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ABSTRACT

This chapter summarizes the role of phytoremediation in the
remediation of industrial waste water since this waste water has
become a treat to water quality. Several technologies are available to
remediate water that is contaminated by industrial pollutant. However,
many of these technologies are costly (e.g. excavation of contaminated
material and chemical/physical treatment) or do not achieve a long-
term nor aesthetic solution. Phytoremediation can provide a cost-

effective, long-lasting and aesthetic solution for remediation of

University Kano, Kano, . . ] . . ]
contaminated sites. In many cases, especially in tropical or subtropical

R areas, invasive plants such as the water hyacinth (Eichhornia
crassipes) and water lettuce (P. stratiotes L.) are used in these phytoremediation water
systems. This is because, compared to native plants, these invasive plants show a much
higher nutrient removal efficiency with their high nutrient uptake capacity, fast growth rate,
and big biomass production. In the active growth season, for instance, water hyacinth plants
can double in number and biomass in 6 to 15 days. This study shows the important of

phytoremediation in the phytoremediation of industrial waste.

KEYWORDS: Lemna minor, Pistia stratiotes, Eicchornia crassipes, Azolla pinnata, Waste

water.

4.1 INTRODUCTION
The principles of phytoremediation system are to clean up contaminated water, which include
identification and implementation of efficient aquatic plant; uptake of dissolved nutrients and

metals by the growing plants; and harvest and beneficial use of the plant biomass produced
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from the remediation system (Lu, 2009). The most important factor in implementing
phytoremediation is the selection of an appropriate plant (Roonngtanakiat et al., 2007; Stefani
et al., 2011), which should have high uptake of both organic and inorganic pollutants, grow
well in polluted water and easily controlled in quantitatively propagated dispersion
(Roonngtanakiat et al., 2007). The uptake and accumulation of pollutants vary from plant to
plant and also from specie to specie within a genus (Singh et al., 2003). The economic
success of phytoremediation largely depends on photosynthetic activity and growth rate of
plants (Xia and Ma, 2006) and with low to moderate amount of pollution (Jamuna and
Noorjahan, 2009). Many researchers have used different plant species like water hyacinth
(Eichhornia crassipes (Mart.) Solms) (Muramoto and Oki, 1983; Trivedy and Pattanshetty,
2002; Mahmood et al., 2005; Dhote and Dixit, 2007; Jamuna and Noorjahan, 2009; Lissy et
al., 2010; Valipour et al., 2010; Valipour et al., 2011; Dar et al., 2011;), Water Lettuce
(Pistia stratiotes L.) (Fonkou et al., 2002; Jing et al., 2002; Awuah et al., 2004; Lu et al.,
2010; Dipu et al., 2011), Duckweed (Water Lemna), Bulrush (Typha), Vetiver Grass
(Chrysopogon zizanioides) (Troung and Baker, 1998; Lakshmana et al., 2008; Girija et al.,
2011) and Common Reed (Phragmites Australis) for the treatment of water. They have used
these species for different types of contaminated waters, effluents etc. Mkandawire and Dudel
(2007) have used duckweed and they found its growth was restricted above 34°C and pH
sensitive. Mashauri et al., (2000) used bulrush and his study revealed that the Total Dissolved
Solids (TDS) and Electrical Conductivity (EC) concentration was increased after treatment.
Baskar et al. (2009) in his study of kitchen wastewater treatment found only 4% TDS

removal by common reed.

The waste water released from industries are characterized by presence of large quantity of
polycyclic and aromatic hydrocarbon, phenols, metal derivatives, surface active substances,
sulfides, naphthalene acids and other chemicals (Suleimanov, 1995). As a result of
ineffectiveness in the purification systems, this waste water lead to the accumulation of toxic
products in the receiving waste water bodies with potentially consequences on the ecosystem
(Aghalino and Eyinla, 2009).

4.2 Water Quality: A Worldwide Concern
“Water quality” is a term used to express the suitability of water to sustain various uses or
processes. Any particular use will have certain requirements for the physical, chemical or

biological characteristics of water; for example limits on the concentrations of toxic
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substances for drinking water use, or restrictions on temperature and pH ranges for water
supporting invertebrate communities. Consequently, water quality can be defined by a range
of variables which limit water use. Although many uses have some common requirements for
certain variables, each use will have its own demands and influences on water quality
(McJunkin, 1982; Hemp, 1984; Raskin and Ensley, 2000).

Quantity and quality demands of different users will not always be compatible, and the
activities of one user may restrict the activities of another, either by demanding water of a
quality outside the range required by the other user or by lowering quality during use of the
water. Efforts to improve or maintain a certain water quality often compromise between the
quality and quantity demands of different users. There is increasing recognition that natural
ecosystems have a legitimate place in the consideration of options for water quality
management. This is both for their intrinsic value and because they are sensitive indicators of
changes or deterioration in overall water quality, providing a useful addition to physical,
chemical and other information (Serruya and Pollingher, 1983; WHO, 1993).

The composition of surface and underground waters is dependent on natural factors
(geological, topographical, meteorological, hydrological and biological) in the drainage basin
and varies with seasonal differences in runoff volumes, weather conditions and water levels
(Foster and Hirata, 1988).

Large natural variations in water quality may, therefore, be observed even where only a
single watercourse is involved. Human intervention also has significant effects on water
quality. Some of these effects are the result of hydrological changes, such as the building of
dams, draining of wetlands and diversion of flow. More obvious are the polluting activities,
such as the discharge of domestic, industrial, urban and other wastewaters into the water
course (whether intentional or accidental) and the spreading of chemicals on agricultural land

in the drainage basin (Serruya and Pollingher, 1983).

Water quality is affected by a wide range of natural and human influences. The most
important of the natural influences are geological, hydrological and climatic, since these
affect the quantity and the quality of water available. Their influence is generally greatest
when available water quantities are low and maximum use must be made of the limited
resource; for example, high salinity is a frequent problem in arid and coastal areas (Hemp,
1984).
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If the financial and technical resources are available, seawater or saline groundwater can be
desalinated but in many circumstances this is not feasible. Thus, although water may be
available in adequate quantities, its unsuitable quality limits the uses that can be made of it.

Although the natural ecosystem is in harmony with natural water quality, any significant
changes to water quality will usually be disruptive to the ecosystem.

The effects of human activities on water quality are both widespread and varied in the degree
to which they disrupt the ecosystem and/or restrict water use. Pollution of water by human
faeces, for example, is attributable to only one source, but the reasons for this type of
pollution, its impacts on water quality and the necessary remedial or preventive measures are
varied. Faecal pollution may occur because there are no community facilities for waste
disposal, because collection and treatment facilities are inadequate or improperly operated, or
because on-site sanitation facilities (such as latrines) drain directly into aquifers (WHO,
1988).

The effects of faecal pollution vary. In developing countries intestinal disease is the main
problem, while organic load and eutrophication may be of greater concern in developed
countries (in the rivers into which the sewage or effluent is discharged and in the sea into
which the rivers flow or sewage sludge is dumped). A single influence may, therefore, give
rise to a number of water quality problems, just as a problem may have a number of
contributing influences. Eutrophication results not only from point sources, such as
wastewater discharges with high nutrient loads (principally nitrogen and phosphorus), but
also from diffuse sources such as run-off from livestock feedlots or agricultural land fertilised
with organic and inorganic fertilisers. Pollution from diffuse sources, such as agricultural
runoff, or from numerous small inputs over a wide area, such as faecal pollution from

settlements, is particularly difficult to control (McJunkin, 1982).

The quality of water may be described in terms of the concentration and state (dissolved or
particulate) of some or all of the organic and inorganic material present in the water, together
with certain physical characteristics of the water. It is determined by in situ measurements
and by examination of water samples on site or in the laboratory. The main elements of water
quality monitoring are, therefore, on-site measurements, the collection and analysis of water
samples, the study and evaluation of the analytical results and the reporting of the findings.

The results of analyses performed on a single water sample are only valid for the particular
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location and time at which that sample was taken. One purpose of a monitoring programme
is, therefore, to gather sufficient data (by means of regular or intensive sampling and
analysis) to assess spatial and/or temporal variations in water quality (Meybeck et al., 1989;
Nash and McCall, 1994). The quality of the aquatic environment is a broader issue which can
be described in terms ofwater quality, the composition and state of the biological life present
in the water body, the nature of the particulate matter present, andthe physical description of
the water body (hydrology, dimensions, nature of lake bottom or river bed, e.t.c.

Complete assessment of the quality of the aquatic environment, therefore, requires that water
quality, biological life, particulate matter and the physical characteristics of the water body be
investigated and evaluated. This can be achieved throughchemical analyses of water,
particulate matter and aquatic organisms (such as planktonic algae and selected parts of
organisms such as fish muscle), biological tests, such as toxicity tests and measurements of
enzyme activities, descriptions of aquatic organisms, including their occurrence, density,
biomass, physiology and diversity (from which, for example, a biotic index may be
developed or microbiological characteristics determined) and physical measurements of
water temperature, pH, conductivity, light penetration, particle size of suspended and
deposited material, dimensions of the water body, flow velocity, hydrological balance, etc
(Foster and Gomes, 1989; Meybeck and Helmer, 1996).

Pollution of the aquatic environment, as defined by GESAMP (1988), occurs when humans
introduce, either by direct discharge to water or indirectly (for example through atmospheric
pollution or water management practices), substances or energy that result in deleterious
effects such ashazards to human health, harm to living resources, hindrance to aquatic
activities such as fishing, impairment of water quality with respect to its use in agriculture,
industry or other economic activities, or reduction of amenity value. The importance attached
to quality will depend on the actual and planned use or uses of the water (e.g. water that is to
be used for drinking should not contain any chemicals or microorganisms that could be
hazardous to health). Since there is a wide range of natural water qualities, there is no
universal standard against which a set of analyses can be compared. If the natural, pre-
polluted quality of a water body is unknown, it may be possible to establish some reference
values by surveys and monitoring of unpolluted water in which natural conditions are similar
to those of the water body being studied (Nash and McCall, 1994).
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4.2.1 Impacts of Water pollution

The extent of anthropogenic environmental pollution in the developing world is well
documented (Mattina et al., 2003). Among overall environmental pollution, water pollution is
one of the major threat to public health especially in developing and under developed
countries as drinking water quality in these countries is poorly managed and monitored
(Mwegoha, 2008; Azizullah et al., 2011). Both surface and ground drinking water get
contaminated with coli forms, toxic metals and pesticides. About 2.3 billion peoples are
suffering from water related diseases worldwide (UNESCO, 2003). The presence of heavy
metals (elements with an atomic density greater than 6 g/cm) is one of the most persistent
pollutants present in water. Unlike other pollutants, they are difficult to degrade, but can
accumulate throughout the food chain, producing potential human health risks and ecological
disturbances (Akpor and Muchie, 2010). In developing countries, more than 2.2 million
people die every year due to drinking of contaminated water and inadequate sanitation (WHO
and UNISEF, 2000). In general, water pollution has served impacts on the quality of fresh
water and aquatic system. Water pollution also has negative impacts on food production,
heath and social development and economic activities. Poor quality of surface and
groundwater has become a threat to supplies of drinking water throughout the world (World
Bank, 1998). In general, the decreasing availability of safe and healthy drinking water due to
pollution, in terms of quality and quantity has been a major health concern in Africa and

Nigeria in particular.

4.2.2 Factors Responsible for Water Pollution

There are so many factors which are responsible for water pollution, but it is most often due
to human activities. Increasing population, geological factors, rapid urbanization, agricultural
developments, global markets, industrial development, industrialization and poor wastewater
regulation have affected the quantity and the quality of water (Saleem, 2001; Farooq et al.,
2006). Besides the indiscriminate disposal of industrial, municipal and domestic wastes in
water channels, rivers, streams and lakes etc. are regarded as the documented source of water
pollution (Kahlown and Majeed, 2003).

Asaolu (1998) reported that untreated domestic waste, discharges from industries, rapid
deforestation and poor agricultural practices result in the soil erosion and leaching down of
nutrients, pesticides and insecticides. An estimated 2 million tons of sewage and other

effluents are discharged into the world's waters every day. In developing countries, the
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situation is worse where over 90% of raw sewage and 70% of untreated industrial wastes are
dumped into surface water sources (Asaolu, 1998). Rapid industrialization in urban and Peri-
urban areas and high living standards are mainly responsible for discharge of wastewater in
the rivers and streams (Ashraf et al., 2010). Other sources of water pollution are sewage and
waste water, marine dumping, industrial waste, radioactive waste, oil pollution, underground
storage leakages, atmospheric deposition, global warming and eutrophication. The Global
Environmental Monitoring System (GEMS) of the United Nations Environmental Program
(UNEP) have reported heavy pollution in several rivers around the World (Bichi and Anyata,
1999).

4.3.0 Phytoremediation Technology Description

Phytoremediation is a word formed from the Greek prefix “phyto” meaning plant, and the
Latin suffix “remedium” meaning to clean or restore (Cunningham et al., 1997). The term
actually refers to a diverse collection of plant-based technologies that use either naturally
occurring or genetically engineered plants for cleaning contaminated environments. The
primary motivation behind the development of phytoremediative technologies is the potential
for low-cost remediation (Ensley, 2000). Although the term, phytoremediation, is a relatively
recent invention, the practice is not (Brooks, 1998a; Cunningham et al., 1997). Research
using semi-aquatic plants for treating radionuclide-contaminated waters existed in Russia at
the dawn of the nuclear era (Salt et al., 1995a). Some plants which grow on metalliferous
soils have developed the ability to accumulate massive amounts of the indigenous metals in
their tissues without exhibiting symptoms of toxicity (Baker and Brooks, 1989; Reeves and
Brooks, 1983). Chaney (1983) was the first to suggest using these “hyperaccumulators” for
the phytoremediation of metal polluted sites. However, hyperaccumulators were later
believed to have limited potential in this area because of their small size and slow growth,
which limit the speed of metal removal (Cunningham et al., 1995; Ebbs et al., 1997). By
definition, a hyperaccumulator must accumulate at least 1000 pgAg™ of Co, Cu, Cr, Pb, or
Ni, or 10,000 pgAg™ (i.e. 1%) of Mn or Zn in the dry matter (Reeves and Baker, 2000;
Wantanabe, 1997). Some plants tolerate and accumulate high concentrations of metal in their
tissue but not at the level required to be called hyperaccumulators. These plants are often
called moderate metal-accumulators, or just moderate accumulators (Kumar et al., 1995). The
lack of viable plant alters natives for phytoremediation seemed to suppress the amount of
phytoremediation research conducted between the mid 1980s and the early half of the 1990s.

The search for plants for phytoremediation centered on the Brassica family to which many
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hyperaccumulators belong, (Cunningham et al., 1995). Through the work of various
researchers, particularly Kumar et al. (1995) and Dushenkov et al. (1997), several high-
biomass, metal-accumulating species were identified. Phytoremediation research gained
momentum after the discovery of these plants, and most of our understanding of this
emerging technology has come from research reports published since 1995.

Phytoremediation has been increasingly used to clean up contaminated soil and water systems
because of its lower costs and fewer negative effects than physical or chemical engineering
approaches (Jadia and Fulekar 2008; Reddy and DeBusk, 1986). The principles of
phytoremediation system to clean up water bodies include: 1) identification and
implementation of efficient aquatic plant systems; 2) uptake of dissolved nutrients including
N and P and metals by the growing plants, and the plants creating a favorable environment
for a variety of complex chemical, biological and physical processes that contribute to the
removal and degradation of nutrients (Gumbricht, 1993); and 3) harvest and beneficial use of

the plant biomass produced from the remediation system.

Aquatic plants are utilized for nutrient and metal removal from water because of their fast
growth rates, simple growth requirements and ability to accumulate biogenic elements and
toxic substances. Since the first recognition of their value in water quality improvement in the
1960s and the 1970s (Sheffield, 1967; Wooten and Dodd, 1976; Asaolu 1998), aquatic plants
have been widely used to treat wastewaters or increasingly used to remediate eutrophic
waters in forms of constructed wetlands or retention ponds. This is a low-cost treatment with

low land requirements, which is attractive to urban areas with high land prices.

Aquatic plants are grouped into submerged, emergent, and floating/floating-leaved aquatic
plants according to their leaf’s relation with water. Among the submerged aquatic plants,
coontail (Ceratophyllum demersum L.), hydrilla (Hydrilla verticillata), southern naiad (Najas
guadalupensis) are the most investigated (Lee et al., 1997). Cattail (Typha latifolia), bullrush
(Scirpus lacustris) and common reed (Phragmites australis) are the most planted emergent
plants in constructed wetlands to remove nutrients such as N and P (Licht, 1990). Among the
floating/floating-leaved aquatic plants, water hyacinth (Eichhornia crassipes), water lettuce
(Pistia stratiotes), duckweed (Lemna spp. and Spirodela polyrrhiza W. Koch), pennywort
(Hydrocotyle umbellata) and common salvinia (Salvinia minima baker) are the best
candidates (Licht, 1990; Maine et al., 2004; John et al., 2008; Mishra et al., 2008;). With

regard to the uptake capacity of aquatic plants and subsequently the amount of nutrients or
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contaminants that can be removed when the biomass is harvested, floating plants (especially
large-leaved species) are in the lead, followed by emergent species and then submerged
species. Approximately 350 kg P and 2000 kg N ha-1 yr-1 were removed by large-leaved
floating plants such as water hyacinths, whereas the capacity of submerged macrophytes was
lower (<100 kg P and 700 kg N ha-1 yr-1). Growing in waters with similar P concentrations,
water hyacinth had an average P concentration almost twice that of hydrilla, hornwort,
pondweed, eelgrass, or naiad, showing a much greater ability for P scavenging (Kidney,
1997). Emergent macrophytes are mostly in the range of 30 to 150 kg P ha-1 yr-1 and 200 to
2500 kg N ha-1 yr-1 (Gumbricht, 1993).

Impressive removal rates of inorganic N (NO3-N, NH4-N and total N) and P (PO.-P and total
P) have been reported from all kinds of phytoremediation systems using aquatic plants
especially when invasive floating aquatic plants such as water hyacinth were utilized in
nutrient- or metal-rich wastewaters. A wide range of nutrient reduction in wastewaters
containing water hyacinth has been reported. For inorganic N, Reddy et al. (1982) reported a
reduction of about 80%, while Sheffield (1967) observed a 94% reduction. For ortho-P, a 40-
55% reduction was reported by Sheffield (1967). For total P, Reddy et al. (1982) measured
about 32% reduction, while Ornes and Sutton (1975) achieved a much higher removal rate of
80% in their treatment pond. In a pilot scale study using a series of six tanks with water
hyacinth for wastewater treatment, the mean decrease in total N and total P in the effluent as
it flowed the six tank series was 27.6% and 4.48%, respectively (Licht and Schnoor, 1993). A
pond containing water hyacinth, with an air stripping unit and a flocculation and settling unit,
was reported to remove >99% ortho-P, 99% nitrate-N and >99% ammonia-N (Sheffield,
1967). Plant uptake contributes a large proportion to the N and P removal for very high
uptake rates have been reported, for instance, 1980 kg N and 322 kg P ha™ y™, 2500 kg N and
700 kg P ha™ y™* by Rogers and Davis (1972), and up to 5350 kg N ha™ y* and 1260 kg P ha
! y! by Reddy and Tucker (1983).

Although at a lower rate compared to such large-leaved floating species as water hyacinth,
small-leaved floating species such as duckweed can also remove a considerable amount of
nutrients and have been utilized in remediation of wastewaters. Small tank polycultures of
duckweed species (Lemna minor and Spirodela polyrhiza) were found to remove 404 mg N
m-2 day-1 (1460 kg N ha-1 yr-1) and 84 mg P m? day™ (307 kg P ha™ yr™) from dairy barn

wastewater (Komossa et al., 1995). Phosphorus removal rates of 60.0-92.2% were achieved
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in a wastewater system utilizing Lemna gibba. Two species of Azolla (Azolla filiculoides and
Azolla pinnata) removed N from mixed waste water resulting in more than 50% decrease in

concentration.

According to Ruan et al. (2006), polluted river water was efficiently treated by pilot-scale
constructed wetland systems planted with emergent aquatic plants, Typha latifolia and
Scirpus lacustris, with mean NH4-N removal rates of over 85%. Wetlands with emergent
macrophytes were reported to remove P at rates from 0.4 to 4.0 g m-2 yr™, with more
eutrophic systems achieving higher removal rate (Komossa et al., 1995).

Lu (2009) observed an increase in transparency and a decrease in the concentrations of P
simultaneously with increased presence of submerged macrophytes in the lake.

Aquatic plants also demonstrate tremendous potential in metal accumulation and removal
from the surrounding waters. Free water surface and subsurface flow pilot-size wetlands were
constructed to treat highway runoff with metal removal rates of 47%, 23%, 33% and 61% for
Cu, Ni, Pb and Zn, respectively, with their respective two-year mean concentrations of 56,
114, 49 and 250 pg L-1 (Madison, 1998). Azolla filiculoides removed 91.0, 41.5, 82.5, 37.7,
12.1, 46.7 and 67.2% of the initial Fe, Zn, Cu, Mn, Co, Cd and Ni, respectively from mixture
of waste waters, while Azolla pinnata removed 92.7, 83.0, 59.1, 65.1, 95.0, 90.0 and 73.1%,
respectively. Although all three plants, water lettuce (Pistia stratiotes L.), duckweed
(Spirodela polyrrhiza W. Koch) and water hyacinth (Eichhornia crassipes) demonstrated
high removal rates of Fe, Zn, Cu, Cr and Cd (>90%) without reduction in growth, water
hyacinth were the most efficient followed by water lettuce and duckweed (Mishra and
Tripathi, 2008). Many researchers have reported that high heavy metal concentrations (Cu,
Cd, Mn, Pb, Hg, etc.) were measured in the tissues of aquatic plant growing in waters with
elevated metal concentrations and no toxic effects or reduction in plant growth were observed
(Licht, 1997; Mishra et al., 2008; Ugya et al., 2015d).

Common duckweed and water hyacinth have been reported to be the top species as Cd
accumulators (Wang et al., 2002; Zayed et al., 1998; Zhu et al., 1999; Ugya, 2015; Ugya and
Imam, 2015). Both Salvinia herzogii and Pistia stratiotes efficiently removed Cr from water
at the concentrations of 1, 2, 4 and 6 mgL™ (Maine et al., 2004). Lead concentrations in plant
tissue (mg kg-1) were found to be 1621 and 1327 times those in the external solution (mg L™)

for C. demersum and C. caroliniana, respectively (Fonkou et al., 2005). Salvinia minima has
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been reported as a hyperaccumulator of Cd and Pb with bioconcentration factors (metal
concentration in plant tissue over that in external solution) of approximately 3000 for both
heavy metals (Clough et al., 1987; Ugya et al., 2015c).

4.4 Growth Factors of Aquatic Plants

For a phytoremediation system to work efficiently, optimal plant growth is the key. Many
environmental factors can influence plant growth and its performance, such as temperature,
nutrient concentration, pH, solar radiation, and salinity of the water. The weight and size of
aquatic plants are a function of these factors. For example, growth of water hyacinth plants
cultured in nutrient solution were significantly influenced by the seasonal changes in
temperature and solar radiation, shorter time was required to reach maximum biomass yield
in summer with high growth rate (Reddy et al., 1983; Ugya et al., 2015a; Ugya et al., 2015b).
If maximum growth is obtained, one hectare of water hyacinths could remove about 2500 kg
N yr! (Rogers and Davis, 1972) and as high as 7629 kg N ha-1 yr™ was reported by Reddy

and Tucker (1983) for water hyacinth cultured in a nutrient solution.

Although large-leaved floating plants such as water hyacinth and water lettuce can produce
high biomass and remove large amounts of nutrients and metals, they may not be suitable for
temperate or frigid areas due to their sensitivity to cool temperature which significantly
affects their performance (Clough et al., 1987). Instead, duckweed or azolla could be a better
choice because of their tolerance to colder weather (Reddy et al., 1983). This also explains
why pennywort removed 20% more N and 30% more P from primary domestic effluent than

water hyacinth during the winter in central Florida (Clough et al., 1987).

Nutrient availability affects the growth and performance of aquatic plants. Within the studied
nutrient concentration ranges, mean number of ramets, mean height and total biomass of
water hyacinth significantly increased with increasing nutrient level (Zhao et al., 2006). A
200-fold difference in dry weight of water lettuce was reported by Aoi and Hayashi (1996)
between cultivated in rain water and treated sewage water. Similar to terrestrial species,
aquatic plants respond positively to nutrient concentration increases up to a certain point
followed by no further response or a negative response. Five and a half mg per liter and 1.06
mgL™ were such points reported for water hyacinth growth, while 20 mgL™ and 2 mgL™
were found for Salvinia molesta (Cary and Weerts, 1984). Not only nutrient concentration

itself, but also ratios between different nutrients play an important role in plant growth. It was
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reported that the highest production of water hyacinth occurs when the N:P ratio in the water
was close to 3.6 (Reddy and Tucker, 1983).

Most water bodies varied in salinity which may have significant effects on aquatic plants’
growth and performance. Utilization of such invasive aquatic plants as water hyacinth and
water lettuce has its advantages as discussed above and its concern of plant escape from the
detention systems into the lagoons or estuaries. Knowledge on salinity tolerance of candidate
plant(s) can help better utilize the plant(s) without bringing disaster. Salt concentrations of
1660 and 2500 mg kg-1 (equivalent to 2683 and 4040 pS cm™) were reported to have toxic
effects on water lettuce and water hyacinth, respectively (Haller et al., 1974).

pH plays a role in plant growth directly by hydrogen ion (H") injury at low pH and indirectly
by affecting availability and toxicity of mineral elements (Mahmood et al., 2005). Generally,
plant grows best in the pH range of 5.5-7.0. Optimum pH ranges 6.5-7.5 and 5.8-6.0 were
reported for water hyacinth (EI-Gendy et al., 2004; Hao and Shen, 2006). Macroalgae
Chlorella sorokiniana grew best at pH 7-8 (Moronta et al., 2006).

4.5.0 Phytoremediation Case Studies

Phytoremediation consists of a collection of four different plant-based technologies, each
having a different mechanism of action for the remediation of metal-polluted soil, sediment,
or water. These include: rhizofiltration, which involves the use of plants to clean various
aquatic environments; phytostabilization, where plan ts are used to stabilize rather than clean
contaminated soil; phytovolatilization, which involves the use of plants to extract certain
metals from soil and then release them into the atmosphere through volatilization; and
phytoextraction, where plants absorb metals from soil and translocate them to the harvestable
shoots where they accumulate. Although plants show some ability to reduce the hazards of
organic pollutants, the greatest progress in phytoremediation has been made with metals (Salt
et al., 1995; Watanabe, 1997; Blaylock and Huang, 2000). Phytoremediative technologies
which are soil-focused are suitable for large areas that have been contaminated with low to

moderate levels of contaminants.

Sites which are heavily contaminated cannot be cleaned through phytoremediative means
because the harsh conditions will not support plant growth. The depth of soil which can be
cleaned or stabilized is restricted to the root zone of the plants being used. Depending on the

plant, this depth can range from a few inches to several meters (Schnoor et al., 1997).
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Phytoremediation should be viewed as a long-term remediation solution because many
cropping cycles may be needed over several years to reduce metals to acceptable regulatory
levels. This new remediation technology is competitive with and may be superior to existing
conventional technologies at sites where phytoremediation is applicable. Phytoremediation is
not the solution for all hazardous waste problems but is rather a tool that can be used,
possibly in conjunction with other clean-up methods, to remediate polluted environments.

4.5.1 Phytoextraction

This technology involves the extraction of metals by plant roots and the translocation thereof
to shoots. The roots and shoots are subsequently harvested to remove the contaminants from
the soil. Salt et al. (1995) reported that the costs involved in phytoextraction would be more
than ten times less per hectare compared to conventional soil remediation techniques.
Phytoextraction also has environmental benefits because it is considered a low impact
technology. Furthermore, during the phytoextraction procedure, plants cover the soil and
erosion and leaching will thus be reduced. With successive cropping and harvesting, the
levels of contaminants in the soil can be reduced (Vandenhove et al., 2001).

Researchers at the University of Florida have discovered the ability of the Chinese brake fern,
P. vittata to hyperaccumulate arsenic. In a field test, the ferns were planted at a wood-
preserving site containing soil contaminated with from 18.8 to 1,603 parts per million arsenic,
and they accumulated from 3,280 to 4,980 parts per million arsenic in their tissues (Ma et al.,
2001). Sunflower, H. annus have proven effective in the remediation of radionuclides and
certain other heavy metals. The flowers were planted as a demonstration of phytoremediation
in a pond contaminated with radioactive cesium- 137 and strontium-90 as a result of the
Chernobyl nuclear disaster in the Ukraine. The concentration of radionuclides in the water
decreased by 90% in a two week period. According to the demonstration, the radionuclide
concentration in the roots was 8000 times than that in the water. In a demonstration study
performed by Phytotech for the Department of Energy, H. annus reduced the uranium
concentration at the site from 350 parts per billion to 5 parts per billion, achieving a 95%
reduction in 24 h (Schnoor, 1997).

4.5.2 Phytostabilization
Phytostabilization, also referred to as in-place inactivation, is primarily used for the
remediation of soil, sediment and sludges (United States Protection Agency, 2000). It is the

use of plant roots to limit contaminant mobility and bioavailability in the soil. The plants
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primary purposes are to (1) decrease the amount of water percolating through the soil matrix,
which may result in the formation of a hazardous leachate, (2) act as a barrier to prevent
direct contact with the contaminated soil and (3) prevent soil erosion and the distribution of
the toxic metal to other areas. Phytostabilization can occur through the sorption, precipitation,
complexation, or metal valence reduction. It is useful for the treatment of lead (Pb) as well as
arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu) and zinc (Zn).

Some of the advantages associated with this technology are that the disposal of hazardous
material/biomass is not required (United States Protection Agency, 2000) and it is very
effective when rapid immobilization is needed to preserve ground and surface waters. The
presence of plants also reduces soil erosion and decreases the amount of water available in
the system (United States Protection Agency, 2000). Phytostabilization has been used to treat
contaminated land areas affected by mining activities and Superfund sites. The experiment on
phytostabilization by Jadia and Fulekar (2008) was conducted in a greenhouse, using
sorghum (fibrous root grass) to remediate soil contaminated by heavy metals and the
developed vermicompost was amended in contaminated soil as a natural fertilizer. They
reported that growth was adversely affected by heavy metals at the higher concentration of 40
and 50 ppm, while lower concentrations (5 to 20 ppm) stimulated shoot growth and increased
plant biomass. Further, heavy metals were efficiently taken up mainly by roots of sorghum
plant at all the evaluated concentrations of 5, 10, 20, 40 and 50 ppm. The order of uptake of
heavy metals was: Zn>Cu>Cd>Ni>Ph. The large surface area of fibrous roots of sorghum
and intensive penetration of roots into the soil reduces leaching via stabilization of soil and

capable of immobilizing and concentrating heavy metals in the roots.

4.5.3 Rhizofiltration

Rhizofiltration is primarily used to remediate extracted groundwater, surface water and
wastewater with low contaminant concentrations (Ensley, 2000). It is defined as the use of
plants, both terrestrial and aquatic, to absorb, concentrate and precipitate contaminants from
polluted aqueous sources in their roots. Rhizofiltration can be used for Pb, Cd, Cu, Ni, Zn,
and Cr, which are primarily retained within the roots (United States Protection Agency,
2000). Sunflower, Indian mustard, tobacco, rye, spinach and corn have been studied for their
ability to remove lead from water, with sunflower having the greatest ability. Indian mustard
has a bioaccumulation coefficient of 563 for lead and has also proven to be effective in

removing a wide concentration range of lead (4 mg/L -500 mg/L) (United States Protection
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Agency, 2000). The advantages associated with rhizofiltration are the ability to use both
terrestrial and aquatic plants for either in situ or ex situ applications. Another advantage is
that contaminants do not have to be translocated to the shoots. Thus, species other than
hyperaccumulators may be used. Terrestrial plants are preferred because they have a fibrous
and much longer root system, increasing the amount of root area. Sunflower (Asteracaea
spp.) have successfully been implemented for rhizofiltration at Chernobyl to remediate
uranium contamination. Dushenkov et al. (1997) observed that roots of many hydroponically
grown terrestrialplants s uch as Indian mustard (B. juncea (L.) Czem) and sunflower (H.
annuus L.) effectively removed the potentially toxic metals, Cu, Cd, Cr, Ni, Pb and Zn, from

aqueous solutions.

An experiment on rhizofilteration by Karkhanis et al. (2005) was conducted in a greenhouse,
uisng pistia, duckweed and water hyacinth (Eichornia crassipes) to remediate aquatic
environment contaminated by coal ash containing heavy metals. Rhizofilteration of coal ash
starting from 0, 5, 10, 20, 30, 40%. Simultaneously the physicochemical parameters of
leachate have been analyzed and studied to understand the leachability. The results showed
that pistia has high potential capacity of uptake of the heavy metals (Zn, Cr and Cu) and
duckweed also showed good potential for uptake of these metals next to pistia. Rhizofiltration
of Zn and Cu in case of water hyacinth was lower as compared to pistia and duckweed. This
research shows that pistia/duckweed/water hyacinth can be good accumulators of heavy

metals in aquatic environment.

4.5.4 Phytovolatilization

Phytovolatilization involves the use of plants to take up contaminants from the soil,
transforming them into volatile forms and transpiring them into the atmosphere (United
States Protection Agency, 2000). Mercuric mercury is the primary metal contaminant that this
process has been used for. The advantage of this method is that the contaminant, mercuric
ion, may be transformed into a less toxic substance (that is, elemental Hg). The disadvantage
to this is that the mercury released into the atmosphere is likely to be recycled by
precipitation and then redeposited back into lakes and oceans, repeating the production of

methyl-mercury by anaerobic bacteria.

In laboratory experiments, tobacco (N. tabacum) and a small model plant (Arabidopsis
thaliana) that had been genetically modified to include a gene for mercuric reductase

converted ionic mercury (Hg(Il)) to the less toxic metallic mercury (Hg(0) and volatilized it
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(Meagher et al., 2000). Similarly transformed yellow poplar (Liriodendron tulipifera)
plantlets had resistance to and grew well in, normally toxic concentrations of ionic mercury.
The transformed plantlets volatilized about ten times more elemental mercury than did
untransformed plantlets. Indian mustard and canola (Brassica napus) may be effective for
phytovolatilization of selenium and in addition, accumulate the selenium (Bafiuelos et al.,
1997).

4.5.5 Plant-Metal Uptake

Plants extract and accumulate metals from soil solution. Before the metal can move from the
soil solution into the plant, it must pass the surface of the root. This can either be a passive
process, with metal ions moving through then porous cell wall of the root cells, or an active
process by which metal ions move symplastically through the cells of the root. This latter
process requires that the metal ions traverse the plasmalemma, a selectively permeable barrier
that surrounds cells (Pilon-Smits, 2005). Special plant membrane proteins recognize the
chemical structure of essential metals; these proteins bind the metals and are then ready for
uptake and transport. Numerous protein transporters exist in plants. For example, the model
plant thale cress (A. thaliana) contains 150 different cation transporters (Axelsen and
Palmgren, 2001) and even more than one transporter for some metals. Some of the essential,
nonessential and toxic metals, however, are analogous in chemical structure so that these
proteins regard them as the same. For example arsenate is taken up by P transporters. Abedin
et al. (2002) studied the uptake kinetics of as species, arsenite and arsenate, in rice plants and
found that arsenate uptake was strongly suppressed in the presence of arsenite. Clarkson and
Luttge (1989) reported that Cu and Zn, Ni and Cd compete for the same membrane carriers.
For root to shoot transport these elements are transported via the vascular system to the
above-soil biomass (shoots). The shoots are harvested, incinerated to reduce volume disposed
of as hazardous waste, or precious metals can be recycled (phytomining). Different chelators
may be involved in the translocation of metal cations through the xylem, such as organic acid
chelators [malate, citrate, histidine (Salt et al., 1995; von Wiren et al., 1999), or
nicotianamine (Stephen et al., 1996; von Wiren et al., 1999)]. Since the metal is complexed
within a chelate it can be translocated upwards in the xylem without being adsorbed by the

high cation exchange capacity of the xylem (von Wiren et al., 1999).
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4.6.0 Role of Macrophytes in Water Contamination Removal

Macrophytes play important roles in balancing Lake Ecosystem. For the first time, they were
recognised during 1960s and 1970s in water quality improvement (Wooten and Dodd, 1976).
Aquatic macrophytes treatment systems for waste-water are the need of developing countries,
because they are cheaper to construct and a little skill is required to operate (Mahmood et al.,
2005). They improve the water quality by absorbing nutrients with their effective root system
(Dhote and Dixit, 2007). Macrophytes not only retain nutrients by biomass uptake, but also
increases sedimentation (Schulz et al., 2003). These are utilized for nutrient and metal
removal from water in the forms of CW or retention ponds because of their fast growth rates,
simple requirements and ability to accumulate biogenic elements and toxic substances (Lu,
2009). Aquatic plants are grouped into submerged, emergent and floating-leaved based on
their leaf’s relation with water. During selection, biomass production, growth rate, and
easiness of management and harvest should be taken into account (Lu, 2009). Wetlands are
mainly dominated by the floating aquatic macrophytes (DeBusk and Reddy, 1987; Brix and
Shierup, 1989; Vymazal et al., 1998). Floating aquatic plants can grow in vertical as well as
horizontal direction, thereby increasing the photosynthetic surface area. These factors
altogether makes floating aquatic plants, one of the earth’s most productive communities (Lu,
2009). The most common aquatic macrophytes among the floating-leaved, being employed in
wastewater treatment are water hyacinth, water lettuce and Duckweed (John et al., 2008;
Maine et al., 2004; Mishra et al., 2008). Impressive removal rates of inorganic nitrogen
[nitrate (NO3-N), ammonium (NH4-N) and total N)] and phosphorus (PO4-P and total P) have
been reported using aquatic plants especially when water hyacinth were utilized in nutrient or
metal-rich wastewaters (Lu, 2009). Awuah et al. (2004) found 70% of TDS reductions by

water lettuce.

4.6.1 Phytoremediation of Toxic Elements by Aquatic Macrophytes

Freshwater as well as seawater resources are being contaminated by various toxic elements
through anthropogenic activities and from natural sources. Therefore, remediation of
contaminated aquatic environment is important as it is for terrestrial environment.
Phytoremediation of the toxic contaminants can be readily achieved by aquatic macrophytes
or by other floating plants since the process involves biosorption and bioaccumulation of the
soluble and bioavailable contaminants from water (Brooks et al., 1998). 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
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accumulate contaminants by its roots while the submerged plants accumulate metals by their
whole body. Many years ago, Hutchinson (1975) reviewed the ability of aquatic macrophytes
to concentrate elements from the aquatic environment and reported that the levels of
potentially toxic elements in the plants were at least an order of magnitude higher than in the
supporting aqueous medium. Later on, Brooks et al., (1998) reviewed the hyperaccumulation
of toxic trace elements by aquatic vascular plants and discussed about the pathways and rates
of elemental uptake and excretion, environmental factors that control uptake of elements, and
the significance of trace elements uptake for the field of wastewater treatment and
biomonitoring of pollutants, which is of great interest for bioremediation of aquatic systems.
By this time, considerable number of literatures have been published which described
different aspects of biogeochemistry, mechanisms and uptake of toxic elements by a large

number of aquatic macrophytes to develop effective phytoremediation technology.

Several aquatic macrophytes and some other small aquatic floating plants have been
investigated for the remediation of natural and wastewater contaminated with Cu(ll), Cd(1l)
and Hg(Il) (Sen and Mondal, 1987; 1991; Alam et al., 1995).

Microspora and Lemna minor were studied for Pb and Ni remediation (Axtell et al., 2003).
Five common aquatic plant species (Typha latifolia, Myriophyllum exalbescens, Potamogeton
epihydrus, Sparganium angustifolium and Sparganium multipedunculatum) were tested for
Al phytoremediation (Alam et al., 1995). Parrot feather (Myriophyllum aquaticum), creeping
primrose (Ludwigina palustris) and water mint (Mentha aquatic) have been reported to
remove Fe, Zn, Cu and Hg from contaminated water effectively (Kara, 2004). The L. minor
was reported to accumulate Cu and Cd from contaminated wastewater (Kara, 2004; Hou et
al., 2007). The submerged aquatic plant Myriophyllum spicatum L. has been reported as an
efficient plant species for the metal-contaminated industrial wastewater treatment (Hou et al.,
2007). The aquatic plants Rorippa nasturtium-aquaticum (L.) and Mentha spp accumulate

arsenic from contaminated freshwater (Kara, 2004).

CONCLUSION

Effluents can have ecological impact on water bodies leading to increased nutrient load
especially if they are essential metals. These metals in effluent may increase fertility of water
leading to euthrophication, which in open water can progressively lead to oxygen deficiency,
algae blooms and death of aquatic life (Pickering and Owen, 1997). Heavy metals can

bioaccumulate and through the food chain, to toxic level in man. Mercury can cause
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numbness, locomotory disorder, brain damage, convulsion and nervous problems. Cadmium

is responsible for Kidney tubular impairment and osteomalacia. Cadmium, zinc and

manganese are reported to affect ion balance if present in sufficient amount. This study

shows that phytoremediation has a great role to play in the remediation of industrial waste

water.
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