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Abstract : Heavy metals are widespread pollutants of great environmental concern as they are
non-degradable and thus persistent. Conventional technique for treating wastewater is not
economical and it also produces large amount of toxic products. So efforts are being made to
switch towards microbes for treating heavy metal contaminated wastewater. Metabolically
inactive dead biomass due to its unique chemical composition sequesters metal ions and metal
complexes from solution. The performance of a biosorbent can further be improved by various
physical and chemical treatments. Immobilization techniques help to increase the reusability of
microbial biomass for removing heavy metal ions from the wastewater. The objective of this
paper is to review the available information on various biosorbents which may help in developing

better biosorbents and thus can be used for heavy metal remediation.
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Introduction

Metal ions are characterized by their
mobility in the liquid phase of the eco-system
and by their toxicity to higher life forms even
at low concentration. In addition these ions are
nondegradable and thus persistent, leading to
both ecological and health problems. For these
reasons, the presence of heavy metal ions in
the environment at concentrations above critical
values is unacceptable and their removal from
the wastewater is of primary importance.
Recently, bioadsorbents have emerged as an
eco-friendly, effective and low cost material
option to physical-chemical processes involved
in biosorption which are ion exchange,
complexation, coordination, chelation, micro-
precipitation, reverse 0smosis, evaporation or
adsorption. These bioadsorbents include some
agricultural wastes, fungi, algae and bacteria.
Studies using bioadsorbents have shown that
both living and dead microbial cells are able to

adsorb metal ions and offer potential
inexpensive alternative to conventional
adsorbents (Al-Qodah, 2006, Congeevaram et
al., 2007).

Biosorption

Biosorption can be defined as
sequestering of organic and inorganic species
including metals, dyes and odour causing
substances using live or dead biomass or their
derivatives. The biosorbing biomass may be
bacteria, fungi, algae, and sludge from biological
wastewater treatment plants, by-products from
fermentation industries, seaweeds or
agricultural wastes such as rice husk, rice bran
and wheat bran. In other words “Biosorption”
is used to indicate a number of metabolism-
independent processes (physical and chemical
adsorption, electrostatic interaction, ion
exchange, complexation, reduction, chelation
and microprecipitation) taking place essentially
on the cell surface. The biosorption capacity
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of a biomass depends on several factors. It
includes type of biomass (species, age), type
of sorbates, and presence of other competing
ions and method of biomass preparation, along
with several physicochemical factors
(temperature, pH and ionic concentration)
(Aksu and Balibek, 2007).

Biosorbents are prepared from the
naturally abundant or waste biomass that have
been killed while the biomass is pretreated by
washing with acids or bases before final drying
and granulation (Cabuk et al., 2005). The exact
mechanism by which micro-organisms take up
metals is relatively unclear, but it has been
demonstrated that both living and non-living
fungal biomass may be utilized in biosorptive
processes, as they often exhibit marked
tolerance towards metals and other adverse
conditions such as low pH (Yetis and Ceribasi,
2001).

Fungi as biosorbents

Several papers have been published on
the role of fungi in metal biosorption. Generally
fungi remove metals by adsorption,
chemisorptions (ion exchange), complexation,
coordination, chelation, and microprecipitation
(Guibal et al., 1995, Kapoor and Viraraghavan,
1997, Sarret et al., 1998). There are also
possible oxido-reduction taking place in the
biosorbent. When metals are removed by ionic
exchange, they generally replace K*, Mg#,
Ca?* and H* contained in biomass (Akthar et
al., 1995, Zhou, 1999).

Many factors affect the biosorption of
metals by fungi. Metal sequestrations by fungi
are influenced by the mineral and organic
composition of the medium in which biomass
is produced. Biomass granulometry,
physiological state (living or dead), co-ions and
physical parameters (temperature, pH,
presence of others metals) influence heavy
metal removal from polluted waters (Coulibaly
et al., 2003). Several fungi have been studied
for the biosorption of different heavy metal ions
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present in the wasterwater and industrial
effluent (Table 1). Biosorption characteristics
of dried Rhizopus arrhizus for the removal
of chromium (V1) ions from saline waters were
examined as a function of pH, initial metal ion
and salt concentration. Lower pH and
increased initial chromium (V1) concentration
had an increasing effect on biosorption capacity
up to 250 mg L and increasing the salinity up
to 50 g L* led to a significant decrease in
biosorption yield (Aksu and Balibek, 2007).

Even the waste beer yeast
Saccharomyces cerevisiae has been exploited
in biosorbing lead from battery manufacturing
industrial effluent. The yeast Saccharomyces
cerevisiae has been used to remove Cr (VI),
Fe (111) (Goyal et al., 2003), Pb (II) (Suh et
al., 1998), Cu (I) (Jianlong, 2002), Zn and Ni
(Zouboulis et al., 2001) from aqueous solutions.
Lead uptake rose from 0.38 mg g*t0 2.34 mg
g*with increase in biosorbent concentration
from 0.5% to 2%. Lead uptake decreased
slightly when the biosorbent concentration
reached 4% (2 mg g*) (Parvathi et al., 2007).
Apart from Saccharomyces cerevisiae the
biosorption of lead by fungus Aspergillus
versicolor, Metarrhizium anisopliae var.
anisopliae, and Penicillium verrucosum
were investigated. Effect of pretreatment on
fungus has also been studied. Dimethyl
sulfoxide, hydrogen peroxide and
gluteraldehyde increased biosorption of Pb?*
in comparison with the Aspergillus versicolor
live biomass. The maximum biosorption
capacity of Aspergillus versicolor biomass
subjected to dimethyl sulfoxide was 30.6 mg
g*! (Sari and Tuzen, 2008). Metarrhizium
anisopliae var. anisopliae biomass pretreated
with hydrogen peroxide, gluteraldehyde,
commercial laundry detergent, dimethyl
sulfoxide and formaldehyde significantly
improved biosorption of Pb?* in comparison with
live biomass. Pretreatment with all methods
of Penicillium verrucosum increased
biosorption of Pb?* in comparison with live
biomass.
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Table 1 : Fungal biomass used as biosorbent

Organism Heavy metal | Maximum adsorption Reference
ion capacity (mgg™)
Aspergillus carbonarius Cu(ln 1.72 Gabriel etal., 2001
Penicillium chrysogenum Cu(ll) 2.73 Gabriel etal., 2001
Aspergillus terreus Cr(VI) 96.5 Dias et al ., 2002
Fe(ll) 164.5
Ni(11) 19.6
Aspergillus flavus Pb(II) 13.46 Akar and Tunali, 2006
Cu(ll) 10.82 Akar and Tunali, 2006
Rhizopus arrhizus Cu(ll) 10.76 Dursun et al ., 2003
Aspergillus niger Cu(ln) 9.53 Dursun et al ., 2003
Aspergillus niger Cu(ll) 23.62 Mukhopadhyay et al. ,
2007
Phanerochaete chrysosporium cd(n 15.2 Lietal., 2004
Pb(Il) 12.34 Lietal., 2004
Ni(ll) 55.9 Yetis and Ceribasi, 2001
Polyporus squamosus Fe(ll) 153.04 Wuyep et al., 2007
Ni(l1) 23.72
Cu(ll) 316
Pb(Il) 26.52
Rhizopus arrhizus Cr(VI) 31 Tobinetal ., 1984
Cd(lh) 30 Tobinetal., 1984

For copper biosorption several wood
rotting basidiomycete fungi have been studied
where copper biosorption was maximum for
Oudemansiella mucida (8.77 mg g - dry wt),
Lepista nuda (6.29 mg g*), Pycnoporus
cinnabarinus (5.08 mg g*') and Pleurotus
ostreatus (4.77 mg g'1) ( Gabriel etal., 2001).
Apart from these the mycelia of various fungi,
including Phycomyces, Absidia, Aspergillus,
and Mucor sp., were reported by different
authors to be able to remove heavy metals from
aqueous solutions.

Lot of work have been done to study the
effect the pH on biosorption process. In
Aspergillus niger, originated from citric acid
fermentation industry, the maximum lead
biosorption capacity obtained at pH 6 when
estimated with the Langmuir model was 93
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mg g dry biomass (Spanelova et al., 2003).
In case of baker yeast, copper biosorption is
maximum in the range of 2-6. At higher pH
copper ions precipitated due to the high
concentration of OH- ions in the adsorption
medium (Goksungur et al., 2003). Effect of
temperature on biosorption experiment is also
important. In baker yeast the biosorption
capacity decreased from 9.8 t0 9.3 mg g* at
an initial nickel (I1) ion concentration of 400
mg L%, while at a lower initial concentration
of 100 mg L, it decreased from 8.2 t0 4.9 mg
g?, as the temperature was increased from
27°C to 60°C. The equilibrium data fit better
to the Freundlich and Redlich—Peterson
isotherm models compared to the Langmuir
model in the concentration range studied (10—
400 mg L) (Padmavati, 2008).
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It has been reported in the literature that
the presence of certain cations, such as Na*
and Ca?* ions in the native biomass may affect
the extent of biosorption. Hence, pretreatment
of the biomass has been carried out to get a
more homogeneous biomass replacing all other
ions by a single cation having a higher metal
uptake capacity. It has been observed by the
authors also that protonated biomass had a
higher sorption capacity than native deactivated
biomass (Padmavathy et al., 2003, Schiewer
and Volesky, 1995, Yu and Kaeswarn, 2000).
Detergent, sodium hydroxide and dimethyl
sulfoxide pretreatments enhanced the
biosorption capacity of biomass in comparison
with the heat inactivated biomass. Alkali
pretreatment can increase the biosorption of
heavy metals due to the fact that it may destroy
autolytic enzymes causing putrefaction of
biomass, remove lipids and proteins that mask
binding sites and could release certain
biopolymers from the cell wall that have a high
affinity towards heavy metal ions (Yan and
Viraraghavan, 2000). Since commercial
detergents contain alkali, detergent
pretreatment may be similar to an alkali
pretreatment however pretreatment causes
biomass losses. It is more or less compensated
by the increase in biosorption potential.
Pretreatment of the biomass with detergent,
sodium hydroxide and dimethyl sulfoxide
enhanced the biosorption capacity of
Aspergillus flavus (Akar and Tunali, 2006).
Penicillium lilacinum can accumulate a large
guantity of uranium from solution containing
uranium only, but selective uranium absorption
from the mixed solution is comparatively low
(Nakajima and Sakaguchi, 1986).

Bacteria as biosorbents

The use of bacterial sorbents in effluent
treatment plants may be competitive compared
to traditional technologies: the very small size
of bacterial particles, which permits close
contact between the biosorbent and the
solution, and the availability of cheap raw
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materials for the production of large amounts
of biomass represent advantages with respect
to chemical physical sorbents. Brevibacterium
(strain PBZ) free or immobilized cells are able
to remove lead, copper and cadmium from
solution (Vecchio et al., 1998).

Just as in case of fungi, temperature
affects the biosorption process in bacteria.
Thiobacillus ferrooxidans is an organism that
has a medium-high capacity for copper
adsorption (qmax = 119.54 mg of Cu g of dry
biomass) when pretreated with NaOH and at
a temperature of 25°C. However, when the
operation is carried out at 37°C, it has a greater
capacity than Bacillus subtilis, which has been
reported of having the highest copper
biosorption capacity (Manriquez et al., 1997).

The pH of the solution has a significant
effect on the capacity for copper biosorption.
This is due, principally, to the protonization that
occurs at low values of pH and to the effect it
has on the chemistry of the solution (Manriquez
et al., 1997). The pH has a strong effect on
metal biosorption as optimal pH for copper and
zinc biosorption by Pseudomonas putida is
5-6 and 7-7.5 respectively (Pardo et al., 2003).

Biosorption of heavy metals by gram-
positive, non-pathogenic and non-toxicogenic
Paenibacillus polymyxa P13 which secrete
EPS (exopolysaccharide) was evaluated. EPS
production was associated with hyperosmotic
stress by high salt (1 M NaCl), which led to a
significant increase in the biosorption capacity
of whole cells (gmax=150 mg g* of Cu) as
compared to whole cells (qmax=112 mg g* of
Cu (Acosta et al., 2005).

Sometimes organic chemicals affect the
biosorption process. Citrate had a stimulating
effect on the bacterial sorption of chromium
by Pseudomonas aeruginosa but had no
detectable effect on Bacillus thuringiensis
(Hassen et al., 1998). Several bacteria have
been studied for their role in biosorption of
heavy metals (Table 2).
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Table 2 : Bacterial biomass used as biosorbent

Organism Metal ion | Maximum adsorption Reference
capacity (mg g'l )
Bacillus licheniformis Cr(VI) 60.5 Zhou et al., 2007
Citrobacter freundii Pb(Il) 59.4 Al-Garni, 2005
Klebsiella pneumoniae Pb(Il) 62.5 Al-Garni, 2005
Thiobacillus thiooxidans Cu (1) 39.84 Liu et al., 2004
Staphylococcus xylosus Cr(VI) 143 Ziagova et al., 2007
Cd (I1) 250
Pseudomonas sp. Cr(VI) 95 Ziagova et al., 2007
Cd (1) 8278
Bacillus circulans cd(In 26.5 Yilmaz and Ensari, 2005
Pseudomonas aeruginosa Ni(ll) 264.69 Saretal ., 1999
Bacillus thuringiensis Ni(ll) 34.3 Ozturk, 2007
Chroococcus Cr(VI) 21.36 Bala et al ., 2007a
Enterobacter sp. J1 Pb (1) 50.9 Lu et al., 2006
Cu (1) 325
Cd (1) 46.2
Ochrobactrum anthropi Cr(VI) 86.2 Ozdemir et al., 2003
Cd(1n 37.3
Cu(ll) 32.6
Zoogloea ramigera Cu(ll) 35 Sag and Kutsal, 1995
Pb(ll) 85
Fe(lln) 67
Ni(I1) 54

Algae as biosorbents

A number of algal species have been
reported for biosorption. The brown alga
Sargassum has been shown to possess the
required mechanical properties, chemical
affinity and sorption capacity (Fourest and
Volesky, 1997, Davis et al., 2000; Davis et
al., 2003) to bind metals such as Pb, Cu, Hg
and Cd in an effective, reversible and cost-
effective manner (Davis et al., 2004).

The amount of the adsorbed metals at
maximum weights differed from alga to alga,
presumably owing to difference in their
chemical composition. The red alga
investigated (Laurencia obtusa) showed a
completely different behavior in its biosorption
of heavy metals compared with the brown
algae. This is due to the different structures of
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the cell wall polysaccharides (Hamdy, 2000).
Some algae show remarkable capability to
adsorb metal ions from aqueous solution, and
this has opened up the possibility of their use
in treatment of metalliferous wastewaters
(Mehta and Gaur, 2005). Algae have often
displayed better metal ion removal efficiency
and economic feasibility than commercial ion-
exchangers. For example, Sargassum natans
and Ascophyllum nodosum outperformed ion
exchange resins in sequestering Au?* and Co?*
respectively from solution. Large-sized algae
are better suited for the biosorption purpose
than unicellular algae. Seaweeds can efficiently
remove heavy metal ions and radionuclides
from aqueous solutions (Kuyucak and \olesky,
1988, Singh et al., 2007).

The cell walls of brown algae generally
contain three components: cellulose, the
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structural support; alginic acid, a polymer of
mannuronic and guluronic acids and the
corresponding salts of sodium, potassium,
magnesium and calcium; and sulphated
polysaccharides. As a consequence, carboxyl
and sulphate are the predominant active groups
in this alga. Red algae also contain cellulose,
but their interest in connection with biosorption
lies in the presence of sulphated
polysaccharides made of galactanes (agar and
carragenates). Green algae are mainly
cellulose, and a high percentage of the cell wall
are proteins bonded to polysaccharides to form
glycoproteins. These compounds contain
several functional groups (amino, carboxyl,
sulphate, hydroxyl etc) which could play an
important role in the biosorption process
(Romera et al., 2007).

Many workers have also investigated the
performance of fresh water green algae
Chaetophora elegans, Scenedesmus,
Chlorella, Spirogyra, Chlamydomonas
globas, Zygnema species, etc. for the removal
various heavy metal ions (Ni, Cu, Pb, Zn, Cd,
and Al) from wastewater. The biosorption
characteristics of cadmium and lead ions were
determined with brown algae, Macrocystis
pyrifera, Kjellmaniella crassiforia and

Undaria pinnatifida. Several algae have been
studied for their role in biosorption of heavy
metals (Table 3).

Immobilization

From the laboratory trials reported it can
be concluded that microbial biomass has
potential to be used at industrial scale for
biosorption. In order to maintain efficiency of
microbial biomass to adsorb metal during
continuous industrial process, it is imperative
to immobilize microbes using a suitable matrix
as free biomass is highly susceptible to
disintegration.

Biosorption by algal biomass has been
used as an alternative for the remediation of
wastewaters containing toxic metals. However,
the fragile nature of algal biomass is not suitable
for robust wastewater treatment operations
(Chu et al., 1997). This has led to the interest
in the use of entrapped biomass as immobilized
preparations. Several immobilization media,
such as alginates, carrageenans and
polacrylamide gel have been used for this
purpose (Robinson, 1998).

Natural polymers such as cellulose
derivatives, alginate, chitosan and chitin have
been mostly used as the matrix for the

Table 3 : Algal biomass used as biosorbent

Organism Metal ion | Maximum adsorption Reference
capacity (mgg™)

Spirogyra neglecta cdqn 27.95 Singh et al ., 2007
Pb(Il) 90.19

Pithophora oedogonia Cu(ll) 23.08 Singh et al ., 2007
Pb(ll) 71.13

Cladophora calliceima Pb(Il) 40.5 Singh etal ., 2007

Ulva lactuca Pb(1I) 34.7 Sari and Tuzen, 2008
Cd(n 29.2

Fucus spiralis Cd(l 114.9 Romera et al ., 2007
Ni(l1) 50

Chondrus crispus Pb(Il) 204.1 Romera et al ., 2007

Lyngbya putealis Cr(VI) 113.6 Bala et al ., 2007b
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immobilization of microbial cells via
entrapment. Immobilization of fungal cells in
these polymer supports could also enhance
fungal cell performance and adsorptive
capacity of the biosorbent system for the heavy
metal ions. The choice of immobilization matrix
is a key factor in environmental application of
immobilized biomass. The polymeric matrix
determines the mechanical strength and
chemical resistance of the final biosorbent
particle, which is to be utilized for successive
biosorption—desorption process. The most
extensively investigated biopolymer in
bioremediation  studies is CMC
(carboxymethylcellulose) (Arica and
Bayramoglu, 2005).

Immobilization efficiency is strongly
affected by the matrix porosity. Immobilization
efficiency varied from 19.6 to 92.5% and the
highest values were attained with the lowest
matrix porosity independent of the dispersion
medium used. This indicates that the selected
matrix optimizes both the surface area, which
restrains biomass, and the porosity that affects
the transport of metal ions and nutrient
throughout the supporting structure (Dias et
al., 2002).

The free and immobilized Lentinus sajor-
caju has been successfully used as the
biosorbing agent for removal of Cr (V1) ions
from aqueous medium. The biosorption of Cr
(V1) ions on the both biosorbents depends on
the experimental conditions particularly
medium pH and the concentration of Cr (V1)
ions in the medium (Arica and Bayramoglu,
2005).

In the biomass of brown alga Sargassum,
alginate was found to be the main component
responsible for cadmium biosorption. It was
reported that alginate was present in a gel form
in the cell wall, which appears very porous and
easily permeable to small ionic species
(Goksungur et al., 2003). The amount of Cr
(V1) ions adsorbed on the immobilized
Polyporus squamosus beads was 42.8 + 1.52
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mg g (non-treated) and 34.4 £ 1.52 mg g
Y(treated). Immobilized Ca alginate also possess
significant advantage over non-immaobilized
alginate, especially when Ca?", Mg?, and K*
were present as ion-exchange resins (Wuyep
et al., 2007).

Due to its ability to form stable structures,
cross-linked alginate has been used for the
immobilization of biological material for various
purposes, including the removal of heavy metal
from wastewater. The mechanism of divalent
metal sorption on alginate beads is dominated
by ion exchange involving mainly the carboxy!l
groups present in the alginate molecule, with
hydroxyl groups playing a secondary role. Due
to the differences in conformation of
polyglucuronic and polymannuronic blocks, all
carboxyl groups are not readily available,
resulting in differences in the sorption capacity,
with respect to different metals. Metals with
low bonding strength (e.g. Cd?*) are mainly
bound by polymannuronic chain carboxyls and
are greatly influenced by changes in pH, while
metals with higher bonding strength such as
Pb2*, show greater affinity, they are not
affected by cation exchange with protons in
the solution and are adsorbed homogenously
by all available carboxyl groups. Equilibrium
sorption experiments showed that the sorption
of Cu?*, Cd?" and Pb?* by alginate beads from
Laminaria digitata were greater than
commercial alginate beads and other sorbents
(Papageorgiou et al., 2006).

Immobilized yeasts (1Y) and immobilized
caustic-treated yeast (ICY) could be
reactivated and reused in a manner similar to
ion-exchange resins. Yeast biomass
immobilized in alginate reduced the quantity of
heavy metal binding to the biomass, as
compared to biosorption by native yeast, by
about 10-25%. Caustic-treated yeast
immobilized in alginate enhanced the quantity
of metal biosorption. Heavy metal biosorption
on the immobilized caustic-treated yeast was
temperature independent at low initial metal
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concentration. On the other hand, the initial
pH of the heavy metal solution affected the
metal-removal efficiency significantly owing
to cation competition with the H* ion in drastic
pH regions (Lu and Wilkins, 1996). Immobilized
live stationary-phase Zoogloea ramigera in
calcium alginate improved the sorption of Cu?*
in flow-through columns over that attained by
alginate alone (Unz and Shuttleworth, 1996).
It was revealed that specific uptake of Pb (1)
ion by both biomass-immobilized beads and
calcium-alginate beads without biomass
gradually increased from 50 to 500 mg L*
metal ion solution. In the case of immobilized
beads containing biomass values of g, metal
uptake at equilibrium) were 5.2 mg g* and
49.75 mg g* respectively at 50 mg L * and
500 mg Lt. When only calcium alginate beads
were used for the experiment, values were 2.45
mg g* and 22.5 mg g* respectively at 50 mg
L*and 500 mg L initial metal ion solution
(Paul et al., 2006).

Chelating ligands have been
functionalized in several support materials,
including commercially available XAD resin
series. Amberlite XAD are Adsorber resins
(polystyrene divinyl benzene) widely used to
develop several chelating materials for
preconcentration procedures due to its good
physical and chemical properties such as

porosity, high surface area, durability, and
purity. Amberlite XAD-4 has been often used
as a solid sorbent to prepare a ligand-loaded
resin. Recently, the XAD-4 resin, impregnated
with many compounds as complexing agents
has been used for preconcentration of heavy
metals (Dogru et al., 2007). Another
component used in immobilization is PVA
(polyvinyl alcohol). PVA offers various
advantages over the conventional
immobilization methods, such as low cost, high
durability and chemical stability and non-toxicity
to viable cells. Up to now, several methods of
immobilization using PVA have been reported.
Among them, PVA-boric acid method was
widely used and activated sludge was
immobilized. However, this method has a
problem of hydration of immobilized biomass
PVA-containing hydroxyl group can also adsorb
heavy metals. In order to investigate the
adsorption capacity of PVA alone, PVA bead
without alginic acid was made. From the
experiment result, it was found that PVA bead
have adsorption capacity of 30 mg g* Pb dry
mass at pH 4 (Jeon et al., 2002). This result
shows that the lead ion was adsorbed mainly
on alginic acid. List of various immobilization
matrices used for remediation of heavy metals
are given in Table 4.

Table 4 : Immobilization techniques used for study of metal biosorption

Organism Metal Immobilization matrix Reference
removed
Laminaria digitata Cu, Cd, Pb Alginate beads Papageorgiou et al ., 2006
Citrobacter Cd, Pb Polyacrylamide gel Macaskie and Dean, 1989
Spirulina platensis Cu, Fe, Zn Calcium alginate Volesky, 1984
Pseudomonas aeroginosa U Polyurethane Hu and Reeves, 1997
Phormidium laminosum Pb, Cd Polysulfone Blanco et al ., 1999
Pseudomonas fluorescens Pb PVC Tengerdy et al ., 1981
Chlorella sorokiniana Pb Luffa cylindrica Akthar et al ., 2004
Aspergillus oryzae Cd, Cu, Fe, Reticulated foam Kiff and Little, 1986
Mn, Pd
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Metal binding sites

Studies on the mechanism of biosorption
of heavy metals on fungi show that fungal cell
walls mainly consist of polysaccharides,
proteins and lipids have many functional groups
that are responsible for the binding of metals.
It has been reported that when heavy metals
become tightly bound to acid groups in the side
chains of amino acids on the cell surface, salt
linkages are thus broken and the proteins are
dissolved from the cell wall (Kapoor and
Viraraghavan, 1997, Akthar et al., 1996)

Bacillus subtilis was found to possess
carboxyl, phosphate, hydroxyl amino functional
groups in the cell wall. B. subtilis is gram-
positive aerobic species whose surface is
uncharged below pH 2.2 but becomes
increasingly negatively charged at higher pH
values. Bacterial cell walls are negatively
charged under pH conditions and the cell wall
chemical functional groups such as carboxyl
groups display a high affinity for metal ions in
solution (Dogru et al., 2007).

The cell surface becomes positively
charged at low pH values which decrease the
attraction between metal ions and the functional
groups on the cell wall, whereas the cell surface
becomes negatively charged at high pH values,
increasing the attraction until a maximum is
reached at around pH 7. For pH values higher
than the optimum values, the retention
decreases again due to the competition
between the hydroxylated complexes of the
metal and active sites of the cell (Dogru et al.,
2007). Another important factor of biosorption
in real wastewater is the content of organic
materials. They can interact with heavy metal
ions by chelation and complexation reaction
so that it can cause the uptake capacity to
decrease (Jeon et al., 2005).

The metal binding ability of the
Escherichia coli cell wall has been studied in
detail. The specific native groups of the outer
membrane (OM) participating in metal binding
are the polar head groups of phospholipids
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acting mainly at the inner layer of the OM and
the acidic groups of the exposed (hydrophilic)
polypeptides and at the outer half of the OM
LPSs (lipopolysaccharides). The LPSs provide
both carboxyl and phosphoryl groups as ligands.
However, only the latter group is responsible
for the high affinity of divalent metal ions for
LPS. The peptidoglycan (PG) layer of E. coli
binds metal ions via the carboxyl group of the
D-glutamic acid of the peptide stem and the
hydroxyl groups of the glycan backbone. The
two-step deposition process may increase the
apparent metal binding capacity of PG and
would include the stoichiometric binding of
metal ion, generating a nucleation site for the
subsequent precipitation of metal above the
stoichiometric amounts (Kotrba et al., 1999).

It has been reported that the incorporation
of Cys-Gly and Cys-Cys-Gly motifs developed
high affinity to Cd*2 and Hg* (Pazirandeh et
al., 1998). The mechanism of biosorption is
ascribed to a multitude of ligands and depends
on the chemical behaviour of the particular
metal ion (Weppen and Hornburg, 1995). There
have been reports which indicate the
importance of phosphate for efficient metal
binding by cells of B. thuringiensis. This
observation can be interpreted mainly as an
effect of phosphate functional groups on
medium pH as well as on cell wall composition
and consequently, metal biosorption capabilities
of biomass (Bonthrone et al., 2000, Collins and
Stotzky, 1996, Lang et al., 1982). The presence
of the two potassium phosphates in the medium
at their optimized concentrations resulted in a
buffered medium with a pH of 6.9, which
magnifies net negative charge on the outer
surfaces of Gram-positive bacterial walls
(Doyle, 1989). It is also known that teichoic
acid is a major cell wall component in Gram-
positive bacteria (Papachristou, 1984). The
presence of ample phosphate levels during the
growth of Bacillus cells also results in high
density of the electronegative phosphate
groups situated between the glycerol polymers
of the teichoic acid (Amer et al., 2000).
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Developmental regulation of gene
expression in the genus Bacillus involves a
number of two component signal transduction
systems that act by phosphate transfer. Among
the most well understood two-component
regulators in B. subtilis and B. thuringiensis
are the PhoP-PhoR (Hulett, 1996) and KinA-
Spo0A/SpoOF (Hoch, 1993, Malvar et al.,
1994) systems. They respond to nutrient
depletion by autophosphorylation of the sensors
(histidine kinases) followed by transfer of
phosphate to their downstream cognates, which
are transition state regulatory proteins (Amer
et al., 2000).

At a low pH biosorption is increased in
Bacillus licheniformis. First as the pH
decreases, the overall surface charge of cell
surface of Bacillus licheniformis becomes
positive and the surface of sorbent would also
be surrounded by the hydronium ions, which
could enhance the chromium (V1) interaction
with binding sites of the biosorbent by greater
attractive forces. As the pH increases, the
overall surface charge on the cells will become
negative, resulting in a decrease of anionic Cr
(V1) biosorption (Zhou et al., 2007).

The reason why some biomass show high
affinity for a given metal and low sorption
capacity, or vice versa, may be related to the
degree of affinity of a specific biomass for each
metal. Although the total amount of metal
anchored on its surface will also depend on
the number of active sites present and on how
easily they can be accessed (Hashim and Chu,
2004, Romera et al., 2007).

Engineering biosorbents

Immobilization of heavy metals into
biomass or precipitation through reduction to
lesser bioactive metal species, such as metal
sulfide is the major mechanism employed by
the microbes to counteract heavy metal toxicity.
These natural mechanisms can be easily
exploited to optimize biosorbents that are more
efficient for heavy metal removal. In one
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example, a sulfide-dependent metal removal
strategy was developed by engineering the
sulfate reduction pathway into E. coli. Under
anaerobic condition the resulting strains
produced significantly more sulfide and
removed more than 98% of the available
cadmium. Further improvement in metal
precipitation was achieved by engineering
effective sulfate reduction under aerobic
conditions. E. coli expressing both serine
acetyltransferase and cysteine desulfhydrase
overproduced cysteine and converted it to
sulfide (Wang et al., 2000, Bang et al., 2000).
The resulting strain was effective in aerobically
precipitating cadmium. This aerobic approach
of metal precipitation is particularly attractive
as large-scale processes could be implemented
under aerobic conditions. However challenges
are to incorporate these genetic modifications
into a robust environmental microbe that could
survive and thrive under the required operation
conditions.

Similar success in engineering enhanced
biosorbents has been achieved by displaying
metal-binding peptides onto the cell surface.
One example was reported by creating a
repetitive metal-binding motif consisting of
(Glu-Cys)nGly ( Bae et al., 2000). These
peptides emulate the structure of
phytochelatins, metalchelating molecules that
play a major role in metal detoxification in
plants and fungi. The phytochelatin analogs
were presented on the bacterial surface,
enhancing Cd*2 and Hg*? bioaccumulation by
12-fold and 20-fold respectively. These novel
binding peptides offer the potential of improved
affinity and selectivity for heavy metals.

In addition to peptides, metalloregulatory
proteins are another group of useful metal-
binding moiety with striking affinity and
specificity. The highly specific nature of these
proteins is the result of a cleverly designed
genetic circuit that is tightly under their control.
Examples are MerR and ArsR, which are
regulatory proteins used for controlling the
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expression of enzymes responsible for mercury
and arsenic detoxification, respectively. The
high affinity and selectivity of MerR toward
mercury has been exploited for the
construction of microbial biosorbents specific
for mercury removal. Presence of surface-
exposed MerR on an engineered strain enabled
increased Hg?* biosorption. Similarly, cells
overexpressing ArsR accumulated higher levels
of arsenate (Kotsal et al., 2004).

However higher organisms respond to the
presence of heavy metals with the production
of cysteine-rich peptides such as glutathione
(GSH) (Singhal et al., 1997), phytochelatins
(PCs), and metallothioneins (MTs) (Mehra and
Winge, 1991) that bind metal ions (such as
cadmium, lead, mercury, copper) and sequester
them in biologically inactive forms (Hamer,
1986, Stillman et al., 1992). Overexpression
of MTs in bacterial cells results in enhanced
metal accumulation and thus offers a promising
strategy for the development of microbial-
based biosorbents to remediate metal
contamination (Kille et al., 1991, Pazirandeh
et al., 1995, Romeyer et al., 1990).

Recently, a gene fusion system consisting
of the signal sequence and the first nine amino
acids of lipoprotein (Lpp) joined to a
transmembrane domain from outer membrane
protein A (OmpA) has been used successfully
to anchor a variety of proteins and enzymes
onto the cell surface. It has been demonstrated
that E. coli strains with EC20 (20 cysteines)
displayed on the cell surface using the Lpp-
OmpA fusion system accumulated a
substantially higher amount of cadmium than
the wild-type cells (Francisco et al., 1992,
Richins et al., 1997).

The soil bacterium has been engineered
to survive in contaminated environments for a
long period of time. For these Pseudomonas
and Moraxella have proved to be effective.
It has been recently demonstrated that
expression of organophosphorous hydrolase on
the cell surface was more efficient in
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Moraxella sp. than in E.coli using the ice
nucleation protein anchor (INPNC anchor).
The resulting recombinant strains accumulated
more than 10-fold higher mercury than the
wild-type Moraxella sp. For expression of
INPNC-EC20 in Moraxella sp., plasmid
PPNC20, carrying the inpnc-ec20 fusion was
constructed by inserting the INPNC-EC20
fragment into a shuttle vector pVLT33.
Expression of the INPNC-EC20 fusion was
under control of a tac promoter.

Similarly genetically engineered E. coli
JM109, expressing cadmium transport system
and metallothionein (MT) have shown
increased accumulation of cadmium from the
aqueous solution (Deng et al., 2007). These
strategies suggested the application of genetic
engineering technique in the treatment of heavy
metal wastewater would be better alternative
to conventional methods.

Feasibility of biosorption technology

The feasibility of applying the biosorption
technology into wastewater detoxification
would be best assessed on a stage-wise
approach. The highest priority for biosorption
venture would be approximate assessment of
the commercial potential and feasibility of
application of the new technology based on
the family of new biosorbent products. So, the
preliminary stages should consist of some basic
studies:

Study and assessment of competing
technologies

The study of conventional process for
metal removal should be done and its current
costs and market share have to be summarized
and assessed. The process alternatives like
precipitation, reverse osmosis, ion-exchange
etc can be considered for a more detailed
evaluation and feasibility assessment.

Study of market size

Although it is known that environmentally-
based market for metal removal from effluents
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is enormous, but it is essential to know the
actual figures for convincingly launching
company enterprise.A quantitative review of
the potential of biosorption process need to be
carried out for different places where
application of biosorption technology would be
considered. The cost difference between the
conventional and the new technology would
establish the feasibility of biosorbent
applications and their competitiveness in the
market place.

Study and assessment of costs of new
biosorbents

Approximate costs of different types of
raw biomass needs to be ascertained, as well
as the costs of processing the biomass into
applicable biosorbent materials. Estimation of
the costs of processing and treatment of raw
biomass to prevent its degradation needs to be
carried out for selecting representative type
of biomass. All these preliminary assessment
should be carried out as part of better
guantitative estimation of the venture feasibility
(Volesky, 2003).

Conclusions

The process of biosorption has many
attractive features including the selective
removal of metals over a broad range of pH
and temperature, rapid kinetics of adsorption
and desorption and low capital and operation
cost. Biosorbent can easily be produced using
inexpensive growth media or obtained as a by-
product from industry. It is desirable to develop
biosorbents with a wide range of metal affinities
that can remove a variety of metal cations.
These will be particularly useful for industrial
effluents, which carry more than one type of
metals. To attract more usage of biosorption,
it is necessary to develop strategies so that the
biosorbent can be reused. Biosorption thus, can
be used for combating heavy metal pollution in

aqueous system.

404

References

Acosta M.P., Valdman E., Leite S.GF., Battaglini F.
and Ruzal S.M. (2005): Biosorption of copper
by Paenibacillus polymyxa cells and their
exopolysaccharide. World J. Microbiol.
Biotechnol. 21,1157-1163.

Akar T. and Tunali S. (2006): Biosorption
characteristics of Aspergillus flavus biomass
or removal of Pb(ll) and Cu(ll) ions from an
aqueous solution. Bioresour. Technol. 97,
1780-1787.

Aksu Z. and Balibek E. (2007): Chromium (VI)
biosorption by dried Rhizopus arrhizus: Effect of
salt (NaCl) concentration on equilibrium and kinetic
parameters. J. Hazard. Mater. 145, 210-220.

Akhtar N., Igbal J. and Igbal M. (2004):
Enhancement of Lead(Il) Biosorption by
microalgal biomass immobilized onto Loofa
(Luffa cylindrica) Sponge. Eng.Life. Sci. 4(2),
171-178.

Akthar M.N., Sastry K.S. and Mohan P.M. (1995):
Biosorption of silver ions by processed
Aspergillus niger biomass. Biotechnol. Lett.
17,551-556.

Akthar M.N., Sastry K.S. and Mohan P.M. (1996):
Mechanism of metal biosorption by fungal
biomass. Biometals 9, 21-28.

Al-Garni S.M. (2005): Biosorption of lead by Gram-
ve capsulated and non-capsulated bacteria.
Water SA. 31 (3), 345-350.

Al-Qodah Z. (2006): Biosorption of heavy metal
ions from aqueous solutions by activated
sludge. Desalination 196, 164—176.

Amer R.M., EI-Helow E.R. and Sabry S.A. (2000):
Cadmium biosorption by a cadmium resistant
strain of Bacillus thuringiensis: regulation and
optimization of cell surface affinity for metal
cations. BioMetals 13, 273-280.

Arica M.Y. and Bayramoglu G. (2005): Cr (VI)
biosorption from aqueous solutions using free
and immobilized biomass of Lentinus sajor-
caju: preparation and kinetic characterization.
Colloid Surface Physicochem. Eng. Aspect.
253,203-211.

Bae W.,, Chen W., Mulchandani A. and Mehra R.
(2000): Enhanced bioaccumulation of heavy
metals by bacterial cells displaying synthetic
phytochelatins. Biotechnol. Bioeng. 70, 518-524.



Microbial Biomass: Combating Heavy Metal Pollution

Bala K., Kaushik A., Anjana K. and Nisha R. (2007a):
Biosorption of Cr(VI) by immobilized biomass
of two indigenous strains of cyanobacteria
isolated from metal contaminated soil. J. Hazard.
Mater. 148, 383-386.

Bala K., Kaushik A. and Kaushik C.P. (2007b):
Biosorption of Cr (VI) by native isolate of
Lyngbya putealis (HH-15) in the presence of
salts. J. Hazard. Mater. 141, 662-667.

Bang S.W., Clark D.S. and Keasling J.D. (2000):
Engineering hydrogen sulfide production and
cadmium removal by expression of the
thiosulfate reductase gene (phsABC) from
Salmonella enteric serovar typhimurium in
Escherichia coli. Appl Environ Microbiol. 66,
3939-3944.

BlancoA., Sanz B., Llama M.J. and Serra J.L. (1999):
Biosorption of heavy metals to immobilized
Phormidium laminosum biomass. J.
Biotechnol. 69, 227-240.

Bonthrone K.M., Quarmby J., Hewitt C.J., Allan
V.J.M., Paterson-Beedle M., Kennedy J.F. and
Macaskie L.E. (2000): The effect of the growth
medium on the composition and metal binding
behavior of the extracellular polymeric material
of a metal-accumulating Citrobacter sp.
Environ. Technol. 21, 123-134.

Cabuk A., lIlhan S., Filik C. and Caliskan F. (2005):
Pb?* Biosorption by pretreated fungal biomass.
Turk. J. Biol. 29, 23-28.

Chu K.H., Hashim M.A., Phang S.M. and Samuel
V.B. (1997): Biosorption of cadmium by algal
biomass: adsorption and desorption
characteristics. Water Sci. Technol. 35, 115-122.

Collins Y.E. and Stotzky G. (1996): Changes in the
surface charge of bacteria caused by heavy
metals do not affect survival. Can. J. Microbiol.
42,621-627.

Congeevaram S., Dhanarani S., Park J., Dexilin M.
and Thamaraiselvi K. (2007): Biosorption of
chromium and nickel by heavy metal resistant
fungal and bacterial isolates. J. Hazard. Mater.
146, 270-277.

Coulibaly L., Gourene G. and Agathos N.S. (2003):
Utilization of fungi for biotreatment of raw
wastewaters. Afr. J. Biotechnol. 2 (12), 620-630.

Davis T.A., Volesky B. and Vieira R.H.S.F. (2000):
Sargassum seaweed as biosorbent for heavy
metals. Water Res. 34, 4270-4278.

405

Davis T.A., Mucci A. and Volesky B. (2003): Areview
of the biochemistry of heavy metal biosorption
by brown algae. Water Res. 37, 4311-4330.

Davis T.A., Ramirez M., Mucci A. and Larsen B.
(2004): Extraction, isolation and cadmium
binding of alginate from Sargassum spp. J. Appl.
Phycol. 16 275-284.

Deng X., Yi X.E.and Liu G. (2007): Cadmium removal
from aqueous solution by gene-modified
Escherichia coli JM109. J. Hazard. Mater.
B139, 340-344.

Dias M.A., Lacerda I.C.A., Pimentel P.F., De Castro
H.F. and Rosa C.A. (2002): Removal of heavy
metals by an Aspergillus terreus strain
immobilized ina polyurethane matrix. Lett. Appl.
Microbiol. 34, 46-50.

Dogru M., Gul-Guven R. and Erdogan S. (2007): The
use of Bacillus subtilis immobilized on Amberlite
XAD-4 as a new biosorbent in trace metal
determination. J. Hazard. Mater. 149, 166-173.

Doyle R.J. (1989): How cell walls of Gram-positive
bacteria interact with metal ions. In: Beveridge
TJ, Doyle RJ, eds, Metal lons and Bacteria.
New York: John Wiley and Sons, Inc., 275-994.

DursunA.Y., Uslu G, Tepe O., Cuci Y. and Ekiz H.
(2003): A comparative investigation on the
bioaccumulation of heavy metal ions by growing
Rhizopus arrhizus and Aspergillus niger.
Biochem. Eng. J. 15, 87-92.

Fourest E. and Volesky B. (1997): Alginate properties
and heavy metal biosorption by marine algae.
Appl. Biochem. Biotechnol. 67(1), 33-44.

Francisco J.A., Earhart C.F. and Georgiou G. (1992):
Transport and anchoring of &-lactamase to the
external surface of Escherichia coli. Proc. Natl.
Acad. Sci. USA 89, 2713-2717.

Gabriel J., Baldrian P., Hladikova K. and Hakova M.
(2001): Copper sorption by native and modified
pellets of wood-rotting basidiomycetes. Lett.
Appl. Microbiol. 32, 194-198.

Goksungur Y., Uren S. and Guvenc U. (2003):
Biosorption of Copper ions by caustic treated
waste baker’s yeast biomass. Turk. J. Biol. 27,
23-29.

Goyal N., Jain S.C., and Banerjee U.C. (2003):
Comparative studies on the microbial

adsorption of heavy metals. Environ. Res. 7
(2),311-319.



Shetty R. and Rajkumar S. (2008) Asian J. Exp. Sci., 22(3), 393-408

Guibal E., Roulph C. and Lecloirec P. (1995): Infrared
spectroscopic study of uranyl biosorption by
fungal biomass and materials of biological
origin. Environ. Sci. Technol. 29, 2496-2503.

Hamdy A.A. (2000): Biosorption of Heavy Metals
by Marine Algae. Curr. Microbiol. 41, 232-238.

Hamer D.H. (1986): Metallothionein. Annu. Rev.
Biochem. 55, 913-951.

Hashim M.A. and Chu K.H. (2004): Biosorption of
cadmium by brown, green and red seaweeds.
Chem. Eng. J. 97, 249-255.

Hassen A., Saidi N., Cherif M. and Boudabous A.
(1998): Effects of Heavy Metals on
Pseudomonas aeruginosa and Bacillus
thuringiensis. Bioresour. Technol. 65, 73 -82.

Hoch J.A. (1993): Regulation of the phosphorelay
and the initiation of sporulation in Bacillus
subtilis. Ann. Rev. Microbiol. 47, 441-465.

Hulett F.M. (1996): The signal-transduction network
for Pho regulation in Bacillus subtilis. Mol.
Microbiol. 19, 933-939.

Hu M.Z.C. and Reeves M. (1997): Biosorption of
uranium by Pseudomonas aeruginosa strain
CSU immobilized in a novel matrix. Biotechnol.
Prog. 13, 60-70.

Jeon C., Yoo Y.J. and Hoell W.H. (2005):
Environmental effects and desorption
characteristics on heavy metal removal using
carboxylated alginic acid. Bioresour. Technol.
96, 15-19.

Jeon C., Park J.Y. and Yoo Y.J. (2002): Novel
immobilization of alginic acid for heavy metal
removal. Biochem. Eng. J. 11, 159-166.

Jianlong W. (2002): Biosorption of copper (I1) by
chemically modified biomass of Saccharomyces
cerevisiae. Process Biochem. 37 (8), 847-850.

Kapoor A. and Viraraghavan T. (1997): Heavy metals
biosorption site in Aspergillus niger.
Bioresour. Technol. 61, 221-227.

Kiff R.J. and Little D.R. (1986): Biosorption of heavy
metals by immobilized fungal biomass. In:
Immobilisation of lons by Biosorption, Eccles
H and Hunt S (eds), Ellis Horwood, Chichester,
pp 71-80.

Kille P., Winge D.R., Harwood J.L. and Kay J.A.
(1991): Plant metallothionein produced in
Escherichia coli. FEBS Lett. 295, 171-175.

406

Kostal J., Yang R., Wu C.H., Mulchandani A. and
Chen W. (2004): Enhanced arsenic accumulation
in engineered bacterial cells expressing ArsR.
Appl. Environ. Microbiol. 70, 4582-4587.

KotrbaP., Doleckoval., Lorenzo V.D.and Ruml T.
(1999): Enhanced bioaccumulation of heavy
metal ions by bacterial cells due to surface
display of short metal binding peptides. Appl.
Environ. Microbiol. 65 (3), 1092-1098.

Kuyucak N. and Volesky B. (1988): Biosorbents for
recovery of metals from industrial solution.
Biotechnol. Lett. 10, 137-142.

Lang W.K., Glassey K. and Archibald A.R. (1982):
Influence of phosphate supply on teichoic acid
and teichuronic acid content of Bacillus
subtilis cell walls. J. Bacteriol. 151, 367-375.

LiQ.,WuS,, LiuG, Liao X., Deng X.,SunD.,HuY.
and Huang Y. (2004): Simultaneous biosorption
of cadmium (11) and lead (I1) ions by pretreated
biomass of Phanerochaete chrysosporium. Sep.
Sci. Technol. 34, 135-142.

LiuH.L.,ChenB.Y.,Lan YW.and Cheng Y.C. (2004):
Biosorption of Zn(Il) and Cu(ll) by the
indigenous Thiobacillus thiooxidans. Chem.
Eng. J. 97,195-201.

LuY. and Wilkins E. (1996): Heavy metal removal
by caustic-treated yeast immobilized in alginate.
J. Hazard.Mater. 49, 165-179.

LuW-B, Shi J-J, Wang C-H and Chang J-S (2006):
Biosorption of lead, metal copper and cadmium
by an indigenous isolate Enterobacter sp. J1
possessing high heavy-metal resistance. J.
Hazard. Mater. B134, 80-86.

Macaskie L.E. and Dean A.C.R. (1989): Microbial
metabolism, desolubilization and deposition of
heavy metals: uptake by immobilized cells and
application to the treatment of liquid wastes. In
A. Mizrahi (eds), Biological Waste Treatment.
AlanAand Liss R New York, pp 159-201.

Malvar T., Gawron-Burke C. and Baum J.A. (1994):
Overexpression of Bacillus thuringiensis
HKknA, a histidine protein kinase homology,
bypasses early Spo-mutations that result in
CrylllA overproduction. J. Bacteriol. 176,
47424749,

Manriquez R.A., MaganaP.l., Lopez V. and Guzman
R. (1997): Biosorption of Cu by Thiobacillus
ferrooxidans. Bioprocess Eng. 18, 113-118.



Microbial Biomass: Combating Heavy Metal Pollution

Mehra R.K. and Winge D.R. (1991): Metal ion
resistance in fungi — molecular mechanisms
and their regulated expression. J. Cell.
Biochem. 45, 30-40.

Mehta S.K. and Gaur J.P. (2005): Use of algae for
removing heavy metal ions from wastewater:
progress and prospects. Crit. Rev. Biotechnol.
25,113-152.

Mukhopadhyay M., Noronha S.B. and
Suraishkumar GK. (2007): Kinetic modeling for
the biosorption of copper by pretreated
Aspergillus niger biomass. Bioresour. Technol.
98,1781-1787.

Nakajima A. and Sakaguchi T. (1986): Selective
accumulation of heavy metals by
microorganisms. Appl. Microbiol. Biotechnol.
24,59-64.

Ozdemir G, Ozturk T., Ceyhan N., Isler R. and Cosar
T. (2003): Heavy metal biosorption by biomass
of Ochrobactrum anthropi producing
exopolysaccharide in activated sludge.
Bioresour. Technol. 90, 71-74.

Ozturk A. (2007): Removal of nickel from aqueous
solution by the bacterium Bacillus
thuringiensis. J. Hazard. Mater. 147, 518-523.

Padmavathy V. (2008): Biosorption of nickel (11) ions
by baker’s yeast: Kinetic, thermodynamic and
desorption studies. Bioresour. Technol. 99,
3100-3109.

Padmavathy V., Vasudevan P. and Dhingra S.C.
(2003): Biosorption of nickel(Il) ions on Baker’s
yeast. Process Biochem. 38, 1389-1395.

Papachristou E. (1984): The bacterial cell wall and
its significance. Acta Microbiologica Hellenica
29, 140-146.

Papageorgiou S.K., Katsaros F.K., Kouvelos E.P.,
Nolan J.W., Deit H.L. and Kanellopoulos N.K.
(2006): Heavy metal sorption by calcium alginate
beads from Laminaria digitata. J. Hazard.
Mater. B137, 1765-1772.

Pardo R., Herguedas M., Barrado E. and Vega M.
(2003): Biosorption of cadmium, copper, lead
and zinc by inactive biomass of Pseudomonas
putida. Anal. Bioanal. Chem. 376, 26-32.

Parvathi K., Nagendran R. and Nareshkumar R.
(2007): Lead biosorption onto waste beer yeast
by-product, a means to decontaminate effluent
generated from battery manufacturing industry.
Electron. J. Biotechnol. 10 (1), 92-105.

407

Paul S., Bera D., Chattopadhyay P. and Ray L. (2006):
Biosorption of Pb(ll) by Bacillus cereus M1
16 immobilized in calcium alginate gel. J. Hazard.
Subst. Res. 5, 1-13.

Pazirandeh M., Chrisey L.A., Mauro J.M., Campbell
J.R. and Gaber B.P. (1995): Expression of the
Neurospora crassa metallothionein gene in
Escherichia coli and its effect on heavy-metal
uptake. Appl. Microbiol. Biotechnol. 43, 1112—
111,

Pazirandeh M., Wells B.M., Ryan R.L. (1998):
Development of bacterium- based heavy metal
biosorbents: enhanced uptake of Cadmium and
Mercury by Escherichia coli expressing a metal
binding motif. Appl. Environ. Microbiol. 64
(10),4068-4072.

Robinson P.K. (1998): Immobilized algal technology
for wastewater treatment. In Wasterwater
Treatment with Algae ed. Wong Y'S and Tam
FY Berlin: Springer-Verlag, pp 1-16.

Richins R., Kaneva I., Mulchandani A., and Chen
W. (1997): Biodegradation of
organophosphorus pesticides by surface-
expressed organophosphorus hydrolase. Nat.
Biotechnol. 15, 984-987.

RomeraE., Gonzalez F., Ballester A., Blazquez M.L.
and Munoz J.A. (2007): Comparative study of
biosorption of heavy metals using different types
of algae. Bioresour. Technol. 98, 3344-3353.

Romeyer F.M., Jacobs F.A. and Brousseau R. (1990):
Expression of a Neuospora crassa
metallothionein and its variants in Escherichia
coli. Appl. Environ. Microbiol. 56, 2748-2754.

Sag Y. and Kutsal T. (1995): Biosorption of heavy
metal by Zoogloea ramigera. Chem. Eng. J.
60, 181-188.

Sar P., Kazy S.K., Asthana R.K. and Singh S.P.
(1999): Metal adsorption and desorption by
lyophilized Pseudomonas aeruginosa. Int.
Biodeter. Biodegrad. 44, 101-110.

Sari A. and Tuzen M. (2008): Biosorption of Ph(lI)
and Cd(ll) from aqueous solution using green
alga (Ulva lactuca) biomass. J. Hazard. Mater.
152, 302-308.

Sarret G, ManceauA., Spadini L., Roux J.C., Hazemann
J.L., Soldo Y., Eybert-Berard L. and Menthonnex
J.J. (1998): Structural determination of Zn and Pb
binding sites in Penicillium chrysogenum cell



Shetty R. and Rajkumar S. (2008) Asian J. Exp. Sci., 22(3), 393-408

walls by EXAFS spectroscopy. Environ. Sci.
Technol. 11, 1648-1655.

Schiewer S. and Volesky B. (1995): Modeling of the
proton—metal ion exchange in biosorption.
Environ. Sci. Technol. 29, 3049-3058.

Singh A., Mehta S.K. and Gaur J.P. (2007): Removal
of heavy metals from aqueous solution by
common freshwater filamentous algae. World
J. Microbiol. Biotechnol. 23, 1115-1120.

Singhal R.K., Andersen M.E. and Meister A. (1997):
Glutathione, a first line of defense against
cadmium toxicity. Faseb. J. 1, 220-223.

Spanelova M., Machovic V. and Brezina M. (2003):
Characterization and sorption properties of
Aspergillus niger waste biomass. Cent. Eur. J.
Chem. 3, 192-200.

Stillman M.J., Shaw F.C. Il and Suzuki K.T. (1992):
Metallothioneins : Synthesis, structure, and
properties of metallothioneins, phytochelatins,
and metal-thiolate complexes, Edited by M. J.
Stillmann, Shaw F.C., Suzuki K. T. Weinheim:
VCH publishers, Inc, pp 436.

SuhJ.H.,Kim D.G, YunJ.N. and Song S.K. (1998):
Process of Pb?" accumulation in Saccharomyces
cerevisiae. Biotechnol. Lett. 20 (2), 153-156.

Tengerdy R.P., Johnson J.E., Hollo J. and Toth J.
(1981): Denitrification and removal of heavy
metals from waste water by immobilized micro-
organisms. Appl. Biochem. Biotechnol. 6, 3-13.

Tobin J.M., Cooper D.G. and Neufeld R.J. (1984):
Uptake of metal ions by Rhizopus arrhizus
biomass. Appl. Environ. Microbiol. 47, 821-824.

Unz R.F. and Shuttleworth K.L. (1996): Microbial
mobilization and immobilization of heavy
metals. Curr. Opin. Biotechnol. 7, 307-310.

Vecchio A., Finoli C., Simine D.D. and -Andreoni V.
(1998):.Heavy metal biosorption by bacterial
cells. Fresenius J. Anal. Chem. 361, 338-342

\Volesky B. (1994): Advances in biosorption of
metals: Selection of biomass types. FEMS
Microbiol. Rev. 14, 291-302.

\Wolesky B. (2003): Sorption and Biosorption. (ISBN
0-9732983-0-8) BV-Sorbex, Inc. St. Lambert
(Montreal), Quebec, Canada.

Wang C.L., Maratukulam P.D.L., Clark D.S. and
Keasling J.D. (2000): Metabolic engineering of
an aerobic sulfate reduction pathway and its

application to precipitation of cadmium on the
cell surface. Appl. Environ. Microbiol. 66,
4497-4502.

Weppen P. and Hornburg A. (1995): Calorimetric
studies on interactions of divalent cations and
microorganisms or microbial envelopes.
Thennochimica Acta. 269/270, 393-404.

Wuyep P.A., Chuma A.G,, Awodl S. and Nok A.J.
(2007): Biosorption of Cr, Mn, Fe, Ni, Cu and Pb
metals from petroleum refinery effluent by
calcium alginate immobilized mycelia of
Polyporus squamosus. Scientific Research and
Essay. 2 (7),217-221.

Yan G. and Viraraghavan T. (2000): Effect of
pretreatment on the bioadsorption of heavy-
metal on Mucor rouxii. Water SA. 26, 119-123.

Yetis U. and Ceribasi H. (2001): Biosorption of Ni
and Pb by Phanerochaete chrysosporium from
a binary metal system. Water SA 27(1), 15-20.

Yilmaz E.I. and Ensari N.Y. (2005): Cadmium
biosorption by Bacillus circulans strain EB1.
World J. Microbiol. Biotechnol. 21, 777-779.

Yu Q. and Kaeswarn P. (2000): Adsorption of Niz
from aqueous solutions by pretreated biomass
of marine macroalga Durvillaeca potatorum.
Sep. Sci. Technol. 35, 689-701.

Zhou J.L. (1999): Zn biosorption by Rhizopus
arrhizus and other fungi. Appl. Microbiol.
Biotechnol. 51, 686-693.

ZhouM., LiuY., Zeng G, Li X., XuW.and Fan T.
(2007): Kinetic and equilibrium studies of Cr(VI)
biosorption by dead Bacillus licheniformis
biomass. World J Microbiol Biotechnol. 23,
43-48.

Ziagova M., Dimitriadis G., Aslanidou D.,
Papaioannou X., Litopoulou Tzannetaki E. and
Liakopoulou-Kyriakides M. (2007): Comparative
study of Cd(Il) and Cr(VI1) biosorption on
Staphylococcus xylosus and Pseudomonas sp.
in single and binary mixtures. Bioresour.
Technol. 98, 2859-2865.

Zouboulis A.l., Matis K.A. and Lazaridis N.K.
(2001): Removal of metal ions from simulated
wastewater by Saccharomyces yeast biomass:
combining biosorption and flotation processes.
Sep. Sci. Technol. 36(3), 349-365.

408




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


