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ABSTRACT

Release of heavy metal without proper treatment poses a significant threat
to public health because of its persistence, biomagnifications and accumu-
lation in food chains. Non degradability and sludge production are two
major constraints of metal treatment. The chemical processes are not eco-
nomical and physical processes consume lot of energy. In this endeavor,
microbial biomass has emerged as an option for devel oping economic and
eco-friendly waste water treatment processes. Non living and dead micro-
bial biomass may passively sequester metal by the process of biosorption
technology. It has advantages like low operating cost and is effective in
dilute solutions and generates minimum effluent. Here, the dead microbial
biomass has several reactive groups available on the cell surface such as
carboxyl, amine, imidazole, phosphate, sulfhydryl, sulfate and hydroxyl.
The pretreatments modify the cell surface either by removing or masking
the groups or exposing more metal binding sites. Immobilized biomass of -
fersthe continuous sorption-desorption systemin afixed bed reactor. Vari-
ous commercial microbial biosorbents available are Alga sorbs, AMT
Bioclaim and Bio-fix. The economics of these sorbents merit their commer-
cialization, over chemical ion exchangers. Although a lot of research is
doneinthefield of biosorption the applicationsmade on large scale are till
less. © 2009 Trade Sciencelnc. - INDIA
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1.INTRODUCTION

Duringthelast few decadesextensiveattention has
been paid to the hazards arising from contamination of
the environment by heavy meta §°%. Modern industry,
to alarge degree, isresponsiblefor contamination of
theenvironment. Thecurrent pattern of industrid activ-
ity dtersthenaturd flow of materid andintroducesnove
chemicalsinto theenvironment!?¥. Therateat which
effluentsaredischargedinto theenvironment especidly
water bodies have been ontheincrease asaresult of
urbanization. Of thevariety of existing pollutants, heavy

metalshavereceved special attention, since some of
them areextremey harmful toalargevariety of organ-
ismswhen they exceed thelimit permitted by environ-
menta |egidation and/or the quantitiesassimil able by
theseorganismg*l. M ost of these effluentscontaintoxic
substances especialy heavy metds. The pollutants of
concernincludelead, chromium, mercury, uranium, se-
lenium, zinc, arsenic, cadmium, silver, gold and nickel.
Lead, cadmium and mercury are examples of heavy
metd sthat have been dlassfied aspriority pollutantsby
U. S. Environmenta protectionAgency (U.S. EPA)“,
The presenceof heavy metasintheenvironment is of
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mgor concern becauseof their toxicity, bicaccumulating
tendency, threat to human life and the environment(>3,
Heavy metd sareamong the conservative pollutantsthat
arenot subject to bacterial attack or other break down
or degradation processand are permanent additionsto
the marineenvironment®. Asaresult of this, their con-
centrationsoften exceed thepermissibleleve snormaly
foundinsoil, water ways and sediments. Hence, they
find their way up thefood pyramid when they accumu-
lateintheenvironment andin food chainsthey can pro-
foundly disrupt biological processes.

The primary sources of heavy metalspollutionin
coastal lagoonsareinput fromrivers, sedimentsand
atmosphere, which can affect aquaculture profitability
in certain aread™. Theanthropogenic sourcesof heavy
metd sincludewastesfromthe e ectroplatingand meta
finishingindugtries, metdlurgica indudtries, tannery op-
erations, chemica manufacturing, marinedrainage, ba-
tery manufacturing, leather tanningindustries, fertilizer
industries, pigment manufacturingindustries, leachates
from landfillsand contaminated fround water from haz-
ardouswaste sites?). Heavy metalsare also emitted
from resourcerecovery plantsinrelatively highlevels
on fly ash particled®. Dueto theincreasing environ-
mental concern regarding heavy meta contamination,
there hasbeen an abundance of interest intheremova
of heavy metal sfrom contaminated waste streams. Tech-
niques presently in existencefor removal of heavy met-
asfromwastewater arerelatively expensiveinvolving
either elaborate and costly equipment or high costs of
operation with ultimate disposa problems. Inview of
these reasons, devel opment of amore cost effective
remediation processusing biologica systemfor remova
of heavy metd ionsfrom waste water isnecessary!*.

Heavy meta sa so enter thewater supply by indus-
trial and consumer water or evenfromacid rain bresk-
ing down soilsand rocks and rel easing heavy metals
into streams, lakes and ground water. Heavy metals
arewidespread pollutants of great environmental con-
cern asthey are non-biodegradable and thus persis-
tent(™. Heavy meta pollutionintheaguatic system has
become aseriousthreat today. M etalsare mobilized
and carried into food web asaresult of leaching from
waste dumps, polluted soilsand water. At every level
of food chainsthe metal sincreasein concentration and
are passed onto the next higher level-aphenomenon
called biomagnification(®. Heavy metalseven at low

TABLE 1: Typesof heavy metalsand their effect on human
health

Pollutants Major sources Effecton —Permissible
human Health level
Pesticides, Bronchitis,
Arsenic fungicides, dermati tis’ 0.0 2ppm
metal smelters
Welding, Kidney damage,
electroplating, bronchitis,
. pesticide gastrointestinal
Cadmium  otilizer CANi disorder, ~ O-98PPM
batteries, nuclear bonemarrow,
fission plant cancer
Paint, Pesticide, Liver, kidney,
Smoking, gastrointestinal
Lead automobile  damage, mental  0.1ppm
Emission, retardation in
Mining, Burning children
Welding, fuel Inhalation or
L contact causes
addition,
Manganese damage to 0.26ppm
ferromanganese
. central nervous
production
system
Mercury
Fluorescent . Damage to
tubes Pesticides, nervous
e batteries, system, 0.01ppm
kills fishes .
and fish  PaPer industry,  protoplasm
eaters poisoning
Refineries, brassZI ne fu_mes have
corrosive effect
manufacture, on <kin. cause
. metal Plating, ’ 15ppm
Zinc ; damageto
plumbing
nervous
membrane

concentrations (TABLE 1) can causetoxicity to hu-
mansand other formsof life. Thetoxicity of metd ionis
owingtother ability to bind with protein molecul es*!

and prevent replication of DNA and subsequent cell

division. To avoid health hazardsit isessentia tore-
movethesetoxic heavy metalsfrom waste water be-
foreitsdisposa. In US, $58 millionworth meta swere
disposed off in 1985 from the agqueous sol ution of elec-
troplating industry alone. AccordingtotheU.S. EPA

report, 15,000 tonnes of chromium, 19,000 tonnes of

lead and 29,000 tonnes of other heavy metals were
disposedin 1987. Eventudly, environmenta awareness
isgrowing among consumersand industridistsand le-
gd congraintson dischargeof effluents, necessitatinga
need for cost-effective aternativetechnologies™. In
thisendeavor, microbial biomass hasemerged asan
option for devel oping economic and eco-friendly waste
water treatment process ™.
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2. Conventional methodsfor removal of metal ions

Some of the conventiona techniquesfor removal
of metalsfromindustria wastewater includechemical
preci pitation, adsorption, sol vent extraction, membrane
separation, ion exchange, € ectrolytic techniques, co-
agul ation/floatation, sedimentation, filtration, membrane
process, biological processand chemical reaction®,
Each method hasitsmeritsand limitationsin applica:
tion. These processesmay beineffectiveor expensive,
especialy when the heavy metal ionsarein solutions
containinginthe order of 1-100 mg dissolved heavy
meta iong/L®, Biologicd methodssuch asbiosorption/
bioaccumulation for theremoval of heavy metal ions
may providean atractivedternativeto physico-chemica
methods“?. Microorgani sms uptake metals either ac-
tively (bioaccumulation) or passively (biosorption)t,
Feasihility studiesfor |arge-sca e applicationsdemon-
strated that, bi osorptive process are more applicable
than the bioaccumul ative processes, becauseliving sys-
tems (active uptake) often requiretheaddition of nutri-
ents and hence increase biological oxygen demand
(BOD) or chemical oxygen demand (COD) in the ef-
fluent. In addition, maintenance of healthy microbia
populationisdifficult dueto metal toxicity and other
unsuitableenvironmentd factors. Inaddition, potentia
for desorptivemeta recovery isrestricted since metal
may beintracellulary bound, metabolic products may
beform complexeswith meta sto retainthemin solu-
tion and mathematical modeling of anon-defined sys-
temisdifficult®®.

3. Biosor ption

Biosorption can be defined as the uptake of or-
ganicandinorganic metal species, both solubleandin-
soluble, by physicochemica mechanismssuch asad-
sorption. Inliving cells, metabolic activity may dsoin-
fluencethisprocess because of changesinthe physico-
chemical characteristicsof the cellular microenviron-
ment. Almost dl biologica macromoleculeshavesome
affinity for metal specieswith cell wallsand associated
meaterid sbeing of thegreatest Sgnificancein biosorption.
Aswidll asthis, cationic species can be accumul ated by
cdlsviatransport systemsof varying affinity and speci-
ficity. Onceinsidecells, metal speciesmay bebound,
precipitated, localized withinintracellular structuresor
organelles, or trand ocated to specific structures, de-
pending on thed ement concerned and the organism(“?.,

—= Twyiorial Reviews

Advantagesof biosor ption over conventional treat-
ment methods

Compared to classical technol ogies of waste-wa-
ter treatment, biosorption offersthe following advan-
tages:

» Thesystem offerslow capital investment ad low
operation costs.

» Thesystemiseffectiveover abroad temperature
and pH range and can beregenerated.

» Metascanbesdectively removed.

=  Minimizationof chemicd/biologicd dudge

Aboveadll the advantages of cheap production and
metal selectivity arethe promising propertiesof micro-
bial biomassfor the development of novel industria
applications based on biosorption(®.

Advantagesof using inactivated biomass

Active metabolic state of cellsisnot aprerequisite
for biosorption sincethe process can occur evenwith
inactivated/dead cells. The advantages of biosorption
arelisted below.
= Nonliving biomassisnot subjected totoxicity limi-

tation of the cellsand the processis not governed
by physiologica congraintsof microbid cdlls; costly
nutrientsfor thegrowth and aseptic operation of cells
arenot required. A wider range of operating condi-
tionssuch aspH, temperature and metal concentra-
tions can be used. Waste biomassfrom afermenta-
tionindustry can be cheap source of biomass.

» |nactivated biomassworksasanion-exchanger. So
the processisvery rapid, requiring anywhere be-
tween afew minutesto few hours. Metalscan be
desorbed readily from the bi osorbent and recov-
ered. If thevaue and amount of metal recoveredis
significant andif thebiomassisplentiful, themeta
loaded biomass can beincinerated thereby elimi-
nating further treatment!,

» Useof inactivated biomassas adsorbent meansthat
it can be used in established connections, theories
and formulasaready in routine usefor adsorption
system likeion exchange.

4. Processof biosor ption

Thebiosorption processinvolvesasolid phase (sor-
bent or biosorbent; biological material) and aliquid
phase (sol vent, norma ly water) contai ning adissolved
speciesto besorbed (sorbate, metd ions). Dueto higher
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affinity of thesorbent for the sorbate speciesthel atter
isattracted and bound by different mechanisms. The
process continuestill equilibriumisestablished between
theamount of solid-bound sorbate speciesand itspor-
tionremaininginthesolution. Thedegree of the sorbent
affinity for the sorbate determinesitsdistribution be-
tween the solid and liquid phases. Whilethereisapre-
ponderance of solute (sorbate) molecules (atoms) in
the solution, thereare nonein the sorbent particleto
start with. Thisimbal ance between thetwo environ-
ments, amount to adriving forcefor the solute species.
The heavy metal s adsorb on the surface of biomass.
Adsorptioninvolvestheinter phase accumulation or
concentration of substance at asurfaceor inter phase.
In doing so, the solid mass or particlesof biomass sor-
bent becomes enriched in those substances of sorbate
that they attracted and sequestered. A large number of
microorganisms bel onging to various groups, viz. bac-
terig, fungi, yeasts, cyanobacteriaand algae have been
reported to bind avariety of heavy metasto different
extentd® have presented an exhaustivelist of microbes
and their metal-binding capacities.

5. Biomass types, selection and sour ces

Indeed, somebiomasstypesarevery effectivein
accumulating heavy metas. Availability isamgjor fac-
tor to betaken into account to saect biomassfor clean-
up purposes. The economy of environmental reme
diation dictatesthat the biomass must comefrom na-
ture or even has to be a waste material. Seaweeds,
molds, yeasts, bacteria, crab shells, anong other kinds
of biomass, have been tested for metal biosorptionwith
very encouraging results. Some biosorbents can bind
and collect awiderange of heavy metalswith no spe-
cficpriority, wheressothersarepecificfor certain types
of metal§*9. The importance of any given group of
biosorption of acertain metalsby acertain biomass
dependson factor such as: the number of sitesinthe
biosorbent material, the accessibility of thesites, the
chemicd stateof thedte(i.e. availability) and affinity
between siteand metal (i.e binding strength). When
choosing thebiomassfor metd biosorption experiments,
itsoriginisamajor factor to be taken into account.
Biomass can comefrom (i) industrial wastes which
should beobtained free of charge; (ii) organismseasly
availableinlargeamountsin nature; and (iii) organisms
of quick growth, especially cultivated or propagated

for biosorption purposes. Cost effectivenessisthemain
attraction of metal biosorption, and it should be kept
that way. Not only should microbial biomassbe used
directly, but biosorbentsderived fromitinasmplepro-
cess should be most low-priced for economica metal-
removal processapplications. If, for any reason, by-
productsof fermentation processeswould not beavail-
able, biosorbentscould be produced by using relatively
unsophi sticated and | ow-cost culture propagation tech-
niques. Nutrientsfrom readily available and inexpen-
sivesourcessuch ascarbohydrate-richindustrid waste-
waters, which often pose pollution/trestment problems,
such asfood, dairy and starch industries, might be con-
veniently used. Onthecontrary, thecosts of biosorbents
especially produced could be higher and affect nega-
tively theoverall economy of their applicationt.

Sea weed

Seaweedsoffer severa advantagesfor biosorption
because of their macroscopi ¢ structures, which offer a
convenient basi sfor the production of biosorbent par-
ticlessuitablefor sorption process applications. Some
seaweeds collected from the ocean haveindicated im-
pressive biosorption of metal§%2. Brown marinea gee
tend particularly to sequester heavy meta§7. Aderhold
et al.lY studied the efficiency of three species of sea
weed Ecklonia maxima, Lessonia flavicans and
Durvillea potatorum at sorbing copper, nickel, zinc,
lead and cadmium. They found that all three species
sequestered meta ionsfrom solution. L.flavicanswas
the poorest at removing lead ions; D.potatorum pro-
vided thelowest resdua metal concentrationsin most
cases, E.maxima rel eased | essa ginates during experi-
mentation and showed rd atively high metdion- remova
ability. lon exchange hasbeen confirmed to be highly
involvedto alarge degreeinthe meta sequestering by
agal biomass™. Although other dga polysaccharides
such as abundant carageenan have potential binding
sites: red marine al gae contai ning carageenan do not
have outstanding metal-sorbing properties.

Yeastsand fungi

Other kindsof high metal-sorbing biomasssuch as
yeast can also be considered®!. However, the most
common yeast biomass (Saccharomyces cerevisiae)
isnot usually awaste, but acommercial commodity.
Some chemica compounds of yeast cellscan aso act
asion exchangerswithrapid reversiblebinding of cat-
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ions. Volesky et d .1 working on cadmium biosorption
by Saccharomyces cerevisiae demonstrated that this
yeast is areasonably potent biosorbent material for
cadmium.

Themagority of fungi show filamentousor hyphal
growth. Fungi areeasy to grow andyield largeamounts
of biomass. They havewide range of applications par-
ticularly infermentation processes. Thebiomassof fungi
and yeastsfrom suchindustries could beaready source
for metd removd processes. Cel wallsof fungi present
amulti-laminatearchitecturewhere up to 90% of their
dry mass consists of amino or non-amino polysaccha
rides. Thefungal cell wallscan beconsidered asatwo
phase system consisting of chitin framework embed-
ded on an amorphous polysaccharide matrix. Various
metal binding groups, vizamine, imadazole, phosphate,
sulphate, sulfhydryl and hydroxyl arepresent inthe poly-
mers'¥, Themetal binding capacity dependsonwalls
polymersaswdl asther dignmentinthecd| wdl. Metd
loading capacitiesin different fungi dter dueto differ-
encesintheir cdl wall composition®, working on cad-
mium biosorption by Saccharomyces cerevisiae dem-
onstrated that this yeast is a reasonably biosorbent
materia for cadmium (TABLE 2a). Amongst fungi
(TABLE 2b) Penicillium chrysogenum can extract
goldfrom cyanidesolution*®. However, the biosorption
capacity was not encouraging. Somemucora ean fungi
have shown intriguing meta biosorbent properties, par-
ticularly highfor uraniumand thoriumi*®, whereby dif-
ferent metal deposition patternscould beclearly distin-
guished (Figures4(A and B). Notealsothat asimilar
and conveniently availablebiomass of Aspergillusspe-
ciesisnot very activein biosorption of metal g7,

Bacteria

A gresat dedl of heterogenecity exit among different
bacterid speciesinrelationto:
e Number of surfacebinding sites
e Bindingstrengthfor differentions
e Bindingmechaniams

Gram positive bacteriaexhibit enhanced metd bind-
ing capacity than gram negative bacterid®. Gram posi-
tive cell walsand surfaces have anegative charge den-
sity owing to the peptidoglycan network, amacromol -
eculecons gting of strandsof dternating gluosamineand
muramic acid residues, which are often N-acetyl ated.
Carboxylate groups at the carboxyl terminus of indi-

= Twtoriel Reviews

TABLE 2(a) : Variousyeas speciesused for metal biosor ption
M etal

Y east adsor bed Reference
. Volesky et al.
Saccharomyces cerevisiae Cd,Ur (1993)
Saccharomycescerevisiae, cd Bashar et al.
Kluyveromyces fragilis (2003)
g Methyl — — \rid et al.
Saccharomyces cerevisiae ~ mercury and
Hg(l1) (1995)
TABLE 2(b): Somefungal speciesused in metal biosor ption
. M etal
Fungi adsor bed Reference
Phanerochaete Ni(I1),Pb(Il) Haluk and Ulki (2001)
chrysosporium
Aspergillus niger Cd Barros et a. (2003)

Bhainsa and D'Souza

Aspergillus fumigatus ~ Ur(VI) (1999)
Aspergillusterreus Cu Ruchi et al. (2003)
Penicillium Au  Niuand Volesky (1999)
chrysogenum
TABLE 2(C): Bacterial speciesexploited in metal biosor ption
Fungi Metal adsorbed  Reference
Philip and
1. Bacillus polymyxa Cu V enkobachr
(2001)
. Srinath et al.
2. Bacillus coagulens Cr(VI) (2003)
. . Weon et al.
3. Eschereria coli Hg (2003)
: . . Churchill et al.
4. Eschereria coli Cu,Cr,Ni (1995)
5. Pseudomonas SHecies Cr(V1),Cu(ll), Muraeedharan
' P Cd(I),Ni(Il)  etal. (1991)

vidual strandsprovide bulk of anionic character tothe
cell wal. The phosphodiestersof teichoic acid and the
carboxyl groups of teichuronic acid contributeto the
ion exchange capacity of cell walls. In comparisonto
theion-exchange process, the bacteriapossess maxi-
mum binding capacity attributed to nucleation reac-
tion®Y, The mgor anionic character in gram negative
cell wallsisdueto the phosphate in outer and inner
membranesand their peptidoglycan. Various bacteria
species (TABLE 2¢) areknown to adsorb metalslike
copper, cadmium, chromium, nickel etc.

6. Effect of pre-treatment on the biosor ption of
heavy metals

Metal affinity to the biomass can be manipul ated
by pretreating the biomasswith dkalies, acids, deter-
gentsand heat, which may increasetheamount of the
metd sorbed. Thebioadsorption capacity of autoclaved
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Mucor rouxii decreased as compared to the livefun-
gus, attributed to the loss of intracellular uptake®,
Whistler and Daniel™ reported that the heat treatment
could causealoss of amino-functiona groupsonthe
fungd surfacethrough the non-enzymic browning reac-
tion. Aminofunctiona groupsin the polysaccharides
contributeto thebinding of heavy meta 9. However,
Gaun et a.[? reported that Pencillium biomasspre-
treatment at 100°C for 5 minutes increased the
biadsorption of lead, cadmium, nickd and zinc and the
increase was attributed to the exposure of latent bind-
ing sitesafter pre-treatment. In the case of alkali pre-
trestment, bi cadsorption capacity of Mucor rouxii bio-
masswas significantly enhanced in comparison with
autoclaving. Acid pretrestment of Mucor rouxii Sgnifi-
cantly decreased the bioadsorption of heavy metal %,
However, Huang and Huang™ reported that acid pre-
treatment can strongly enhance the adsorption capacity
of Aspergillus oryzae mycelia. In case of A.oryzae,
livebiomassafter acid pre-treatment wasdirectly used
in bioadsorption of heavy metals instead of being
autoclaved and dried. Thedifferenceinresultsafter a
specific pretreatment may beattributed to the different
strainsof fungi used and whether thebiomasswaslive
or stead whenitisused in biosorption of metal ions.

7. Biosor ption mechanisms

The complex structure of microorganismsimplies
that there are many waysfor the metal to betaken up
by themicrobid cell. They may be classfied according
tovariouscriteria

According to the dependenceonthecdl’s metabo-
lism, biosorption mechanismscan bedividedinto:

e Metabolism dependent
o Non-Metabolism dependent.

According to location where the metal removed
from solutionisfound, biosorption canbeclassified as
e Extracdlular accumulation/ precipitation.

e Cdl surfacesorption/ precipitation and
e Intracdlular accumulation

Transport of the metal acrossthe cell membrane
yiedsintracd lular accumul ationwhichisdependent on
thecell’s metabolism i.e., it takes place only with viable
cdls. Itisoften associated with an active defense sys-
tem of themicroorganism, which reactsin the presence
of toxic metal. During non-metabolism dependent
biosorption, metal uptakeisby physic-chemical inter-

action between the metal and the functional groups
present on themicrobia cell surface. Thisisbased on
physical adsorption, ion exchange and chemical sorp-
tionwhicharenot dependent onthecell’s metabolism.
Cell wallsof microbial biomass mainly composed of
polysaccharides, proteinsandlipidshave abundant meta
binding groups such ascarboxyl, sul phate, phosphate
and amino groups. Thistypeof biosorption, i.e., non-
metabolism dependent isrelatively rapid and can be
reversiblg“,

Transport acrosscell membrane

Themetd trangport sysemsmay become confused
by the presence of heavy metal ionsof the same charge
andionicradiuswith essentid ions. Thiskind of mecha
nismisnot associated with metabolic activity. Basicdly,
biosorption by living organisms comprises of two steps.
first, ametabolism independent binding wherethe met-
dsareboundtothe cell wallsand second, metabolism
dependent intracd lular uptake, whereby metd ionsare
transported acrossthe cell membrang?®.

Physical adsor ption

It takes placewith the hel p of Vanderwaal sforces.
Electrostatic interaction hasbeen demonstrated to be
responsible for copper biosorption by bacterium
Zooglearamigeraand algaChorelavulgarig?.

lon exchange

Cdl wallsof microorganismscontain polysaccha:
ridesand bivaent meta ionsexchangewith the counter
ionsof the polysaccharides. For example, thea ginates
of marinealgae occur as saltsof potassium, sodium,
cal ciumand magnesium. Theseionscan exchangewith
counter ionssuch as cobdt, copper, cadmiumand zinc
resulting in biosorptive uptake of heavy metal§*1. The
biosorption of copper by fungi Ganoderma lucidium
and Aspergillus niger was also up taken by ion ex-
changemechaniam.

Complexation

Themeta removal from solutionsmay takeplace
by complex formation on thecell surface after thein-
teraction between themeta and theactivegroups. Asku
et a.[@ hypothesized that biosorption of copper by
Chorellavulgarisand Zooglearamigeratakes place
through both adsorption and formation of co-ordinate
bonds between metal sand amino and carboxyl groups

Snvivonmental Science (=
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of cdl walls.
Precipitation

It may beeither dependent on the cellular metabo-
lism or independent of it. Intheformer caseitisoften
associated with active defense systems of microorgan-
isms. They react inthe presence of toxic metd produc-
ing compoundswhich favor the preci pitation process.
Inthe caseof preci pitation not dependent onthecellu-
lar metabolism, it may be aconsequence of the chemi-
ca interaction between the metal andthecell surface.
Thevariousbiosorption mechanisms mentioned above
can takeplacesimultaneoudly.

Useof recombinant bacteriafor metal removal

Recombinant bacteriaare beinginvestigated for
removing specific metal sfrom contaminated water as
metal removal by adsorbents from water and waste
water isstrongly influenced by physico-chemical pa-
rameters such asionic strength, pH and concentration
of competing organic and inorganic compounds. For
example, agenetically engineered E.coli which ex-
pressed Hg?* transport system and metallothionin
(ametd binding protein) wasableto selectively accu-
mulate 8y molesof Hg?*/gm cell dry weight.

8. Factorsinfluencing biosor ption

Theinvestigation of theefficacy of themetd uptake
by themicrobia biomassisessentid for theindustria
gpplication of biosorption, asit givesinformation about
the equilibrium of the processwhichisnecessary for
the design of the equipment!™.

Typeof biomass

Owing to differencesin the organisms, thereare
differencesin biosorption capacities of different spe-
cies, cellsof different ages, and between different cell
forms of the same organism®! growth and culturesin
different mediaor mediasupplementations showsdif-
ferencesin morphol ogica formand chemica composi-
tion of the microorganismg™. Also, growth of micro-
bid cultureisassociated with changein metabolicrates,
cdlular compositionand cdl wal structure. Thesefac-
torschangein different stages of growth and conse-
quently affect the nature and number of metal binding
sites. The uptake of uranium was 2.6 timesmorein
12hrsgrown cultureof Saccharomycescerevisaethan
the ol der biomass. Stationary phase C.Cladosporioides

= Yytoriel Reviews
removed more gold than younger biomasg®.
Metal chemistry

In Rhizopusarrhizusadsorptionwasrelated tothe
ionicradiusof L&, Mn?", Cu?*, Zn?*, Cd*, Ba?*, Pb?**
andAg*. Metd bindingisrelated to covalent index of
metal 19,

Temperature

In contrast to metabolism-dependent meta uptake,
biosorptionisrelatively unaffected by changesintem-
perature. Biosorption of copper by S.cerevisiaewas
not affected significantly over thetemperaturerange of
4-45°C. However, high temperatures may cause per-
manent damageto microbia cellsdecreasngmeta up-
takels,

Hydrogen ion concentration

Hydrogen ion concentration seemsto bethe most
important parameter in the biosorption process. It af-
fectsthe sol ution chemistry of themetas, the activity of
thefunctional groupsin the biomassand the competi-
tion of metaliciong?1. Atlow pH (<2.0) thereismini-
mum or negligible metal uptake. Themeta uptakein-
creasesasthe pH increasesfrom 3.0-5.0. At optimum
pH value, metd sorptionishighest andit decreaseswith
further increasein pH. At very acidic condition, the pro-
ton concentrationinsolutionishigh. Metd ionshaveto
competewith H* ionsfor surface binding sites?4, At
low pH wall ligands associated with H,O* restrainthe
access of metal ionsdueto repulsiveforces. Thein-
creasein metal binding with increasein pH could be
duetolessionic competition. Also, increasein pH would
expose more negatively charged ligands with subse-
quent increasein attraction for positively charged meta
iong®. ThepH (4.0 - 8.0) isoptimal for metal uptake
for dmost al typesof biomass®.

Concentration of biomass

At agiven equilibrium concentration, the biomass
adsorbs more metal ionsat low cell densitiesthan at
high densities>. Reductionin specific metad uptakeat
increased biomass|oading isattributableto theinterac-
tion between binding sitesof higher ions. At lower bio-
mass concentration, increasein specific metal uptake
wasduetotheincreasein metd to biosorbent ratiol3.

I nitial metal concentration
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Theamount of metal adsorbed by the biomassin-
creases with the concentration of metals. Copper re-
moval efficiency of Rhizopusarrhizuswashigher at
low initial metal concentration. Thus, at agiven con-
centration of biomass, themetal uptakeincreaseswith
increaseininitial meta concentration.

Competing cations

The cationscompetefor binding sitesjust asthe
competition by H* and H,O" ions, becausethe metal
binding functional groups such asCOO-, CO, OH-,
SH, etc are non specific for binding the cationg*. An
increaseisreported in CO?* uptakein pressureof K4l
and that of Pb?* in pressure of U?* (Niu et al., 1993)
and Ca2* uptakein pressure of Hg?*?9, However, Mg,
Mn?*, CO?" and Zn?* reduced Cu?* binding to Penicil -
lium spinulosum®?. Cations (K*, Na* etc) reduce
bi osorption only when present in high concentrations.

Complexing anions

Inmany industria effluentsvariety of anions(sul-
phate, chloride, phosphate) are also present in addition
tothemeta iong®Y. Such anionsmay reducethe metal
binding to cell surface attributed to the formation of
complexesbetweenmetd cationsand theanionicligands
present in solution*?. Following threetypesof interac-
tionsexist between metd ions, complexingligandsand
adsorbents.

e Metal anion complexes are formed that are non-
adsorbing or weskly adsorbing resultingin decrease
inmetal adsorption.

¢ Biosorbent anioninteraction occur that enhance or
reducemeta binding

e Metal anion complexesareformed that are more
strongly adsorbed than the free metal resultingin
enhanced metal uptake.

Inhibitory effect of SO,*, PO,>, CO,*, NO* is
reported on cobat uptake by AMT™ metal removing
agent, loading of cobalt was unaffected by SO, CI-,
NO?* in concentrations ninetimes higher than that of
cobalt.

9. Bisor ption by immaobilized cells

Microbial biomassconsistsof small particleswith
low density, poor mechanica strength andlittlerigidity.
Immobilized/pd | etized biomassisof greater advantage
for usein packed-bed or fluidized bed-reactors, since
highflow ratescan beachieved, cloggingisminimized,

particle s ze can be controlled and high biomass|oad-
ingsarepossible. Theimmohilized biosorbent granules
must have a high surface area, porosity, mechanical
strength and water retention capacity. Theimmobiliza-
tion method must not affect the metal binding sites of
bi osorbent and transfer metal ionsfrom solutionto bio-
mass surface'®? devel oped amethod for the prepara-
tion of matrix from fungal biomassbiosorbent beads of
Cladosporium cladosporioides prepared by the
method had increased capacity of gold and silver up-
take. Inaddition to high mechanical strength, acid/al-
kali/temperature stability and high porosity, the beads
wereeasly biodegradedin soil after their useful lifein-
dicating eco-friendly nature of the process®l. Immohbi-
lized biomassshowed dmost 30% | essuranium uptake
ascompared to native biomass. For better shelf-life,
theimmobilized biomass hasthe advantage of easy and
convenient usage compared to free biomass, whichis
easily biodegradabl€*?. Variousapplicationsareavail-
ablefor biomassimmobilization. The principa tech-
niquesavailablefor application of biosorption arebased
on adsorption oninert supports, on entrapment in poly-
meric matrix, on covaent bondsin vector compounds
or oncell cross- linking.

Adsorption oninert supports

Support materid sareintroduced prior to steriliza-
tion and inoculationwith starter cultureand areleft in-
sidethe continuous culturefor aperiod of time, after
which afilm of microorganismsisapparent on the sup-
port surfaces. Thistechnique hasbeen used for theim-
mobilization of Rhizopusarrhizusfungal biomassin
reticul ated foam biomass support particles. Activated
carbon™ was used as a support for Enterobacter
aerogenshio-film. A work onimmobilization of Rhizo-
pus nigricans on polyurethane foam cubes and coco-
nut fiberswas reported®!,

Entrapment in polymericmatrices

Thepolymers(TABLE 3) used arecalcium algi-
natel®!, polyacrylamide®l, polysulfone® and
polyethyleniming®?. Thoseobtained fromimmobiliza-
tionin polysulfoneand polyethyleniminearethe stron-
gest.

Covalent bondsto vector compounds

Themost common vector compounds (carrier) are
silicagel. Thematerial obtained isintheform of gel
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TABLE 3: Immobilization matricesused for the study of metal adsor ption

Immobilization matrix Biomasstypes M etal adsorbed References
Chlorella vulgaris
: . Soirulina platensis Au, Cu, Fe, Zn Muraleedharan et al. (1991)
Calcium alginate Chlorella salina Co, Mn Beveridge and Fyfe (1985)
Rhizopus arrhizus
. Citrobacter, Ur, Cd, Pb, ;
Polyacrylamide gel Rhizopus arrhizus Cu, Co. Cd Macaskie and Dean (1989)
Silica Algasorb Sﬂ I;l') Beveridge and Fyfe (1985)
Polyurethane Pseudo_mo nas uUr Hu and Reeves (1997)
Aeruginosa
Polysulfone Phorimidium laminosum Pb, Cd, Zn Blanco et d. (1999)

Puranik and Paknikar(1999)

particles. Thistechniquemainly used for dgal immobi-
lizetion.
Cross-linking

Theaddition of cross-linker leadsto theformation
of stablecdlular aggregates. Thistechniquewasfound
useful for theimmobilization of agae. Themost com-
mon cross-linkers are: formaldehyde, glutaric
diadehyde, divinyl sulfone.

10. Desor ption and recovery of metals

If the biosorption process was to be used as an
alternativeto the waste water treatment scheme, the
regeneration of the biosorbent may becrucialy impor-
tant for keeping the process costsdown and in opening
the possibility of recovering themetalsextracted from
theliquid phase. For thispurposeitisdesirableto des-
orb the sorbed meta s and to regenerate the biosorbent
material for another cycle of application. The desorp-
tion process should.
¢ Yiddthemetasinaconcentrated form.
¢ Restorethebiosorbent to closetotheorigina solu-

tion for effective reusewith undiminished metd up-
takeand
¢ Nophysical changesor damagesto the biomass.

Dilutesolutionsof minerd acidslikeHCI, H,SO,,
CH,COOH, and HNO, can be used for metal de-
sorption from the biomass. Recovery of metalsfrom
industrials effluentsisdesirablewhen themetalsare
costly and rare. Although the concentration of metalsin
effluents may not be very high (<50mg/L), the total
amount of metal may be quitesignificant considering
thelargevolumesof effluent generated dally. The printed
circuit board manufacturing industry discharges 1-2mg
gold/L inthe effluent. About 5,00,000 liters of effluent

is generated every day amounting to adaily loss of
500mg of gold. Recovery of metalsmay a so bedesir-
ablefor theregeneration of thebiomassfor itsfurther
cycles of biosorption®l. For an effectiveand viable
biosorption technology, metal € ution methodsshould
be highly efficient, economical and should not cause
damageto biomass. Meta ions show marked pH de-
pendencein binding to biomass can bestripped easily
by dteringthepH©28, whereasmeta ionsshowinglittle
or no pH dependence can be desorbed by the addition
of gpecificligandsthat havehigher affinity for themeta
ions. Effective desportion depends on high affinity of
thedesorbing agent for metal ions. Diluteminerd acids
(HCI, H,S0,, HNO,) have been used for theremoval
of metalsfrom biomass. Organic acids(citric, acetic
and lactic) and complexing agents(EDTA, thiosul phate,
etc) can beused for meta e ution without affecting the
biosorbent™, EDTA was effectivein desorbing ura-
nium from Saccharomyces cerevesiae and Pencillium
digitatum. Various other desorbing agentsinclude SO,
and sodium bicarbonate. However, pressure of anions
might affect desorption from Rhizopusarrhizus®. Uses
of Na,CO, for desorption of lead and zinc from
Streptoverticillium cinnamoneum increases
biosorption of themetal in subsequent cycles®.

11. Metal biosor ption technologies

Severa micro meta remova technologies, which
have been commercialy employed, areasfollows,

AMT bioclaim™ process

The advanced mineral technologiesinc., Gloden
Co., USA, developed a waste water treatment pro-
cesswith Bacillus species pretreatment with caustic
solution. The cultureisimmobilized in beads using
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polyethlenimize and glutaral dehyde or other appropri-
ate builderdY, The biomass beads (moisture 60%,
specificgravity, 1.3 haveagreater physica integrity than
cation exchangeresin, IRC 78, and aretol erant to or-
ganic chemicals and pH changes. Metalsloaded on
beads are eluted using sulphuric acid, NaOH and
EDTA. Chemica modificationsof the beadsremoved
theanionsAsO,*, SeO,*, CrO>.

Alga sorb™ process

Bio-recovery systemsinc., USA, developed apro-
prietary algae based material, Alga SORB ™ which
comprisesseverd typesof livingand nonliving agag®.
Theaga culturesareimmobilizedinsilicagel inthe
form of beads. Desportion of metalswas carried out
using 0.5M H,SO, to produceaconcentrated solution
of metal (10g/L). AlgaSORB ™ material are particu-
larly useful to remove heavy metalsfrom water con-
taining high load of C&?*, Mg?", Na* and K*3.,

Bio-fiX™ process

Bio-fix™ is a biosorption process that utilizes bio-
massimmobilizedin polysulfidedeveloped at the US
Bureau of Mines, U.S AP, It consistsof thethermally
killed biomass of Sphagnum peat moss, algae, yeast,
bacteriaand/or aquatic florahaving <150umeter. Bio-
Fix beadswere prepared by admixing ground biomass
with asolution of polysulfide-dimethyl formamidemix-
ture. The beads are effectivein treating waste water
metal concentration, 0.01-15mg/L). They can bere-
used for metal biosorption for morethan 120 extrac-
tioneution cydeswithnoreductioninefficiency™. The
beadsare suitablefor practical applicationsinstirred
tank reaction fixed bedsand fluidized bed columns.

P.O.L sorb

P.O.L. sorb can be used as a cleansing agent. It
can absorb 8-12 timesitsown weight and isableto
remove or neutralize 95% to 100% of contaminants
present in water without any specialized training and
won’t complicate the problem further by being hazard-
ousto handleor difficult to dispose off. Itsuniquecd lu-
lar structure allows P.O.L. Sorb to absorb dyes and
other heavy metal compounds. Because of itschemica
composition, P.O.L. Sorb can stabilize or neutralize
these elements. Withitsability to absorb through its
porousexterior it can encapsulate, surround and lock
liquidsand solublesolidsintoitsgd atinousinterior, thus

virtualy eliminating any chance of leachingwhendis-
posed off inlandfill sites. The spent peat can also be
burnt without any danger to theatmosphere. The spent
pest can continued to beused for horticultural purposes
with excellent results. Thereisno danger of anything
leaching out of the peat and contaminating ground wa:
ters. The cost of P.O.L. Sorb asanatural resourceis
minimal. Thetechnology is priced muchlower thanfil-
tration processesnow in place. PO.L Sorb has secured
raw pest resourcesavailablefor all current and antici-
pated uses. Tests show that after just two passes of
effluent through amat of peat and water, the concen-
tration of commontrangtion metal swaslowered towell
bel ow acceptable environmenta limitsfor thesetoxic
substances. Even though this peat would now be con-
sidered “polluted”, it is completely safe to handle or
store, and disposal presentsno problem. Thefederal
government of Canadaand affected provincia govern-
mentshavea so gpproved landfill asan acceptabledis-
posal method for used pedt.

Agquasorb®

Itisasolid, granular cross-linked sodium polyacrylate
Advanced superabsorbent polymer that rapidly absorbs
and retainslarge volumes of agueous solutions, con-
vertingtheminto asemisolid-gel state. Theabsorptive
properties of AQUA Sorb® areideally suited for the
absorption and solidification of industrid wastestreams
containing inks, heavy metalsand other general con-
taminants. Itisaremarkable, yet economical tool for
spill management, contai nment, cleanup and disposal.
It hasseverd advantageslike:
¢ |tisnon-toxic, non-hazardous; does not produce
heat or off-gases.

o Meetsand exceed EPA, OSHA and ANSI guide-
linesfor absorbent materia performances.

e PassesthePaint Filter Liquid Test (M ethod 9095).
Non-Biodegradable polymer (Per 40 CFR 264.314
(€) (1) (i)).

e Expandsby lessthan 1% when hydrated.

e SEG cetifiedincinerablematerid with heat vaueof
5560 BTU/Ibs.

e Strong ion exchange capability allowsfor heavy
metal sto be bound and watersto pass TCLP.

e Absorbsover 250 timesitsweightin water.

e Freeze-Thaw Tested - will not releaseliquids after
freezing and heatingto 160° F
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e Producesover 5,000 BTU’s per pound when in-
Cinerated

e Solidifiesmost agueoussolutionsinlessthan2 min-
utes-does not require mixing.

12. Newer applicationsof biosor ption

Waste CdTe photovoltaic modules contain toxic
metassuchasslver, cadmiumandte lurium. If disposed
inlandfill Stes, leaching of theheavy metdsmay poten-
tidly have severe environmental impacts. Itisasoim-
portant to recover and recycle expensive metalslike
silver and tellurium from thewaste photovoltaic cel 195,
Scraping from waste photovoltai c cellsweredissolved
innitric acid and diluted to get desired metal concen-
trations. After adjusting pH of thesol ution, it was passed
through abiosorption column consisting of dead granu-
lated biomass of C.cladosporioidesfor selectivere-
mova of silver. Next, thesol ution was conditioned for
cadmium bi osorption and passed through asimilar col-
umn contai ning cadmium biosorption beads. Thetrested
solution served as afeed for the bioreactor containing
tellurium reducing bacterial culturei.e., Pmendocina.
When thecolumnswere operated under optimized con-
ditions, the adsorptionsefficiency obtained exceeded
90% for both silver and cadmium. The columnswere
saturated after adsorbing 50mg of Ag/gm biosorbent
and 30mg of Cd/gm biosorbent i.e., after passing ap-
proximatdly 1 liter of Ag containing solutionand 3liters
of Cd containing solution. TheAg containing solution
and 3 litersof Cd and Tewas not adsorbed by any of
the two types of biosorbent beads. The metalswere
concentrated using e uting agents and recovered in de-
sired form. Bacteria reduction of Te, proceeded with
>99% efficiency and reduced elemental Te, could be
used for recycling chemical analysisof thetreated wa-
ter haslow metal contents (typically 1.0mg/L). The
waste was, therefore recycled and used as diluentsin
the process. The possible application of the process
could beintheform of amodular system consisting of
biosorbent columnsfor recovery of Agand Cdand a
simplebioreactor for Tereduction. The system could
be operated with ease on Site, thus, obviating the costs
involved in transportation of the scrap.

Another area, important from public health point of
view, isthe contamination of food and food products
by heavy meta ions. Theestimated annual turnover of
herbal based medicinal preparationsin Indiaistothe
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time of 4-5 crore rupees, it is being affected due to
heavy metd accumulation likechromium, cadmium, leed,
slver, mercury and arsenicin plants. Thusmakingthe
medi cinesunacceptableto statuary bodiesabroad. Lead
and cadmium fromjuicesof carrot, grape and orange,
and extracts of Nordostachys jatamansi (Jatamansi
herb) and Vitis vinifera (raisin) were removed by
biosorption using C.cladosporiodes®!. A packed bed
reactor for continuousremoval of metalsfrom carrot
juicewas set up. Twenty bed volumesof carrot juice
were passed through the column and level sof lead and
cadmiuminthecolumn effluent were<0.05 and <0.15
respectively. Inanovel attempt of detoxifying metal-
CN containing waste waterd®, used fungal biomass
for biosorption removal of copper and Ni-CN com-
plexesfrom effluents. Although bacterial specieseffi-
ciently biodegrade the toxic cyano-complexes,
biosorptionisanon-destructive method that allowsre-
use of the adsorbed metal after desorption and con-
centration.

13. Biosorption already in use

Successful removd of heavy metdsespecidly ‘lead’
fromminemill wastewater by dgd growthwasachieved
by construction of ashalow meandering stream system
in Missouri New lead Beet, inwhichthea gaedevel -
oped™®, Bioremediation of phenol, ammonia, nickel,
hexavadent chromiumandiron fromuntrested sted plant
effluent of Visakhapatnam city, Indiawascarried out
using different bacteria. Live Bacillus speciescould
remove 8% phenol, 100% ammonia, 92.5% nickel,
88% hexavalent chromiumand 73.1% iron (1), from
indugtrid effluent.

Biosorption technique showed 100% and 97% of
chromium removal by Saphylococcus aureus and
Bacillus species (BS2) respectively!'¥, two processes
using agaeoninorganic matrix whicharecommercialy
applied. These processesare by Biorecovery Systems
Inc., Mexico and BB Sorbex, Canada. Kelp contami-
nated with oil wasremoved and buried ontheidand. A
survey showed the Robben Idand coastlineto bemostly
cleanof oil on5 July. Researchersat Miyazaki College
have succeeded in recovering precious metaslikegold
and palladium present inindustrid/mining wastewater.
Microorganisms can act asadsorbentsto remove met-
adseveninppmamounts. Precious metal sthustrapped
by adsorption can be easily recovered further by using
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thioureaasanintermediary. Therecovery rateis98.6%.
Pseudomonas, Micrococcus luteus, Sreptomyces
phaceromogens are capabl e of acting as biosorbents.
Both thelive and dead microorganisms can be used.
Biomassdischarged fromamino acid production plants
isused. Onegram of bacteriacan recover asmuch as
180mg of gold. Recovery occursin 5-10 min. Recov-
ery rate can befurther improved by improved condi-
tions. Waste water from surface treatment and el ec-
tronic-recovery plantscan betreated with microorgan-
ismsto recover preciousmetals. Reactor Systemsem-
ploying granulated Bacillus are used in the AMT
Bioclaim process (Advanced Minerd Technologiesinc.
now VistaTech Partnership Ltd., Sdt Lake City, Utah).
A fixed bed reactor containing 20K g adsorbent isused
for smal flowsof <15Iit/min, whereaslarger fluidized
or pul sed bed system containing 80-90K g biomassis
usedfor larger flowsof >351it/min. Loaded densegran-
ulessink to the bed bottom, enabling the addition of
fresh biosorbent granules. Metalsareremoved from
thebiomassusingH,S0O,, NaOH or complexing agents
and arerecovered using electro winning. Regeneration
of granulesmay beachieved by akali trestment. Apart
from theabove, biotechnol ogy firmssuch asAdvanced
BioTech, Visdia, Cdifornia, market naturdly occurring
microorganisms packaged in a dry, dormant state.
BioTech’s hydrocarbon-digesting enzymes, for instance,
are sold in one-half pound (227gram) or 2.5 pound
(1.2kilogram) containers, including specidly formulated
biochemical nutrients - a concoction well suited to
remediate benzene, amines, phenals, cresols, naphtha:
lene, acohals, petroleum hydrocarbons, and pesticides
from refinery and petrochemica waste sites.

14. Disadvantages of biosor ption

Early saturation of biomasslimitshigh metal up-
take. Inthe case of waste biomass, thereisno biologi-
cal control over characteristics of biosorbent, because
production of the biosorbent occurs. Application of liv-
ing agd cdlshas somedisadvantages. Copper signifi-
cantly damagesthe surface of living cdlls, which results
inpartial lossof cdl-binding abilitiesand release of ac-
cumulated copper back into solution. Thebinding ca-
pacity of living cellsissignificantly lower than that of
dead cells. Thereisalso apossibility of de-sorption
and reuse of biomassin case of biosorption®,

CONCLUSION

Biosorption providedternatives or supplementary
to conventiona phys cochemical treatment method for
contaminated effluents and waste waters. In devel op-
ing countries, therush for rapid industria devel opment
coupled with lack of awareness about metal toxicity
has become a serious concern to environmentalists.
Therefore, thereisan urgent need for developing an
economical and eco-friendly technology. The metal
biosorption process providesapromising alternative
method for economical recovery of metasto prevent
loss of metal sthrough effluents. Biosorptionisbeing
demonstrated asauseful alternativeto conventional
systemsfor theremova of toxic metalsfromindustria
effluents. Thedevel opment of thebi osorption processes
requiresfurther investigation inthedirection of model-
ing, regeneration of biosorbent materid andtestingim-
mobilized raw biomasseswithindustrid effluents. Due
to theextens veresearch and significant economic ben-
efitsof biosorption, somenew biosorbent materidsare
poised for commercia exploitation. Numerous ap-
proaches have been used to understand the process
but the complex interaction between metalsand micro-
organismsaredifficult to resolve. Biosorption process
isnot linkedto meta remova and recovery from efflu-
ents. Theuseof biosorption may be extended to newer
applications such asrecovering and reusing various
polluting compounds usi ng biosorption, such attempts
would definitely giveriseto anew concept of pollution
management that woul d enable non destructiverecov-
ery of pollutantsor their reuse.
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