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Abstract
Heavy metals and other inorganic and organic pollutants contaminate soil and water.  This causes ecological
imbalances leading to major environmental problems and pose a threat to human health.  The conventional
methods to cleanup such polluted sites are very costly and sometimes impractical as they are environmentally
disturbing and limited to smaller polluted sites.  Studies indicate that phytoremediation, an emerging
technology that uses plants to clean up pollution, could be a better alternative to conventional methods as
it is cost effective, environmentally nonintrusive, and can be used to remediate larger polluted sites. The
basis of phytoremediation, an innovative and a promising technology, is pollutant uptake by plants.   This
paper focuses on understanding and applications of phytoremediation based on the existing information in
this emerging field of science.
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1.0 Introduction

The term phytoremediation is derived from the words
“phyto”, meaning plant, and “remediation”, meaning
to amend vice.  Phytoremediation is a natural process
that uses plants to remove heavy metals (metals with
an atomic number > 20, such as cadmium, copper,
lead, zinc, etc.) and various inorganic and organic
pollutants from soil and water.  These pollutants are
present in the soil as natural components, and also
as a result of human activities such as mining, fossil
fuel burning, energy and fuel production, fertilizer
and pesticide usage in agriculture, industrial waste
disposal, etc. Such activities introduce hazardous
pollutants into the environment (Salt et al., 1995;
Zaman, 2003; Park et al., 2012; Lee, 2013).
Pollutants accumulated in the soil eventually
contaminate ground water and become hazardous
to human health.

Plants growing in contaminated soils may absorb
pollutants into their tissues.  Once translocated into
the plant tissues, organic contaminants are mostly
broken down into non-hazardous substances and
the inorganic contaminants are concentrated within
the plant body.  Consumption of such polluted plants
by herbivorous animals introduces contaminants into

the food chain.  Soil contaminants such as copper
(Cu), zinc (Zn), nickel (Ni), aluminum (Al), cadmium
(Cd), lead (Pb), cobalt (Co), chromium (Cr),
mercury (Hg), and other heavy metals have been
proven to cause hazardous effects in animals and
humans (Adriano, 1992; Klimisch, 1993; Jarup et
al., 1998; Salt et al., 1998; ATSDR, 1999; Aykin-
Burns, 2003; Endo, 2003, Addae et al., 2010;
Shumaker et al., 2011).  Environmental policies
mandate that such metal contaminated sites must be
remediated before any public use. The most common
soil remediation methods are soil venting, washing,
chemical treatment, and excavation and burial.  Such
methods are not practical for large areas, as they
are extremely expensive, costing $0.6 – 3.0 million
to clean-up one hectare to a depth of one meter
depending on the type and intensity of the pollution
(Moffat, 1995).  It is needless to point out that these
processes not only dramatically disturb the landscape
(Lasat, 2002), but also pose a grave threat to the
ecosystem.  Plummer (1997) had estimated that it
would cost about $12 million to clean-up a 10-acre
Pb contaminated land using conventional
remediation, versus only $500,000 using
phytoremediation.  Brown (1995) projected that
between 1995 and 2000, the United States would
be spending an estimated $42-billion in cleaning up



sites contaminated with metals, organic, and inorganic
contaminants using conventional methods.
Therefore, remediation methods that are cost-
effective, environmentally friendly, and aesthetically
pleasing have the potential for becoming a good
substitute to environmental remediation methods
currently in use.

Some plant species, such as members of brassica
family, have the unique ability to tolerate, take up,
and hyperaccumulate heavy metals from the soil
through their roots and concentrate them in their
stems, roots, and leaves (Moffat, 1995; Dudka et
al., 1996; Brown et al., 1996; Pitchell et al., 1999;
Zaman et al., 2003, Marques et al., 2009; Park et
al., 2012; Wang et al., 2012).  These are the ideal
plants for phytoremediation of contaminated soils.
Even though, the concept of phytoremediation was
formally introduced by Rufus Chaney of the United
States Department of Agriculture in 1983, the use
of phytoremediation has been recognized for over
300 years (Lasat, 2000).   Plants capable of
accumulating high levels of zinc, selenium, and nickel
(Byers, 1935; Minguzzi and Vergnano, 1948) have
been reported earlier.  Following Chaney’s
introduction in 1983, it took almost a decade for
the broader scientific community to understand the
potential of phytoremediation, and at present, this
subject matter has created a wide interest within the
scientific, business, and the regulatory communities
(Zaman, 2003).

Phytoremediation  uses vegetation to remove,
accumulate, degrade, contain, or immobilize harmful
environmental pollutants from soil or water, and
plants that can accumulate such contaminants in high
concentrations, are the hyperaccumulators.
Hyperaccumulation has been defined as a plant’s
ability to accumulate metals at levels 100-fold greater
in the shoot tissue as compared to the common
nonaccumulator plants (Lasat, 2002).  According
to Baker et al. (2000), a typical hyperaccumulator
should bioaccumulate at least 10 ppm Hg; 100 ppm
Cd; 1000 ppm Co, Cr, Cu, and Pb; 10000 ppm
Zn, and Ni.

Hyperaccumulator plant species are able to tolerate
soil metal toxicity while carrying out their normal
physiological processes.  According to Rufus Chaney
(1983), ideal hyperaccumulator plants should be fast
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growing, easy to harvest, deep rooted, with larger
biomass, and able to retain their leaves so that the
leaves can be harvested along with the plant stem
(Becker, 2000).  And according to Clemens et al.
(2002), an ideal phytoremediator is a plant that
grows fast, creates large biomass, and is equipped
with an extensive root system.  Since such an ideal
hyperaccumulators are yet to be found in the nature,
development of transgenic plant species using genetic
engineering technology, could make this wish a reality.

Following completing the natural growth processes
in contaminated soils, plant parts can be harvested,
compacted, and incinerated.  This will minimize the
volume of the waste which can be disposed of
properly at hazardous waste sites, or incinerated
products containing high concentrations of metals
may be used as bio-ore.  Such incinerated products
may yield 30 to 40 percent metals and can be
considered as high-grade ore (Becker, 2000).

The acceptance of phytoremediation is evolving as
scientists are gradually discovering its versatility.  It
is a novel approach with a great potential to serve
as a cost effective, sustained, nonintrusive, and
ecologically responsible green technology to
remediate contaminated soils and water.  It promises
to be a safe alternative to conventional cleanup
techniques.

2.0 Areas of Phytoremediation

Phytoremediation occurs through composite
interactions between plants, soil, and the soil
microbes.  Based on applications, it can be divided
into the following areas (as shown in Figure 1):

· Phytoextraction or Phytoaccumulation:
Plants absorb contaminants from the soil
through the roots, and bioconcentrate them
in the plant tissues.  Plants suitable for
phytoextraction are able to tolerate high level
of contaminants in the soil.  Such plants with
a higher biomass (such as poplar) should
be able to accumulate larger quantities of
the pollutants (Targeted media: Soil).

· Rhizofiltration: This is the process of
uptaking inorganic contaminants dissolved
in water through the plant roots.  Plants that
are suitable for rhizofiltration, typically have
rapidly growing and prominent root systems



their extensive root systems can reach
greater areas as compared to smaller plants
(Targeted media: Soils, groundwater, mine
tailings).

· Phytohydraulics: This process contains
contaminant migration within the soils by
creating a hydraulic barrier.  These plants
establish a dense root mass that reaches
down toward the water table and takes up
large quantities of water (e.g. 50 – 300
gallons for poplar trees).  This upward water
movement decreases the tendency of surface
contaminants to move toward the
groundwater and into drinking water
(Targeted medium: Soils).

3.0 Contaminant Mobility

Most phytoremediation studies focus on remediation
of soils contaminated with the most common metal
contaminants such as Cd, Pb, Zn, Cr, etc. and
hazardous organic or inorganic pollutants (Marques
et al., 2009; Ye et al., 2011, Park et al., 2012).
Remediation of soils containing radioactive
compounds is also gaining significant interests
(Becker, 2000; Eapen et al., 2006; Rylott, 2009;
Cerne et al., 2011; Saleh, 2012).  The pollutant
uptake efficacy of plants depends on several factors,
such as the bioavailability of the pollutants to the
plants, plant’s tolerance to pollutant toxicity, transport
mechanism, transpiration rate, concentrations of the
contaminants in the media (soil or water), and the
physicochemical properties of the contaminants and
the media.  In general, only a fraction of soil metal is
readily bioavailable for plant uptake.  The greater
portion of metal exists as insoluble compounds
unavailable for root absorption.   Metals like Zn and
Cd occur primarily as soluble or exchangeable forms
(Pitchel et al., 1999).  Since such metals are more
mobile within the soils and plant tissues, root
absorption and tissue accumulation of these metals
is relatively efficient.  On the other hand, Pb exists
as insoluble precipitates, tends to bind to soil
particles, and therefore, it is largely unavailable for
plant uptake (Pitchel et al., 1999).  Alkaline soils
and soils containing high amounts of clay tend to
hold the metal particles, making metals less
bioavailable for plant uptake.  Sandy or acidic soils
are favorable for phytoabsorption of heavy metals.
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Figure 1: Areas of Phytoremediation

(Targeted media: Surface water and water
pumped through troughs).

· Phytodegradation or Phytotrans-
formation: Plants uptake organic pollutants
such as pesticides, herbicides, hydrocar-
bons, etc. which are then degraded or
metabolized within the plant tissue (Targeted
media: Surface water, groundwater).

· Rhizodegradation or Phytostimulation:
Soil microorganisms play an important role
in this process.  This is performed by the
release of compounds (exudates) by plant
roots that enhance biodegradation of organic
contaminants with the help of soil
microorganisms (Targeted media: Soils,
groundwater within the rhizosphere).

· Phytovolatilization: Plants transport
organic contaminants to their leaves that
transpire, evaporate, or volatize the
contaminants into the atmosphere (Targeted
media: Soils, groundwater).

· Phytostabilization: This is the use of plants
to limit the contaminant movement in the
environment.  Barren lands are more
susceptible to erosion and leaching and this
spreads contaminants in the environment.
Planting pollutant tolerant plant species in
such soils will help stabilize the soil and limit
pollution movement.  Trees are ideal for
phytostabilization as they are perennial and



Several external factors may also influence
bioavailability of pollutants for plant uptake.   Plants
can stimulate bioavailability of soil pollutants by
secreting exudes in the rhizosphere (Fushiya et al.,
1982; Takagi et al., 1984; Bienfait et al., 1982;
Chekol et al., 2004; Hernandez-Ortega et al.,
2012).  Application of organic citrate to soils greatly
increases the bioavailability and absorption of
uranium (U) by plants.  Citrate application was
shown to enhance plant tissue U concentration to
over 2,000 ppm - 100 times higher than the control
plants (Becker, 2000).  Cesium (Cs)-137 is not
readily bioavailable, but ammonium was found to
be effective in dissolving Cs-137 in soils.  Electrical
charges in cell membranes prevent free movement
of metals through plant roots.  Thus, metal ion
transport through roots is mediated by membrane
proteins (Lasat, 2002).

Roots either accumulate the metal ions or translocate
them to the shoot.  Probably, such translocation
occurs through the xylem and then the redistribution
of ions within the shoot occurs through the phloem.
The use of metal chelating agents may enhance the
movement of such metal ions through the xylem cell
walls (Salt et al., 1995).  The use of chelating agents
in phytoremediation has been reported by many
investigators (Zaman et al., 2003; Ehsan et al.,
2007).

When an organic pollutant is taken up, plants can
mineralize the chemical to carbon dioxide and water,
volatilize the chemical, or store the chemical in plant
structures (Schnoor et al., 1995).  Plant release of
exudates (acids, alcohols, and sugars) to the root-
soil environment also helps degrade the organic
chemicals.  Roots harbor mycorrhizae fungi.  These
fungi have enzymatic pathways to degrade organic
pollutants.  Plant exudates stimulate bacterial
transformation and build up organic carbon in the
rhizosphere.  The decay of fine roots is also another
source of carbon.  Organic carbon in the soil
enhances microbial mineralization and retards
transport of contaminants in the groundwater
(Anderson et al., 1993).  Increased microbial habitat
surrounding the roots also increases the soil oxygen
available to the roots.  Typical rhizosphere
communities contain 5 x 106 bacteria, 9 x 105
actinomycetes, and 2 x 103 fungi per gram of air-
dried soil (Schnoor et al., 1995).

Studies suggest that certain genes may regulate the
uptake and accumulation of pollutants in plants (Rugh
et al., 1998; Suh et al., 1998, French et al., 1999;
Becker, 2000; Song et al., 2003; Rugh, 2004; Afzal
et al., 2011).  These genes may control processes
that enhance the solubility of metals in the root-soil
environment.   Transport proteins help move metals
into root cells and then the plant vascular systems
help movement of metals within the plants.   A study
involving cloning of a zinc transport gene suggested
that metal transport may be regulated differently in
normal and hyperaccumulator plants (Becker, 2000).

4.0 Advantages of Phytoremediation

· It is a highly cost effective method as
compared to the conventional remediation
techniques.  According to Lee (2013), it is
50 – 80%, or even less of the cost of the
current conventional methods.

· It is aesthetically pleasing, nonintrusive to the
environment, and thus friendly to the
ecosystem.

· Plant roots stabilize the soil, reduce soil
erosion, and thus prevent contaminant
migration.

· As roots absorb water and nutrient from the
soil, downward movement of chemicals by
percolation is reduced and that reduces
groundwater contamination.

· Plants help to increase the amount of organic
carbon in the soil.  This helps stabilize soil
contaminants and thus limits contaminant
movement.

· There is a potential of the recovery and reuse
of valuable metals from harvested plants.

4.1 Limitations of Phytoremediation
· This is a time consuming method as

compared to conventional soil remediation
processes.

· It appears to be most effective at sites with
shallow contaminated soils.

· Phytoremediation is a challenging process
for hydrophobic pollutants that are tightly
bound to the soil particles.

· Plant enzymes and exudates in the root-soil
environment enhance degradation of organic
pollutants.   Some of these degraded
compounds may migrate off site due to their
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high mobility even before they are absorbed
through the plant root system.

· Toxic pollutants absorbed in plant tissues
may enter food chain and pose potential
health risks.

· Seasonal conditions and climate can interfere
with plant growth.

· Toxicity of contaminants may interfere with
plant growth.

5.0 Conclusion

Phytoremediation of contaminated soil and water is
an evolving, fascinating, promising, but challenging
area of science.   Despite its potential, the
progression of phytoremediation to become a
commercially available technology is taking an
unpredictably longer time.  This is mainly because
of our limited understanding of the plant mechanisms
that allow the hyperaccumulators to absorb and
bioaccumulate contaminants, and the complex
interactions between the plant root system,
contaminants, soil microbes, and physical and
chemical properties of the soil matrix.  The other
reason for such delay is the limited availability of
hyperaccumulators with larger biomass.  Hopefully,
development of transgenic plants (Rugh, 2004; Epen
and D’Souza, 2005; Dowling and Doty, 2009; Rylott
and Bruce, 2009) will help us to develop
hyperaccumulators with elaborate root system and
significant biomass.

Each cleanup condition distinctive by specific
ecological condition will require different
hyperaccumulator plant species, adapted to that
particular environmental condition.  According to
Clemens et al. (2002), an ideal phytoremediator is
a plant that grows fast, creates large biomass, and is
equipped with an extensive root system.  Since the
natural phytoremediators often lack these qualities,
scientists are focusing on developing bioengineered
plants to fit the requirements of different cleanup
conditions (Rugh, et al., 1998; Abhilash et al.,
2009; French et al., 1999; Bizily et al., 2000;
Grichko et al., 2000).  With the further advancement
of transgenic biotechnology, it is expected that in
the near future, genetically modified
hyperaccumulator plant species with tolerance to high
levels of pollutants and adaptations to varied
environmental conditions, will be commercially avai-

lable. In addition to transgenic modification of plants,
researchers are also concentrating on the processes
that can enhance the pollutant bioavailability in the
soil and water to enhance plant uptake of the
pollutants (Kirkham, 2000; Wu et al., 2000; Ehsan
et al., 2007).

Phytoremediation is an emerging and promising
green technology.  In the beginning, most researchers
focused on remediation of sites polluted with heavy
metals.  Gradually their focus included other inorganic
and organic pollutants, and recently, remediation of
sites with radioactive wastes have gained a lot of
interest. Most of the findings indicate that this is a
novel and feasible technology that holds greater
promise for the future.  However, at present, because
of its current limitations as described earlier, it is not
a remedy for all hazardous waste problems.  This
technology has to be further developed before it can
be commercially available, and with the gradual
involvement of scientists from varied branches of
science and encouragements from entrepreneurs,
commercialization of phytoremediation should not
be far from reality.
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