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Abstract
Heavy metals are released into waterways due to various anthropogenic activities. Their treatment is of
special importance, since heavy metals are nonbiodegradable and persist in the environment posing a threat to
the biota due to their toxic nature. In this chapter, the current methods that have been used to remove and/or
detoxify heavy metals in aquatic environments are reviewed with specific emphasis on microalgae. A literature
survey indicates microalgae have developed a wide spectrum of absorption (extracellular) and adsorption
(intracellular) mechanisms for coping with heavy metal toxicity. The potential of prokaryotic and eukaryotic
microalgae living cells or their dead cell biomass in comparison to currently available physicochemical
processes aimed at removing toxic heavy metals is discussed. Also addressed are the mandatory requirements
to bring this heavy metal removal potential to an applicable, commercial stage.
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32.1 INTRODUCTION

Metals are elements that occur naturally in rocks in rela-
tively low concentrations. They have useful properties and
are important components in our daily life. Metals and met-
alloids comprise about 75% of the known elements. Only
H, B, C, N, P, O, S, halogens, and noble gases are not
included in this category. Based on chemical and physical
properties (the chemical approach), metals have been clas-
sified as light, heavy, and metalloids (semi-metals). The
term heavy metals is widely used and refers to metals and
metalloids with an atomic density greater than 5 g cm–3.
Sometimes the term toxic heavy metals is used to empha-
size the impact of these elements on the environment and
more specifically on their effect on the biota (the biological

approach). Since heavy metals exert toxic effects on liv-
ing organisms, they are termed toxic heavy metals. Some
of the heavy metals, such as copper, nickel, and zinc, are,
at very low concentrations, essential for life (also termed
microelements or trace elements) because they play impor-
tant roles in metabolic processes taking place in living cells
(Gadd, 1993). However, elevated levels of these metal ions
are toxic to most prokaryotic and eukaryotic organisms.
Other heavy metals such as cadmium, lead, and mercury
are nonessential and are known to cause severe damage in
organisms even at very low concentrations. Metals in the
environment occur in different chemical forms (metal spe-
ciation): as ions dissolved in water, as vapors, or as salts or
minerals in rocks, sand, and soils. They can also be bound
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in organic or inorganic molecules or attached to particles
in the air (Raspor, 1991; Wedepohl, 1991). The chemical
form of a metal in the environment is constantly changing
due to a wide spectrum of dynamic biochemical processes.
The latter are influenced by biotic (interactions with living
organisms, e.g., microorganisms, plants, and animals) and
abiotic factors (e.g., temperature, pH, organic matter, and
ionic strength) (Hafeburg & Kohe, 2007). Metal speciation
(chemical forms) is determining metals solubility, mobil-
ity, availability, and toxicity. It is generally accepted that for
most metals the free ion is the species’ most toxic to aquatic
life (Sunda & Guillard, 1976; Anderson & Morel, 1978).
Some organic forms such as methyl-mercury are taken
up very efficiently by living organisms. It is more toxic
than other mercury species (George, 1991). A wide range
of anthropogenic activities contribute to the discharge of
heavy metals to the environment, for example, intensive
agriculture, metallurgy, energy production, and microelec-
tronic and sewage sludge. Heavy metals are stable and
persistent environmental contaminants since they cannot
be degraded or destroyed. Therefore, their toxicity poses
major environmental and health problems and requires a
constant search for efficient, cost-effective technologies for
detoxification of metal-contaminated sites.

32.2 HEAVY METALS IN THE
AQUATIC SYSTEM

In the aquatic environment metallic elements may
be present in a number of different chemical forms
(species), distributed between the sediment and the solution
(Florence & Batley, 1980; Foster & Wittman, 1981;
Raspor, 1991). Metals may be present in the sediment
as insoluble inorganic complexes, as suspended particles,
or in association with organic colloids. In solution, met-
als may be present as free metal ions, and as organic
and inorganic complexes. The equilibrium among all these
metal species is interchangeable and depends on such envi-
ronmental factors as temperature, pH, and alkalinity as
well as on the biota thriving in the water (Canterford &
Canterford, 1980; Peterson, 1982). A scheme illustrating
the possible interactions among the various metal forms in
an aquatic environment is presented in Figure 32.1. Biolog-
ical availability of trace metals either as required nutrient
(e.g., iron and zinc) or as toxicant (e.g., cadmium and lead)
is dependent on its chemical form (Barber, 1973). Since
in most cases the free metal ions, which are the bioavail-
able forms, are the most toxic species (Sunda & Guillard,
1976; Anderson & Morel, 1978; Gachter et al., 1978; Hud-
son, 1998), any process that accelerates their transformation
into bound forms results in a reduction of toxicity to the
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Figure 32.1. Schematic representation of possible
metallic forms in an aquatic ecosystem. (From
Kaplan, D. (2004). Reproduced with permission of
John Wiley & Sons.)

biota (Butler et al., 1980; Canterford & Canterford, 1980;
Peterson, 1982).

32.3 MICROALGAL RESPONSE TO HEAVY
METALS STRESS

Microalgae are very sensitive to changes in their environ-
ment. In response to trace levels in the concentration to
various organic and inorganic pollutants including heavy
metals, changes take place in their overall metabolism.
Microalgae are therefore often used as biological sen-
sors for detecting potential toxic effects of heavy metals
(Torres et al., 2000 and references therein; Chouteau et al.,
2004; Durrieu et al., 2011). Microalgal biosensors harbor-
ing various algal species, chlorophyta, cyanobacteria, and
diatoms, are described in a recent review and the advan-
tages of such biosensors, in comparison to physical and
chemical analyses, are discussed (Brayner et al., 2011).
Toxic effects may be caused by a number of mechanisms:
(a) the blocking of functional groups of biologically impor-
tant molecules (e.g., enzymes and transport systems for
essential nutrients and ions); (b) the displacement and/or
substitution of essential metal ions from biomolecules
and functional cellular units; and (c) induction of cellular
generation of reactive oxygen species (ROS), including
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superoxide anion, hydrogen peroxide, singlet oxygen, and
hydroxyl radical. High levels of ROS can oxidize proteins,
lipids, and nucleic acids. This may result in modification
and inactivation of enzymes as well as disruption of cellular
and organellar membrane integrity (Mallick & Rai, 1992;
Rai et al., 1994; Halliwell & Gutteridge, 1999; Sharma &
Dietz, 2009). Clearly, toxic metals have the potential to
interfere with a wide spectrum of activities in living organ-
isms. Almost every aspect of their metabolism, growth,
and differentiation may be affected. Some prokaryotic and
eukaryotic organisms have developed means for rendering
toxic heavy metals to innocuous forms. They possess a
variety of mechanisms to maintain metal homeostasis and
prevent poisoning. Heavy metal resistance in microalgae
as well as in other microorganisms may result from the
ability to prevent uptake (avoidance). This is achieved by
adsorption of toxic metal ions to cell-associated materials
and/or cell wall components (Kaplan et al., 1987a; Xue
et al., 1988; Das et al., 2008; De Philippis & Micheletti,
2009; Naja & Volesky, 2011) or secretion of metal-binding
organic compounds to the surrounding environment (McK-
night & Morel, 1979; Van der Berg et al., 1979; Levy et al.,
2008). In both cases, specificity is rather low and any metal
cation may interact with negatively charged residues of
the organic compounds to form complexes (see Fig. 32.2
for more details). Metal resistance may also result from
the ability to cope with high amounts of heavy metals
inside tissues (tolerance), an active process that involves
the uptake (absorption) and accumulation of the metal
ions inside the cell. Heavy metals enter microalgae cells
via micronutrient transporters (Sunda & Huntsman, 1998
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Figure 32.2. Possible absorption sites contributing
to metal excluding (avoidance) mechanisms.

1 – Diffusion (inactive process); 2 – active uptake via ion transporters; 3 – active efflux 
of free metal ions; 4 – Formation of complexes of the free metal ions with various
organic and/or inorganic compounds in the cytoplasm; 5 – transport to the vacuole and
stored either as free metal ion or as complexes.
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Figure 32.3. Metal ions uptake and detoxification
processes (absorption) occurring inside living cells.

and references therein; Kramer et al., 2007; Arunakumara
& Zhang, 2008). Once in the cell, heavy metal detoxifica-
tion may be achieved by binding to specific intracellular
compounds and/or transport of the metals to specific cel-
lular compartments (Nagano et al., 1984; Heuillit et al.,
1986; Vymazal, 1987; Perales-Vela et al., 2006; Arunaku-
mara & Zhang, 2008). A schematic illustration is presented
in Figure 32.3. A common mechanism for intracellular
metal detoxification in living organisms is the formation of
metal-binding peptides or proteins such as metallothioneins
(Hamer, 1986; Grennan, 2011; Hassinen et al., 2011) and
phytochelatins (Kondo et al., 1984; Gekeler et al., 1988;
Kaplan et al., 1995; Hirata et al., 2005; Perales-Vela et al.,
2006; Huang et al., 2009). For more details concerning
the various types of metal-binding proteins and peptides
in prokaryotic and eukaryotic microalgae, see reviews by
Robinson (1989) and Lefebvre & Edwards (2010). Organic
compounds such as malate, citrate, and polyphosphate were
also reported as intracellular chelating agents (De Filippis
& Pallaghy, 1994; Gasic & Korban, 2006; Perales-Vela
et al., 2006).

Biosorption of heavy metals by microalgae is gener-
ally a biphasic process (Roy et al., 1993; Das et al.,
2008). The first phase is adsorption by extracellular cell-
associated materials, for example, polysaccharides and
mucilage (Kaplan, 1988; Xue et al., 1988; De Philippis
et al., 2011 and references therein; Mishra et al., 2011), and
cell wall components, for example, carboxy and hydroxy
groups, as well as sulfate and phosphate (Crist et al., 1981,
1999; Volesky, 1990; Eccles, 1999; Das et al., 2008; Naja
& Volesky, 2011). This is a non-metabolic, rapid process,
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occurring in both living and nonliving cells. It is dependent
on a number of parameters: pH (Hassett et al., 1981; Lau
et al., 1999; Das et al., 2008; Gadd, 2009; Naja & Volesky,
2011), heavy metal species (Fourest & Volesky, 1997;
Radway et al., 2001; Gadd, 2009; Naja & Volesky, 2011),
type of algae (Kaplan et al., 1987a; Donmez et al., 1999;
Chong et al., 2000; De Philippis et al., 2007), and biomass
concentration (Donmez et al., 1999; Naja & Volesky, 2011).
The second phase is absorption and accumulation inside
the cell. This is a slow process involving active trans-
port through the cell membrane into the interior and bind-
ing to proteins and other intracellular components. It is
a metabolic-dependent mechanism that is inhibited by
low temperatures, absence of an energy source, metabolic
inhibitors, and uncouplers and occurs only in living cells
(Wilde & Benemann, 1993). Understanding the mecha-
nisms that convey metal resistance in various prokaryotic
and eukaryotic microalgae can provide strategies for their
removal from the environment.

32.4 CURRENT TECHNIQUES FOR
METALS DETOXIFICATION

Industrial activities, such as mining, electroplating, and the
production of electronics, fertilizers, pesticides, and phar-
maceutics, significantly increase the contamination of the
environment by toxic heavy metals. Unlike organic com-
pounds, heavy metals cannot be degraded and tend to accu-
mulate in living organisms. Because of their toxicity to
living organisms, heavy metals pose a serious threat to the
health of the environment. A number of physicochemical
approaches are presently available for metal detoxification
and removal from polluted environments. Yet, in recent
years, with the increase in awareness and more stringent
regulation, there is increasing interest in applying biologi-
cal approaches for this purpose.

32.4.1 Physicochemical approaches

The most common physicochemical methods available for
remediation of metal-contaminated waters are precipitation
by adjusting the pH, membrane filtration, ion-exchange,
flocculation, and/or adsorption by organic compounds.
These methods often lack the specificity required for treat-
ing target metals. They are also inefficient and expen-
sive, especially in cases where metal concentration in the
wastewater is low. In addition, high cost and complicated
operation often limit their use in large-scale in situ oper-
ations. For a detailed description of the common physic-
ochemical methods currently available, see recent reviews
by Rao et al. (2010) and Fu & Wang (2011).

32.4.2 Biological approaches

Biological approaches are based on the use of naturally
occurring processes. Many microorganisms take part in the
biogeochemical cycling of toxic heavy metals. Microal-
gae and other microorganisms play a significant role in
the transformation of heavy metal ions in the environment
(Gadd, 2004; Hafeburg & Kohe, 2007). Organic compounds
released from growing cells, as well as biodegradation prod-
ucts of various origins, may serve as complexing agents for
metal ions, thereby decreasing metal toxicity (McKnight
& Morel, 1979; Kaplan et al., 1987a; Gasic & Korban,
2006; Worns et al., 2006). The binding of metal ions to cell
wall components of microalgae was also reported (Kaplan
et al., 1987b; Kaplan, 1988; Xue et al., 1988; Mehta & Gaur,
2005; Gupta & Rastogi, 2008). Various metabolic processes
such as photosynthesis, respiration, and nutrient uptake take
place during the growth of microalgae. All influence the
equilibrium between free metal ions and the bound forms,
as well as that between sedimentation and redissolution
in the aquatic environment. Microalgae thriving in metal-
contaminated sites also possess intracellular mechanisms
that enable them to cope with the toxic effects of metals
(Perales-Vela et al., 2006; Seth et al., 2011). Such species
may be used for in situ bioremediation of large water bod-
ies contaminated with low concentrations of metal ions (for
more detailed comparisons between physicochemical and
biological approaches for metal detoxification see Wilde
& Benemann, 1993; Eccles, 1999; Volesky, 2001; Gadd,
2009; Naja & Volesky, 2011).

32.5 POTENTIAL APPLICATIONS OF
MICROALGAE IN HEAVY METAL
BIOREMEDIATION

The remarkable increase in the number of publications
(research papers and reviews) dealing with metal removal,
transformation, and detoxification, using biological pro-
cesses since 1990, including those which describe the use
of microalgae, clearly indicates the interest and potential of
the biological approach (Gadd & White, 1993; Kratochvil
& Volesky, 1998; Eccles, 1999; Gadd, 2001; Volesky, 2001;
Perales-Vela et al., 2006; Das et al., 2008; Doshi et al., 2008;
Gadd, 2009; Chojnacka, 2010; De Philippis et al., 2011 and
references therein; Macek & Mackova, 2011; Mishra et al.,
2011). To date, it is generally accepted that technologies
based on naturally occurring biological processes have a
number of advantages over presently available physico-
chemical techniques for remediation of sites contaminated
with toxic heavy metals. These advantages have been dis-
cussed in detail, in a number of publications (Wilde &
Benemann, 1993; Eccles, 1999; Gadd, 2001; Volesky, 2001;
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Ahalya et al., 2003; Das et al., 2008; Macek & Mackova,
2011).The potential of many organisms (algae, bacteria,
cyanobacteria, fungi, and plants) as well as dead biomass
derived from them for metal bioremediation was examined
(Gadd & White, 1993; Wilde & Benemann, 1993; Volesky
& Holan, 1995; Kratochvil & Volesky, 1998; Donmez et al.,
1999; Hirata et al., 2005; Kawakami et al., 2006; Fu &
Wang, 2011; Naja & Volesky, 2011).

Microalgae are very abundant in the natural environ-
ment and are well adapted to a wide range of habitats,
for example, fresh- and seawater, domestic and industrial
effluents, salt marshes, and constructed wetlands. They
have a remarkable ability to take up and accumulate heavy
metals from their surrounding environment (De Filippis
& Pallaghy, 1994; Han et al., 2006, 2007; Perales-Vela
et al., 2006; Rodrı́guez-Zavala et al., 2007; Arunakumara
& Zhang, 2008; Doshi et al., 2008; Levy et al., 2008; De
Philippis & Micheletti, 2009; Mishra et al., 2011; De Philip-
pis et al., 2011). Their ability to sequester various metal ions
such as copper, cadmium, nickel, gold, and chromium is
well documented (Darnall et al., 1986; Harris & Ramelow,
1990; Asku et al., 1992; Cho et al., 1994; Chong et al.,
2000; Wong et al., 2000; Tam et al., 2001; Han et al., 2006,
2007; Foster et al., 2008; Vogel et al., 2010; Kumar et al.,
2012). Therefore, attempts were made to use microalgae,
living cells or their dead biomass, for removing heavy met-
als from contaminated waters (Gadd, 1990; Volesky, 1990;
Wilde & Benemann, 1993; Rehman & Shakoori, 2001;
Mehta & Gaur, 2005; Doshi et al., 2006; Arief et al., 2008;
Monteiro et al., 2010; Ribeiro et al., 2010; Durrieu et al.,
2011; Pereira et al., 2011). The use of living cells is most
efficient for removal of metal ions from large water bodies
containing low concentrations (ppb range) of metal ions.
Thus, living prokaryotic and eukaryotic microalgae can be
used as a complementary treatment step, following physic-
ochemical processes which are applied in sites containing
high metal concentrations. Resistant microalgal species iso-
lated from metal-contaminated sites have a higher capac-
ity for accumulating heavy metals compared with species
isolated from noncontaminated sites (Trollope & Evans,
1976; Wong & Pak, 1992; Wong et al., 2000; Malik, 2004;
Kalinowska & Pawlik-Skowronska, 2010 and references
therein). During algal growth, metals are removed from the
surrounding environment and accumulated in the cells by
both nonmetabolic-dependent processes (adsorption) and
metabolic-dependent ones (absorption) (Perez-Rama et al.,
2002; Malik, 2004; Kadukova & Vircıkova, 2005; Mehta
& Gaur, 2005; Perales-Vela et al., 2006; Topperwien et al.,
2007; Lavoie et al., 2009). Biosorption of heavy metals by
living immobilized prokaryotic and eukaryotic microalgae

cells, using various immobilizing material, is an additional
option. Generally immobilized cells are more efficient in
the removal of heavy metals compared to free living cells
(Malik, 2004). In addition, by using immobilized cells har-
vesting of the algal biomass is more efficient (Malik, 2002
and references therein; Bayramoğlu et al., 2006; Saeed
& Iqbal, 2006; Anjana et al., 2007; Khattar et al., 2007;
Moreno-Garrido, 2008; De-Bashan & Bashan, 2010). Pro-
vided adequate environmental conditions for supporting
microalgae growth, such as light, temperature, and pH,
are present, the use of living microalgal biomass offers an
efficient, simple, and cost-effective method. Microalgae in
consortium with other microorganisms, such as microbial
mats, are also capable of removing metals and metalloids
as well as other recalcitrant organic compounds from con-
taminated sites (Bender et al., 2000 and references therein;
Bender & Phillips, 2004; Munoz et al., 2006; Munoz &
Guieysse, 2006; Loutseti et al., 2009; Kumar & Gaur, 2011;
Kumar et al., 2012). Microalgal biomass has been success-
fully used as sorbing material (Corder & Reeves, 1994;
Donmez et al., 1999; Klimmek et al., 2001; Paperi et al.,
2006; Gupta & Rastogi, 2008, 2009; Aneja et al., 2010;
Colica et al., 2010). The vast majority of the studies were
conducted with synthetic solutions containing single metal
ion and only limited information is available on biosorp-
tion by active (living cells) or inactive (nonliving cells)
prokaryotic or eukaryotic biomass exposed to a mixture
of several metals simultaneously (Mendoza-Cozatl et al.,
2006; Munoz et al., 2006; Topperwien et al., 2007; Mon-
teiro et al., 2011). In a few studies, the effect of dissolved
organic matter on metal speciation and detoxification is
also addressed (Lamelas & Slaveykova, 2007; Lamelas
et al., 2009). Commercial algal biomass AlgaSORB R© was
produced based on the basic and applied work of Darnall
(1991). Moreover, metals adsorbed on cell wall surfaces of
algal biomass can be recovered and the sorbing material can
be restored for reuse (Kotrba & Ruml, 2000 and references
therein; Volesky, 2001 and references therein; Gong et al.,
2005; Paperi et al., 2006; Gupta & Rastogi, 2008, 2009;
Das, 2010). Removal of metals from sites contaminated
with high concentrations of metals can be achieved using
nonviable biomass as biosorbents (Kotrba & Ruml, 2000;
Singh et al., 2007; Loutseti et al., 2009). Yet, it should be
noted that biomass obtained from different algal species
differ largely in their binding capacity for various heavy
metals (Donmez et al., 1999; Chong et al., 2000; Wong
et al., 2000; Klimmek et al., 2001; Radway et al., 2001;
Wilke et al., 2006; Micheletti et al., 2008; Mishra et al.,
2011). The metal-binding capacity of biosorbents depends
on the cell wall composition of the organism it is derived
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from and on the chemical composition of the metal ion solu-
tion to be treated. Therefore, in order to choose the most
adequate biosorbent for metal decontamination of a specific
site, it is essential to know which metals are present there
and the concentration of each. Selection of the appropriate
biomass is actually dictated by the metals to be removed,
and the correct choice is essential for achieving efficient
bioremediation.

In conclusion, many species of prokaryotic and eukary-
otic microalgae, as well as their inactive cell biomass, can
be used for bioremediation of metal-polluted sites. In order
to bring this potential to the applicable stage on a com-
mercial basis, more information on metal detoxification
efficiency upon exposure of microalgal biomass to various
metal-contaminated effluents is required. Such effluents
usually contain a mixture of inorganic and organic com-
pounds which might affect metal speciation and their avail-
ability and therefore influence the efficiency of the detox-
ification processes. So far most experiments were made in
laboratory-scale reactors thus treatment of large volumes
of contaminated sites requires upscaling. To achieve this
target, interdisciplinary cooperation among professionals
from various fields, for example, biologists, chemists, engi-
neers, and environmentalists, would be fruitful.
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