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In small quantities, certain heavy metals are nutritionally essential for a healthy life. The heavy metals
linked most often to human poisoning are lead, mercury, arsenic and cadmium. Other heavy metals,
including copper, zinc and chromium are actually required by the body in small amounts, but can also
be toxic in larger doses. They have the ability of dissolving in wastewaters and when discharged into
surface waters, they can be concentrated and travel up the food chain. They can also seep into
groundwater, hence contaminating drinking water, thereby harming the consumers of that water. The
enactment of several water legislations and guidelines worldwide coupled with the need for
environmental sustainability has necessitated the need for several stringent regulations for drinking
water supply and wastewater discharge. To achieve unpolluted drinking water distribution and
wastewater discharge, several technologies and processes for heavy metal remediation are currently in
use. This review was therefore aimed at elucidating the major available technologies for heavy metal
remediation in water, with emphasis on their processes and applications. Currently, no one of the
existing technologies for heavy metal remediation (chemical remediation, phytoremediation or
microbial remediation) is without some form of merits and demerits. There is therefore a proposed need
for the utilization of safe and economical multiple/integrated approach for heavy metal remediation. The
application of this may offer enormous public health, environmental and cost benefits.
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INTRODUCTION

Heavy metals (elements with an atomic density greater
than 6 g/cm3) are one of the most persistent pollutants 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. Their presence in water is due to
discharges from residential dwellings, groundwater
infiltration and industrial discharges. The discharge of
wastewater containing high concentrations of heavy
metals to receiving water bodies has serious adverse
environmental  effects.  Their  occurrence  and
accumulation in the environment is a result of direct or
indirect human activities, such as rapid industrialization,
urbanization and anthropogenic sources (EPA, 2000;

Hussein et al., 2005; Gardea-Torresdey et al., 2005;
Martin-Gonzalez et al., 2006).

Heavy metal pollution is a global issue, although
severity and levels of pollution differs from place to place.
At least 20 metals are classified as toxic with half of them
emitted into environment in concentrations that pose
great risks to human health. The common heavy metals
that have been identified in polluted water include
arsenic, copper, cadmium, lead, chromium, nickel
mercury and zinc. The release of these metals without
proper treatment poses a significant threat to public
health because of their persistence, biomagnification and
accumulation in food chain. Severe effects include
reduced growth and development, cancer, organ
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Table 1. Main effect of heavy metals in plants.

Metal Effects

Cadmium (Cd)
Chromium (Cr)
damage

Copper (Cu)

area
Mercury (Hg)
and proline
Nickel (Ni)
enzymes; increases free amino acids
Lead (Pb)
Zinc (Zn)

Decreases seed germination, lipid content, and plant growth; induces phytochelatins production
Decreases enzyme activity and plant growth; produces membrane damage, chlorosis and root

Inhibits photosynthesis, plant growth and reproductive process; decreases thylakoid surface

Decreases photosynthetic activity, water uptake and antioxidant enzymes; accumulates phenol

Reduces seed germination, dry mass accumulation, protein production, chlorophylls and

Reduces chlorophyll production and plant growth; increases superoxide dismutase
Reduces Ni toxicity and seed germination; increases plant growth and ATP/chlorophyll ratio

(Source: Gardea-Torresdey et al., 2005)

damage, nervous system damage, and in extreme cases
death. Exposure to some metals, such as mercury and
lead, may also cause development of autoimmunity, in
which a person's immune system attacks its own cells.
This can lead to joint diseases such as rheumatoid
arthritis, and diseases of the kidneys, circulatory system,
and nervous system (Rajendran et al., 2003; Johnson and
Hallberg, 2005; Silvia et al., 2006; Oelofse et al., 2007).

The danger of heavy metal pollutants in water lies in
two aspects of their impact. Firstly, heavy metals have
the ability to persist in natural ecosystems for an
extended period. Secondly, they have the ability to
accumulate in successive levels of the biological chain,
thereby causing acute and chronic diseases. For
example, cadmium and zinc can lead to acute
gastrointestinal and respiratory damages to brain, heart
and kidney damages (Fuggle, 1983; Nelson and
Campbell, 1991; Nomanbhay and Palanisamy, 2005; Lon
et al., 2008).

The use of domestic and industrial effluents, which may
contain high concentrations of heavy metals on
agricultural lands, is a common practice in some parts of
the world. These toxic metals, when concentrated on
plant tissues can have damaging effects on the plants
themselves and may also pose health hazards to man
and animals (Athar and Ahmad, 2002). Table 1 shows the
main effects of heavy metals on plants. Although copper
contributes to several physiological processes in plants,
including photosynthesis, respiration, carbohy-drate
distribution, nitrogen and cell wall metabolism, seed
production and disease resistance, higher concentration
may account for suppressed root growth and leaf
chlorosis. As an example, excess copper is known to be
highly toxic to sweet potato, with concentrations as low as
5 uM in the root zone being sufficient to cause significant
growth reduction. At concentrations above 20

MM, prevention root growth and death of the transplanted
cutting may result (Alva et al., 1995).

Also, cadmium is reported to be strongly phytotoxic,
disturb enzyme activities and inhibit the DNA-mediated
transformation in microorganisms. It is also known to
interfere in the symbiosis between microbes and plants,
as well as increase plant predisposition to fungal
invasion. Toxicity to plants, microorganisms and aquatic
organisms has been reported in the presence of nickel
and lead (Kuzovkina et al., 2004; Boonyapookana et al.,
2005; Khan and Moheman, 2006; Jada and Fulekar,
20009).

With the enactment of several water legislations and
guidelines worldwide (South Africa Water Act, US Clean
Water Act, Australian Water Quality Guidelines, etc)
coupled with the need for environmental sustainability
(Goal 7 of the Millennium Development Goals), several
stringent levels of water quality in domestic and industrial
water and wastewater are required (Holtzman, 1994;
Pivetz, 2001). Because heavy metal pollution affects the
quality of drinking water supply and wastewater
discharge, great efforts have been made in the last two
decades to reduce pollution sources and remedy polluted
water resources. This paper was therefore aimed at
reviewing the different technologies with emphasis on
processes and applications for the remediation of heavy
metals pollutants in drinking water and wastewater
treatment systems.

PHYSICOCHEMICAL REMEDIATION PROCESSES
AND APPLICATIONS

The common physicochemical treatment processes for
metal remediation in water include: Precipitation, ion



exchange and reverse osmosis.

Chemical precipitation

This is a widely used technology for the removal of heavy
metals from water. It has long been the primary method
of treating metal-laden industrial wastewater. The
process involves the transformation of dissolved
contaminants into insoluble solids, thereby facilitating the
contaminant’s subsequent removal from the liquid phase
by physical methods, such as clarification and filtration
(NEESA, 1993; Nomanbhay and Palanisamy, 2005). In a
precipitation process, chemical precipitants (also known
as coagulants and flocculants) are used to increase
particle size through aggregation. The amount of
chemical that is required during treatment is dependent
on pH and alkalinity of the water. Usually, heavy metals in
water are precipitated by adding sodium hydroxide or
lime during neutralization. However, the results of this
process are far from satisfying in many cases. A
complete hydroxide precipitation does not take place
especially in the presence of complexing agents (NEESA,
1993; EPA, 2000; Xu and Xu, 2008).

The precipitation of heavy metals in water has been
practiced as a prime method of treatment in industrial
waters for many years. Chemical treatment of
contaminated groundwater to remediate heavy metals
has been performed in column and pilot scale
experiments. In one such study, granulated lime and
calcium carbonate were used as coagulants (Lee et al.,
2007). In the result, through the use of granulated lime as
coagulant, more than 98% of arsenic and nickel were
removed from artificially contaminated water. On the
other hand, with granulated calcium carbonate, the
removal efficiencies of arsenic and nickel were more than
97% but arsenic removal efficiency was lower than 5%
(Lee et al., 2007). Furthermore, some investigators have
developed and selectively used 1, 3-
benzenedaimidoethathiol dianion (commercially known as
Metx) to irreversibly bind soft heavy metals in agueous
solution. In a study by Matlock et al. (2002), Metx was
found to remove over 90% of several toxic heavy metals
from acid mine drainage samples. At pH 4.5, the
concentrations of metals such as iron were found to be
reduced from 194 ppm to below 0.009 ppm.

A combination of precipitation with other chemical
treatment techniques, such as ion exchange has been
reported to be effective in heavy metal removal in
polluted waters. In South Africa, acid mine water from
gold mine has been treated by the precipitation of heavy
metals with lime and sulphides, followed by ion
exchange. The process was reported to generate very
pure water from acid mine water with a great flexibility
and an acceptable cost. In the report, the oxidation and
precipitation of heavy metals with lime and subsequent
sulphide-carrier magnetic separation was observed to be
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particularly suitable for the removal of heavy metal ions
from the effluent of the particular gold mine that was
investigated (Feng et al., 2000).

Precipitation with sulfide is reported to be the most
efficient precipitation technique. This is because of its low
solubility to destabilize soluble complexes. The simplest
sulfur compounds are sodium sulfide salts (Na2S and
NaSH). Despite their simplicity, they are not
recommended for use since they release toxic when pH
is acidic, hence presenting great risks in case of
accidental release or over-dosages. The best suggested
alternative to the traditional sulfide treatment is the
dithiocarbonate precipitation (METALSORB, 2004).

Chemical precipitation of metals can be justified by their
low costs and can be performed by a simple pH
adjustment. Other advantages include:

1. It is a well-established technology with
availability of equipment and many chemicals.

2. Because it is a completely enclosed system, it is
convenient, self-operating and requires low maintenance
since only replenishment of chemicals is needed, with no
need for sophisticated operators.

ready

Despite the above advantages, chemical precipitation of
metals in water still has the following disadvantages:

1. The precipitates are in the form of light tiny flocs
requiring an extra coagulation/flocculation.

2. Large volumes of sludge are generated, inducing
additional waste-disposal costs. The addition of treatment
chemicals may increase the waste sludge up to 50%
(EPA, 2000).

3. Regulation requirements are not always met using
hydroxide and carbonate precipitation alone. Each
dissolved metal has its own distinct pH level for maximum
hydroxide precipitation.

4. Because metal hydroxides are increasingly soluble
above or below their individual maximum precipitation
point, even a slight pH adjustment to precipitate one
metal may put another back into solution.

5. It requires working with corrosive chemicals, thereby
increasing safety concerns.

(EPA, 2000; METALSORB, 2004).

lon exchange

lon exchange is a reversible chemical reaction wherein
an ion from water or wastewater solution is exchanged for
a similarly charged ion attached to an immobile solid
particle. These solid ion exchange particles are either
naturally occurring inorganic zeolites or synthetically
produced organic resins. It is a process that is very
similar to biosorption whereby the latter is known to
actually function predominantly on the basis of ion
exchange. lon exchange uses mainly hydrocarbon-
derived polymeric resins (Vaca et al., 2001; Volesky et
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Figure 1. Schematic oxygen, water, and chemical flows through a woody tree (Schnoor, 1997).

al., 2003). This technique has been successfully used in
the removal of several heavy metals from water. Vaca
and co-workers have reported on the interactions of lead,
cadmium and chromium, when competing for ion-
exchange sites in naturally occurring clinoptilolite. Their
study revealed effective removal of dissolved lead and
cadmium removed within 18 h in batch reactors, with
higher removal efficiencies that was greater than 95% in
the acidic pH range (Vaca et al., 2001).

Reverse osmosis

Reverse Osmosis is a membrane process that acts as a
molecular filter to remove over 99% of all dissolved
minerals. In this process, water passes through the
membrane while the dissolved and particulate matter is
left behind. The process is very effective for removal of
ionic species from solution. The resulting concentrated
by-product solutions make eventual recovery of metals
more feasible.

Despite the effectiveness, the membranes are relatively
expensive both to procure and operate. The use of
elevated pressures makes this technique costly and
sensitive to operating conditions. A significant advantage
of reverse osmosis over other traditional water treatment
technologies is the ability to reduce the concentration of
other ionic contaminants, as well as dissolved organic
compounds (Volesky et al., 2003; Pawlak et al., 2005).
Reverse osmosis had been applied in heavy metal
removal both in small and large scales. For examples, in
a study by Pawlak et al. (2005), when carrying out a pilot
study conducted over a 30-day period on verification
testing of a reverse osmosis membrane module, the total
arsenic concentration in a feed water which was
averaged 60 ppb during the test period was observed to
reduce to an average of 1 ppb in the treated water.

PHYTOREMEDIATION
APPLICATIONS

PROCESSES AND

Phytoremediation is a remediation process that entails
the use of plants to partially or substantially remediate
selected substances in contaminated soil, sludge,
sediment, groundwater, surface water and wastewater. It
is also referred to as green remediation, botano-
remediation, agro-remediation or vegetative remediation
(Pivetz, 2001). Depending on the type of contaminant and
underlying process, phytoremediation is broadly
categorized into the following main areas: phytodegra-
dation/phytotransformation, phytoaccumulation/
phytoextraction, phytostimulation/rhizostimulation, phyto-
volatilization, rhizofiltration and phytostabilisation. The
removal of metal contaminants from water through
phytoremediation occurs by any of three mechanisms:
Phytoextraction, rhizofiltration and phytostabilisation
(Lasat, 2000; UNEP, 2010).

Phytodegradation

Phytodegradation is the degradation or breakdown of
organic contaminants by internal and external metabolic
processes driven by the plant. It involves the use of
plants to uptake, store and degrade contaminants within
its tissue. During the process, plants actually metabolize
and destroy contaminants within their tissues. Some
contaminants can be absorbed by the plant and are then
broken down by plant enzymes (Newman and Reynolds,
2004). As shown in Figure 1, during phytodegradation,
the plants are able to take-up metal contaminants directly
from the soil water or release exudates that help to
degrade pollutants via cometabolism in the rhizophere.
For environmental application, it is vital that the
metabolites which accumulate in vegetation are non-toxic
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Figure 2. Metal uptake and accumulation in plants: (1) metal fraction is sorbed at root surface, (2)
bio-available metal moves across cellular membrane into root cells, (3) fraction of the metal
absorbed into roots is immobilized in the vacuole, (4) intracellular mobile metal crosses cellular
membranes into root vascular tissue (xylem), (5) metal is translocated from the root to aerial

tissues (stems and leaves)] (Lasat, 2000).

or at least significantly less toxic than the parent
compound (Schnoor, 1997).

Phytoextraction

Phytoextraction is a phytoremediation process whereby
plant roots absorb, translocate and store contaminants
along with other nutrients and water. This method is used
primarily for wastes containing metals. Figure 2 shows a
schematic representation of metal uptake and accumu-
lation in plants. Because different plant have varying
abilities to uptake and withstand high levels of pollutants,
many different plants may be used. Metal compounds
that have been successfully phytoextracted include, zinc,
copper, and nickel, but there is promising research being
completed on lead and chromium absorbing plants
(Lasat, 2000; UNEP, 2010). Because of the large
guantities of specific metals hyperaccumulators are able
to accumulate, they have been suggested for
phytoextraction. The process of phytoextraction is known
to be occur either continuously (natural) using hyperaccu-
mulatotrs or induced through the addition of chelates to
increase bioavailability (Utmazian and Wenzel, 2006).

Phytostimulation
During this process, plants release natural substances

through their roots, thereby supplying nutrients to
microorganisms, which in turn enhance biological

degradation (Figure 3). It is a symbiotic relationship
between plants and microorganisms for the degradation
of contaminants (Miller, 1996; Lasat, 2000). During
phytostimulation, there is the release of organic
substances and oxygen by plant roots, which stimulates
microbial activity in the rhizosphere compared to bulk
soils. This leads to increased microbial activity, which in
turn results in a stimulation of natural degradation of
organic contaminants (Meers and Tack, 2004).

Rhizofiltration

This process is similar to phytofiltration. The only
difference is that the plants for remediation are raised in
greenhouses with their roots in water. It is the breakdown
of organic contaminants in water via enhanced microbial
activity in the plant root zone or rhizosphere. The process
is concerned with the remediation of contaminated
groundwater rather than the remediation of polluted soils.
The contaminants are either adsorbed onto the root
surface or are absorbed by the plant roots. Plants used
for this are not planted directly in situ but are first
acclimated to the pollutant (Figure 4) (Miller, 1996; Lasat,
2000). A suitable plant for rhizofiltration applications can
remove toxic metals from solution over an extended
period of time with its rapid-growth root system. A variety
of plant species have been found to be effective in

removing toxic metals such as Cu?*, Cd®* , Cr (6+), Ni%*,

Pb®* and zZn°" from aqueous solutions (EPA, 1998;
Dushenkov and Kapulnic, 2000).
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Figure 4. Schematic representation of an aerated rhizofiltration system (Dushenkov and Kapulnik, 2000).

Phytovolatilization

This process makes use of the ability of a plant to take up
contaminants from the growth matrix and subsequently
transform and volatilise them into the atmosphere through
its leaves. The contaminant may become modified along
the way, as the water travels along the plant's vascular
system from the roots to the leaves, whereby the
contaminants evaporate or volatilize into the air
surrounding the plant (Figure 5). Some of these

contaminants can pass through the plants to the leaves
and volatilize into the atmosphere at comparatively low
concentrations (Ghosh and Singh, 2005). The process of
phytovolatization depends heavily on the physical
characteristics of the contaminant itself. In order to get
into the plant, the contaminant must have the proper
chemistry to pass through the root memebrane. Once
inside the plant it can then be phytovolatized into the
atmosphere through the stomata (Scheper and Tsao,
2003).
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Phytostabilization

Phytostabilization, also referred to as in-place
inactivation, is primarily used for the remediation of sall,
sediment, and sludges (EPA, 2000). It is the use of plant
roots to limit contaminant mobility and bioavailability in
the soil. During the process, contaminant are absorbed
and accumulated by roots, adsorbed onto the roots, or
precipitated in the rhizosphere (Figure 6). When this
happens, there is the prevention of mobility of the
contaminants, hence reducing their availability in the food
chain (Lasat, 2000; Jada and Fulekar, 2009). The
process of phytostabilization depends on the tolerance
ability of a plant to a contaminant. Even if the plant
physically remove little or no contaminant, they are useful

as phytostabilization agents as long as they tolerate and
grow under the contaminanted conditions (Scheper and
Tsao, 2003).

As it is with any technology, phytoremediation has
several advantages and disadvantages. When compared
to conventional remediation processes, the advantages of
phytoremediation include:

1. Economical and low cost technology.

2. Less disruptive to the environment and does not
involve waiting for new plant communities to decolonize
the site.

3. No need for disposal sites, hence reducing risk of
spread of contaminants.

4. More aesthetically pleasing than traditional methods.
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5. Potential to treat sites polluted with more than one type
of pollutant.

Despite the above advantages, some of the
disadvantages include:

1. Dependent on the growing conditions (climate,
geology, altitude, temperature) required by the plant,
hence success depends on tolerance of the plant to the
pollutant.

2. Requires access to agricultural equipment and
knowledge to operate at large scale.

3. Risk of release of contaminants collected in senescing
tissues being released back into the environment.

4. Contaminants may be collected in woody tissues used
as fuel.

5. Since it is dependent on plant growth, when compared
to other technologies, remediation time is long.

6. Possibility for environmental damage due to leaching
of soluble contaminants.

7. Because of shallowness of plant roots, there is the
problem of depth limitation, hence effectiveness can only
be achieved within zone of influence of plant roots
(Hinchman and Negri, 1997; Pivetz, 2001; Gardea-
Torresdey et al., 2005).

Since phytoremediation is known to be more cost-
effective and have fewer side effects than physical and
chemical approaches, it has gained increasing popularity
in both academic and practical circles. Studies have
demonstrated that plants such as Brassica juncea,
Salsola kali, and Prosopis species cultivated in
hydroponics and agar are able to uptake significant
amounts of heavy metals, which indicates their possible
utilization in phytoremediation processes. Also, a wide
variety of plants have demonstrated the ability to grow
and uptake heavy metals from severely polluted sites.
Several species of Thlaspi, B. juncea, Salix spp., and
Populus species have been tested for remediation ability
in pilot studies or are currently in commercial application.
Researchers have also realized that phytoextraction can
be used for the recovery of precious metals such as gold,
silver, platinum, and palladium, which indicates the wide
possibilities of the phytoremediation technology with
regards to mining (Gardea -Torresdey et al., 2005).
Presently, over 400 species of plant are identified to
have potential for remediation of water sources (Lone et
al., 2008) . The ability of water hyacinth (Eichhornia
crassipes) to absorb and translocate cadmium lead,
copper, zinc, and nickel in wetlands has been
investigated by Liao and Chang (2004) . They defined
translocation ability as the quantity of copper, lead,
cadmium, nickel, and zinc translocated in the plant’s
tissues, which was expressed as a root/shoot ratio. The
ratio results they obtained were in the order of
copper>lead>cadmium>nickel>zinc. In their investigation,
water hyacinth plants had a high bio-concentration of

these trace elements when grown in water environments
with low concentrations of the five elements. Their result
revealed that, the concentration of these five elements in
the roots was 3 tol5 times higher than those in the
shoots. The concentrations in the root tissue were found
in the order of copper>zinc>nickel>lead>cadmium. Also,
the absorption capacity for water hyacinth was estimated
at 0.24 kg/ha for cadmium, 5.42 kg/ha for lead, 21.62
kg/ha for copper, 26.17 kg/ha for zinc, and 13.46 kg/ha
for nickel (Liao and Chang, 2004).

In addition, phytoremediation of heavy metal in water
accumulated by aquatic macrophytes have been
investigated in recent years (Kumar, 2008). The study
used roots, stems and leaves of native aquatic plants
(biomonitors) represented by seven species: Ipomoea
aquatica, Eichhornia crassipes, Typha angustata,
Echinochloa colonum, Hydrilla verticillata, Nelumbo
nucifera and Vallisneria spiralis L. The result showed
greatest and lowest accumulation of heavy metals in N.
nucifera and E. colonum, respectively. The detected
values of cadmium and lead fall within normal range,
while that of cobalt and nickel were within the critical
range. However, zinc and copper showed the highest
accumulation with alarming toxicity levels (Kumar et al.,
2008).

MICROBIAL REMEDIATION
APPLICATIONS

PROCESSES AND

Microbial bioremediation is defined as the process by
which microorganisms are stimulated to rapidly degrade
hazardous organic contaminants to environmentally safe
levels in soils, subsurface materials, water, sludge, and
residues. Microbes deal with poisonous chemicals by
applying enzymes to convert one chemical into another
form and taking energy or utilizable matter from this
process. The chemical transformations generally involve
breaking of large molecules into several small molecules
in simpler form. In view of the interest in water and
wastewater treatment, the response of microorganisms
towards toxic heavy metals is of importance. In some
cases the by- products of microbial remediation are not
only harmless but may prove useful (Gupta et al., 2003).

Microbial activity is thought to play a key role in the
detoxification of metals in water. For example,
wastewater treatment systems are known to rely on
microbes to perform the function of the breakdown of
sewage influent. The microbes live in the sludge of the
treatment plants, digest the solids and breakdown various
compounds. As these microbes are living organisms, they
require certain nutrients and environments to survive,
multiply and perform. In any wastewater treatment
system there is a vast array of microbes present, that is
aerobic, anaerobic and facultative, each performing
specific functions in their respective parts of the system.
Each of these microbial species has a



tolerance of ecological minimums and maximums with
regard to various conditions such as pH, temperature,
dissolved oxygen levels and nutrient levels (Kosolapov et
al., 2004).

Studies on the interactions of microorganisms with
heavy metals have had increasing interest in recent
years. Some of these studies have dealt on elucidation of
different metal resistance mechanisms, interactions and
processes, especially those used by bacteria, protozoa
and fungi. The cost effective and eco-friendly newer
biotechnological processes viz. bioremediation and bio-
beneficiation through microbial metal re-absorption have
been widely accepted. Bioleaching/biosolubilization of
metal sulfide ores is an ideal alternative for the mitigation
of pollution even at mining sites. It has been found that
maximum rates and yields of metal extraction can be
enhanced at elevated temperatures. There is however
the ultimate is that there is a need to search such metal
tolerant, metal absorbent as well as moderate
thermophilic acidophilic organisms for biogeotechnolo-
gical applications (Martin-Gonzalez et al., 2006; Umrania,
20086).

Microbial metal uptake can either occur actively
(bioaccumulation) and/or passively (biosorption). Studies
conducted in large-scale systems have shown that,
biosorptive processes are more applicable than the
bioaccumulative processes. This is because living
systems (active uptake) often require the addition of
nutrients and hence increase biological oxygen demand
or chemical oxygen demand in the effluent (Hussein et
al., 2005). On the other hand, biosorption is reported to
be quite effective for the removal of metal ions from
contaminated solution in low cost and environmental
friendly manner (Rani et al., 2009). Since immobilised
microorganisms provide a potential system for the
treatment of metal contaminated waters, the efficiency of
rotating biological contactors in the treatment of waters
contaminated with cadmium, copper and zinc in multiple
sorption—desorption cycles have been investigated. In
rotating biological contactors, metals are removed by
biosorption onto the microbial biofilm and the metal-
loaded biomass may either be periodically removed for
controlled disposal or suitably treated to recover sorbed
metals such that the biofilm may be reused in multiple
cycles (Hutchins et al., 1986; Costley and Wallis, 2001).

Different species of bacteria, fungi and protozoa have
been reported to show resistance to high concentrations
of heavy metals in wastewaters (Munner, 2005). Studies
have shown that these potential microbial consortia are
versatile for remediation of heavy metals contaminated
water and wastewater, thus have high significance for
environmental cleanup. Several scales-up process
technigues have been used to expose them at varying
concentrations of heavy metals. The study carried out by
Sharma et al. (2000) revealed that Klebsiella pneumoniae
has potential to bioaccumulate heavy metals at high
concentrations (15 mM), thus showing the potential of

Francois and Candice 117

this bacterium in remediating heavy metals from
contaminated environment.

Also, the survival of Euplotes mutabilis (a ciliate
protozoa) in industrial wastewater containing high
concentrations of heavy metals (cadmium, lead copper
and chromium) have been evaluated in the past (Rehman
et al, 2008). In their report, Rehman et al. (2008)
observed that the ciliate, E. mutabilis showed tolerance
against cadmium (22 gml_1), chromium (60 gml_1), lead
(75 gml_1) and copper (22 gml_1). In addition, it was
observed that after 96 h inoculation of the E. mutabilis in
the medium containing 10 gml_1 of metal ions, the live
protozoan could remove 97% of lead and 98% of
chromium from the medium. The acid digestion of ciliate
revealed 89% of lead and 93% of chromium ions being
accumulated in the organism. In general, the metal
uptake ability of E. mutabilis, was evidenced by its
survival and growth in water containing 10 gml_1 of metal
ions. By using the heat- killed organism, no metal uptake
was observed (Rehman et al., 2008).

Similarly, the remediation of aqueous lead and
cadmium ions by the fungus Fusarium oxysporum have
been investigated in the past (Sanyal et al., 2005). In the
report of Sanyal et al. (2005), it was observed that in the
presence of the F. oxysporum, metal carbonates are
formed by the reaction of the heavy metal ions with
carbon dioxide produced by the fungus during
metabolism, thus providing a completely biological
method for production of crystals of metal carbonates.
The major advantage of this approach is that the reaction
leads to detoxification of the aqueous solution and could
have immense potential for bioremediation of heavy
metals. Under conditions of their study, the metal ions
were not observed to be toxic to the fungus, which readily
grows after exposure to the metal ions (Sanyal et al.,
2005).

Furthermore, the use of immobilized non-living algae
biomass (bioresins) for the stripping of metals from
solution has also been studied (Brown, 1996). In a study,
which involved a bench-scale setup, cultures of algae
biomass were isolated and sufficient material to produce
bioresins was generated. A total of four bioresin materials
were tested, including materials derived from two different
species of microalgae. In the result, bioresins derived
from one biomass type were found to be highly effective
in binding copper, nickel and lead ions in water (Brown,
1996).

As mentioned in chemical remediation and phytoreme-
diation processes, microbial remediation has several
advantages and disadvantages. Some of the advantages
of microbial remediation include:

1. It uses relatively low-cost, low-technology techniques,
hence requires moderate capital investment. When
compared to other remediation processes, it is fairly
inexpensive.

2. Since it is a natural process, it is environmental safe,
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hence usually perceived by the public as an acceptable
treatment process.

3. It does not generate waste, hence less wasted
groundwater.

4. It is self-sustaining since the microbes able to degrade
the contaminant increase in numbers when the
contaminant is present; and decreases when the
contaminant is degraded.

5. The residues for the treatment are usually harmless
products and include carbon dioxide, water, and cell
biomass.

6. It can be used alongside other technologies.

7. It can be carried out on site, often without causing a
major disruption of normal activities.

Some of the disadvantages are:

1. It is not always suitable, however, as the range of
contaminants on which it is effective is limited, the time
scales involved are relatively long, and the residual
contaminant levels achievable may not always be
appropriate.

2. Bioremediation is limited to those compounds that are
biodegradable. Not all compounds are susceptible to
rapid and complete degradation.

3. There are some concerns that the products of
biodegradation may be more persistent or toxic than the
parent compound.

4. Biological processes are often highly specific, since
success is dependent on the presence of metabolically
capable microbial populations, suitable environmental
growth conditions, and appropriate levels of nutrients and
contaminants.

5. It is difficult to extrapolate from bench and pilot-scale
studies to full-scale field operations, for research is
needed to develop and engineer bioremediation
technologies that are appropriate for sites with complex
mixtures of contaminants that are not evenly dispersed in
the environment.

6. Although the methodologies employed are not
technically complex, considerable experience and
expertise may be required to design and implement a
successful bioremediation program, due to the need to
thoroughly assess a site for suitability and to optimize
conditions to achieve a satisfactory result, (Viladi, 2001;
Humar and Pohleven, 2006; Golden Environmental
Services, 2007).

CONCLUSION

Heavy metal contamination of distributed water and
discharged wastewater is a constant area of concern.
Nationally and internationally, there is the challenge to
remediate hazardous metal-containing water and
wastewater. The removal of heavy metals from domestic
and industrial waters has become an important
application in water and wastewater treatment systems.
This is because legislations and guidelines have created

strict distribution and discharge limits, which has
compelled plants to add or upgrade metal removal
processes.

The minimization of the health and environmental
impacts of the presence of heavy metals in aquatic
systems requires the application of different treatment
processes. This has necessitated the need for economi-
cally viable and effective technologies, in order to supply
safe drinking water and discharge wastewater that
preserves precious natural resources and biological lives.
At present, no single technology for heavy metal
remediation (chemical remediation, phytoremediation or
microbial remediation) is without some form of merits and
demerits.

Due to the enormous benefits and drawbacks of each
of the existing remediation technologies/processes, there
is a need for the implementation of an integrated
remediation technology/multiple technology which can
have great potential. This can be attained through further
heavy metal remediation research, which will help to
enhance decisions that are science-based. To achieve a
safe and economically viable remediation option for
heavy metals in water and wastewater systems, there is
need to review and assess the current costs and market
share of the established remediation processes. The
application of this may offer enormous environmental
public health and cost benefits.
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