 

filtering ability of the biomonitor. Vapour pressure and KOA or KPA of PAHs determine their 

distribution between gas and particulate phases, thereby impacting the process of foliar uptake 

(Wang et al., 2023). It has been demonstrated that the compounds having log KOA≤8.5 are more 

likely to undergo gaseous foliar absorption (McLachlan, 1999). Consistent results were also 

found in the present study with maximum uptake (as high as 1011.85 µg day-1) of PAHs, having 

log KPA (assumed to be equivalent to log KOA) between 2.05-6.81, through gaseous exchange. 

However, different opinions exist for the particle-bound deposition. Collins et al. (2006) stated 

that the particulate adsorption is more prominent for organic compounds, having log KOA>11, 

which then get distributed in the leaf tissues after desorption from particles. Conversely, Zhu 

et al. (2020) found higher leaf accumulation of polybrominated biphenyl ethers (PBDEs) with 

log KOA of 6.55-9.66 from particle-bound deposition. Similarly, in the proposed work, 

significant uptake (though lesser than gaseous exchange) of PAHs with log KPA<11 via dry 

particle deposition was evidenced. Therefore, variabilities in the rates of uptake through both 

the pathways may be related to plant biochemical composition and distinct mechanisms of 

PAHs accretion (Wang et al., 2023). 
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From the perspective of foliage accumulation, uptake through root (UTS
R/L

) has been 

found to be inconsiderable (~4% of total uptake), emphasizing species-dependent mechanism 

affected by environmental conditions and degree of pollution (Liu et al., 2019). Similar 

findings were found in the studies involving crop plants (rice and wheat), where foliar uptake 

mainly resulted in 80-90% of accumulation of PBDEs in the plant leaves as compared to the 

uptake pathway via root (0.34-18.70%) (Wang et al., 2015b; Zhu et al., 2020; Wang et al., 

2023). Hydrophobic compounds are absorbed in the lipid components of plant roots after 

binding with carrier root membrane proteins facilitating their movement and are difficult to be 

transported to the plant shoot system (Liu et al., 2019). Uptake and penetration of the chemicals 

from outer to the interior of root tissue (from epidermis through cortex, endodermis, pericycle 

and finally into the xylem) along with their translocation are governed by their solubilities in 

both water and cellular membrane consisting of lipid molecules (Trapp and McFarlane, 1994). 

 Concerning PAHs losses, measurements for estimation of loss factor should be more 

precise and accurate for reliable determination of uptake by any plant biomonitor. The current 

study is limited to the assessment of only evaporative loss (81.45 µg day-1) as the total loss 

factor, i.e., volatilization from plant leaves into the atmosphere. It is evident that in tropical 

wet-dry climate like Kolkata city (India), chances of evaporative loss of volatile or semi-

volatile PAHs will be significant. However, processes including growth dilution (LG) (where 

plant growth rate or storage is much higher than the rate of uptake), photodegradation, 

photochemical transformation and plant metabolism (combinedly LPR) should also be taken 

into account, which might reduce or affect the pollutant concentrations in plant foliage (Collins 

et al., 2006). Contribution of natural phenomena like litterfall loss (LLF) and foliage runoff loss 

(LFR) are also not included in loss of PAHs from foliage calculation. Moreover, uptake of PAHs 

through wet particle deposition (UWP) and rain dissolution (UR) may cause discrepancies in 

validation. Thus, it can be affirmed that the large foliar interface of M. paniculata, rich in lipids 

and waxes, facilitated the plant-atmosphere interaction of PAHs through their efficient 

accumulation mechanism and hence, offered air quality-based ecosystem services of air 

pollution mitigation and air quality improvement. Therefore, the chosen plant species behaves 

as a superior biomonitor of a contaminated environment.   

7.3.8. Reconfirmation of foliar capturing capacity by fugacity approach 

Fugacity represents the capability of plant leaves to hold or retain chemical compounds and 

plays an important role in predicting and characterizing bioaccumulation of organic 
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contaminants (Bolinius et al., 2016). PAHs absorption or adsorption is regulated by the fugacity 

gradient across the air-plant interface, facilitating the net mass flux of PAHs from abiotic to 

biotic phase, i.e., bioconcentration, causing more accumulation of contaminants in the 

vegetation with the increase in lipid content. Fugacity capacities of plant leaves (Table 42) 

were found to be consistent with the literature values 40-8.1×104 mol m-3 Pa-1 for 

Rhododendron leaves (R. ponticum L.) (Bolinius et al., 2016). The results thus support the 

previous findings proving plant uptake, retention and accumulative capacities for PAHs. It is 

also established that the leaf lipids and waxes (bearing resemblance to octanol) are the major 

stores of PAHs and partitioning of PAHs into leaf cuticles from the atmosphere can be based 

on either absorption into lipids or adsorption (surface process) or combination of both (Cousins 

and Mackay, 2001).  

 

Table 42 

Fugacity capacities (mean ± S.D.) of Murraya leaves. 

PAHs KH (Pa m3 mol-1)* Z
F 

(mol m-3 Pa-1) (from Eq. 49)  Z
F 

(mol m-3 Pa-1) (from Eq. 50)  

NAPH 43.01 0.045±0.02 0.23±0.06 

ACY 8.40 0.34±0.06 1.69±0.52 

ACE 12.17 0.15±0.04 0.73±0.17 

FLU 7.87 0.049±0.02 0.25±0.04 

PHEN 3.24 0.144±0.09 0.72±0.18 

ANT 3.96 10.11±0.67 50.50±5.33 

FLT 1.04 0.85±0.39 4.24±1.76 

PYR 0.92 4.16±1.39 20.77±4.65 

BaA 0.581 2.25±0.83 11.25±3.84 

CHR 6.50×10-2 12.67±2.70 63.21±10.18 

BbF 0.43 8.55±1.81 42.82±8.24 

BkF 8.40×10-2 127.45±37.10 634.66±120.56 

BaP 4.60×10-2 136.88±32.80 683.32±138.96 
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DahA 1.49×10-3 2563.08±404.84 12790.27±1248.95 

BghiP 7.50×10-2 56.07±11.41 279.84±45.73 

IP 0.162 91.69±11.72 458.03±63.28 

*Earl et al. (2003) 

7.4. Conclusion 

Generally, ambient dispersion of PAHs gets intercepted via three matrices in the environment: 

water, soil and vegetation. It is noteworthy that poor solubility of PAHs in water makes them 

available mainly in soil-sediments and vegetation. Due to the presence of lipid reservoir in 

different parts of plants, soil-PAHs get transported to the adjacent plant roots and they undergo 

translocation towards plant foliage due to their distribution characteristics. On the other hand, 

foliage receives air-dispersed PAHs directly by two major routes: uptake through stomata to 

mesophyll tissue and uptake from adsorbed phase carried by PM and cuticle-wax layer. Despite 

the previously mentioned simplifications, the proposed mechanistic model of PAHs uptake by 

Murraya paniculata enables the prediction of the descripted pathways of net uptake and 

distribution. Based on the analysis of PAHs concentration in different matrices, the major key 

pathways involved in foliar uptake have been delineated in this study considering strong 

relationship among the predictive variables for material balance modeling of PAHs in the plant 

leaves. Absorption of PAHs into plant leaves, i.e., direct entry via stomata and infiltration 

through cuticular surface, and indirect entry through foliar PM adsorption-desorption pathway 

have been identified as the predominant uptake mechanisms for Murraya paniculata with 

respect to their partitioning in plant foliage and foliar particulates and enhanced mass transfer. 

Restricted translocation of PAHs (with reduced mass transfer) to leaf via root was further 

noticed due to the strong effects of impediment of root lipids. Sorptive ability of plant leaves 

was also validated through estimation of their fugacity capacity. Finally, it can be stated that 

we could quantify the pathway contributions of foliar PAHs uptake, favourably close to the 

reality, using the constructed model shedding light on actual uptake mechanisms by foliage, 

where exchange between plant and air is often encountered in a polluted environment. 

Therefore, the presented model offered itself to be suitable for measuring uptake mechanisms 

from air to leaves, depending on plant species chosen, physical and chemical characteristics of 

PAHs, concentration of PAHs in air as well as weather conditions. However, it can be opined 

that the model works satisfactorily. 
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Chapter 8 

Summary of results, Concluding remarks 

and Recommendations for future work 
 

In this Chapter we will summarize the entire research work carried out, conclude with 

the important outcomes of each part of research and provide recommendations for the future 

direction of research that should continue.  

 

8.1. Summary of results and concluding remarks 

 

Over the last few decades, poor air quality has initiated challenges and complexities in the 

livelihood of inhabitants and also threatened the existence of biodiversity. It is therefore very 

much imperative that a perennial green vegetation cover (having the abilities of monitoring and 

filtering air pollutants) around human settlements shall be created, maintained and sustained to 

ensure ecological benefits of reducing environmental stress adversity. To this end, the study 

mainly covered the urban fringes of South Kolkata in West Bengal, India, and primarily 

recognized dominant roadside plant species with high air pollution tolerance, biomonitoring 

potential and airborne dust retention capacity with long-term sustainability even under high 

urban pollution load. 

❖ Assessment of biomonitoring potential of Murraya paniculata (L.) Jack (terrestrial plant) 

along major roads of South Kolkata, India 

➢ Distribution pattern of foliar dust (mg cm−2) among the selected study sites was found as: 

foliar dust loadEXM (2.26 ± 0.02) > foliar dust loadTGN (1.05 ± 0.02) > foliar dust loadJDV 

(0.95 ± 0.02) > foliar dust loadRBC (0.85 ± 0.04). Maximum load of foliar dust at EXM can 

be attributed to the existence of a road crossing and continuous vehicular movement in 

huge number with unavoidable traffic clogging. On the contrary, CMD showed lowest 

foliar accumulation of dust (0.025 ± 0.01 mg cm−2) because of its remote location, far away 

from traffic congestion. 
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➢ APTI values were then obtained for M. paniculata, which ranged from 19.78 ± 1.20 to 

31.12 ± 0.72 among the sampling sites and varied with the level of pollution. Therefore, it 

is evident that M. paniculata plant behaves as a candidate biomonitor. It is also seen that 

APTI values varied linearly (R2 = 0.97)  with PM and other pollution burden (Fig. 39). 

Therefore, it can be concluded that APTI increased with the pollution load for M. 

paniculata.  

 

 

               Fig. 39. Variation of APTI of Murraya paniculata with foliar dust concentration. 

 

➢ Abiotic stress generated from highest load of road dust at EXM caused extreme damage 

to the leaf carotenoids, leading to minimum concentration (0.42 ± 0.09 mg g−1) as 

compared to the other urban sites. Reduction in carotenoid levels with the increase in foliar 

dust was also observed at JDV and TGN. Carotenoid content (0.62 ± 0.03 mg g−1) deviated 

from the trend at RBC and showed slightly higher concentration in comparison to the 

control site (0.60 ± 0.02 mg g−1). 

➢ Foliar lipid contents varied between 26.19 ± 1.16 to 128.92 ± 2.46 mg g−1 at the pollution 

sites which allowed PAHs absorption. 

➢ Stomal blockage and guard cell deformation, rough leaf surfaces, degradation of crystal 

structures of epicuticular waxes around the stomata and entrapment of dust particles were 

also detected through SEM observation with energy-dispersive X-ray microanalysis. 
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➢ Appreciable accumulation of PAHs in leaf lipids was observed, which signifies the plant 

species as a member of plant biomonitor group. 

 

❖ Extraction and analysis of PAHs from bioindicators 

Progressing towards the first step of biomonitoring scheme with respect to PAHs which 

involves standardized measurement of pollutant concentrations in biomonitor tissues, 

quantification of PAHs levels in the leaves of M. paniculata was attempted based on the 

route of solvent extraction assisted with extract purification and PAHs analysis by GC-MS 

(qualitative) and HPLC (quantitative). For reliable quantitation of PAHs in HPLC, method 

validation was performed in terms of recovery percentage (78-99%), LOD (0.001-0.003 

µg g-1) and LOQ (0.03-0.09 µg g-1). 

➢ Conventional Soxhlet extraction method displayed better performance among the other 

extraction methods (mechanical stirring, sonication, MAE) and showed an extraction yield 

of 272.07 µg g-1 which is almost at par with that of the yield (280.17 µg g-1) obtained 

through MAE, proving comparable efficiencies of extraction. 

➢ Focusing on the conventional route, optimization of Soxhlet method (to check the 

dependency of method efficiency on extraction solvent and extraction time) using one-

factor-at-a-time approach demonstrated maximum PAHs recovery during 6 h of extraction 

with extracting solvent toluene. 

➢ Efficient extraction followed by purification-instrumental analysis (using GC-MS and 

HPLC) is devised as a biomonitoring protocol.  

 

❖ Microwave-assisted Soxhlet extraction (MAE) method for PAHs isolation from Murraya 

paniculata (L.) Jack: Process optimization using response surface  methodology as 

process intensification 

It is worth mentioning here that in a very short time MAE achieved extraction yield similar 

to that of Soxhlet operated for long duration. Hence, for high PAHs recoveries in short 

extraction time with minimal use of solvent, MAE has been adopted for intensification of 

the extraction process to isolate PAHs from Murraya leaves. 

➢ The order of PAHs extraction yield using microwave-induced cell lysis with different 

solvents was obtained as follows: PAHs yield with toluene:acetonitrile (283.77 µg g-1) > PAHs yield 

with toluene:tert-butanol (258.72 µg g-1) > PAHs yield with n-hexane:acetone (175.53 µg g-1) > PAHs yield 

with n-hexane:dichloromethane (160.14 µg g-1) > PAHs yield with n-hexane:ethyl acetate (129.69 µg g-1). 

Toluene:acetonitrile and toluene:tert-butanol solvent mixtures showed maximum 
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extraction yield than the solvent blends of n-hexane: acetone, n-hexane: dichloromethane 

and n-hexane: ethyl acetate.  

➢ Optimization of MAE process parameters (extraction temperature, extraction time and 

solvent-to-sample ratio) by one-factor-at-a-time approach and RSM-BBD using pre-

optimized solvent combination of toluene:acetonitrile revealed their significant effects 

(both independent (or main) and interactive) on PAHs extraction yield (response factor). 

➢ The developed response prediction model of extraction yield was substantiated by 

ANOVA and the model R2 value was found to be 0.9982, verifying enhanced model 

efficacy in predicting the output (98% prediction accuracy with acceptable range of 

deviation). The optimum extraction temperature of 45.77 ºC, extraction time of 11.67 min 

and solvent-to-sample ratio of 22.64 mL g-1 were achieved to maximize MAE performance 

generating highest yield. 

➢ Additionally, superior performance efficiency of MAE relating to improved extraction 

conditions and less environmental implications of energy use and CO2 ejection over 

Soxhlet method has been ensured, satisfying the basic principles of process intensification. 

      

❖ Biomonitoring of PAHs by Murraya paniculata (L.) Jack in South Kolkata, West Bengal, 

India: Spatial and temporal variations  

Concerning analysis of PAHs origin as well as temporal and spatial occurrences as crucial 

aspects of biomonitoring, the results showed strong impacts of seasons and locations on 

distribution of pollutant concentrations. 

➢ Temporal pattern of PAHs contamination in the foliage of M. paniculata reflected the level 

of variability as highest in winter (278.42-550.79 µg g-1) than postmonsoon (210.52-

401.83 µg g-1) and premonsoon (200.98-329.17 µg g-1), implying the interrelationship of 

meteorological variables with the degree of variation. 

➢ Profound influences of location-specific intensive anthropogenic activities on PAHs 

concentrations (indicating EXM as the most polluted site with highest levels (329.17-

550.79 µg g-1) of PAHs) were also evidenced with negligible seasonal variation of 

pollutant sources. 

➢ Site-based DR analysis (LMW/HMW: 0.39-1.02; ANT/(ANT + PHE): 0.41-0.79; 

FLA/(FLA + PYR): 0.31-0.79; BaA/(BaA + CHR): 0.40-0.69; BbF/BkF: 0.45-2.61; 

FLU/(FLU + PYR): 0.08-0.47; BaP/BghiP: 0.14-8.86 and IP/(IP + BghiP): 0.31-0.83) 

revealed abundance of pyrogenic PAHs from vehicular sources and combustion of coal, 

biomass and liquid fuels (petrol, diesel, kerosene, cooking oil).  
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➢ Thus, green belting along toxic hotspots with biomonitor plants such as M. paniculata is 

greatly recommended for alleviating the pernicious impacts of air pollutants, thereby 

stepping towards environmental sustainability.  

 

❖ Assessment of different urban plant bioindicators for urban greenery planning 

From the study of greenery planning, biomarker (morphological, biochemical and 

physiological) assessment was confirmed as a vital step towards screening of plant species 

for biomonitoring of PM and PAHs in order to conserve, restore and govern the functions 

of ecosystem. 

➢ Eight urban roadside plant species were selected, namely Nerium oleander, 

Tabernaemontana divaricata, Calotropis gigantea, Bauhinia acuminata, Polyalthia 

longifolia, Alstonia scholaris, Neolamarckia cadamba and Plumeria alba, for scrutinizing 

their biomonitoring potential. Their PM capturing capabilities (539.32-2766.27 µg cm-2) 

and PAHs uptake capacities (159.92-393.01 µg g-1) were studied and compared. 

➢ Variations found in the PM retention capacities (µg cm-2) of the plants are as follows: T. 

divaricata (2766.27±86.79) > N. oleander (1808.64±46.99) > B. acuminata 

(1697.57±95.76) > P. longifolia (1100.44±94.77) > P. alba (1054.27±112.85) > A. 

scholaris (932.61±89.93) > C. gigantea (709.91±71.34) > N. cadamba (539.32±101.49). 

➢ The differences in the micromorphology of abaxial and adaxial surfaces of the plant leaves 

are also presented in details. 

➢ The accumulation (µg g-1) pattern of PAHs through foliage, reflecting its dependence on 

the leaf surface area available per unit mass for the uptake of pollutants from ambient air, 

differed as follows: T. divaricata (393.01±30.34) > P. alba (342.28±25.38) > N. cadamba 

(301.13±37.31) > N. oleander (286.08±32.65) > C. gigantea (267.47±11.49) > A. scholaris 

(256.80±32.31) > B. acuminata (177.22±14.57) > P. longifolia (159.92±21.23). 

➢ All the plants exhibited higher values of Chl a than Chl b. Interspecies differences of ChlT 

and CX+C are found as: a) shrubs: ChlT (T. divaricata) > ChlT (C. gigantea) > ChlT (P. alba) > ChlT (B. 

acuminata) > ChlT (N. oleander);  CX+C (T. divaricata) > CX+C (C. gigantea) > CX+C (B. acuminata) > CX+C (P. alba) 

> CX+C (N. oleander) and b) trees: ChlT (N. cadamba) > ChlT (P. longifolia) > ChlT (A. scholaris); CX+C (P. 

longifolia) > CX+C (N. cadamba) > CX+C (A. scholaris). 

➢ Increased cellular levels of leaf AA and foliar pH were observed in T. divaricata (AA: 

18.00 µg g-1, pH: 7.47) and N. oleander (AA: 15.75 µg g-1, pH: 7.38), proving their 

inherent defense mechanism and adaptation. 
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➢ Leaves of N. cadamba, A. scholaris, C. gigantea and P. alba manifested high RWC (81.89-

88.93%), while on the contrary, minimum value of RWC (65.16%) was found in P. 

longifolia. 

➢ Highest MSI with maximum proline contents and minimum EL was noticed in N. oleander 

(80.52%, 4.28 mg g−1 and 0.98% respectively) and T. divaricata (88.69%, 4.72 mg g−1 and 

2.31% respectively). However, with high EL% (5.60−8.26), C. gigantea, N. cadamba and 

P. alba represented high MSI (60.79−78.01%) which can be related to their significant 

proline content (2.44−3.56 mg g−1) playing a role in balancing the induced stress.  

➢ Carbon contents of selected leaves were measured (43.64 − 52.43%), signifying enhanced 

allocation of carbon which has been further proved to be directly related to plant 

mechanisms of adaptation.  

➢ It is revealed that there are positive correlations of TSS content with PM and PAHs. 

➢ Protein concentration decreased with the increase in abiotic stress as observed from the 

inverse relationship of protein with PM and PAHs. 

➢ The studied plants exhibited distinct levels of tolerance (with APTI ranging between 9.65-

29.72) and multifunctional performance assessment based on API scores (50-93.75%) 

affirmed their implementation in green infrastructure designing. 

 

❖ Modeling of PAHs accumulation in biomonitors: Mechanistic approach 

Further, to get a deeper insight into the foliage accumulation of PAHs, a mechanistic model 

of material balance has been demonstrated defining the rate of PAHs uptake in a 

biomonitor plant compartments of M. paniculata as a function of time. The model 

elucidated a perceptible conception of PAHs uptake mechanisms, plant bioaccumulation 

and translocation. 

➢ Air to leaf distribution characteristics were studied to get the idea of partitioning behaviour 

of PAHs. 

➢ Material balance-based mechanistic model of PAHs uptake has been considered. 

➢ It can be concluded that the lipid reservoirs present in different plant parts facilitated the 

transport of soil-PAHs to the adjacent plant roots and distribution characteristics of PAHs 

favoured their translocation towards plant foliage but to a lower extent. On the other hand, 

foliage  directly acquires air-dispersed PAHs through two major pathways: uptake through 

stomata to mesophyll tissue and uptake from adsorbed phase carried by PM and cuticle-

wax layer. 
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➢ The final predictive model looks as follows: 

𝐔𝐍𝐂

= [𝐔𝐩𝐭𝐚𝐤𝐞 𝐛𝐲 𝐚𝐢𝐫 − 𝐟𝐨𝐥𝐢𝐚𝐠𝐞 𝐠𝐚𝐬𝐞𝐨𝐮𝐬 𝐞𝐱𝐜𝐡𝐚𝐧𝐠𝐞 (𝐔𝐠𝐞

𝐀
𝐋⁄ )

+ 𝐔𝐩𝐭𝐚𝐤𝐞 𝐛𝐲 𝐝𝐫𝐲 𝐩𝐚𝐫𝐭𝐢𝐜𝐥𝐞 𝐝𝐞𝐩𝐨𝐬𝐢𝐭𝐢𝐨𝐧 (𝐔𝐃𝐏)

+ 𝐔𝐩𝐭𝐚𝐤𝐞 𝐟𝐫𝐨𝐦 𝐫𝐨𝐨𝐭 𝐭𝐨 𝐟𝐨𝐥𝐢𝐚𝐠𝐞 𝐯𝐢𝐚 𝐭𝐫𝐚𝐧𝐬𝐩𝐢𝐫𝐚𝐭𝐢𝐨𝐧 𝐬𝐭𝐫𝐞𝐚𝐦 (𝐔
𝐓𝐒

𝐑
𝐋⁄ )]

− [𝐄𝐯𝐚𝐩𝐨𝐫𝐚𝐭𝐢𝐯𝐞 𝐥𝐨𝐬𝐬 (𝐋𝐄𝐕)] 

 

8.2. Recommendations for future work  

On the basis of the concluding remarks, the research study has opened up new dimensions for 

future work.  

8.2.1. Designing of advanced and efficient extraction method of PAHs from plant matrix as 

improved biomonitoring protocol 

Technology advancement in the process of extraction of PAHs from plant tissues should ensure 

high recovery efficiency, enhanced extraction rate and yield, low cost and sustainability. The 

burgeoning demand for reducing solvent volume, extraction time and sample amount has raised 

the need for developing novel extraction techniques for PAHs isolation. ASE/PLE, SFE, 

DSASE, pulsed electric field-assisted extraction (PEF), cold atmospheric plasma extraction 

(CAPE), high hydrostatic pressure-assisted extraction (HHP) and enzyme-assisted extraction 

(EAE) are the superior choices over conventional technologies other than MAE (used in the 

present study), which have not been yet extensively studied. These non-conventional methods 

come under the category of ‘Greener approaches’ because of their useful application with deep 

eutectic and ionic solvents (inorganic) (i.e., limited use of organic solvents warranting health 

and safety measures), reduced extraction time and energy consumption. Despite their 

advantages, the rising costs of state-of-the-art techniques are the main obstacles to their 

employment which must be addressed before use. Hence, critical selection and standardization 

of the green extraction techniques are the prerequisites towards improved biomonitoring 

approaches and selectivity of such extraction methods depends on the extraction solvent, type 

of plant matrix, duration of sampling of plant materials, sample pretreatment, particle size of 

dried plant tissues and operating temperature. Notable progress in biomonitoring framework 

can therefore be possible through successful integration of  advanced extraction techniques in 

the pollution assessment scheme for environmental application. 
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8.2.2. Exploitation of efficient members of plant biomonitor: Use of lower plants like lichen 

and bryophytes as biomonitors 

Apart from further researches on new plant cultivars, future experimentations on lower plants, 

in particular bryophytes (i.e., mosses) and lichens, should be orchestrated on account of their 

structures and high particle capturing capacities for improved biomonitoring of ambient air 

with variable pollution intensities. Lichens (association of algae and fungi) and mosses because 

of their unique morphological features without any root structure, protective cuticular covering, 

functional absorbing organ or biofiltration machinery, but having large surface-to-volume ratio 

for maximizing pollutant capture, can favourably be used as biomonitoring agents across 

anthropic activity-induced pollution gradients. Devastating pollution effects may sometimes 

cause disappearance or extinction of lichen or moss colonies. Exercise of transplant methods 

(i.e., translocation from a control site to contaminated areas) using lichens or mosses for air 

pollution assessment has therefore been suggested for greater insight into pollutant distribution. 

Despite their potential, scope of areas involving exploitation of lower plants for biomonitoring 

of air pollution heterogeneity due to the presence of wide array of pollutants under diverse 

conditions including urban, peri-urban, industrial and rural locations is under-researched in 

India. To support the above-stated facts, the potential of one of the efficient members of plant 

biomonitors, lichen (Fig. 40), was investigated in the present work through preliminary 

examination of two of the most widely regulated criteria air pollutants (PAHs and heavy metals 

(HMs)) (Fig. 41 and Fig. 42) and the results substantiating their accumulative behaviour enable 

the areas wide open for extended research on non-vascular lower plants. It is very much 

relevant to mention here that the sample collection, pretreatment and preparation methods for 

analysis of pollutant concentrations should be handled with utmost care, concern and sensitivity 

owing to their scarce availability at the study sites and strong adherence to the bark tissues. 

 

       

Fig. 40. Photographs of epiphytic lichen species sampled from Kolkata, India. 
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Fig. 41. Variation in concentrations of PAHs isolated from lichen species with extraction 

time. 
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Fig. 42. Heavy metal distribution (with respect to concentration in mg kg-1) in lichen species. 
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8.2.3. Biomonitoring of heavy metals (priority air pollutant) using terrestrial plant foliages 

In recent decades, high rise in anthropogenic emissions has increased the background 

concentrations of HMs at an alarming scale that continue to menace the whole environment 

along with the inhabitants. Because of their existence in mainly ionic state (i.e., inorganic 

form), HMs are very difficult to decompose and thus, exhibits long-term environmental 

persistence with intolerable toxicity whether present in high or low levels. Hence, assessment 

of atmospheric HMs using foliages of higher terrestrial plants in a cost-effective way is of 

practical relevance concerning biomonitoring. Besides, foliar particulates (i.e., PMs that have 

been intercepted by plant leaves) can also serve as effective indicators of HMs, representing 

their ambient composition. Thus, total capacity of foliar uptake of HMs is determined through 

direct leaf absorption and foliar PM adsorption followed by internalization and penetration into 

leaf tissues. Corroborating the above, analysis of environmentally hazardous HMs (As, Cd, Cr, 

Cu, Ni, Pb and Hg) in plant leaves as well as leaf-laden particulates has been attempted in the 

proposed work employing some of the higher plants used in our previous studies, namely T. 

divaricata, C. gigantea, N. cadamba and A. scholaris, in order to provide a fair idea of the 

potential of terrestrial species in the context of HM biomonitoring. Patterns of HM distribution 

across various plant species are depicted in Fig. 43 which can serve as a baseline data for future 

work in this field. From the distribution pattern, it is observed that the levels of Hg in the plant 

tissues are much higher as compared to other HMs. Therefore, stress should be given on 

detailed monitoring of Hg along with others, which could otherwise lead to tremendous health 

hazards. 

 A brief summary of the scope of future research has been outlined in a flowchart in Fig. 

44.     
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Fig. 43. Heavy metal distribution (with respect to concentration in mg kg-1) in some higher 

terrestrial plants (a, b) leaves and foliar adsorbed dust particulates of T. divaricata, (c, d) 

leaves and foliar adsorbed dust particulates of C. gigantea, (e, f) leaves and foliar adsorbed 

dust particulates of N. cadamba and (g, h) leaves and foliar adsorbed dust particulates of A. 

scholaris. 
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                   Fig. 44. Future scope of the methodology in a nutshell. 
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Appendix-I 

Graphical representation of dCL/dt (µg g-1 

day-1) vs. CL (µg g-1) for individual PAHs for 

estimation of mass transfer coefficient in air-

leaf and root-leaf interfaces 

 

All the plots of dCL/dt (µg g-1 day-1) vs. CL (µg g-1) for individual PAH congeners for evaluation 

of their mass transfer coefficients considering PAHs uptake from air-plant foliage and roots- 

plant foliage (as elaborated in Chapter 7) have been provided in this section.  
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A B S T R A C T   

In this study, efficiencies of eight indigenous plants of Baishnabghata Patuli Township (BPT), southeast Kolkata, 
India, were explored as green barrier species and potentials of plant leaves were exploited for biomonitoring of 
particulate matter (PM) and polycyclic aromatic hydrocarbons (PAHs). The present work focused on studying PM 
capturing abilities (539.32− 2766.27 μg cm− 2) of plants (T. divaricata, N. oleander and B. acuminata being the 
most efficient species in retaining PM) along with the estimation of foliar contents of PM adhered to leaf surfaces 
(total sPM (large + coarse): 526.59− 2731.76 μg cm− 2) and embedded within waxes (total wPM (large + coarse): 
8.73− 34.51 μg cm− 2). SEM imaging used to analyse leaf surfaces affirmed the presence of innate corrugated 
microstructures as main drivers for particle capture. Accumulation capacities of PAHs of vehicular origin (total 
index, TI > 4) were compared among the species based on measured concentrations (159.92− 393.01 μg g− 1) 
which indicated T. divaricata, P. alba and N. cadamba as highest PAHs accumulators. Specific leaf area (SLA) of 
plants (71.01− 376.79 cm2 g− 1), a measure of canopy− atmosphere interface, had great relevance in PAHs 
diffusion. Relative contribution (>90%) of 4–6 ring PAHs to total carcinogenic equivalent and potential as well 
as 5− 6 ring PAHs to total mutagenic equivalent and potential had also been viewed with respect to benzo[a] 
pyrene. In− depth analysis of foliar traits and adoption of plant− based ranking strategies (air pollution tolerance 
index (APTI) and anticipated performance index (API)) provided a rationale for green belting. Each of the 
naturally selected plant species showed evidences of adaptations during abiotic stress to maximize survival and 
filtering effects for reductive elimination of ambient PM and PAHs, allowing holistic management of green 
spaces.   

1. Introduction 

The severely amplified emission rate of greenhouse gases with other 
criteria air pollutants results in deterioration of air quality in India 
which must be tackled on war-footing to ensure sustainable and cleaner 
environment by avoiding alteration of earth’s energy balance and 
climate. Findings of continuous studies on sustainable practices by the 
researchers for curbing air pollution have compelled the government 
bodies of India (like Central Pollution Control Board (CPCB), India) to 
establish a number of monitoring stations in different states under the 
National Air Monitoring Programme (NAMP) based on environmental 
policies and legislative actions (Kaur and Pandey, 2021; NAMP, 2023).). 
Among the major airborne pollutants, particulate matter (PM) (with size 

specification: large (aerodynamic diameter, AD: 10− 100 μm), coarse 
(AD: 2.5− 10 μm) and fine (AD: ≤2.5 μm)) and polycyclic aromatic hy
drocarbons (PAHs) (including low molecular weight PAHs (LMW PAHs) 
and high molecular weight PAHs (HMW PAHs)) critically affect human 
health or any other life form in the ecosphere (Delgado-Saborit et al., 
2011; Venkatesan, 2016; WHO, 2006). Overshoot in the anthropogenic 
emissions, being responsible for a sharp increase in pollutants’ genera
tion, has already caused irreversible destruction to the natural envi
ronment (Ambade et al., 2022). Remediation efforts must be identified 
by the scientific society to primarily address the life-threatening chal
lenges posed by the carcinogenic or mutagenic impacts of PAHs and PM 
with their incidences of prevalence. Health risk evaluation of gaseous 
and particle− bound PAHs (in terms of benzo[a]pyrene equivalents, 
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Abstract  Attempts have been made in the present 
study for ascertaining the concentrations of atmos-
pheric polycyclic aromatic hydrocarbons (PAHs) 
using passive biosamplers in preference to conven-
tional air sampling methods. Mechanical stirring, 
sonication, Soxhlet technique and microwave-assisted 
Soxhlet extraction (MASE) were employed to extract 
PAHs from an evergreen plant (Murraya paniculata) 
leaves (having long life-span) sampled from polluted 
places of South Kolkata, India, with dense popula-
tion and heavy traffic. Effects of extraction meth-
ods and operational parameters (solvent and time) 
on the recovery levels of PAHs were also investi-
gated. Purified extracts, acquired through adsorp-
tion chromatography, were subjected to GC–MS and 
HPLC–UV analyses for qualitative and quantita-
tive assessment of PAHs. Spatio-temporal distribu-
tion of accumulated PAHs across the sampling sites 
was monitored over premonsoon, postmonsoon and 
winter supported by pollutant source characteriza-
tion. The results displayed that the extraction yields 
of Soxhlet (272.07 ± 26.15  μg  g−1) and MASE 
(280.17 ± 15.46 μg  g−1) were the highest among the 

four techniques. Conditions of extraction with tolu-
ene for 6 h were found to be most favorable for PAHs. 
In spatio-temporal analysis, total concentrations of 
PAHs in the foliar samples varied from 200.98 ± 2.72 
to 550.79 ± 10.11 μg g−1 dry weight, and the highest 
values being recorded in the samples of Exide More 
because of daylong inexorable traffic flow/crowding 
increasing the burden of ambient PAHs. Widespread 
changes in meteorology exerted influence on seasonal 
concentrations of PAHs in plant leaves, and extent of 
leaf contamination by PAHs was observed extreme in 
winter followed by postmonsoon and then, premon-
soon. Foliar accretion of PAHs differed in the study 
sites with diverse sources of emission from motor 
vehicles, fossil fuel and biomass burning along with 
other human interferences.

Keywords  Extraction optimization · PAHs · 
Evergreen plant species · Spatial and temporal 
variability · Diagnostic ratios · Field study

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are lipo-
philic environmental carcinogens having pernicious 
impact on public health owing to their long pres-
ence and resistance to biodegradation (Bostrom et al., 
2002; IARC, 1983; Mallah et  al., 2022; Patel et  al., 
2020; Zheng et  al., 2018). Anthropogenic pollu-
tion has been the key contributor of airborne PAHs 
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A B S T R A C T   

Constant bursting of the city frontiers is taking a massive toll on natural vegetation, deteriorating 
thereby the purity of the clean air. Biomonitoring of airborne pollutants through creation of green 
belts has become the only alternative to provide natural filtering barrier. The present study was 
constructed to evaluate the air pollution tolerance index (APTI) of a commonly found evergreen 
plant species in Kolkata, Murraya paniculata, based on leaf attributes. PAHs accumulating ability 
of the plant species was also examined so as to establish the species’ potential in monitoring of 
PAHs. M. paniculata was found to be tolerant (APTI: 19.78 ± 1.20–31.12 ± 0.72) towards air 
pollution with dust capturing potential between 0.85 ± 0.04–2.26 ± 0.02 mg cm− 2. Correlation 
analysis unveiled the strong relationship of foliar dust with leaf ascorbic acid (r = 0.931), leaf 
extract pH (r = 0.985), leaf RWC (r = − 0.822), total carotenoids (r = − 0.862) and total chlo
rophyll (r = − 0.76). APTI was found to be correlated positively to ascorbic acid and foliar pH and 
negatively to total chlorophyll and RWC. Changes in leaf surface micromorphology due to par
ticulate pollution were also endorsed by SEM-EDX analysis. Findings revealed that Murraya 
paniculata has the tolerance and efficiency of trapping both lighter and heavier PAHs, proving its 
ability for biomonitoring of atmospheric pollution.   

1. Introduction 

Unplanned depletion of agricultural, water and forest lands in and around Kolkata, India, for expansion of city’s boundaries to 
accommodate rapidly growing population including human migration from other places is the primary cause behind the destruction 
and decay of century-old natural ecosystem. Environmental worsening due to the diversified presence of xenobiotics, gaseous pol
lutants, heavy metals, persistent organic pollutants (POPs) such as polycyclic aromatic hydrocarbons (PAHs) and dust or particulate 
matter (PM) imposes toxic air effects on the residents together with native flora and fauna (Haque and Singh, 2017). The situation is 
also aggravated owing to relentless activities for the construction of infrastructures and industries, power sectors, high traffic density, 
growth of slum-like settlements, reducing open spaces and boundless emission (local and transboundary) of air pollutants, increasing 
their level in the atmosphere manifold (Haque and Singh, 2017). Air suspended PM and PAHs are among the deadly air pollutants that 
are genotoxic in nature. PM has been classified as Group I human carcinogen by The International Agency for Research on Cancer 
(IARC, 2013). PAHs are a group of hydrophobic organic compounds, ubiquitously present in different environmental compartments 
and mainly derived from either incomplete combustion of fossil fuels and biomass (anthropogenic inputs) or natural emissions 
(Mukhopadhyay et al., 2020). Their recalcitrance and persistence in nature make them highly toxic and carcinogenic for which they 
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Review

A critical review on plant biomonitors for determination of polycyclic
aromatic hydrocarbons (PAHs) in air through solvent extraction
techniques
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Monitoring of ambient concentration
of 16 USEPA PAHs using biomonitors
for evaluation of air quality

� Different plant biomonitors based on
APTI and IAP values for quantification
of ambient PAHs

� Morphological characteristics of
plants greatly influence accumula-
tion of PAHs in their tissues over time

� Conventional and modified solvent
extraction techniques for determina-
tion of PAHs from different
biomonitors.

� Different plant bioindicators used till
date for assessment of ambient PAHs
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a b s t r a c t

Polycyclic aromatic hydrocarbons (PAHs) are hydrocarbons having two or more fused aromatic rings,
released from natural (like forest fires and volcanic eruption) as well as man-made sources (like burning
of fossil fuel & wood, automobile emission). They are persistent priority pollutants and continue to last
for a long time in the environment causing severe damage to human health owing to their genotoxicity,
mutagenicity and carcinogenicity. The study of PAHs in environment has therefore aroused a global
concern. PAHs adsorption to plant cell wall is facilitated by transpiration and plant root lipids which help
PAHs transfer from roots to leaves and stalks, causing more accumulation of contaminants with the
increase in lipid content. Hence, these bioaccumulators can be utilized as biomonitors for indirect
assessment of ambient air pollution. Efficacy of specific plants, lichens and mosses as useful biomonitors
of airborne PAHs pollution has been discussed in this review along with prevalent classical and modified
extraction techniques coupled with proper analytical procedures in order to gain an insight into the
assessment of atmospheric PAHs concentrations. Different modern and modified solvent extraction
techniques along with conventional Soxhlet method are identified for extraction of PAHs from accu-
mulative bioindicators and analytical methods are also developed for accurate determination of PAHs.
Process parameters like choice of solvent, temperature, time of extraction, pressure and matrix char-
acteristics are usually checked. An approach of biomonitoring of PAHs using plants, lichens and mosses
has been discussed here as they usually trap the atmospheric PAHs and mineralize them.

© 2020 Elsevier Ltd. All rights reserved.
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Abstract  Particulate matter (PM), defined as the 
total mixture of liquid droplets and microscopic solid 
particles present in the atmosphere, is a major global 
concern which poses serious threats to human health, 
causing environmental degradation. In ambient air, 
PMs are mostly released from both anthropogenic 
and natural sources which include coal mining activi-
ties, thermal power plants, vehicle emissions, strong 
winds, dust storms, etc. Based on the sources, PMs 
vary in size (large (PM10–100), coarse (PM2.5–10), fine 
(PM2.5) and ultrafine (PM0.1) particles) and compo-
sition significantly. PM pollution is directly associ-
ated with various short and long-term human health 
effects. Plants, constantly exposed to air, are the 
principal receptors of both gaseous and suspended 
particulate pollutants in the atmosphere. Prevalence 
of PMs exerts a strong influence on plant’s morpho-
logical, biochemical and physiological traits such as 
chlorophyll, phyllotaxy, specific leaf area, stomatal 
distribution, ascorbic acid content, relative water con-
tent and pH. Such effects could be studied to identify 
and screen the tolerant plant species having high Air 
Pollution Tolerance Index (APTI) as biomonitors for 
green belt construction through urban plantations for 
abatement of PM pollution. The present study has 

highlighted all the possible changes related to leaf 
traits because of PM deposition on leaf surfaces of 
plant species, and seasonal variation-based capturing 
of PM is also reviewed.

Keywords  Particulate matter · Plant bioindicators · 
Seasonal trends · Leaf traits

1  Introduction

Increasing population density, agriculture-related 
activities, industrialisation and deforestation have 
caused pollution of our atmospheric environment, 
and the most harmful form of an air pollutant is dust. 
Air-suspended particulate matter (ASPM) poses great 
threats to most Indian cities, ranging more than 150 
μg m−3 which is appreciably higher than the safe limit 
of 100 μg m−3 (PM10) and 60 μg m−3 (PM2.5) in 24-h 
monitoring (https://​cpcb.​nic.​in.). Particulate matter 
(PM) with a diameter of 2.5 μm or less is an alarming 
concern in urban and industrial areas since it can 
easily penetrate the human respiratory system causing 
multiple pulmonary and cardiovascular disorders, 
reproductive and neurological abnormalities and even 
cancer (Hamanaka & Mutlu, 2018; Manisalidis et al., 
2020). It also affects the morphological, physiological 
and biochemical characteristics of plants (Rai, 
2016). Hence, it becomes important to routinely 
monitor the presence of PM in the atmosphere. 
Conventional instrument-based air sampling and air 
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