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Abstract

In recent years, air pollution has become one of the major environmental concerns
that threaten health of the living organisms and its surroundings. Increasing urbaniza-
tion, industrialization, and other anthropogenic activities impaired the air quality
of indoor and outdoor environment. However, global organizations are focusing on
ecological and biological means of solutions to reduce or eliminate dangerous con-
taminants from ecosystems in a sustainable manner. In this fact, plants are capable of
improving or cleansing air quality and reduce the concentration of harmful pollutants
from the environment through various remediation processes. Plants interact with air
pollutants and fix them through various biological mechanisms in both associated and
non-associated forms of microbes. In association forms, the mutualistic interaction of
plant and microbes leads to higher growth efficiency of plants and results in enhanced
pollutant degradation in rhizosphere as well as phyllosphere. In this background,
the book chapter provides a comprehensive discussion of the existing literature and
recent advances in phytoremediation process for the mitigation of harmful air pol-
lutants. The role of indoor plants and aids for the enhancement of phytoremediation
process towards air pollutants are also discussed.

Keywords: air pollution, phytoremediation, microbes, indoor gardens,
biotechnological advancement

1. Introduction

Air pollution is one of the major threat to ecosystem services and imposes negative
impacts on all living organisms [1]. The composition and type of air pollutants in a
particular region majorly depends upon its sources, emission rate, and climate condi-
tions. The pollutants that contribute to air pollution are as follows: carbon monoxide
(CO), lead (Pb), nitrogen oxides (NOy), ground-level ozone (O;), sulfur oxides (SOy),
particulate matter (PM), volatile organic compounds (VOCs), poly-aromatic hydro-
carbons (PAHs), and polychlorinated biphenyls (PCBs) [2-4]. Ground-level ozone is a
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colorless secondary pollutant and is produced when NO, and VOC; react in sunlight and
stagnant air [5]. On the other hand, particulate matter (PM) is comprised of carbona-
ceous particles with accompanying adsorbed organic substances and reactive metals [6].
Gaseous pollutants such as SO, and NOy also aid particle formation through complex
atmospheric photochemical reactions involving ammonia released from agricultural
fields [5]. Road traffic is a significant source of NO,, particularly from diesel automo-
biles that contribute to the global air pollutants emission in large cities. However, the
main sources of SO, are industrial emissions and maritime transportation.

Global organizations are concerned about the increasingly deteriorating air
quality because it is believed to be one of the leading causes of approximately 3.1
million fatalities each year [7-10]. The average life expectancy of urban populations
is decreasing as exposure to high levels of air pollutants over a longer period of time.
Pollutants like fine particulate matter (PM, ) and ground-level ozone are unquestion-
ably linked to an increase in mortality rate [11]. Particulate matter alone causes23%
of total damage to human health despite representing only 6% of the total air pollut-
ants [12]. Pollution-related illness has been estimated to cause as many as 9 million
premature deaths during 2015, which was three times greater than the number of
deaths from other illnesses such as malaria, AIDS, and tuberculosis altogether [13].
Alongside, the air quality of the indoor environment has become a global issue as
people in urban areas spend more than 90 percent of their day in office spaces or resi-
dential areas [14]. Poor indoor microclimate adversely affects the health, happiness,
and productivity of occupants [15]. Major indoor air pollutants such as PMs, VOCs,
PAHs, PCBs, NH;3, SO,, H,0,, HNO;, HNCO, CO, and H,S upon inhalation are linked
to a range of health problems including asthma, heart disease, reproductive problems,
neurological issues, irritate the eyes, and respiratory disorder [13].

Remediation of these pollutants for sustaining ecosystem and human health using
either physical, chemical, or biological approaches is applicable but limited due to
the cost, labor requirements, and safety hazards [16]. Here, phytoremediation can be
effectively used as an alternative technique, and it is gaining popularity, acceptance,
and implementation due to ease and an array of benefits. Phytoremediation is the
use of plants and associated microorganisms to reduce or degrade the concentrations
or toxicity of pollutants. Phyto-stabilization, rhizo-degradation, phyto-extraction,
phyto-degradation, phyto-volatilization, and phyto-filtration are the fundamental
mechanisms of the phytoremediation process. The efficiency of these processes can
be improved by using synthetic and natural additives, suitable microbes and host,
and genetic engineering/editing. Various modes of biological remediation include
microbes-related remediation, enzyme-assisted remediation, vermi-remediation,
phyto-remediation, and zoo-remediation exists in nature. However, microbial-
assisted phytoremediation including plants and microbes is one the most effective,
sustainable, and economical approach to reduce harmful pollutants from the environ-
ment [17, 18]. The bioremediation of air pollutants by the phyllosphere or microbes
associated with the leaves, not just the microbes themselves, is known as phyllo-reme-
diation. While rhizo-remediation is the process of degrading organic contaminants
in the soil region around plant roots (the rhizosphere), typically as a consequence of
enhanced catalytic activities of root associated microbes [19-21].

Various ornamental plant species have been used for the enhancement of air qual-
ity. Previously, Chamaedorea elegans and Opuntia microdasys plants have been shown
to reduce the concentrations of formaldehyde and BTEX. Also, Chlorophytum como-
sum L. plants are able to accumulate indoor particulate matter pollutant (PM;o, PM, s,
and PM,). The rhizospheric microbes associated with the Aloe vera, Tradescantia
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zebrina, and Vigna radiata plant species have improved or enhanced the formaldehyde
neutralization efficiency by 2-3 times [22]. The vertical gardens growing in soil-less
system, the nutrient-enriched solution with activated carbon have reduced the level
of VOCs in indoor environments [23]. Considering this, the book chapter discusses
the existing literature and recent advances in the phytoremediation process and its
potential against air pollutants.

2. Air pollutants: types, sources, and health issues

Gaseous pollutants and particulate matter are the two primary types of pollutants
that are found in the atmosphere (Figure 1). There is a substantial difference between
the levels of these pollutants found in outdoor and indoor environments which is
primarily allocated to the sources from which they are derived.

2.1 Carbon dioxide (CO,)

Carbon dioxide (CO,) is a colorless and odorless gas, and it constitutes about
0.03% (300 parts per million) of the total atmospheric gases. It is heavier than other
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Figure 1.
Different sources of outdoor and indoor air pollutants.
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non-combustible gas and can accumulate in the lower phase of the environment,
resulting in an oxygen deficiency [24]. Carbon dioxide is majorly a by-product of
biological respiration or fossil fuel combustion [25, 26]. Fossil fuel-fired power plants
contribute about 33-40% of the total CO, emission globally, with coal-fired power
plants being the key contributor [27]. Whereas, anthropogenic CO, emission is due
to activities like forestry, deforestation, land clearing for agriculture [28]. Rising
atmospheric CO, levels result in the greenhouse effect and speed up the global warm-
ing process [29]. The average ambient CO, concentration has been steadily rising and
has reaches up to 410 ppm. A CO, level of 600 ppm is considered acceptable, but a
CO; level above 1000 ppm is detrimental and leads to CO, toxicity-related side effects
[30]. Excessive CO, concentration in the blood (hypercapnia) give rise to acidosis,
which is characterized by a low blood pH (increased acidity). The respiratory, cardio-
vascular, and central nervous systems are all affected by the lower blood and tissue
pH. Other commonly reported symptoms of CO, toxicity are headaches, lethargy,
moodiness, mental slowness, emotional irritation, and sleep disruption [31].

2.2 Carbon monoxide (CO)

Carbon monoxide is colorless, combustible, and extremely deadly gas [32]. It is
emitted from both natural and man-made sources. It is produced when carbonaceous
materials are burned in an incomplete manner [33]. The two most common sources of
emission of carbon monoxide in ambient air are smoke from fires and exhaust fumes
from automobile engines (in the absence of a catalytic converter) [34]. Additionally,
the combustion of charcoal and wood can also release carbon monoxide. The
minimum exposure limit of carbon monoxide is around 100 mg/ m? for 15 minutes,

60 mg/m’ for 30 minutes, 30 mg/m? for 1 hour, and around 10 mg/m? for 8 hours
[35]. In most cases, carbon monoxide poisoning causes from inhalation of gases
coming out from common household areas such as garages, kitchens, basements, or
workrooms and fuel burning. Carbon monoxide toxicity leads to dizziness, headache,
weakness, nausea, vomiting, and loss of consciousness [36]. Further, the inability of a
cell to use oxygen (e.g., effective oxygen deprivation) leads to chemical asphyxiation
and hypoxia, which is the most significant harmful effect of carbon monoxide.

2.3 Volatile organic compounds (VOCs)

VOC s are categorized as harmful air pollutants because of their relation with
carcinogenic, impairing blood production and weakening nervous system in
humans [34]. Commonly found VOCs in atmosphere are aromatic hydrocarbons
BTEX (benzene, toluene, ethyl benzene, and xylene) and halogenated hydrocarbon
like chloroethylene and trichloroethylene [37]. The major sources of BTEX are
vehicle/aircraft, processing of petroleum products, paints, thinner, ink, cosmet-
ics, and pharmacy. Benzene/toluene ratio is used more often to know the source of
emission. If the ratio is >0.5 shows that the source is other than transport and if the
ratio is <0.5, vehicular emission is the major source. Among the six compounds of
BTEX, toluene is the one that is most easily degraded due to the presence of a side
chain that provides different attack routes for the microbial enzymes to act upon.
Isoprene, a naturally occurring biological component, is one of the most significant
contributors to emissions of VOC [38]. Anthropologically, VOCs are generated
from both domestic and industrial processes including textile cleaning, fertilizers
and pesticide application, septic system, traffic, fumigation, building materials,
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and pharmaceutical industries [39]. In indoor environments, VOCs are released by
combustion, newly constructed or refurbished structures and building materials
such as paints, carpets, solvents, various plastics, and wooden furniture [40]. The
acceptable level of VOCs concentration in an indoor environment is ranged from 0
to 400 ppb [41, 42]. Short-term exposure of VOCs may induce like nausea, vomit-
ing, and fatigue. However, long-term exposure may cause lung cancer, leukemia,
and other forms of malignancy [43, 44].

2.4 Particulate matters (PMs)

Carbon-containing particles along with reactive metals and adsorbed organic
compounds belong to the particulate matter components of air pollution [7]. Itisa
mixture of solid and liquid particles in the air that can be breathed in and may cause
serious health problems. According to particle size, PM is further divided into three
groups: coarse particles (PM;g, diameter less than 10 pm), fine particles (PM, s,
diameter less than 2.5 pm), and ultra-fine particles (PMy 3, diameter less than 0.1 pm)
[7]. It can be originating either from natural or anthropogenic activities. Eruptions
of volcanoes, dust and wind storms, forest fires, salt spray, rock debris, chemical
reactions between gaseous emissions, and soil erosion are some examples of natural
sources. PM is also produced by human activities such as burning fuel, making steel,
processing petroleum, making cement, making glass, mining, smelting, power plant
emissions, burning coal, and disposing of agricultural waste [45]. There is a clear
relationship between PM concentrations and seasonal variations [46, 47]. According
to the recent air quality guidelines 2021 by WHO, exposure to PM, 5 and PM;, concen-
tration up to 65 ug/m?’ for the 24-hour is safe. Black carbon is a carbonaceous compo-
nent released because of incomplete combustion of fossil fuels (particularly diesel,
wood, and coal) (PM 2.5) [10, 48]. Higher exposure to black carbon is a major health
issue that can induce heart attacks and strokes. The regulations governing air pollu-
tion focus on PM , 5 as the primary concern. PM;o mostly affects the upper respiratory
system, whereas ultra-fine particles detrimental to the lower respiratory tract, lungs,
and alveoli.

2.5 Polycyclic aromatic hydrocarbons (PAHs)

These are the vast categories of chemical compounds that include two or more
bound benzene rings as diverse arrangements [49]. PAHs are a type of pollutant that
can be found almost everywhere in the environment including soil, water, and air.
PAHs are the by-product of the incomplete burning of organic substances such as
wood, coal, petrol, and oil [44]. Forest fires, garbage incineration, volcanic eruptions,
and hydrothermal processes are natural sources of PAHs. Whereas, combustion of
timber, waste, and fossil fuels are some examples of anthropogenic activities which
are responsible for the emission of PAHs [45, 48]. PAHs have cancer causing and
mutation inducing properties in living organisms [47, 50]. The most common ways for
people to be exposed to PAHs are through smoking cigarettes or cigars and breath-
ing smoke from open fires or other sources of combustion [46]. Health issues such
as skin-related diseases, lungs and gastrointestinal malignancies, and damages in
liver and loss of immunity have been resulting in long-term exposure. The National
Institute for Occupational Safety and Health (NIOSH) recommends that exposure to
PAHs in the workplace should be limited at or below the minimum reliable detectable
concentration of 1 pg/m’,

5



Air Pollution — Latest Status and Curvent Developments

2.6 Ozone (03)

Ground-level ozone is produced by a chemical interaction between oxides of nitro-
gen and originating from natural sources and/or as a result of human activities. Ozone
damages the uppermost skin layers and tear ducts. Short-term exposure is resulted in
malondialdehyde production in the epidermis as well as vitamin C and E depletion in
mice model [1]. Due of ozone’s limited solubility in water, it can enter deep into the
lungs when inhaled. During the warm season, an increase in ozone concentration was
related to an increase in the daily number of fatalities (0.33%), respiratory deaths
(1.13%), and cardiovascular deaths (0.45%). During the winter, no such effect was
noticed [51].

2.7 Nitrogen and sulfur oxides

Nitrogen oxides (NOx) are the gases that are released by natural sources, auto-
mobiles, and other fuel-burning actions [1]. NO, is an odorous, acidic, and extremely
corrosive gas that have negative impact on human health and the environment.

They are responsible for the yellowish-brown hue of the smog. It causes pulmonary
disorders such as obstructive lung disease, asthma, chronic obstructive pulmonary
disease, and in rare circumstances acute aggravation of COPD as well as fatalities
[52]. High concentrations of NO, are also detrimental to vegetation causing dam-

age to leaves, stunting growth and diminishing crop yields. The suggested NO, air
quality criteria are 0.12 ppm for a 1-hour exposure duration and 0.03 ppm for a yearly
exposure period. These regulations are intended to safeguard vulnerable individuals
such as children and asthmatics [53, 54]. Sulfur oxides (SOx) composed of molecules
of sulfur and oxygen is an odorless gas detectable by taste and smell at concentra-
tions between 1000 and 3000 micrograms per cubic meter [55, 56]. The majority of
SO, is produced by the combustion of sulfur-containing fuels and metal sulfide ores.
Volcanoes are natural sources of SO, (35-65%) among others. After industrial boilers
and nonferrous metal smelters thermal power plants that burn high-sulfur coal or
heating oil are generally the largest producers of anthropogenic SO, emissions on a
global scale. The accumulation of SO, and smoke which reached 1500 mg/m’ resulted
in increased number of fatalities [55, 57].

3. Absorption of air pollutants in plants
3.1 Stomata

The primary entry site for air pollutants in the plants is likely to be stomatal
pores, either through exchange of gases or penetration of a liquid layers into the
sub-stomatal cavity. By altering the aperture between the guard cells, plants regulates
absorption of air pollutants with a diverse range of molecular masses. The move-
ment of guard cells is regulated by the K* concentration in the cell sap. However, the
mechanism of stomatal response to external environmental stimuli involves cellular
sodium potassium pump and calcium homeostasis of guard cells as well as K* ion and
its counter-ions, malate, chloride, and nitrate [49, 58]. Several environmental factors
(temperature, light, and relative humidity) and cell internal factors (partial pressure
of CO,, sucrose concentration, turgidity of guard cells and the presence or absence
growth inhibitors) also affect stomatal opening. Absorption of oxides of sulfur (SOx)
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and nitrogen (NOx) is regulated by light intensity and heavy metals with airborne
particulates will directly enter through the stomatal pores, while lipophilic substance
enters through cuticular wax [59].

3.2 Cuticle

When stomata are closed, the cuticle acts as the entry point for the pollutants.
Lipophilic substances enter through cuticles of the plants, whereas hydrophilic
compounds such as gaseous and liquid contaminants can be absorbed by cuticle to
some extent. The morphology and composition of cuticles vary with species age, and
location of the cuticle in plant as well as some climatic factors such as temperature
and relative humidity. Organic compounds such as PAHs, PCBs, dioxins, and charged
particulates may alter chemical constituent of cuticle that increase permeability of the
cuticle. Once these pollutants enter through cuticle, they infiltrate slowly by diffusion
process or get deposited on cell wall or the vacuoles [60].

4. Phytoremediation and its mechanism

In phytoremediation, plants absorb contaminants from the surrounding atmosphere
and then degrade or detoxify them using a variety of mechanisms [61, 62]. It is currently
unclear how specific air pollutants are captured by plants for subsequent degradation,
metabolization, or sequestration. Additionally, phytoremediation has been studied for
plant propensity to filter ambient air and exchange gases with their surroundings [63].
The large biologically active surface areas of plants have added advantage in capturing
different air pollutants through absorption, transport, and deposition of organic pollut-
ants in the rhizosphere and phyllosphere [64]. For the elimination of air pollutants, the
photosynthetic systems of C3, C4, crassulacean acid metabolism (CAM), and facultative
CAM plants have been studied under various circumstances [65]. C4 plants posses high
intensity in exchange of gases as compared to C3 plants and may exchange more CO,,
especially during the day. CAM plants exchanges the gases during the night which makes
them highly efficient in phytoremediation specially when they are placed in indoors [66].
Microorganisms that make up a phyllo-microbiome colonize on leaf surfaces and have
potential to degrade a variety of organic contaminants [67]. Even soil microorganisms
have ability to eliminate gaseous air pollutants when they are associated with plants [68].
Various mechanisms in phytoremediation are discussed below (Figure 2).

Phytoextraction refers to the process of taking up of pollutants from soil and
transporting them to above ground plant parts for further degradation. Thus, in
phytoextraction both phyllosphere and rhizosphere are involved [69]. Efficacy
of phytoextraction process is dependent upon mobility and availability of heavy
metals in the root zone [70-72]. Phytovolatilization is transport of contaminants
into the phyllosphere of plants through the epidermis by diffusion across the cuticle
and also through open stomata. These contaminants are further degraded into
volatile components which are further released in the atmosphere through tran-
spiration from the stomata [73]. Transpired volatile components either stay in the
atmosphere as an air pollutant or they may break down by the action of hydroxyl
radicals [74]. Phytovolatilization process is observed for number of contaminants
both inorganic and organic forms. In phytovolatilization, pollutants are absorbed by
plants through phyllosphere and transformed into volatile compounds. Eventually,
these degraded volatile substances transpired into the atmosphere via stomata [75].
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surrounding the root zone (thizosphere)

Figure 2.
Mechanisms of phytoremediation.

In phytodegradation, organic contaminants including polycyclic aromatic hydro-
carbons (PAHs), total petroleum hydrocarbons (TPHs), polychlorinated biphenyls
(PCBs), and inorganic contaminants like atmospheric nitrogen oxides and sulfur
oxides are taken up and transformed by plants into simpler less toxic forms [9]. The
obtained products of phytotransformation are incorporated into phyllosphere and
rhizosphere. Specific plant enzymes such as nitroreductases, dehalogenases, laccases,
and peroxidase play vital role in the phytotransformation process [73]. The immo-
bilization of contaminants takes place in the rhizosphere during phytostabilization
and is known as phytoimmobilization. Lignin, which is found in the cell wall of plant
roots, is able to adsorb pollutants which then precipitates into insoluble compounds
and stores them in the root zone [71]. Rhizodegradation refers to the biodegradation
of contaminants in the soil by edaphic microbes enhanced by the inherent character
of the rhizosphere itself. The roots of plants offer an additional surface area which
allows for the transmission of oxygen and the growth of microorganisms. Plants
emit biodegradable enzymes and metabolites into the rhizosphere, where microbes
can use them to develop and break down contaminants [76]. Root exudates have
many potential uses such as enhancing plant defense mechanism, boosting nutrient
availability in the root zone, and even phytoextraction of heavy metals. The ability of
bacteria to degrade pollutants is Bacillus, Acinetobacter, Arthrobacter, Diaphorobacter,
Enterobacter, Flavobacterium, Phanerochaete chrysosporium, Polysporus,

Pseudomonas, Pseudoxanthomonas, Rhodococcus wratislaviensis, Sphingomonas, and
Stenotrophomonas.

5. Phytoremediation of major pollutants
5.1 Airborne particulates

By adsorbing particles leaf surface or fixing them in waxes, plants effectively
remove substantial amounts of airborne particulates from the atmosphere, particu-
larly in metropolitan areas [77]. Urban areas with trees can significantly reduce PM;
level [73]. In order to decrease the spread of air pollution from industrial areas, an
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8 m wide green belt may be installed which could able to minimize dust fall over two
to three times [78]. The trees such as Ficus spp., Mangifera spp., and Azadirachta spp.
in urban roadsides can effectively control particulate matter emitted from vehicles.

C; and C, plants intake several gaseous pollutants at larger quantity during daytime
and CAM plants intake gases at night time through stomatal openings [79]. PCBs
enter into plants through the cuticle and metabolized through cytochrome P-450 in
some of the plant species such as pine and eucalyptus [80]. Generally, metals such as
Cr, V, Ni, Pb, and Fe accumulated in plants from soil, but they are not translocated to
aerial plant parts. Therefore, accumulation of such metals in aerial parts of the plants
is majorly absorbed from atmospheric air [81]. High density organic compounds

and metals can penetrate wax layer and enter into epidermis of the cell through the
process of diffusion and sequestered in vacuoles or cell wall [82]. The ability of some
bacteria to convert reactive oxygen species into less harmful forms through their anti-
oxidant properties. This ability of bacteria in turn contributes to the bio-remediation
of PM by plants as PM have shown to develop ROS which is harmful to plants [83-86].

5.2 Volatile organic compounds

Phytoremediation can effectively remove VOCs like formaldehyde, xylene,
toluene, benzene, and ethylbenzene from the environment [87]. In order to protect
from pathogens, animals and other environmental stresses plants used low molecu-
lar weight VOCs [84]. Generally, plant uptake VOCs via leaf stomata, while few
plants uptake VOCs through cuticle [88], and their further translocation is done by
phloem to designated plant organs [89]. In plants system, VOCs are degraded, stored
or removed through various process, and get volatilized into atmosphere through
diffusion from trunks, stems, roots, and leaves of plants [90, 91]. Phytoremediation
efficiency of plants is determined by properties of VOCs, as lipophilic VOCs are
absorbed through cuticle, whereas hydrophilic VOCs are absorbed through leaf
stomata [13]. VOCs also get deposited in soil and plant rhizosphere due to leaf fall and
runoff. Microbes present in plants aid metabolization of these organic compounds
into less toxic forms such as carbon dioxide, water, and cellular biomass [13]. Spider
plant (Chlorophytum comosum L.) detoxifies low concentrations of formaldehyde into
amino acid, sugars lipids, and cell wall components. Soybean plant (Glycine max L.)
converts formaldehyde into serine and phosphatidylcholine. Additionally, microbes
can modify plant VOC emissions by activate an immunological response [92]. An
experiment was conducted using the green wall system for degradation of VOCs
and showed proteobacteria as the dominant species. Nevskiaceae and Patuli bacte-
raceae were VOC utilizing bacteria in the irrigation water of the green wall system.
Burkholderiales were part of bio-wall root bacterial communities where VOC degrada-
tion was also reported [93]. Bacteria associated with the rhizosphere of the plants also
play a crucial role in the degradation of these air pollutants, and one such bacteria
Rhodococcus erhythopolis U23A isolated from the roots of Arabidopsis thaliana was able
to break down polychlorinated biphenyls [94]. The flavanones were found to be the
inducers of the polychlorinated biphenyls pathway. According to Barac et al. [94], the
introduction of a plasmid expressing a toluene-degrading enzyme reduced phytotox-
icity and toluene evapotranspiration by 50-70% through the leaves. Sandhu et al. [95]
provided direct evidence that endophytic bacteria in the phyllosphere degrade volatile
organic compounds. De Kempeneer et al. [96] proved that phyllosphere micro-biota
undertakes toluene cleanup via toluene-degrading bacteria. Kempeneer et al. [96]
demonstrated that phyllosphere micro-biota significantly degrades the toluene
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compound. As per the reports, formaldehyde has varied from 0.14 to 0.61 mg/m’ in
remodeled residences; however, benzene, toluene, and xylenes were found in 124,
258, and 189.7 g/m’ concentrations, respectively [97]. Sriprapat et al. [98] highlighted
that Helianthus annuus associated with EnL3 strain significantly removed benzene
from the environment. The study also reported that a total of sixty-two proteins was
up and down-regulated in leaves, while thirty-five proteins were up or down-regulated
in roots of H. annuus. Additionally, toluene has been removed by the association of

E verschaffeltii and H. carnosa indoor foliage plants with rhizospheric bacteria [99, 100].
To summarize these, it is clear that the above ground and below ground plant-associ-
ated microorganisms play a crucial role in the mineralization of VOCs through their
degradation potential.

5.3 Gaseous pollutants

Gaseous air pollutants include oxides of sulfur, carbon, and nitrogen as well as
ozone [101]. Plants metabolize CO by oxidation into CO, or get reduced into amino
acids. The tendency of plant canopy to act as NO, sinks and assimilation of NO, has also
been demonstrated. Plants can assimilate ammonia (NH,) from the air and soil [102].
Abatement of pollutants such as carbon dioxide (CO,), sulfur dioxide (SO,), nitrogen
dioxide (NO,), and ozone (O3) can be accomplished by the implementation of phy-
toremediation. Through the process of photosynthesis, plants remove carbon dioxide
from the atmosphere and store it for any given period of time or convert it to humus
[13]. This process of storing carbon dioxide in plants for an extended period of time
is known as carbon sequestration [103]. The “reductive sulfur cycle” is the process by
which sulfur dioxide is broken down after it is diffused through the stomata of plants.
Plant’s root uptake by-products of the sulfur cycle including sulfur containing amino
acids necessary for their growth. The adsorption of nitrogen dioxide through stomata,
leaf, and root surfaces is the first step in the nitrogen toxicity abatement process.
Nitrogen dioxide has the potential to be used as an alternative fertilizer and to supply
essential nutrients to plants but, prolonged exposure to high concentrations of nitrogen
within the plants could be toxic [13]. Ozone reacts with the waxes of cuticle, ions, salts,
and biogenic and anthropogenic volatile organic compounds. Stomata are the means
through which plants take in ozone into their systems. In another study, plant and
microbially-assisted bio-remediation systems accrued the air pollutant by 0.24 to 9.53
folds than individual plant systems [104]. Moreover, ozone was efficaciously reduced
or removed in an uninterrupted system of Z. zamiifolia combined with B. cereus ERBP.
This endophytic bacterium has the potential to protect the plant against ozone stress
[105] and has been developed an effective microbially-assisted bio-remediation strategy
against formaldehyde pollutants by adhering rhizosphere microbes with T zebrina, A.
vera, and V. radiata. As per the report [49], the phenolic pollutant has been eliminated
by vetiver grass by using A. xylosoxidans. The association of F3B has the potential to
endure plants against toluene stress and enhanced the chlorophyll content of leaves.

As per the report [106], chloromethane (volatile halo-carbon pollutant) was removed/
degraded by Hyphomicrobium sp. (isolated from the leaf of A. thaliana). NO, may also
be accumulated in plants in the form of nitrate and nitrite. Later, it can be reduced by
nitrate and nitrite reductase enzyme for the generation of ammonia, which is further
assimilated to glutamate through the ammonium assimilation pathway (GS- GOGAT)
[107, 108]. As per the recent report by Lee et al. [16], the absorbed pollutants are stored
in the inter-cellular spaces of leaves. Further, it can react with the inner-leaf membranes
or water film and after that it can be degraded or excreted into the environment [16].
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5.4 Removal of polyaromatic hydrocarbons (PAHs)

Various bacterial groups like Haemophilus spp., Paenibacillus spp., Pseudomonas
spp., Mycobacterium spp., and Rhodococcus spp. are reported to degrade and utilize
PAHs as a sole source of energy and carbon [109]. Yutthammo et al. [110] reported
that about 1-10% of phyllosphere bacteria have potential to degrade PAHs (ace-
naphthylene, acenaphthene, phenanthrene, and fluorine) from the environment.
However, the removal of PAH was achieved by the mutualistic association between
microbes and Epipremnum aureum plant [111]. A lot of changes take place in the soil
around the roots which leads to more aeration that supports the growth of autochtho-
nous PAH degrading microbial communities, which allows the efficient mineraliza-
tion of the PAH present in the rhizosphere soil [112]. Thus, even deeper layers support
the process of aerobic degradation [113]. Myco-augmentation, phytoremediation and
natural attenuation can be used individually for the bioremediation process. However,
using these techniques in combination can increase bioremediation efficiency to
several folds. Thus, the synergism between the microbes and plants can be exploited
for the bioremediation not only for PAH but also other compounds as it is more effec-
tive than simple phytoremediation [114]. There have been few studies that has used
the combination of bacteria and plants for the bioremediation of PAH [49], but rarely
there has been a combination of plant and white-rot fungi used for the process of PAH
bioremediation. The maize plant was associated with Crucibulumleave (fungi) in a
comparative study where phytoremediation process was enhanced. This combination
was highly effective in PAH degradation to 5-6 folds compared to phytoremediation
alone. This could be possible due to the increased surface area of fungal hyphae which
could assist bacterial transport through the soil and alteration of root exudates pos-
sibly increasing the bioavailability of the compounds and increasing the degradation
of the PAH [115]. For the removal of hydrocarbons from soils, the most researched
plants are prairie grasses because of their vast fibrous root systems [116].

5.5 Indoor air pollution

Green houseplants can act as a biological filter to purify the indoor air [76]. Plants
considerably deplete CO,, VOCs, PMs, organic carbon, nitrate, sulphate, ammonia, and
carbonate levels in indoor environments [117]. It was reported that Dracaena devemen-
sis, Dracaena marginata, and Spathiphyllum spp. efficiently remove benzene, toluene,
ethylbenzene, and xylenes in indoor environment [118]. Eight ornamental indoor plants
namely Chlorophytum comosum, Clitoria ternatea, Dracaena sandeviana, Euphorbia milli,
Epipremnum aureum, Hedera helix, Syngonium podophyllum and Sansevieria trifasciata
were studied for the removal efficiency of benzene in indoor air pollutants. It was
found that C. Comosum was most efficient in removing benzene from air and water
pollutants. Green walls are recent innovation, formed of a pre-vegetated frame that are
attached to a wall or other interior structure [87, 117]. An updated version called active
living wall integrates the building heating, cooling, and ventilation systems [119]. A
green wall system regulates temperature and also filters the air inside buildings [120].
The plants remove CO and CO, and assist in removing particulate matter from air [121,
122]. Using urban indoor vegetation is one strategies for accomplishing this since it can
be drastically reducing air pollution. Green walls are either partially or entirely covered
with greenery, incorporating a growing medium. It is well-known that the incorpora-
tion of green walls and other forms of living infrastructure into an indoor environment
has the potential to contribute to an improvement in air quality, through the reduction
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in amount of volatile organic compounds (VOC), inorganic gaseous compounds, and
carbon dioxide (CO,), as well as the retention of particulate matter (PM) [123]. Study
revealed that potted plants are capable of removing significant levels of gaseous VOCs
in sealed chambers, lowering VOCs by 10-90% in 24 hours [124]. It was demonstrated
that the removal of organic contaminants is accomplished more effectively in areas of
the root soil that are in contact with air [125]. The Chamaedorea elegans and Opuntia
microdasys plants have significantly reduced the concentrations of formaldehyde

and BTEX in controlled environmental chambers, respectively. In another study, the
Chlorophytum comosum L. plants have significantly accumulated indoor PM10, PM2.5,
and PMO.2. The researchers also observed that the plant wax is helpful in the accumula-
tion or attachment of PM on their leaf’s surfaces [126]. As per the literature, associated
microorganisms can significantly enhance the remediation properties of plants. In

one experiment, the rhizosphere microbes associated with the Aloe vera, Tradescantia
zebrine, and Vigna radiata plant species have improved or enhanced the indoor formal-
dehyde neutralization efficiency by 2-3 times. In addition, the combined system of the
Ophiopogon japonicus plant associated with Staphylococcus epidermidis and Pseudomonas
spp., bacterium has been degrading the phenol pollutants with 1000 g/L per day capac-
ity [118]. In commercial buildings and urban areas, vertical gardens are gaining more
attention because vertical alignment can offer a space-efficient method of exposing
more plant biomass to contaminated air [127]. In these gardens, the significance of plant
selection on the green walls demonstrated the varying capacity of pollutant degrada-
tion. As per the report, the especially fern species have high removal efficiency toward
the particulate matter of size range PMg 3 ¢ 5; 45.78% and PMs 49; 92.46%. Whereas, the
plant species with fibrous roots have greater degradation efficacy toward air pollutants
compared to plants with tap root systems. Moreover, for vertical gardens and green
walls, the growing medium, vermicompost, perlite, coco-peat, and so forth signifi-
cantly influence the plant microbe’s associations and pollutant degradation mechanism.
In Apteniacordifoli, the addition of granular activated carbon into coconut husk-based
substrates could increase the VOC removal ability of the green walls [128]. Mikkonen
et al. [129] investigated the filtration efficiencies for seven volatile organic chemicals as
well as the microbial dynamics in simulated green wall systems. The results highlighted
that Golden pothos plants had a minor effect on VOCs filtration and bacterial diversity.
In another report by Gonzalez-Martin [92], indoor green walls contributed significantly
to the ambient fungal load, but concentrations remained well below WHO safety
standards. In this sense, the botanical air filtration approach is a promising way for
reducing indoor air pollution, but a greater knowledge of the underlying mechanics is
still required.

6. Biotechnological advances

Generally, biotechnological tools provide researchers the ability to change the
gene expression regulation at certain specified sites which speeds up the discovery
of new information regarding the functional genomics of plants [128]. In Noccaeac
aerulescens, Arabidopsis spp. (hyperaccumulator of Cd and Zn), Hirschfeld spp. (toler-
ant to Pb toxicity), Pterisvittata, and Brassicaspp have genomes sequenced for model
phytoremediators [129]. These phytoremediators have been found to be effective at
removing heavy metals from the environment. Similarly expressing the MerC gene in
Arabidopsis and Tobacco plants led to an increase in the accumulation of the Hg metal,
but it also rendered the plant hypersensitive to the effects of mercury (Hg). Several
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additional types of organic contaminants such as polycyclic aromatic hydrocarbons
and polychlorinated biphenyls are also include in this method [92]. Editing the genes
in rice and Arabidopsis for the production of naphthalene dioxygenase resulted in the
recent development of genes that express tolerance against naphthalene and phenan-
threne [130]. Some of the genetically modified plants for phytoremediation of organic
pollutants include tobacco (gene hCYP2E1) for benzene, Atropa belladonna (gene
rCYP2E1), and Poplar (gene rCYP2E1) for TCE [131]. An experiment was carried out
on the tou cluster, which encodes for the enzyme Tolueneo-Xylene Monooxygenase
(ToMO) which can degrade the aromatic hydrocarbons from Pseudomonas stutzeri.

It was cloned and expressed in Antarctic Pseudoalteromonas algae [88]. Genetically
modified plants like P. angustifolia, N. tabacum, and S. cucubalis have been shown

to accumulate more heavy metals pollutants than their wild counterparts by over
expressing-glutamylcysteine-synthetase [132]. The y-ECS B. juncea transgenic
seedlings (E. coli gshl gene insertion) showed greater tolerance toward cadmium,
phytochelatins, glutathione, and non-protein thiols than wild type [132]. The expres-
sion of genes including AtNramps, AtPcrs, CAD1 (A. thaliana), gshl, gshll (D. innoxia),
CAX-2, NtCBP4 (N. tabacum; A. thaliana), Ferretin (soybean), merA (bacteria), and
PCS cDNA clone (B. juncea) has been shown enhanced heavy metal tolerance and
accumulation [133, 134]. However, in transgenic A. thaliana, the combined expres-
sion of SRSIp/ArsC and ACT 2p/y-ECS presented increased tolerance to arsenic

(Ar). Additionally, plants accrued 4 to 17-fold shoot biomass and accumulated 2 to
3-fold more AR compared to wild plants [135, 136]. For enhanced phytoremedia-
tion, metabolic pathways have been expressed by introducing MerA, MerB, ars C,

and y-ECS genes in Arabidopsis plants and resulted in enhanced accumulation of
mercury, arsenate, and arsenite pollutants [137]. The over-expression of 1- amino
cyclopropane-1-carboxylic acid deaminase in plants resulted in a higher accumulation
of pollutants [75, 137]. Presently, the researchers aim to work on the genetic modi-
fication of common ornamental and houseplants for the improvement of indoor air
quality. In this context, pothos ivy or devil’s ivy has been modified by genetic engi-
neering approach for the removal of chloroform and benzene by the expression of the
Mammalian Cytochrome P450 2¢1 gene [138].

7. Conclusions

The removal or degradation of harmful pollutants from the air is far more chal-
lenging than water and soil pollution. As per the literature, phytoremediation has way
more potential for eradication of harmful pollutants from the indoor and outdoor
air environment in a sustainable manner. This way of phytoremediation is more
sustainable, green, cost-effective, and easy to handle. In phytoremediation, the plants
and microbes eradicate the pollutants through the following mechanisms, such as
phyto-extraction, phyto-stabilization, rhizo-filtration, phyto-volatilization, phyto-
degradation, and phyto-desalination. However, the selection of plant species and
microbe’s assistance for particular pollutant, their site, and condition are very crucial.
As per the literature surveyed, in sustainability, the phytoremediation methods are
5-13 times more economical, higher success rate, good acceptance, and indeed an eco-
logical way than the other remediation strategies. In the urban context, indoor plants
serve as solution for phytoremediation against harmful air pollutants and also add
esthetic value to the indoor space. Furthermore, the utilization of biotechnology will
revolutionize and enhance the phytoremediation process against variety of pollutants.
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