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Abstract

Phytoremediation is a promising green technology for the remediation of various
industrial effluents. Notably, aquatic plants are widely applied to remove dyes
and toxic metals from polluted environments. Aquatic plants have attracted wide
attention because of their low cost and high level of resource utilization and are
promising green technology for the remediation of various industrial effluents.
Water treatment, reuse, and reducing the nutrients loading to the aquatic
environments are key ways to achieve sustainable aquaculture. A large number
of plants are being used for phytoremediation. Water plants or hydrophytes are
the most conspicuous and colorful element of any wetland system. In present
investigation, the hydrophytes, phytoplanktons, and herbaceous plant life of the
adjacent areas of Tapan Dighi in Dakshin Dinajpur District of West Bengal were
explored, collected, and preserved. Altogether, 78 species under 37 families were
observed during the study. Phytoplanktons, especially cyanobacteria and
chlorophycean members (blue-green and green algae) showed rampant growth
in late spring producing algal bloom. Macrophytes observed were of free-floating,
rooted with floating leaves, submerged, and immersed with floating and
submerged leaf types. Phytoremediation by aquatic macrophytes is a promising
technology with higher efficiency. The data generated from the study will provide
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a meaningful insight into the vegetation, phytoremediation, and ecosystem of the
study area. Key issues of phytoremediation are reviewed.
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19.1 Introduction

With the development of industrialization and urbanization, the abundance of heavy
metals in the environment has increased enormously during the past decades, which
raised significant concerns throughout the world. Merian (1984) reported that
emissions of the heavier elements chromium, nickel, and cobalt with their short
atmospheric life cycle play a more overpowering role in waters and soils. Merian
(1984) further suggested that natural weathering of rocks and soils is in the order of
one-sixth of the total emissions for cobalt, chromium, nickel, and arsenic, but is
relatively smaller for beryllium, selenium, and cadmium. Sebastian and Prasad
(2014) studied cadmium minimization in rice. However, volcanic emissions are
globally of very low significance. Increasing use of metal contaminated underground
water for agricultural purposes (irrigation in rice and other crop fields) in the arsenic-
affected areas, especially in Bangladesh and West Bengal (India), resulted in the
increased concentration of pollutants, especially arsenic in freshwater systems,
which could potentially lead to arsenic entering the human food chain (Rmalli
et al. 2005; Beebout 2013). Many countries like India, Bangladesh, Taiwan,
Argentina, Hungry, Mexico, and Chile have reported extensive arsenic contamina-
tion in their groundwater. Indiscriminate use of arsenical pesticides, geogenic
sources, and anthropogenic activities like fossil fuel burning, mining, and natural
minerals are the main source of arsenic contamination in the environment. Contami-
nation in freshwater systems poses a health threat not only to the aquatic organisms
but also to the humans. High levels of arsenic have been reported in a number of
aquatic plants grown in contaminated water bodies. Contamination of rice with toxic
heavy metals is especially a health concern in developing countries. Tripathi et al.
(2007) studied Arsenic tolerance and remediation by plants. Alarcón-Herrera et al.
(2013) reported that several million people around the world are currently exposed to
excessive amounts of arsenic (As) and fluoride (F) in their drinking water. Das et al.
(2022) reviewed efficacious bioremediation of heavy metals and radionuclides from
wastewater employing aquatic macro- and microphytes.

A large number of azo dyes including Reactive Red 120 (RR120) are extensively
used in fabric manufacturing due to low cost, ease of preparation, fastness, versatil-
ity, and intensity of the colors (Mathur and Kumar 2013, 2016; Rawat et al. 2016).
Certain azo dyes contain chemical groups, which have a high affinity for metal ions
(Balapure et al. 2015; Hussain et al. 2016). These enhanced properties provide a high
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degree of biological, chemical, and photocatalytic stability. Nevertheless, their
resistance to break down due to time, exposure to sunlight, detergents, water, and
microorganisms results in poor degradation in the environment (Solís et al. 2012).
The dye removal using phytoremediation has demonstrated its potential to degrade
many recalcitrant dyes. Phytoremediation, a plant-based green technology, includes
several processes namely phytoextraction, phytodegradation, rhizofiltration,
phytostabilization, and phytovolatilization. It has received increasing attention
after the discovery of hyperaccumulating plants, which are able to accumulate,
concentrate, and translocate high amounts of certain toxic elements in their above-
ground/harvestable parts (Mathur and Kumar 2013). The water treatment, reuse, and
reducing the nutrients loading to the aquatic environments are key ways to achieve
sustainable aquaculture (Sarkheil and Safari 2020).

The usage of phytoremediation is a widely studied and applied technology using
aquatic plants, and their associated microorganisms is an effective and environment-
friendly method for water treatment (Mathur and Kumar 2013; Bokhari et al. 2019).
Both terrestrial and aquatic plants can remediate contaminated soils and waters due
to their high adaptive and hyperaccumulation capability (Patel and Sahoo 2020).

Wetlands, the earth’s most important freshwater resource, perform some of the
important functions including water storage, flood attenuation, recharge of ground-
water, water purification, biogeochemical filtration, agriculture, fisheries, wildlife
resource and habitat, transport, and recreation. Wetland ecosystem, which has
phytoplankton, zooplankton, plant community in succession, microorganisms,
migratory flocks, and many others, is the common biotic elements, and is the most
fragile and biologically diverse ecosystem. The vegetation type of such water bodies
thus plays a very crucial role in these functions in the long run. Aquatic plants are
widely applied to remove dyes and toxic metals from polluted environments.

Aquatic macrophytes are defined as emergent, floating-leaved, or submerged
macroscopic plant species with distinct roots and shoots. Rooted plants include
submerged (e.g., family Hydrocharitaceae, Ceratophyllaceae) and emergent (e.g.,
family Potamogetonaceae, Ranunculaceae, and Cruciferae) members. A number of
aquatic plant species have been investigated for the remediation of toxic
contaminants such as As, Cu, Zn, Cr, Cd, Pb, and Hg. This review provides insight
into the process of phytoremediation and possible sources native and invasive plants
from Dakshin (South) Dinajpur for current and future use.

Dakshin (South) Dinajpur District is traditionally known as a district of wetlands.
The district is dotted with numerous natural water bodies each having its influence
on life and professional activities on the areas around the wetlands. The vegetation of
the wetlands and adjacent areas, therefore, need to be peered into in depth. There is a
complete lack of data concerning the plant community present in and around the
wetland ecosystem for South Dinajpur. This study was carried out with an intention
to generate awareness and information on phytoplankton and plants available in and
around one of the water bodies with historical importance. The data generated from
the study will be collated for rendering a meaningful insight into the vegetation and
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ecosystem of the study area. It will certainly create awareness among the incumbents
about the vegetation pattern and diverse plant groups of the water body and the need
to conserve the biodiversity of the water body and adjacent area. Map showing
physiographic divisions of West Bengal is presented here. Source: https://www.
researchgate.net/publication/275833658_River_systems_and_water_resources_of_
West_Bengal_A_review/figures?lo¼1. This figure was uploaded by Sunando
Bandyopadhyay (Fig 19.1).

Plants growing in wetlands and water are technically called hydrophytes (Tiner
1999). Hydrophytes (plants with perennating rhizomes or winter buds) and
helophytes (plants with buds at the bottom of the water or in the underlying soil)
were the two types of cryptophytes (plants with dormant parts below ground), while
other wetland plants were included in other life forms, such as phanerophytes (trees
and shrubs) as envisaged by Vymazal (2007).

Life Forms Plants growing in wetlands and other moist soils may either be annuals
or perennials. Many of the smaller and slender herbs are annuals. They flower, fruit,
and disperse seeds and die in a single year. However, perennials have been growing
for many years developing food storing woody structures such as rhizomes, corms,
and stolons (Rao et al. 2008). Such plants provide a rich source of phytoremediation
activities and have been used widely (Brunhoferova et al. 2021).

Growth Forms There have been many attempts to classify aquatic plants according
to their growth forms. A classification based on the response of the plant to milieu for
growth and development was suggested rather than directly on its morphology or the
way it survives adverse conditions (Cook 1996). According to this, the different
types of growth forms are ephydates—bottom-rooted with floating leaves,
haptophyte—attached to but not penetrating the substrate, hyperhydate—emergent
aquatics (lower parts almost always in water), plankton—free swimming below the
water surface, pleustophyte—free-floating (at the water surface), rosulate—
submerged, bottom-rooted, leaves in a rosette, tenagophyte—juvenile submerged,
adult usually terrestrial, and vittate—submerged, bottom-rooted, leaves cauline.
However, many species change their dependence on water in regions with differing
climates or with different hydrological regimes. Such plants can have more than one
life form.

Brunhoferova et al. (2021) studied a mixture of 27 micropollutants
(pharmaceuticals, pesticides, herbicides, fungicides, and others) and their removal
from aqueous solution by phytoremediation. Phytoremediation contributes to
removal of micropollutants from wastewater in constructed wetlands. Phragmites
australis, Iris pseudacorus, and Lythrum salicaria in hydroponic conditions
indicated leading capability for micropollutant uptake in Lythrum salicaria.
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Fig. 19.1 West Bengal: physiographic divisions. Districts shown in this and most subsequent
maps are identified in the inset. (Source: Spot-heights from Survey of India. Other elevations from
Shuttle Radar Topography Mission data of 2000; https://www.researchgate.net/publication/275833
658_River_systems_and_water_resources_of_West_Bengal_A_review/figures?lo=1. This figure
was uploaded by Sunando Bandyopadhyay)
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Huang et al. (2021) reported vermifilter combined with wetland plant (VFP) is an
eco-friendly and sustainable approach for recycling excess sludge by joint action of
earthworms, wetland plants, and microorganisms. However, the effects of wetland
plants on sludge decomposition and involved microorganisms remain unclear. The
wetland plants' species of Acorus calamus and Epipremnum aureum were separately
planted on the surface layer of vermi-reactors by earthworms Eisenia fetida.Wetland
plants could significantly (P < 0.001) enrich the eukaryotic population, rather than
bacterial population (Huang et al. 2021).

19.2 Materials and Methods

The study was a random opportunistic survey visiting the wetland locality of Tapan
Dighi. The area adjacent to Tapan Dighi was also studied floristically. In wetland,
plants were collected from different wetland zones such as deep waters, shallow
water, fringes, and other nearby moist soils around the water body. All the collected
specimens, identified and unidentified, were pressed for herbaria using a dry method
and are kept in the department. Fresh specimens were identified with the comparison
from relevant documents, books, and regional and other floras.

19.2.1 Study Area

Down the ages, Tapan Dighi has been the cynosure of many events of political and
social importance. Many myths still can be heard among the locals. The wetland,
Tapandighi, is situated 14 km to the south of Bangadh, a place of historic interest,
and is 30 km away from Balurghat, the district headquarter of Dakshin Dinajpur. As
per measurements taken by Mr. Hamilton, during the early nineteenth century, it
measures 1420 yards in length and 400 yards in width (Fig. 19.1a–d).

19.3 Results

19.3.1 Habit and Habitat

Tapan Dighi offers a very rich habitat for phytoplankton (Fig. 19.1c). It is seen in the
form of smelly filamentous mats on the surface of water, and some unicellular algae
and members of Cyanophyceae occur in late spring season, which reduce clarity of
the water body and often appear green or golden blue in color.
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19.3.2 Survey and Collection

The pond typically contains three broad categories of phytoplankton—filamentous
phytoplankton, macroscopic multi-branched phytoplankton, and unicellular phyto-
plankton. Macroscopic filamentous phytoplankton is composed of long chains of
cells attached to a substrate, like submerged or emergent vegetation, rocks, or bottom
of the Dighi. The rampant growth of these benthic filamentous algae becomes visible
at the surface. Benthic filamentous algae often break and float on the surface as dense
mats. Members of filamentous blue-green algae and green algae develop into
nuisance filamentous mats on the surface of Tapan Dighi.

A thorough survey of the vegetation of Tapan Dighi and adjacent areas was
carried out, and specimens were collected, studied, and recorded (Tables 19.1 and
19.2). The plants collected were pressed, dried, and preserved following proper
technique for herbarium sheet preparation. The identification was made following
relevant floras and manuals (Das 2004; Ghosh et al. 2008). Some of the plants
recorded here are already in use for phytoremediation, and possibility of other plants
for phytoremediation is very bright as they purify the water of wetlands (see
asteristics).

19.3.3 Identification

Table 19.1 List of plants collected from and around Tapandighi

Cryptogams

Sl. No. Name of the species Family

1. Anabaena sp. Nostocaceae

2. Azolla pinnata R.Br. (Robert Brown) Salviniaceae

3. Cladophora sp. Chadophoraceae

4. Chara sp. Charophyceae

5. Hydrodictyon sp. Hydrodictyaceae

6. Microcystis sp. Microcystaceae

7. Nostoc sp. Nostocaceae

8. Oedogonium sp. Charophyceae

9. Oscillatoria sp. Oscillatoriaceae

10. Spirogyra sp. Zygnemataceae

11. Ulothrix sp. Ulotrichaceae
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Table 19.2 List of plants collected from and around Tapandighi

Angiosperms

Sl. No. Name of the species Family

Magnoliopsida

1. Acalypha indica L. Euphorbiaceae

2. Achyranthes aspera L. Amaranthaceae

3. Ageratum conyzoides L. Asteraceae

4. Alternanthera sessilis (L.) R.Br. ex DC. Amaranthaceae

5. Amaranthus spinosus L. Amaranthaceae

6. Amaranthus viridis L. Amaranthaceae

7. Argemone mexicana L. Papaveraceae

8. Bidens pilosa L. Asteraceae

9. Cassia tora L. Fabaceae

10. Centella asiatica (L.) Urb. Apiaceae

11. Chromolaena odorata (L.) R.M. King and H. Rob. Asteraceae

12. Clerodendrum infortunatum L. Lamiaceae

13. Croton bonplandianum, Baill. Euphorbiaceae

14. Cyanthillium cinereum (L.) H. Rob. Asteraceae

15. Dentella repens (L.) J.R. Forst. and G. Forst. Rubiaceae

16. Dentella repens var. serpyllifolia (Wall. ex Craib) Verdc. Rubiaceae

17. Digitalis ciliaris Ehrh. Scrophulariaceae

18. Eclipta alba (L.) Hassk. Asteraceae

19. Emilia sonchifolia (L.) DC. ex DC Asteraceae

20. Enhydra fluctuans Lour. Asteraceae

21. Evolvulus nummularius (L.) L. Convolvulaceae

22. Glinus oppositifolius (L.) Aug. DC. Molluginaceae

23. Ipomoea carnea Jacq. Convolvulaceae

24. Leucas aspera (Willd.) Link. Lamiaceae

25. Ludwigia repens J.R. Forst. Onagraceae

26. Mikania micrantha Kunth. Asteraceae

27. Mimosa pudica L. Fabaceae

28. Nymphaea nouchali Burm. f. Nymphaeaceae

29. Parthenium hysterophorus L. Asteraceae

30. Persicaria hydropiper (L.) Delarbre Polygonaceae

31. Persicaria orientalis (L.) Spach. Polygonaceae

32. Phyllanthus niruri L. Phyllanthaceae

33. Ranunculus aquatilis L. Ranunculaceae

34. Rumex dentatus L. Polygonaceae

35. Scoparia dulcis L. Plantaginaceae

36. Scrophularia scorodonia L. Scrophulariaceae

37. Solanum torvum Sw. Solanaceae

38. Spermacoce ocymoides Burm.f. Rubiaceae

39. Suregada multiflora (A.Juss.) Baill. Euphorbiaceae

40. Trapa natans var. bispinosa (Roxb.) Makino Trapaceae

41. Tridax procumbens (L.) L. Asteraceae

42. Xanthium strumarium L. Asteraceae
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19.4 Phytoremediation

Irrigation of agricultural soils with wastewater results in elevated uptake of metals in
crops affecting food quality and poses health risks to the consumers (Murtaza et al.
2015). Jallad (2015) analyzed different types of rice grains for heavy metal analysis
and then compared the daily dietary intake of toxic metals for the general population
in 29 different countries around the world. Efforts are being made to minimize
uptake through roots and translocation to grains of toxic heavy metals, especially Cd
in rice. Genetic engineering is used as an approach to achieve this goal, and some
transgenic rice varieties have been developed to meet the challenge (Cai et al. 2015).

Angiosperms

Sl. No. Name of the species Family

Liliopsida

1. Alisma subcordatum Raf. Alismataceae

2. Colocasia esculenta (L.) Schott. Araceae

3. Commelina benghalensis L. Commelinaceae

4. Cymbopogon martinii (Roxb.) Wats. Poaceae

5. Cynodon dactylon (L.) Pers. Poaceae

6. Cynodon dactylon (L.) Pers. Poaceae

7. Cyperus halpan L. Cyperaceae

8. Cyperus rotundus L. Cyperaceae

9. Dactyloctanium aegyptium (L.) Willd. Poaceae

10. Eichhornia crassipes (Mart.) Solms. Pontederiaceae

11. Eleocharis acicularis (L.) Roem. and Schult. Cyperaceae

12. Eleocharis dulcis (Burm.f.) Trin. ex Hensch. Cyperaceae

13. Eleocharis parvula (Roem. and Schult.) Link ex Bluff, Nees and
Schauer

Cyperaceae

14. Eleusine indica (L.) Gaertn. Poaceae

15. Fimbristylis miliacea (L.) Vahl Cyperaceae

16. Hydrilla verticillata (L. f.) Royle Hydrocharitaceae

17. Imperata cylindrica (L.) Beauv. Poaceae

18. Lemna minor L. Lemnaceae

19. Panicum repens L. Poaceae

20. Pistia stratiotes L. Araceae

21. Potamogeton crispus L. Potamogetonaceae

22. Potamogeton epihydrus Raf. Potamogetonaceae

23. Saccharum spontaneum L. Poaceae

24. Sagittaria sagittifolia L. Alismataceae

25. Vallisneria spiralis L. Hydrocharitaceae
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19.4.1 Textile Waste

Textile manufacturing releases potentially toxic compounds, such as synthetic dyes,
into the environment. Uncontrolled use of such dyes can negatively affect human
health and the ecological balance (de Oliveira et al. 2015). Aquatic pollution caused
by dyes has increased together with the growth of activities using colorants such as
the food, textile, leather, and agrochemical industries (Hernández-Zamora and
Martínez-Jerónimo 2019).

19.4.1.1 Phycoremediation of Heavy Metals using Living Green
Microalgae

Due to anthropogenic activities, the quantity of heavy metals in the environment has
led to an increase in our exposure to the metals and, by consequence, an increase in
heavy-metal-related diseases. Microalgae are generally endangered in aquatic
ecosystems by the presence of hazardous materials like toxic metals. According to
Javanbakht et al. (2014), the metals that are currently considered to be the most
problematic are cadmium (Cd), copper (Cu), magnesium (Mn), chromium (Cr), lead
(Pb) iron (Fe), zinc (Zn), mercury (Hg), and as these metals are toxic even in low
concentrations. Microalgae have the potential to offer a new eco-friendly, efficient,
and cost-effective solution to remove heavy metals from wastewater (Javanbakht
et al. 2014).

Microalgae are ecologically important species in aquatic ecosystems due to their
role as primary producers (Moorthy et al. 2020; Spain et al. 2021; Fig. 19.2). The
textile-used, azo dye DB15, caused toxic effects of different magnitude on
microalgae (Hernández-Zamora and Martínez-Jerónimo 2019). Textile dyes—
Optilan yellow, Drimarene blue, and Lanasyn brown—cause toxicity to algal
growth. However, high decolorization percentages achieved by Chlorella vulgaris,
Anabaena oryzae, and Wollea saccata make them potential candidates for bioreme-
diation and preprocessing to remove dyes from textile effluents. However, recently
the most frequently used microalgae strains in the phycoremediation belong to the

Fig. 19.2 Schematic view of the product value chain of microalgae. Source: Spain et al. (2021).
Reproduced under license number 5124011229845 dated 8 August
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Chlorophyta phylum, particularly species of genera Chlorella and Scenedesmus
(Spain et al. 2021).

The application of living microalgae for the phycoremediation of HMs can
include both extracellular and intracellular bioremediation strategies, and Danouche
et al. (2021) reviewed the different steps like

1. Michalak et al. (2013) defined biosorption as the rapid and reversible binding of
ions from aqueous solutions onto functional groups present on the surface of
biomass. The biosorption process includes the mechanisms: precipitation, com-
plexation, ion exchange, transport across cell membranes, and physical adsorp-
tion (Javanbakht et al. 2014). HM biosorption indicates the physicochemical
property of the microalgae cell surface, which allows the HM ions from the
solution to bind to the cell surface without involving cell metabolism. This
nonmetabolic process is highly dependent on a variety of different parameters
(e.g., pH, temperature, concentration, biosorbant dosage, or contact time), with
the microalgal strain, the contact time, and the pH being the most important
aspects (Spain et al. 2021). Microbial extracellular polymeric substances (EPS)
can enhance the aggregation of soil particles and benefit plants by maintaining the
moisture of the environment and trapping nutrients (Costa et al. 2018).
However, the extracellular polymeric substances (EPS) formed by microalgae in
response to stress conditions depend on cell metabolism. EPS are biosynthetic
polymers composed mainly of polysaccharides, structural proteins, lipids, nucleic
acids, enzymes, and other compounds such as humic acids (Flemming et al.
2000). Costa et al. (2018) suggested that advances in modern techniques such
as high-throughput sequencing, controlled low-strength material (CLSM),
nuclear magnetic resonance, scanning electron microscopy, and association
with classic microbiology techniques will characterize and develop new EPS
with efficient function in water and soil ecosystem.

The microalgal cells can regulate EPS synthesis and can also change the
properties of these biopolymers as required (Naveed et al. 2019; Ubando et al.
2021). Naveed et al. (2019) reported applications of microalgal EPS to the
remediation of metal(loid) polluted environments. Ubando et al. (2021) identified
the materials produced by microalgae to facilitate biosorption. Industries may
benefit from adoption of microalgal biosorption of heavy metals to treat their
affluents.

Spectroscopic studies have shown that functional groups including carboxyl,
hydroxyl, sulfate, sulfhydryl (thiol), phosphate, amino, amide, imine, thioether,
phenol, carbonyl (ketone), imidazole, phosphonate, and phosphodiester have the
properties to be involved in metal binding (Fig. 19.3). Modification of surface
reactive sites via surface grafting and/or exchange of functional groups could be
helpful to improve biosorbent capacity (Javanbakht et al. 2014).

2. The complexation with extracellular polymeric substances was released by
microalgae in the extracellular environment under stress conditions. The chela-
tion and the complexation of HMs with active groups of the cell surface of
microalgae incorporate ions such as Na+, K+, Ca2+, and Mg2+, which can be
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reversibly substituted by other toxic HMs ions in solution, via a process called ion
exchange (Danouche et al. 2021). According to Monteiro et al. (2012) when
concentration of metal in the extracellular environment is significantly higher
than the intracellular concentration, cations can be transported by the negative
charged groups of the cell surface to reach the intracellular compartment via
active transport across the plasma membrane after binding to thiol molecules
primarily cysteine.

3. In contrast to the biosorption process, bioaccumulation is a dependent metabolic
pathway. Metal transporters are involved in the intracellular bioaccumulation
of HMs

4. Generally, most of the HMs are hydrophilic, and their transport across the plasma
membrane (lipophilic) is mediated mainly through a specific protein called as
metal transporters. Main intracellular mechanisms include compartmentalization
in cell organelles, enzymatic biotransformation, or photoreduction of HMs
(Fig. 19.4) (see review Danouche et al. 2021). The sequestration of the
MT-HM complex in particular cell organelles, especially vacuoles, chloroplasts,
and mitochondria, has prompted researchers to develop hypotheses about metal
bioaccumulation pathways for the associated tolerance mechanisms. Thereafter,
several detoxification pathways can take place in intracellular compartments
(Leong and Chang 2020).

Figure 19.4 summarizes the main pathways involved in the bioremediation and
mitigation of HMs (Danouche et al. 2021).

19.4.1.2 Role of Microorganisms
García-García et al. (2016) suggested that bacteria, protists, and microalgae are able
to compartmentalize heavy metal complexes into vacuoles, phytochelatin, and
metallothionein biosynthesis, phosphate/polyphosphate metabolism; chloroplasts,
and mitochondria. Recently, genetically engineered microorganisms with greater
capacities and efficiencies for heavy metal recovery, recycling of heavy metals,

Fig. 19.3 Process of metal ions to the functional groups on the microalgal cell wall (adapted from
Javanbakht et al. 2014) Source: Spain et al. (2021). Reproduced under license number
5124011229845 from RightsLink dated August 8
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biosensing of metal ions, and engineering of metalloenzymes have been developed.
Microorganisms are the most favorable convertor of azo dyes in comparison with
other applications due to their practicality, productivity, simplicity, and inexpensive-
ness (Islahuddin et al. 2017; Manogaran et al. 2021). The application of
microorganisms in azo dye remediation is one of the most favorable processes in
comparison with other applications due to its practicality, productivity, simplicity,
and inexpensiveness.

19.4.2 Hyperaccumulating “Monilophytes” or Ferns

Water fern, Azolla pinnata, Azolla caroliniana, A. filiculoides, etc., are found to
possess capacity of toxic element uptake (Zhang et al. 2008). Azolla filiculoides
bioaccumulates As, Hg, and Cd as depicted by Rahman et al. (2008), Rai (2008), Rai
and Tripathi et al. (2008).

Current application of the synthetic chemical controls and its constant repetitive
applications have resulted in resistant mosquitoes and environmental pollution (Ravi
et al. 2018). Azolla pinnata extracts have shown the potential for developing natural
products against Aedes aegypti and Aedes albopictus mosquitoe dengue vectors
(Ravi et al. 2021). Their experimental test showed that A. pinnata plant extracts
can be used for Aedes adulticidal activities by impregnated paper method (method
similarly used to test chemical insecticides). Three important chemical compounds
from A. pinnata extracts have been isolated such as 1-(O-alpha-D-glucopyranosyl)

HMs Phycoremediation
Mechanisms

With: K+,H+,

Ca2+,Na2+

Functional groups:
Hydroxyl,Carboxyl,
sulfhydryl,Thioether,
Sulfonate, Amine,
Amide, phosphonate...

Extracellular

polymeric substances Volatilization

Photoreduction
Redox Enzymatic reactions
chromate,mercuric,and
arsenate reductase

Chelation by:
Metallothioneins
Phytochelatins
Poly-phospates

Compartmentalization
in: vacuole,Chloroplast,
and mitochondria

IntracellularExtracellular

Biosorption

Ino exchange

Complexation &

Chelation

Bioaccumulation

Biomineralisation
Biotransormation

Other
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(1,3R,25R)-hexacosanetriol, pyridate, and nicotinamide N-oxide. These are bioac-
tive compounds that are responsible for adulticidal and ovicidal activity in Aedes
mosquitoes and at the same time inducing repellence toward the mosquitoes. All
these chemicals have also been used against mosquito vectors such as Culex pipiens
and Anopheles spp. as reported by Ravi et al. (2021).

19.4.3 The Hyperaccumulating Angiospermic Plants

The hyperaccumulating plants, the major tools for green technology, are known to
accumulate, concentrate, and translocate high amounts of toxic elements present in
the environment. In aquatic phytoremediation systems, aquatic plants can be either
floating on the water surface or submerged into the water. The floating aquatic
hyperaccumulating plants absorb or accumulate contaminants by its roots, while
the submerged plants accumulate metals by their whole body. Some aquatic
macrophytes, like Eichhornia crassipes, Lemna gibba, L. minor, Pistia stratiotes.
Hydrilla verticillata, Spirodela polyrhiza, Lepidium sativum, and Ipomoea aquatica,
are employed for phytoremediation. Nahar and Hoque (2021) reported use of
floating aquatic macrophyte, water lettuce (Pistia stratiotes L), to improve eutrophic
ecosystem.

19.4.4 Aquatic Macrophytes for Phytoremediation

Lemna minor L. has been found to be a potent toxic accumulator in aquatic
ecosystems. The prominent contaminants in this case are As, Cu, Zn, and Hg
(Alvarado et al. 2008; Kara 2004, 2005). According to Bokhari et al. (2019),
macrophytes like swollen duckweed (Lemna gibba Linn.) lesser duckweed (Lemna
aequinoctialis Welw.) can accumulate heavy metals (HMs) in its root and shoot
systems up to 100 times higher concentration than a surrounding environment
without any production of toxic symptoms.

19.5 Removal of Various Pollutants

19.5.1 Herbicides

Glyphosate (Gly) is the most widely used herbicide in the world as it has broad
spectrum and nonselective activity. Its indiscriminate use results in risks of contami-
nation of water bodies and can affect living organisms. Their indiscriminate use
results in their accumulation of water bodies and can affect living organisms,
especially sensitive or resistant nontarget plants (Dosnon-Olette et al. 2011; da
Silva et al. 2020). da Silva et al. (2020) studied mechanisms and phytoremediation
potential of the macrophyte Salvinia biloba (Fig. 19.5). da Silva et al. (2020)
exposed Salvinia biloba to different concentrations of a Gly commercial formulation
(Gly-CF) and a Gly analytical standard (Gly-AS) and evaluated the physiological
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mechanisms of the aquatic macrophyte. S. biloba may be a potential
phytoremediation agent for low Gly concentrations, since 1 mg L�1 Gly was
completely removed and exhibited low phytotoxicity (da Silva et al. 2020). Santiago
(2020) also studied physiological mechanisms and phytoremediation potential of the
macrophyte Salvinia biloba towards a commercial formulation.

Dosnon-Olette et al. (2011) focused on toxicity and phytoremediation potential of
aquatic plants to remove phytosanitary products from contaminated water. Lemna
minor (L. minor) could eliminate two herbicides isoproturon and glyphosate from
their medium. Effect of Salvinia molesta on isolated and combined effects of
glyphosate and its by-product aminomethylphosphonic acid was studied (Mendes
et al. 2021). Kaushal and Mahajan (2021) studied phytoremediation ability of
Salvinia molesta Mitchell and reported that it can be utilized for remediation of
water bodies and wetlands contaminated with Direct Red 28 (DR28) dye wastewater
in natural conditions.

Mendes et al. (2021) evaluated Salvinia molesta to remove glyphosate and its
by-product aminomethylphosphonic acid (AMPA) from contaminated water.

Chen et al. (2019) reported herbicides (mesotrione and fomesafen) with long
degradation cycles in water by water hyacinth (Eichhornia crassipes). They
suggested that uptake by plants combined with degradation by plant-associated
bacteria may be the dominant process in the removal of mesotrione and fomesafen
by water hyacinth.

Fig. 19.5 Bioremediation using Salvinia biloba. Source: da Silva et al. (2020). Reproduced by
License Number 5123010494525 License date Aug 6, 2021
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19.5.2 Pesticides

Only a small section of the microbiota has the ability to decompose and biotransform
certain residual effluents, pesticides, and hydrocarbons (Bhattacharjee et al. 2020).
Góngora-Echeverría et al. (2020) using a microbial consortium having Pseudomo-
nas nitroreducens and Ochrobactrum sp. obtained highest degradations (>90%) of
the five pesticides commonly used in Yucatan Mexico: atrazine, carbofuran, and
glyphosate.

19.5.3 Heavy Metals

19.5.3.1 What are Heavy Metals?
According to Csuros and Csuros (2002), a heavy metal is defined as “a metal with a
density greater than 5 g/cm3 (i.e., specific gravity greater than 5).”Very recently, we
have proposed a broader definition for the term, and heavy metals have been defined
as “naturally occurring metals having atomic number greater than 20 and an ele-
mental density greater than 5 g�cm�3

” (Ali and Khan 2018). According to Duffus
(2002) “the term “heavy metals” is often used as a group name for metals and
semimetals (metalloids) that have been associated with contamination and potential
toxicity or ecotoxicity.”

HMs can also be classified into three categories: (1) toxic HMs, such as Hg, Cr,
Pb, Zn, Cu, Ni, Cd, As, Co, and Sn; (2) precious metals mainly including Ag, Au,
Ru, Pt, and Pd; and (3) radionuclides HMs such as Ra, Th, and U. On the other hand,
it is commonly recognized that nonessential HMs have varying degrees of toxicity
toward microorganisms, animals, plants, and humans even at very low
concentrations (Ali and Khan 2018; Ali et al. 2019). Five heavy metals namely
arsenic (As), cadmium (Cd), chromium (Cr), lead (Pb), and mercury (Hg) are
carcinogenic and show toxicity even at trace amounts, posing threats to environmen-
tal ecology and human health (Leong and Chang 2020).

Examples of essential heavy metals are Mn, Fe, Cu, and Zn, while the heavy
metals Cd, Pb, and Hg are toxic and are regarded as biologically nonessential
(Ramírez 2013). The heavy metals Mn, Fe, Co, Ni, Cu, Zn, and Mo are
micronutrients or trace elements for plants.

Hartl (2012) remarks that “metals, of natural or anthropogenic origin, are ubiqui-
tous in the aquatic environment, and therefore understanding their behavior and
interaction with aquatic organisms, particularly fishes, a major source of protein for
human consumption, is of a great socio economic importance.” Chronic exposure to
heavy metals in the environment is a real threat to living organisms (Wieczorek-
Dąbrowska et al. 2013).

19.5.3.2 Environmentally Relevant Most Hazardous HMs andMetalloids
Environmentally relevant most hazardous heavy metals and metalloids include Cr,
Ni, Cu, Zn, Cd, Pb, Hg, and As. Vehicle traffic is among the major anthropogenic
sources of heavy metals such as Cr, Zn, Cd, and Pb (Ferretti et al. 1995). During coal
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combustion, Cd, Pb, and As are partially volatile, while Hg is fully volatile.
Phosphate fertilizers are particularly rich in toxic heavy metals. Fertilizers also
usually contain significant contents of Cr (Krüger et al. 2017). The natural sources
of Cd in the environment are volcanic action and weathering of rocks, whereas an
anthropogenic source is nonferrous metal mining, especially processing of Pb-Zn
ores (Wang et al. 2015a, b). Anthropogenic increases in Cd concentrations are also
caused by excessive application of chemical fertilizers (Grant and Sheppard 2008).
The two main pathways for transfer of toxic heavy metals from phosphate fertilizers
to the human body are shown below (Dissanayake and Chandrajith 2009). Combus-
tion of leaded gasoline is also a source of Pb in the environment. Although use of the
tetraethyl lead as an antiknock agent in gasoline has been banned, it is still used in
some developing regions of the world (Palaniappan and Karthikeyan 2009).

The soil-to-plant transfer of heavy metals is a very important step in the trophic
transfer of such metals in food chains. Consumption of cereals contaminated with
toxic heavy metals may cause risk to human health (Orisakwe et al. 2012). The
translocation of heavy metals from roots of the rice plant to stem, leaves, and rice
grains is of human health concern. Rice crop is especially susceptible to heavy metal
contamination because it needs water during most of its growth period. The trace
elements, Cd, Pb, Hg, and As, are ubiquitous in the environment with harmful effects
on human health. Regarding their presence in rice as a public health concern, As is
on top followed by Cd (Beebout 2013) Human intake of Cd has been reported to be
highest through consumption of rice (Cai et al. 2015).

Aquatic macrophytes have been widely employed for in situ phytoremediation of
cadmium (Cd)-polluted sediments (Yuan et al. 2021). Eelweed, Vallisneria spiralis
L., can also degrade Cu, Cd, along with Hg as opined by Rai and Tripathi (2009).
Bioaccumulation and toxicity of mercury in rooted submerged macrophyte,
Vallisneria spiralis, were studied by Gupta and Chandra (1998). Dixit and Dhote
(2010) suggested that Hydrilla verticillata commonly known as Esthwaite water-
weed would be a good option for phytoremediation of contaminated water. Pb, Zn,
and Cr are the contaminants, which are corrected by Hydrilla verticillata. Accumu-
lation of heavy metals in water spinach (Ipomoea aquatica) cultivated in the
Bangkok region showed As, Cd, Pb, Hg, Cu, and Zn as the major heavy metals.

Gothberg et al. (2002, 2004), Hu et al. (2008). The tolerance of plants to Cd is a
scientific and interesting issue for phytoremediation. The absorption of Cd is mainly
retained in the root of E. crassipes. It will be effective in remediating sites with
moderate pollution (�2mg/L). Maine et al. (2004), enumerated the role of Water
lettuce Pistia stratiotes in As, Cr, Pb, Ag, Cd, Cu, Hg, Ni, and Zn accumulation.
Significant enrichments in agricultural soil for As, Pb, and Zn (in urban area), Cd,
Cu, and Ni (in a copper mine area), higher availability detected in developing world,
was ascribed to both lithogenic and anthropogenic elements (Balabanova et al.
2015). Availability of metals in a potentially polluted soil and their possible transfer
and bioaccumulation in sorrel (Rumex acetosa), spinach (Spinacia oleracea), and
common nettle (Urtica dioica) was examined (Balabanova et al. 2015). Measure-
ment of eight potentially toxic elements (As, Cd, Cr, Cu, Mn, Ni, Pb, and Zn) in
sediment and plant tissues of Typha latifolia L. showed good phytostabilization
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capability of Typha latifolia L. for Cd, Cu, and Pb, and phytoextraction capacity for
Zn (Haghnazar et al. 2021). Thus, phytoremediation using Typha latifolia L. could
be a practical method for uptake and removal of potentially toxic elements from
aquatic environments (Haghnazar et al. 2021).

Ameh et al. (2021) reported that Ageratum conyzoides Linn (ACL), Desmodium
velutinum (DV), Triumfetta rhomboidea Jacq. (TRJ), Gleichenia linearis (Burns)
(GL), Selaginella myosurus (SM), and Sida linifolia juss. excav. (SL) had potential
as hyperaccumulators of nickel. Eclipta alba (L) Hassk (EAH) and Triumfetta
rhomboidea Jacq were phytostabilizers for Pb. Most of the plants were found to be
useful for phytoremediation of the soil.

19.6 Combination Treatment

Microbial-assisted phytoremediation and reclamation are both potential
contaminated soil remediation technologies, but little is known about the combined
application of the two technologies on real contaminated soils.

19.6.1 Macrophytes and Algae

Tabinda et al. (2019) used two macrophytes Pistia stratiotes and Eichhornia
crassipes and an alga (Oedogonium sp.) were used to treat textile effluents rich in
COD, BOD, dyes, and heavy metals (Pb, Fe, Cd, Cu). They reported that
Oedogonium sp. was the best for COD removal and decolorization. However,
Eichhornia crassipes was the best for BOD and heavy metal removal, while Pistia
stratiotes was found to accumulate more concentrations of Pb and Fe (Tabinda et al.
2019). Bokhari et al. (2019) reported the heavy metal phytoextraction potential of
swollen duckweed (Lemna gibba Linn.) and lesser duckweed (Lemna aequinoctialis
Welw.) for removal of nickel (Ni), lead (Pb), and cadmium (Cd). Gul et al. (2019)
assessed EDTA-assisted Pb and Cd phytoextraction potential of locally grown
Pelargonium hortorum and Pelargonium zonale. They reported that overall, the
performance of P. hortorum was better than that of P. zonale for EDTA-assisted
phytoextraction of Pb and Cd (see also Manzoor et al. 2019) .

19.6.2 Macrophytes and Bacteria

The plant-associated bacteria to enhance the phytoremediation efficiency of the
heavy metals from polluted water are an emerging area of research. Bacteria-assisted
phytoremediation is cost-effective strategy and metal sequestration mechanism that
hold high metal biosorption capacities.

Application of plant-microorganism-based environmental remediation is gaining
momentum. The roles of plant root exudates and rhizosphere microorganisms in the
remediation of ecology and environment have also been discussed (Yang et al.
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2021). Yang et al. (2021) described the composition, secretion mechanism, and
functions of root exudates and summarized the functions of root exudate in heavy
metal absorption, allelopathy, interaction between roots and rhizosphere
microorganisms, and changes in soil physical and chemical properties.

Casella et al. (1988) proposed that rhizobia can circumvent exposure to the heavy
metal by entering the plant roots. They reported that the nodulated plants, grown in
the presence of 10 ppm of chromium, had an increased nitrogenase activity com-
pared to the control plants. However, the effect of metal toxicity on the interaction
between legumes and rhizobia is not clear (Hao et al. 2014). Yuan et al. (2021)
studied responses of rhizosphere bacteria and their interspecific interactions to
phytoremediation.

Legumes are important for nitrogen cycling in the environment and agriculture,
and they have been reported to be dominant species in metal contaminated soils (Hao
et al. 2014). They reviewed the potential role of legume–rhizobia symbiosis in aiding
phytoremediation of such soils. The rhizobia used for phytoremediation could act on
metals directly by chelation, precipitation, transformation, biosorption, and accumu-
lation. The plant growth-promoting (PGP) traits of rhizobia including nitrogen
fixation, phosphorus solubilization, phytohormone synthesis, siderophore release,
and production of ACC deaminase and the volatile compounds of acetoin and
2,3-butanediol may facilitate legume growth while lessening metal toxicity. Natu-
rally resistant rhizobia or recombinant rhizobia and co-inoculation with other plant
growth-promoting bacteria (PGPB) may further increase metal detoxification
process.

Yuan et al. (2021) suggested phytoremediation of cadmium-contaminated sedi-
ment using Hydrilla verticillata and Elodeacanadensis harboring two rhizobacteria
Pedosphaeraceae and Parasegetibacter. The results showed that a group of
specialized sediment bacteria were assembled in the rhizosphere zones closely
associated with different host macrophytes. They benefited from the nutrients
supplied from macrophyte roots, and thus, more bacterial species survived in the
highly Cd-contaminated sediments (50 mg kg�1). Fang et al. (2021) studied the
effects of Vetiveria zizanioides L and assisted by Herbaspirillum sp. p5-19 for soil
improvement and phytoremediation of copper stress tolerance and enhancing the
accumulation of Mn, Cu, Zn, and Cd by Vetiveria zizanioides L. in copper tailings.
Meanwhile, photosynthetic pigment contents were enhanced in co-inoculation treat-
ment (p5-19 with alien soil improvement). In addition, the malondialdehyde (MDA)
content was decreased, and the activities of antioxidant enzymes such as ascorbate
peroxidase (APX), superoxide dismutase (SOD), peroxidase (POD), and catalase
(CAT) were increased in p5-19 treatment, thereby alleviating the oxidative stress.
These results provided the basis for the change in phytoremediation ability of
V. zizanioides after inoculation. It was concluded that p5-19 assisted with alien
soil improvement was a potential strategy for enhancing phytoremediation ability in
tailings.
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19.7 Eutrophication in Water Bodies and Nutrient Removal.

Shuai et al. (2019) reported that increased nitrogen and phosphorus pollution causes
eutrophication in water bodies (see also Walter et al. 2016). Compared to native
plants, the invasive plants show much higher nutrient removal efficiency with their
high nutrient uptake capacity and thereby helping in the water purification process
(Prabakaran et al. 2019). Aquatic macrophytes, such as water lettuce (Pistia
stratiotes), water hyacinth (Eichhornia crassipes), and duckweed (Lemna minor),
are ideally suited. Zhou et al. (2016) tested four plants, e.g., for Acorus calamus,
Typha orientalis, Lemna minor, and Ceratophyllum demersum for
phytoremediation. The results showed that the concentration of total nitrogen
(TN), total phosphorus (TP), and chemical oxygen demand (COD) decreased
sharply at the beginning of the test but decreased later. The wetland plant species
were more effective in reducing TN when used in combination than used alone, and
the combination of T. orientalis, L. minor and C. demersum had the highest
efficiency in removing TN. A thorough understanding of mainly the agronomic,
biochemical, physiological, and genetic aspects of phytoremediation is essential to
develop the technology as envisaged by the phytoremediation researchers. Shuai
et al. (2019) suggested six plants, e.g., Polygonum orientale, Juncus effusus,, Iris
pseudocorus, Phragmites australis, Iris sanguinea, and Typha orientalis, are suit-
able to remove excess of N and P nutrients from water. Xu et al. (2021) suggested
two plants Iris ensata Thunb. and Potamogeton malaianus Miq for the removal of
different concentrations of wastewater and the effect of pollutants on plant growth.

19.8 Genetic Engineering for Phytoremediation

Jha (2020) reported that natural hyperaccumulator plant species mostly suffer with
limitations of having low biomass and have less efficiency for uptake, accumulation,
and degradation of xenobiotics. Genetic engineering of plants can improve their
capacity of phytoremediation. Festuca arundinacea Schreb (Tall fescue) shows
huge potential for lead (Pb) phytoremediation and overexpression of FaHSP17.8-
CII gene improved Pb phytoremediation efficiency in tall fescue (Wang et al. 2021).
The genetic engineering strategy to obtain transgenic tall fescue overexpressing a
class II (CII) sHSP gene FaHSP17.8-CII exhibited 36.3% and 46.6% higher shoot
Pb accumulation relative to the WT grasses. Furthermore, according to Wang et al.
(2021), overexpression of FaHSP17.8-CII improved the synthesis of chlorophyll
and transcript abundance of FapsbC, FapsbD, and FapsbE, and alleviated the
photoinhibition of PSII in tall fescue under Pb stress.

Danouche et al. (2021) reviewed the future perspectives of physicochemical and
genetic approaches, which can be used for the phytoremediation process in terms of
selectivity for a targeted metal, removal efficiency, or reduction in treatment time
and cost. Danouche et al. (2021) reported surface engineering for a target metal
biosorption by algal surface (Fig. 19.6). Yen et al. (2017) reported that Chlorella
vulgaris strains have the potential to convert Cr(VI) to Cr(III) through an enzymatic
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reaction catalyzed by the chromate reductase. Of the two predominant forms of
chromium, Cr(III) has only about one-thousandth the toxicity of Cr(VI).

The arsenate reductase has also been found in the green microalgae
Chlamydomonas reinhardtii (Yin et al. 2011) (Fig. 19.7). Figure 19.7 shows the
pathways of biotransformation of As (V and III) by microalgae. Generally, As
species are present in different cellular fractions of cells of microalgae including
the lipid, cytosolic, cell membranes, and debris fractions. Recent studies have shown
that algal strains can grow in 500–2000 mg/l of As waters and can remediate a
substantial quantity by rewiring their cellular physiology (Arora et al. 2018). The
detoxification pathway begins with the reduction of As(V) into As(III) form and
ultimately conversion to a range of organoarsenicals such as arsenolipids,
arsenosugars, arsenobetaine, and arsenoribosides (Arora et al. 2018).

Proposed biotransformation pathways of Cr(VI) developed from the finding of
Deng et al. (2006), Lee et al. (2017), Rahman and Thomas (2021), Yen et al. (2017).

Artificial proteins can be created through genetic and protein engineering
(Agapakis and Silver 2009). Danouche et al. (2021) illustrated the cell surface
engineering procedure for a target metal biosorption. First, the coding DNA of the
target metal-binding peptide or protein was obtained via whole sequence synthesis or
PCR amplification from genomic or plasmid DNA. Next, it can be transformed to the
host in the form of fusion of a protein under specific induction. The metal-binding
protein/peptide can be displayed in the form of fusion of an anchor protein after
transcription, translation, and translocation. The secretory vesicles encompassing the
passenger and carrier proteins pass through the cell membrane and anchor the
passenger proteins to the surface of the cell wall (Kuroda and Ueda 2011; Li and
Tao 2013; Wang et al. 2021).

Fig.19.6 Procedure of cell surface engineering for a target metal biosorption. Source: Danouche
et al. (2021). Reproduced under licence number 5234950808694 dated 23rd January 2022
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19.9 Discussion

Aquatic ecosystems, both freshwater and marine, are vulnerable to pollution. Con-
tamination of water resources by heavy metals adversely affects plants, animals, and
human health (Rezania et al. 2005). Heavy metals are extremely toxic to aquatic
organisms even at very low concentrations (Akif et al. 2002). These elements can
cause significant histopathological alterations in tissues of aquatic organisms such as
fish (Ahmed et al. 2014). The release of industrial effluents without treatment into
the aquatic bodies is a major source of pollution of surface and groundwater water
(Afzal et al. 2018). Pollution of water bodies with heavy metals is a worldwide
problem because of the environmental persistence, bioaccumulation, and
biomagnification in food chains and toxicity of these elements (Rajaei et al. 2012).
Ecological and environmental problems including heavy metal pollution have
received increasing concerns (Yang et al. 2021).

The As and F contamination results from water–rock interactions and may be
accelerated by geothermal and mining activities, as well as by aquifer overexploita-
tion. Although the individual toxic effects of As and F have been analyzed, there are
few studies addressing their co-occurrences and water treatment options. Enrichment

Fig. 19.7 Proposed biotransformation pathways of As (V and III) developed from Arora et al.
(2018), Garbinski et al. (2019), Wang et al. (2015b). Source: Danouche et al. (2021). Reproduced
under licence number 5234950808694 dated 23rd January 2022
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of F is generally related to fluorite dissolution, and it is also associated with high Cl,
Br, and V concentrations. It is still urgent to develop technologies and methods
capable of monitoring and removing both of these contaminants simultaneously
from water. Alarcón-Herrera et al. (2013) suggested that As and F co-occurrence in
groundwater is linked to volcanism, geothermal, and mining activities. As and F
co-occurrence are particularly pronounced in arid and semi-arid regions. As and F
are generally associated with high concentrations of Na+ and HCO3�. Technology is
required to simultaneously remove As and F from drinking water.

Remediation of the polluted ecosystem is important to lessen the detrimental
effects of discharge of pesticides and heavy discharge of industrial effluents on a
long-term basis (Bhattacharjee et al. 2020). Chemical treatment of this discharge
using electrochemical removal, ion exchange columns, alkaline precipitation, filtra-
tion, and membrane technologies are the currently available technologies for heavy
metal removal. These conventional technologies are not economical and may
produce adverse impacts on aquatic ecosystems. Phytoremediation of metals is a
cost-effective “green” technology based on the use of specially selected metal-
accumulating plants to remove toxic metals from soils and water (Rai 2008). It is a
promising cleanup technology for contaminated soils, groundwater, and wastewater
that is both low tech and low cost (Farid et al. 2014). Sequential phytoremediation
with a mixture of plants was more effective than that relying only on a single plant
species (Farid et al. 2014). Burges et al. (2018) suggested that since the emergence of
phytoremediation, much research has focused on its development for (1) the removal
of metals from soil and/or (2) the reduction in metal bioavailability, mobility, and
ecotoxicity in soil. They further suggested that the combination of these
phytotechnologies or phytomanagement provides certain benefits for the restoration
of important ecosystem services, e.g., nutrient cycling, carbon storage, water flow
regulation, erosion control, water purification, and fertility maintenance.

19.10 Conclusion

Heavy metals are non-degradable by any biological or physical process and are
persistent in the soil for a long period, which pose a long-term threat for the
environment (Suman et al. 2018). According to their role in biological systems,
heavy metals can be grouped as essential and nonessential. Essential heavy metals
such as Cu, Fe, Mn, Ni, and Zn are required for physiological and biochemical
processes.

Aquatic macrophytes have been widely employed for in situ phytoremediation of
heavy metals. Wetlands characteristically offer a varied degree of wetness, thereby
supporting a diverse group of plants. In wetlands a number of plants carryout the
function of phytoremediation. The local availability of water is seen to encourage
transition between annual and perennial growth forms. Some of the algae in wetlands
can be helpful in bioremediation. Microbial remediation is reported, but microbe
plus plants are recent reports. Combination of bacteria and plants causes bioremedi-
ation. Applying lower group plants, like Azolla while the wetland supports plant
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diversity and conservation in the local ecological domain, a number of human needs
are also catered to. Shrinkage of the waterline as evident in recent times is a result of
rapid urbanization. However, a silver line has been seen with the currently ongoing
process of revamping the entire water body by the State Government. This is
heralded as a leap forward toward suitable management, welfare, and conservation
of flora of Tapan Dighi.
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