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Abstract

Nanamaterials are the leading edge to the rapidly developing nanotechnology. For the
synthesis of nanomaterials over a wide range of chemical composition, the development of
reliable and efficient methods is a challenging issue in nanotechnology. In corttagtgreen
synthesis of nanoparticles using biological systems, plant products and microorganisms are
potentially considerable because of its #toxic and environmental friendly nature. The use of
bacterial extracellular polymeric substances (EPS) isreet approach in the synthesis of
nanoparticles. Cadmium sulphide (CdS) nanoparticles were synthesized by chemical method
using glucose and biological method using EPS and surface functionalized EPS. EPS
functionalization was carried out by attachingpswir groups on its surface to synthesize CdS
nanoparticles and simultaneous removal of cadmium from aqueous solution. The nanoparticles
synthesized were characterized by -Wigible spectrophotometer, XRD, AFRTIR and
FESEM. The study also revealed thae tpercentage removal of cadmium from aqueous
solution by the surface functionalized EPS was greater (80 %) than that of EPS (61%) which
attributed to greater cadmium binding by sulphur group of the surface functionalized EPS. The
percentage removal of cadmimm also increased (83%) by using nanoparticle incorporated
functionalized EPS, which provided a greater surface area for cadmium adsorption. Therefore,
our work suggests that EPS functionalization is a feasible approach for CdS nanoparticles

synthesis andemoval of cadmium from aqueous solution.

Keywords: Nanoparticles, Marine bacteria, Extracellular polymeric substances, Cadmium

sulphide, heavy metal, remediation.




Introduction

Nanoscience and nanotechnology have been an interesting field of hesedrgained
much i mportance from | ast two decades. I n
at nanoscale is termed as nanoscience, whereas the fabrication and application of the
nanostructures ar e t er med a s then smalledt efc then o | ¢
microscopic particles or ultrafine particles which is having size in the rangel60im
(Saxeneet al. 2010). Nanoscale dimensions of these particles give them high surface area to
volume ratio that contribute to enhanced chemicéliag, high surface plasmon resonance
(SPR), enhanced Rayleigh scattering and surface enhanced Raman Scatterocamipared
their bulk material The applications ohanoparticles are various such as signal reporters to
detect various biomolecules in mmunoassay, as flurophore in fluorescence situ
hybridization (FISH) (Du 2005 cell bioimaging, an antioxidant to remove free radicals from
patient blood stream, delivering vaccines and dr(@spta and Sharm&011) treating
infectious diseases, det@m of cancer, fabrication of scaffolds and also more importantly in
bioremediation(Fig. 1). Among various nanoparticles a great interest has been shown towards
cadmium sulphide (CdS) nanoparticles because of availability of discrete energy levels, size
dependent optical properties, tunable bandgap and adexloped synthetic protocol, easy
preparation technique with good chemical stability (Antoéihial 2005).CdS nanoparticles
categorised under the group chalcogenides andraiklV group semicaductor nanopatrticle
which showssize dependent optical and electrical propenties to its high surface area to
volume ratio and quantum confinement (Bansdl al. 2012. Due to its very high
photosensitivity it has usage in detection of visible radiation light emitting diodes, solar
cells, photochemical catalysis, gas sensors, various luminescence devices, optoelectroniq
devices and a range of biological applicatig@hen et al 1997) Semiconducting
optoelectronic materials play an important raieai variety of application due to their unique
optical, electrical, magnetic and piezoelectric properties. Modification of these properties of
semiconductor materials depends upon the size, shape, morphology and dimensions of materig
(Hu et al 1998). Dueo this size dependent properties of semiconductors researchers interest
turn towards the synthesis of nanometer range dimension which is comparable to Bohr radius.
Such particles with Bohr radius may lead to quantum dot lasers, single electron traasidtor

several other biological applicationsLifg et al 1998). Cadmium sulphide (CdS)
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semiconductor is an excellent visible light detector among other semiconductors (Géasemi
al. 2009).

Signal
Reporters

Cell Bie

Antioxidant imaging

Application of

— Nanotechnology

Drug and
Vaccine
Delivery

Fig.1. Different applicatiors of ranotechnology

There are various physical, chemical and biological methods for synthesizing CdS
nanoparticles(Fig. 2). In laboratory CdS nanoparticles can be synthesized by chemical

methods and biological methods. Biosynthesis of CdS petioles using various plant

products and microorganisms had gained much more importance than the other methods as it i

less expensive and more environmgm@ndly. Most of the chemical synthesis methods of CdS
nanoparticles uses cadmium nitrate (@kDs),) and sodium sulphide (N&) as precursors. In
this case cadmium nitrate acts as a source Hf&ul sodium sulphide as source &f S

A part from chemical methods, researchers are more focussing on the biological
methods using various microorganisfos CdS synthesis which should be cost effective and

environmental friendly. Such as biosynthesis of CdS nanoparticles is carried out by using
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various microorganisms which can grab thé“Gons from their metal solution and accumulate
them in a reducedtate by different enzymes and metabolites secreted from microbial activity
(Mousavi et al 2012). There are two different modes of synthesis of nanoparticles by
microorganisms; intracellular and extracellular which is based on that whether it is
accumulagd inside the cell or it is on the cell surface. For example, unicellular microorganisms
like magnetotactic bacteria synthesize magnetite nanoparticles in intracellular (leb\ddy
1987). Extracellulasynthesis islso reported (Baet al 2009 synthesis of CdS nanoparticles

by the ecologically and environmentally important microorgaridrodobacter sphairoidest

room temperature. CdS nanoparticles can be synthesized on bacterial cellulose nanofibres
which act as an excellent matriki(et al 2009. Bacterial cellulose has more surface area
containing hydroxyl and ether group which acts as the binding site &7 i@t and
simultaneously synthesizes CdS nanoparti¢f@sen et al. 2009). Among the eukaryotes,
yeasts are more preferably exploited the synthesis of semiconductor CdS nanoparticles.
When Cd? ions are exposed @Bandida glabratantracellular CdS quantum dots were formed
(Reese and Winge 1988; Damereinal. 1989). The use of fungi in biosynthesis of CdS is
potentially more applicabl&s it secretes a lagre number of enzymes and is very easy to handle
in the laboratoryDaset al (2012 synthesized CdS nanoparticle on functionali2sgergillus
versicoolormycelia which have the potential to remove cadmium ions fiqoeoussolution

and thus helps in bioremediation.

Now a daydés more emphasis has given t(
research areas like nanotechnology and environmental technology etc. Template directed
synthesis of nanoscale materials has found to have sgapotential applications iphoto
catalysis molecular electronics, active electronic devices and solar energy conversi@h (Du
al. 2005; Hoffmanet al 1992). The utilization of template molecules in the nanomaterial
fabrication increases the accessipifor catalytic reactions and are currently being explored in
various systems like metal oxide, silica, aluminium hydroxide coated phospholipid tubules,
cellulose, polymers, carbon nanotubes etc. Among these materials biological templates are
exploited moe to modulate the synthesis of large number of inorganic nanopatrticles including
semiconductors, metals and magnetic particles. The biological materials are more important as
they less likely create environmental pollution and effect over the other atstditie specific
properties includgrecise molecular recognition and they imparts a spatial organization after
the growth of nanoparticles on the biological materials through specific binding affinities,

nucleation and assembly (Detsal 2012).
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Fig. 2. Different methodsfor nanoparticles synthesis
This chemical modification creates preferential binding sites for nanoparticles to nucleate and
organize in a better way. Ha al (2005 synthesized nangorous silver nanostructure using
silver template. There is a controlled interaction between surface functional groups and the
nanoparticles which have higher order hybrid assemblies. In current years among various
nanoparticles, surface diredteynthesis of Cadmium Sulphide nanoparticlesda@sed much
more importance due to its various important properties. Biologically active multitasking
bacteria apart from being a preferred choice for nanoparticle synthesis also have a very
important rolein remediation of contaminant from environment. Microbial based remediation
is one aspect of bioremediation, whelifferent adaptive processes of microorganisms with
respect to contamination haween exploited for the remediation of environment. In othe
words Abi oremediation S t he use o f mi cr
environment al pollutants | ike heavy metal s
can be done either by treating the contaminants at the site or by treatinpeztseot at the

site. Heavy metals are naturally occurring metals and metalloids in the earth crust which have
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density greater than 4000kg nfour times greater than density of water (Garbarmcal.

1995). Some of the heavy metals are micronutrientsszittg organism but they are toxic if
present in higher concentration. The toxic heavy metals are cadmium, lead, arsenic, mercury
etc. which reacts with biomolecules to form stable-tbic compounds which are very
difficult to dissociate (Duruibet al. 2007). Cadmium is one of the toxic heavy metal found in

the effluents of industries. Cadmium ions are not biodegradable and they accumulate in living
organisms at &igher concentration and causarious health hazards. There are various
techniques whichra most commonly used to remove the heavy metals like cadmium from
water bodies are ultrafiltration, lime precipitation, ion exchange and reverse 0smosis,
electrochemical treatment, oxidatioeduction (Daset al 2012). But the use of these
techniques haw certain limitations like incomplete precipitation, high operating cost and
generation of a large amount of metal bearing toxic sludge €bDak 2012). Bioremediation

which involves the use of microorganisms and their products for detoxification aradtldggn

of environmental pollutants like heavy metals has received increasing attention in the recent
time. Growing of metal resistant cells at the site of contamination can ensure better removal
trough combination of various processes like biosorptigoprbcipitation and continuous
uptake of metals after physical adsorption. Marine environments é&dveme and most
dynamic environmental conditions that awmpletely different from the terrestrial
environment. The microorganisms which thrive in thesgeene and dynamic environments
must have special metabolic pathways and mechanisms in order to survive in these extreme
environments. Samarine microorganisms have better capability of producing more bioactive
compounds to adapt them to that environmé&mtracellular polymeric Substances (EPS) are
found in the surrounding as the outer most structures of both prokaryotic and eukaryotic
bacterial cells. They may be associated closely with the bacterial cell as capsule or may be
remain unattached to the tahd secreted as slime. EPS are high molecular weight polymers of
long chain sugar residues secreted by bacteria into surrounding. Along with polysaccharides it
also contains proteins and nucleic acids that impart a variable molecular mass and properties
Microbial EPS have many functions like forming biofilm, protecting parasitic organisms from
phagocytosis, defending microorganisms from predation and desiccation, storing nutrients,
serving as surface adhesiorstabilizing enzymes etc (Weiner 1997). EBSo havevast
industrial applications like emulsification, gel formation, film formation, absorption, anticancer
treatment etc (Leet al 2003). The microbial EPSs have more advantage over plant and micro

algal EPS due to their unique physical and chahpcoperties and novel functions. Bacterial
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EPS contains charged functional groups that have specific adsorptive and adhesive propertie$

and these chargedayps serve asinding sites for many other charged groups including metal
ions (Decho 1990). Thimetal binding or adsorption capacity of EPS led it to exploit in the
bioremediation of different heavy metals like nickel, cadmium etc. But lack of affinity of EPS
towards binding of metal requires a long time to reach equilibrium. This results in need to
functionalize the EPS with some functional group that have a better binding capacity than the
EPS towards metal ions. Generally the functionalization is done by amines, polyethylamine,
crown ethers, sulphur bearing groups like thiols, dithiophosphate)atas. Among various

sul phur containing groupsod6 xanthate funct
preparation procedure, low solubility product and high stability constant of the metal
complexes formed (Dast al 2012). These microbial prodis@long with nanoparticles could
produce better yield in remediation of toxic metals then using them alone. This work is based
on the above mention combinational approach of extracellular polymeric substances along with

nanoparticles for removal of cadmiions from its aqueous solution.
Review of Literature

In group IFVI semiconductor, Cadmium sulphide nanoparticles have generated much
interest due to its size dependent properties. Bulk CdS has hexagonal wtypatstructure
(Villars and Calvert 198 melting point 1600C (Goldsteiret al. 1992)and band gap energy
which is 2.42 eV at room temperature and pressure. Due to size dependent properties, the
melting point of 2.5 nm CdS crystallites was observed as low as c480d band gap energy
of 0.7 nm CdS crystallites was found to be 3.85 eV (Banaed 2000). Very high pessure
changes the phase of Cd&noparticle from hexagonal wurtzite to rock salt cubic phase (Chen
et al1997). Various morphologies of CdS nanocrystals were so far reportthat flakes,
spheres, dendrites, nanowires, nanorods, triangular, hexagonal and sea urchin like stape (Li
al. 1998;Qingging et al. 2005; Gaoet al. 2006; Zhaoet al 2006; Chenget al 2006) were
dominant. Three different morphologies layers, lgexeal pore arrays and hollow spheres from
H,S and C& by lyotropic liquid crystal template were reported by Bratral. (1999),
however Cheret al. (2006) has synthesised unique nanometer dimension hollow spheres of
CdS nanoparticles. Hollow spheres ofdSC nanocrystals can also be synthesized in
submicrometer range from the react@iCS,, CdC} and ethylenaliamine (ianget al. 2004
and by using the micelle formed by mixed solution of double hydrophilic block copolymer and
surfactant as a soft tempda{Songet al 2003). CdS nanoparticles can be synthesized in

different phases like in solid phase, in liquid phase and in gas phase which is mainly relies on
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the properties of material (Singgt al. 2010). Hydrothermal or solvthermal is also an useful
method of preparation of low dimensional sulphide nanomaterials, synthesis of flower like CdS
and spherical ZnS microcrystallite in agueous solution wese r@ported by these techniques
(Wanget al. 2012. Micro and submicron CdS can be synthesized byrehetion between
CdChL and NaS;03 in aqueous solution at low temperature (Zhabhgl 2008, whereas CdS
nanoparticles havieeen synthesized by precipitation method using ¢d@5 and NaOH.
Recently CdS nanoparticle with varied properties hasen sythesized by polymers carrying
functional groups which can act as a stabilizer. Polyester chain with thiol group,
dimethylformamide and tetrahydrofuran can be used in the synthesis of stable CdS
nanoparticle (Carrot et al. 1998). Amino derivative polysabarides (Amdex) can be
employed in the synthesis of CdS nanoparieed the resultant Amde@dS nanoparticke
complex can be conjugated or activated by antibody (Seindi. 2000). Qiet al. (2001) has
synthesized CdS nanoparticle by using double hydliogopolymers such as PEGPEI as a
stabilizer which consists of a binding PEI block and a solvating PEG block. Various stabilizing
agent used in the synthesis of CdS nanopatrticles are thiophenol, thioglycerol, PMMA and PVA
(Banerjeeet al 2000). CdSnhanoparticls can be synthesized by different chemical methods
such as, by using CdCWith NaS with CTAB (Cetyl trimethyl ammonium bromide) as a
surfactant $inghet al. 2010), or methanol as the capping agent at room temperature (&tercy
al. 2013). CdSguantum dotsdjze smaller than 30nm) can be synthesized by using a chemical
bath technique in which PVA (Poly Vinyl Alcohol) is used as a capping agent. Stable CdS
nanopairtles with varied properties havwmeen synthesized by a chemical reaction of CAdSO
with N&S,03; where tho-glycerol acted as the capping agent (Singh @hduhan2009).
Prabhu and Khadaf2005) synthesized CdS nanoparticle from cadmium salt and sodium
sulphide and triethanolamine as capping agent. Kdtaal (2011 has repaied syntheis of
CdS nanopartles by a simple chemical reaction by using @iDs), and NaS. Bansakt al.
(2012 has synthesized CdS nanoparticles filodh(NG;), and NaS using glucose as a capping
agent. In all the methods, capping agentused to maintain the pper dimension of
synthesized particles in nanometer range and prevents the aggregation of nanoparticles
Surfactants, dendrimers and amphiphilic block copolymers have also been used for the
preparation 6bCdS nanoparticles (Fasol 1998

Apart from chemial synthesis other famous route of CdS nanoparticles synthesis is
biosynthesis of CdS nanoparticles, which can be carried out by using microorganisms, fungi

and plants. The microbes involves in synthesis should grab tfei®@s from their metal
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solutionand accumulate them in a reduced state by different enzymes and metabolites secrete(
by their activity. Among the eukaryotic organisms, yeasts are the most explored bodies for
synthesis of semiconductor nanoparticles. Intracellular CdS nanopadisiebesynthesized

by the yeasSchizosaccharomyces ponf{@wshik et al. 2002). When Ctf ions are exposed

to Candida glabrata,intracellular CdS quantum dots were formed (Reese and Winge 1988;
Dameronet al. 1989). In the presence of cadmium the synthesisidghatin phytochelatin is
activated. The phytochelatin contain cysteine which binds with cadmium and forms Cd
phytochelatin complexes which are then transported into vacuoles. The complex is then
degraded and nanoparticles are formed. The use of fungicently added to the list of
microorganisms for the synthesis of nanoparticles. Thepatentially known to secretarge
amounts of enzymes and they are very simple to handle in the laboratory. Fungi can reduce the
metal ions to nanosized particles byot mechanisms extracellular and intracellular. The
extracellular synthesis mechanism involves an enzyme NADPH dependent nitrate reductase
which is secreted into the medium. This enzyme reduces the metal ions into nano level and
converts NADPH to NADP. Theother mechanism is intracellular in which the cell wall and

the sugar present in the cell wall plays important role. There may be some enzymes in the cel
wall or cytoplasmic membrane which can reduce the metal ions into nanopa@ictedus
versicolorhas the ability to reduce cadmium ions to nanopartcles which are very stable without
the addition of stabilizerThis fungus secretean enzyme containing SH group which
synthesizes nanoparticle (Das al. 2012). Fusarium oxysporunsecretes an extracelbu
enzyme which can mediate the extracellular synthesis of CdS nanoparticle{larp07).

There are very less report regarding the -algaediated synthesis of nanoparticles.
Phaeodactylum tricornutupa marine phytoplanktonic alga produces phyttatirecoated CdS
nanocrystal in response to Cadmium in the medi@oafano and Morelli 2003In comparison

to fungus and alga, bacteria are more diverse and adaptive organisms with easy availability.
Bacteria are the highly exploited organisms in thetsgis of cadmium sulphide nanoparicles.
Clostridium thermoaceticuncan precipitate CdS nanoparticle on the cell surface and the
medium from cadmium chloride (Cd{lin the presence of cysteine hydrochloride in the
growth medium Cunninghamand Lundiel993) In this process probably the cysteine act as a
source of sulphide which combines with the cadmium to form CdS nanopafielzsiella
aerogenes when exposed to growth medium containing’‘Cibns, 20200 nm size CdS
nanoparticls on its cell surface. Tdncomposition of buffer of the growth medium plays an

important role in the synthesis CdS crystadlitd/henEscherichia colis incubated with CdGl
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and NaS solutions, intracellular CdS nanocrystals are formed (Sweetnaly 2004). Micro

and nanefibre bacterial cellulose can provide an extensive surface area for cadmium ion
adsorption, with more surface hydroxyl and ether group compared to other cellulose bacterial
cellulose arebetter for CdS nanoparticlesrghesis (Cheret al. 2009). Liet al. (2009 has
reported synthesis of CdS nanocrystals on bacterial cellulose nanofibres. B&2@0@Jhas
synthesized CdS nanopartcles by exploiting one of the ecologically and environmentally
important microorganisnRhodobactersphaeroidesand also reported tlr synthesis of CdS
nanoparticle by a photosynthetic, purple +safphur bacterid®®hodopseudomonas palustas

room temperature. The CdS nanopatrticles are first formed intracellularly and then transported
to extracellular medium which can be separatesllyealhe culturesupernatant of bacterial
isolatesE.coli ATCC 8739,B.subtilisACTT 6633,L.acidophilusDSMZ 20079T can be used

as a putative candidate for CdS nanoparticle syntligsShanshouret al 2012) The culture
supernatant may contain somextracellularly sereted metabolites that produc€dS
nanoparticlesBacillus amiloliquifaciengroduces surfactin which helps in stabilization of CdS
nanoparticle (Singkt al.2011).

Heavy metals are group of metal and metalloids, whiehtla® natural component of
earth crust. The most toxic forms of these metals aré, ®&B? Hg? Ag" and As™. In
environment the occurrence of heavy metals are generally more than the organic pollutant such
as pesticides and hydrocarbons. Cadmium isairthe heavy metals found in the effluents
which are discharged from industries involved in metallurgical alloying, metal plating,
ceramics, mining and other industrial operations (Hut&tn al. 1987). The various
physicochemical technologies such as akwhreduction, electrochemical treatment,
membrane separation and ion exchange are found to be inadequate and very expensive. S
bioremediation which invohgthe exploitation of microbes in degradation and detoxification
of environmental contaminantave received much more attentiontie recent tims (Gadd
2000; Malik 2004 Farhadiaret al. 2008).There will be better removal through combination of
biosorption, bioprecipitation and physical adsorption when metal resistance cells are grown in
the medim (Sprocatiet al. 2006; Yiet al 2007).

Cadmium sulphide is an extremely insoluble and stable, so sulphide producing microorganisms
can be used at contamination site to detoxify the heavy mgZaispyrnaet al 1989).
Different aerobic bacteria and fatereducing bacteria such &almonella typhimurium,
Pseudomonas aeruginosand Treponema denticoldnave the ability to produce hydrogen
sulphide and precipitate cadmium (White and Gadd 1996; Waalj1997; Banget al. 2000).
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Nowadays dead algae weseiccessfully utilized in the adsorption of heavy metals (Leesch
al. 1995; Holanet al 1998). The biomassof Sargassum sp(Cruz et al 2004) and
Chlamydomonas reinhardt{iXue et al 1988)were showrto be particularly effective in the
bioremediation 6Cd. Spirullina pltensisbhiomass can be potentially applied in the biosorption
of cadmium (Solisicet al. 2008). Micro organisms alone not effective always for remediation
of heavy metals, their products such as extracellular polymeric substances @aRfgocbe
used for better results.

Bacterial extracellular polymeric substances are complex mixture of macro molecular
poly electrolytes proteins, carbohydrates and nucleic acids which gives a unique molecular
structure and properties. Gengrathe EPS matrix is 0.2 to 19 mthick but in some
bacterial species the thickness of the EPS ldpes not exceed values beemel0 to 30hm
(Sleytr1997). Polysaccharides and proteins are the best investigated substances of EPS and the
presence of polypeptides in the EPS matrixhis ¢haracteristic of a few Gram +ve bacteria
(Sutherland2001; Sleytr1997). The structure of polysaccharides varies according to the
functional group present in the polysaccharides. Most heteropolysaccharides contains
succinate, pyruvate and formate as Hubstituent (Sutherland 2001). The prota@mponents
of EPS areof molecular masses 10 to &@a and are constitute about-80% hydrophobic
amino acidsSulfolobus acidocalcidariusynthesizes extracellular proteins which are mainly
composed of aminocads with hydroxyl group. The EPS is either closely associated with the
cell in the form of capsule or may be secreted as slime which are not attached to the cell. The
EPS is thought to serve many functions like formation and maintenance of coicnoy,
promotion of initial attachment of cells onto solid surface, enhances the resistance of biofilm to
external stress, helps in  capture of nutdeaind as a disinfectant (Dunne 2002; Pontefract
1991). The EPS production increased under the condition wheregrowth phase was
extended by high glucose content. Low nitrogen content in the environmemnifhlsaocesthe
production of EPS (Fleming and Wingnder2001). The presence of high amount of nitrogen
induces the synthesis of extrdoddr proteins (Slety 1997). When Pseudomonaand
Rhodococcusspecieswere incubated in medium containing high ammonium salts, the
biosynthess of exogenous protein increasedny folds. Bacillus subtilisknown to synthesize
extracellular polymeric substances like cellulo@éestrin et al. 2004). In Pseudomanas
aeruginosg selfproduced EPS are thégeal for the growth of biofilm Charged functional
groups of high molecular weight polymers of bacterial EPS are reason for specific adsorptive

and adhesive properti€Bhaskaret al. 2009. Due to presence of thesharged groups, they
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serve adinding sites for many other charged groups including metal ions (Decho 1990). The
metal binding capacity of EPS is well studied and his metal binding or adsorption capacity of
EPS led itto exploit in the bioremediation of different heavy metals like nickel, cadmium etc
(Brown & Lester 1982;Loaéc et al. 1997; Dong et al 2000). EPS can form multiple

complexes with metals and have greater binding sites for metals than any other substance$

(Quigleyet al. 2002). EPS helps in the immobilization of metal in the environment and makes
it available for biological systems (Selek al. 1999). When EPS producing organisms added
into the feeds, they will ingest the toxic metals and other organgtasudes adsorbed on to the
EPS thereby helping in the bioaccumulation of these metals and organic substance in tissues 0
animals Harvey and Luoma 198Recho and Lope2993.

Adsorption is a recently developed technique for efficient remolvateial ions from
agueous solution in which the rate of adsorption is directly related to the quality of adsorbent.
The combination of nanotechnology and sepamatiechnique has demonstratdugh
adsorption efficiency due to high surface area to volunie @& nanoparticles (Gupta and
Nayak2012).Fenget al. (1992 and later Lianget al. (2009 has used orange peel for synthesis
of FeO, , Gupta and NayaK2012) has further carried out tlsynthess of novel nane
adsorbent by surface modification of;Bg nanoparticle with orange peel powder for better
adsorption and removal of metal ions. Orange peel is at;maey low cost biosorbent of
cellulose, hemicelluloses and pectin component containing hydroxyl and carboxyl .groups
Jawor and Hoek(2010) havestudied the relative ability of four nanoscale material poly
(acrylic) acid, alginic acid, PAMAM dendrimers and Linde type A zeolite to bind with
cadmium ions and to be subsequently removed from water by ultrafiltration. Surface
functionalization of adsorlo¢ material with some functional groumas beerbelieved to have
greater affinity towards metal ions. Detsal. (2012 synthesized CdS nanoparticle on xanthate
functionalized fungal mycelia ofAspergillus versicolorand used them in the removal of

cadmiumions from its aqueous solution.
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Objectives
1. Production and characterization of EPS from marine bacteria
2. Surface functionalization of pristine bacterial EPS
3. Synthesis and characterization of CdS nanoparticle from pristine EPS and glucose
4. Synthesis ad characterization of Cd basednoparticles withsurface functionalized
bacterial EPS
5. Removal of cadmium from aqueous solution with EPS @d& nanoparticles based

adsorben

Materials and Methods
Production andcharacterizationof EPS from Marine Bacteia

Marine bacterial strains were isolated from different coastal regions of Odisha, out of
which five EPS producing bacterial isolates were screened and taken for further experimental
study. Each isolate was cultured aerobically foh2# Luria Bertani brah at 37°C by shaking
at 120rpm. It was then centrifuged at 690Pm for 15 minand the cell pellet was again
inoculated in Minimal Davis Broth supplemented with filter sterile 1% glucose anahN0
CaC} solution and incubated at &7 and shaking condition. The cells were growntap
stationary phase and the cultures were transferred intol 38lcon tubes and centrifuged at
6900rpm for 30min at 4C to separate the cell pellet. The supernatant wasctedl and equal
volume of chilled ethanol (95%) was added slowly along the side wall of falcon tubes and
incubated overnight at°@ for precipitation of EPS. After overnight incubation it was then
centrifuged at 6900pm at 4C to separate the EPS. Afteerdrifugation the pellet was
collected and dried bylesiccator Among the five isolates of marine bacteria, better EPS
production was observed in-1R which has been characterisedRseudomonas aeruginosa
by 16S rRNA gene sequencing and has been sulndt&lCBI GenBankwvith the accession
number KC771235which we usdin our future studies
Characterization of EPS

The total carbohydrate content of ERSthe isolate JA1 was estimated by phenol
sulphuric acid method proposed by Dubetisl (1956. The total amount of protein present in
theisolateP. aeruginosalP11 EPS was estimated by Bradford metfib@i76.

X-Ray Diffractionstudywas performed by using Rigaku Miniflex X ray diffractometer,

Japan. XRDwas used to determine the lattice parameter, crystallitee and phase
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identification. The dried EPS was scanned in the rangeé@0Owith scanning rate 10to

observe the characteristic peak for different functional group present in EPS.

Surface Functionalization of Pristine Bacterial EPS

50 mg of EPS extractefrom P. aeruginosaJP-11 was taken in a 181 falcon tube.
750l of 4AM NaOH wasadded to the EPS. It was then incubated for & 20rpm and 3CC.
After 2 hr of incubation 5& bf carbon disulphide (Gpwas addedt was aain incubated for
3 hr at 120rpm. Then the pellet was allowed to settle for rlahd the supernatant was
decanted. The residue was washed thoroughly with double distilled water to make it alkali free
and finally dried by washing with acetone. The dried residue was the stoded refrigerator

condition until use.

Synthesis of Cadmium sulphide (CdS) nanoparticles from pristine bacterial EPS and glucose
Synthesis Using Glucose

Cadmium nitrate@d (NOs), and Sodium sulphide (M8) wereusedfor the synthesis of
CdS nanoparticke and glucose was used as a capping agent. Different concentrations (0.1M,
0.01M, and 0.001M of cadmium nitrate solutions were prepared and equal concentration of
sodium sulphide (N&) solution was added drop wise continuous stirring with a magnetic
stirrer at 380rpm and 5G. The colour of solution changes to pale yellow. Then glucose (in
mg) was added to the solution. The solution was allowestirtéor 20 hr After 20 hr of stirring
the pale yellow solution was transferred into 1.5mL eppendorf tulesentrifuged at 12000
rpm at 25C for half an hour. The supernatant was decanted and pellet was collected. The pellet
was washed 3 times with ethanol. The-Wsible spectrophotometer reading of the pellet with
ethanol was taken. The pellet was driechggiesiccator The table describing the different

concentration o€d (NOs3), NaS and glucose is presented belgwablel).
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Table. 1. Different concentration o€d (NOs),, N&S and glucose used for CdS nanoparsicle

synthesis
Conc. d Cd(NO3), solution Conc. Of NaS Weight of Glucose
solution
0.1M 0.1M Img
0.1M 0.1M 2mg
0.01M 0.01M Img
0.01M 0.01M 2mg
0.001M 0.001M 1mg
0.001M 0.001M 2mg

Biological synthesis using pristine EPS

The nanoparticle was synthesized at different concentratiohis!,(0.01M, 0.02M and
0.001M) of Cd(NQ), and NaS solution using the same procedure as chemical synthesis using
glucose. The colour of the solution chadde pale yellow. After 20 hof stirring the solubn
was transferred into 1.5mlppendorf tubes ancentrifuged at 12000rpm and £5for 30 min.
The supernatant was decanted and pellet was collected and washed 3 times with 86/ etha
Then was scanned using bWisible spectrophotometer to find the characteristic peak for CdS
nanoparticles. The pellet wadried usingdesiccator The table describing the different
concentration o€d (NOs3)2 N&S and EPS is presented belfvable 2)
Table. 2. Different concentration o€d (NOs),, N&oS and EPS used for CdS nanoparticle

synthesis
Conc.of Cd(NOg),solution Conc. Of N&S solution | Weight of EPS

0.1M 0.1M Img
0.1M 0.1M 2mg
0.01M 0.01M Img
0.01M 0.01M 2mg
0.02M 0.02M Img
0.02M 0.02M 2mg
0.001M 0.001M Img
0.001M 0.001M 2mg
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Characterization of synthesizeaf nanoparticlesfrom chemical and biological surces

The absorption speéetof nanoparticles synthesized by various methoesewecorded
by scanning the samples the range 200 to 700nm by usiipuble Beam Scanning UV
Visible spectrophotometer.

X-Ray Diffraction pattern was recorded by using Rigaku Miniflex X-ray
diffractometer, Japan. XRD data were used to determsiystalline natureand phase
identification. The samples were scanned in the rafgé@ with scanning rate 1Q@o observe
the characteristic peat angleo f d i f f r degréei on of 2d

The synthesis ofCdS nanoparticke on bacterial EPS was characterized by Nova
NanoSEM field emission scanning electron microscope equipped with ary eligpgsive X-
ray spectrometei5DX). Before analysis the samples are coated gatb.

The ATRFTIR spectra of nanoparticles synthesized by various methods were taken to
observe the characteristic peak of each of the functional group present in the. d@fpie
doing this the samples are dissolved in PBS and sonicateddsgetse suspension
Synthesis and Charderization of CdS nanoparticleusing Functionalized EPS

10 mL of 0.01M Cd (NOs), solutionwas taken inl5 mL falcon tube and 2@ng of
functionalized EPS was added to it. The solution was stirred at@8@nd 50C for 20 hours.
After 20 hrof stirring, the solution was transferréml 1.5mL eppendorf tubes and centrifuged
at 12000rpm and 25C for 30min. The pellet was collected and washeith @5% ethanol and
then dried bydesiccator

The absorption spectrum of nanoparticles sysiteel by functionalized EPS was
recorded by scanning the samples in the range 200 to 700nsirtgyDoubleBeam Scanning
UV-Visible spectrophotometer.

X-Ray Diffraction was performed by using Rigaku Miniflex X ray diffractometer,
Japan.The sample was scanned in the range&20 with scanning rate 1o observe the
characteristic peakdegree angl e of diffractiof
Batch adsorption gperimentfor cadmium removal from aqueous solutions

Adsorption experiment were conducted in bgtohcess in 1%nl falcon tubes to study
the cadmium ion uptake capacity of different nanoparticles syméueby using glucose, EPS
and finctionalized EPS. The optimum pH for adsorption was determined by suspending
4mg/mL functionalized EPS of isolate-1R in 15ml falcon tubes containing 58om @dmium
ions of different pH 2.6, 4.6 and 6.6. Different volumes of 0.1M citric acid and 0.2M dibasic

sodium phosphate was used to prepare different pH solution containpgd@oncentration
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of cadmium The optimum pH for @mximum adsorption was found to be 4t6m previous
experimentsCitrate phosphate buffer (2.88) was taken in 5 falcon tubes and ¥5@®f 1000

ppm Cd (NOs), solutionswas added to make the final concentrationph@. 12mg of total
nanoparticles syntheed from glucose, PS and functionalized EPS were takespectively

to remove the cadmium from aqueous solutidhe falcon tubes were incubated at @t

and 37C for 24 hr. After 24 hof incubation, the solution was centrifuged at 69p to
separae the adsorbent from the supernatant. The optical density of the supernatant was
recorded by UWisible spectrophotometerFrom the standard curve of cadmium, the
concentration of cadmium removed from the aqueous solution was calclagedV-Visible
spectrophotoméeer reading was taken at 2& and 48hr of incubation After 48 hr of
incubation the sample was centrifuged to separate the pellet. The pellet was dried by using

desiccator
Results

Characterization of EPS

With standard curve of carbohydrate-@lucose) obtained by phenol sulphuric acid
method, the maximum carbohydrate content of the EPS from the isblairuginosa]P-11
was 4919.18 e€g/ml . Wi th the standard curve
the EPS was 2160.92 €9/ ml

The XRDresult d bacterial EPS revealedanypeaks at 20.7623.26, 29.09, 30.44,

31.17, 33.88, 41.28, 50.03 (Fig. 3.

100000 JP11 EPS

20.76

80000 29.09

60000

Intensity

40000

20000 23 26

Fig. 3. The XRD pattern of pristine EPS from the isolatel1P
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Surface tunctionalization of the pristine bacteriaEPS

The pristine bacterisEPS after treatment with trsolution of NaOHwas completely
turbid white. After two h of incubation the colour dhe solution changeflom white to light
yellow. When C%wasaddedto the solution, the colour remainédae samebut after 3 hof

incubaton the colour changed to deep orafigig. 4).

(a) (b) (c)
Fig. 4. Change in color of Pristine ER8) in NaOH, (b) after 2 hr incubation wittNaCH (c)
after 5 hr incubatiowith NaOH and C%

Characterization of CdS nanopartickfrom EPS and glucose

Addition of equal concentration &S solution drop wise and glucose @l (NOs),
with continuous stirring, changete colour of solution from whiteo pale yellow and then to
orange yellow indicating the formation of CdS nanoparticle. The chemical synthesis of CdS
nanoparticle using bacterial EPS l#so shown the same colour changing pattern, confirming
the synthesis of CdS nanoparticld@fie paleorange colour nanoparticles synthesized by these
methods were collected by centrifugation and washed two times with 95% ethanol and finally
driedin adesiccator
UV- Visible Spectra

Further characterization of CdS nanoparticle was confirmed by studyengptical
properties. The yellow colour powder synthesizedibiyng glucose and EPS watspersed in
ethanol and the UWis spectra of dispersed solution was recorded by scanning in the range
200-700nm (Fig. 5;Fig. 6). The U\-Vis spectra othe dispersedolution ofthe yellow colour
powder synthesized using glucose aB#S showedabsorption maxima between the
wavelength 40-500 nm due to surface plasmon resocgatand of the CdS nanopartickhis

confirms a blue shift from the bulk CdS which hasarpton maxima of about 418m.
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Fig. 5. UV- Vis spectra of CdS nanopatrticle synthesizgdlicosea) 0.1M Cd(NQ),, 0.1M
NaS (1mg and 2mg glucosd)) 1mM Cd(NQ),, 1mm NaS (1mg and 2mg glucose)
0.01MCd(NGs)2, 0.01M NaS (1mg glucosel) 0.01M Cd(NGs),, 0.01M NaS (2mg glucose)
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Fig. 6. UV-Vis spectra of CdS nanopatrticle synthesized using BPGB1M Cd (NOs),, 0.1M
NaS (Img and 2mg EPSlp,) 0.01M Cd (NOg3),,0.01M NaS (1mg and 2mg EPS)) 1mM Cd
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X-Ray Diffraction Pattern

The XRD patterns also confirmed the formation of CdS nanopatiolaifferert
methods using glucose and EP®ie XRD pattern exhibited diffraction peaks at 2648.7
and 51.6 corresponds to (111), (220(311) planes of cubic phase CdS nanopadickhe
synthesis and crystalline natusas significantly influenced by the presence of capping agent.
It was observed that the diffraction peak in presence of EPS is broader than the p(FegCdS
7, Fig. §. This result confirms that in presence of EPS the crystallite size of the CdS
nanoparticle decreases to some extent. The r@@d®particlesynthesized on functionalized
EPS also shows peak at 26.4#ich confirms the formation of CdS nanoparticle
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Fig. 7. XRD Pattern of CdS nanopates synthesized by Glucosa) 0.1M Cd (NGs),, 0.1M
NaS (Lmg and glucosel) 0.01M Cd (NO3),,0.01M NaS (1mg and 2mg glucose)) 1mM
Cd (NO3)2, ImM Na&S (2mgglucose)
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Fig. 8. XRD pattern of Cd$anoparticlesynthesized by using ER$0.1M Cd (NGy),, 0.1M
NaS (1mg and EPS)) 0.01M Cd(NGOs), 0.01M NaS (1mg and 2mg EPS)

ATRFTIR:

According to spectroscopicath table, the downfield shifieak betwee 2300cm™ to
2600cm™ shows the presence 8H functional group The nanoparticles synthesized by using
glucose and EPS showed peak in the range-2380cnt, which confirmsthe presence of
SH group The ATRFTIR spectrathus confirmed the presencé sulphur group which can
bind with cadmium and forms CdS nanopartkifég. 9. The absorption band of CdS stretch

was not observed in the current scale of spectrum as it is appeared at aroamit.250
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Fig. 9. ATR result of CdS nanoparticle by glucose and HRELmM Cd(NGs),, 1mM
NaS(2mg glucose)b) 0.2M Cd(NQ),,0.2M NaS (2mg EPS)(c) 0.1M Cd(NGs),, 0.1M
NaS ( 1mg and 2mg glucos€yl) 0.01M Cd(NGs),, 0.01M NaS ( 1mg and 2mg glucose).
FESEM characterization
FESEM images showed the surface morphology of nanoparticles synthesized by using
pristine EPS and glucose. The average size of CdS naopaptitleesized using glucose was

found to be 1/hm and 2hmwhen glucose concentrationligng and2 mg respectively. CdS
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nanoparticle of size average size 22nm and 24nm were found BP®8ns used instead of
glucose(Fig. 10.
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Fig. 10. FESEM image of CdS nanoparticle by glucose and,BP&1M Cd(NGs),, 0.1M
NaS (1mg glucose)) 0.1M Cd(NQ)2, 0.1M NaS (2mg glucose);) 0.01M Cd(NGs),, 0.01M
N&S ( 1mg EPS)) 0.01M Cd(NO} 0.01M NasS ( 2mg EPS).

Characterization of Cd$ianoparticles synthesizeloly Functionalized EPS

The UV- Vis spectra & Cadmiumtreated functionalizedePS give the absorption
maxima at the wavelength at 451.78 nm which is the characteristic pealSofiahoparticle
(Fig. 1.

The XRD graph of cadmium treated functionalized EPS was shown to give the peak at

26.48 which corresponds to cubic phase of CdS nanopafkade 12).
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Fig. 11 UV- Vis Spectra of CdS nanopartisf®rmed by functionalized EPS

22000 o

20000 —
32.94

180007 28.77

16000 4
14000 4

26.44
120004 2076

10000 4

intensity({cps)

b 39,82 50 65
2000 4

5000

4000

2000 : | ; | ; | ; |
20 30 40 50 50

28

Fig. 12. XRD pattern ofCdSnanoparticle®n functionalized EPS

Batch Adsorption Experiment

The percentage ofadmiumremoval by the pristine EP8jnctionalized EPS and CdS
nanoparticlesncorporated functionalized EP& 24 hr and 48 hwere found to bé7.43%,
61.4%0; 77.3%%0, 80% and79.48%, 83% respectively.The rate of cadmium adsorption by the
functionalized EPS of the isolate-IR was found to increase with incubation time. The optical
density(OD) of the aqueous solution was measuaéidr 24 and 48 hr of incubation, aftdvas
observed that th©D has decreasaalith the incubation timgTable. 3)
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Table 3: Percentage removal of cadmium from aqueous solution

Adsorbent % removal of Cd (24 % removal of Cd (48
hr) hr)
CdS nanoparticles synthesized by No adsorption No adsorption
glucose
CdS nanoparticles synthesized by EF No adsorption No adsorption
Pristine EPS 57.45 61.44
Functionalized EPS 77.34 80
CdS nanoparticles on functionalized 79.48 83.42
EPS

The XRD spectra of pristine EPS afdhtionalzed EPSdid not showany peak at
around 26 but when thesurface functionalize@®PS was treated with cadmium, the peak was
observedat 26.42 which is the characteristipeakof CdS nanoparticle. Moreover the CdS
nanoparticls incorporateduntionalizedEPS when treated witlCd also showegeak at 26.6
(Fig. 13. These results confirrthat after adsorptiof cadmium bysurface functionalized

EPS, itmay have synthesiz&tldS nanopartickeon its surface.
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Fig. 13. XRD pattern ofa) EPS, functionalized EP$) cadmiumtreated functionalize@PS

CdSnanoparticlesynthesized on cadmium treated functionalized BPER 11

Discussion

Increasing awareness among the people towgran chemistry and biological process
has led to development of environmefftedndly approaches for the synthesis of
nanomaterials. Previous experiments suggest that nanoparticles can be synthesized biologicall
by using plant products, fungi, yeast ahdcteria. Based on previous reports, our study
involved a comparison between CdS nanoparticles synthesis from chemical as well biological
origin (EPS) and their ability in the removal of cadmium ions from aqueous solution.
Moreover, marine bacteria ar@et potential candidates for many activities. They secrete
extracellular polymeric substances (EPS) which have strong affinity towards metal ions and
helps in their adsorption. But lack of affinity and inadequate uptake capacity of adsorbent
requires a longime to reach equilibrium (Bayramogét al. 2002;Hall-Stoodleyet al 2004).
So, surface functionalization of EPS with some functional group was studied to increase the
uptake capacity of pristine bacterial EPS. In chemical synthesis, glucose is usguping
agent which prevents the aggregation of nanoparticles into bulk material and therefore helps in
the synthesis of cadmium sulphide nanoparticles (Baetsall 2012). Previously, it has been
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reported the usage of bacterial cellulose nanofibre€#8 nanoparticles synthesis @t al

2008). In context to that, we have approached for the synthesis of CdS nanoparticles by using
bacterial EPS as the capping agent. Bacterial EPS is composed of carbohydrate moieties whic
may act as capping agent foadtnium sulphide nanoparticles synthesis. The presence of
various functional groups present in the EPS can be effectively harnessed for surface
functionalization which can act as an adsorbent for removing metal ions. The functionalized
EPS in which a cheméd sulphur group is attached to its surface has a greater affinity towards
Cd™ions and have greater potential of nanoparticle synthesis (Winter 1994). TFhéslblé

spectra of CdS nanoparticles synthesized by chemical method gave the absorption peak in
between 45600 nm which shows blue shifts from cadmium bulk material. This result is in
accordance with the previous study carried out by dtiwal (2006). This blue shift can be
attributed to transition from CdS bulk material to CdS nanopatrticle iprésence of capping

agent glucose. The bacterial EPS as the capping agent could also synthesize CdS nanoparticl
The UV-Vis spectra of synthesized CdS nanoparticle by using EPS as the capping agent
showed characteristic absorption peak and blue shitt ihaimilar to the nanoparticles
synthesized by glucose. The WXs spectrum of functionalized EPS treated with cadmium
solution shows absorption peak at 451nm which demonstrated the characteristic peak of CdS
nanoparticles.

The XRD pattern of chemicallyynthesized CdS nanoparticles shows absorption peaks
at 26.4, 43.7 and 51.6 which corresponds to (111), (220), (311) planes of cubic phase CdS
nanoparticles. This result was in concert to the previously reported XRD patterns of CdS
nanoparticles (Let al. 2009). The same absorption peaks were also observed when EPS was
used for synthesis of CdS nanoparticles. In the presence of EPS the peak was quite broade
than the CdS nanopatrticles synthesized without it, which sigriifie reduction in crystalline
natureof the synthesized nanoparticles.

The ATRFTIR results shows that there is no adsorption band for CdS nanoparticles in
the current scale but they shows a downfield shifts of peak at-238Dcm* which
corresponds teSH functional group. Fromrpvious studies also we have found that this
sulphydryl group acts an important attachment group in the EPS 183®. The sulphur
group act as a binding site for cadmium ions which after binding synthesizes CdS nanoparticles
(Daset al 2012). The protes present in EPS either contain the sulphur group or any other

charged group which after binding with cadmium synthesizes the CdS nanoparticles.
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The FESEM results of the synthesised nanoparticles chemically and biologically
showed the surface morphologgnd size of nanoparticles. The average size of CdS
nanoparticles synthesized by chemical method using glucose was found te?@endvand
while those synthesized by EPS wasZZnm. The images showed that the nanoparticles
synthesized were homogenoustwiegular shape and uniform morphology.

The CdS nanoparticles synthesized by glucose and EPS as the capping agent, pristing
EPS, functionalized EPS and nanoparticle incorporated functionalized EPS were tested for
their cadmium adsorption capacity. PristiB®S, functionalized EPS and the nanoparticles
incorporated functionalized EPS were observed to remove 61%, 80% and 83% of cadmium
from the aqueous solution respectively, whereas CdS nanoparticles alone (synthesized by
glucose and EPS as the capping agespectively) did not show significant adsorption
capacity. The functionalized EPS was observed to have better adsorption capacity than the
pristine EPS, as the sulphur group present in the functionalized EPS has greater affinity for
cadmium. pH is an imgrtant factor in the adsorption of metal ions by changing the surface
charge of both adsorbent and adsorbate. fwigas found to be the optimum pH for better
adsorption of metal ions because at this pH, the net charge on cadmium is positive which
correspads to better adsorption (Dasal 2012). However, in the presented work, it has been
observed that the nanoparticles incorporated functionalized EPS has greater adsorption
capacity than the functionalized EPS. This may be due to the fact that the mialesparovide
enhanced surface area for adsorption of cadmium ions.

The XRD pattern of functionalized EPS after treatment with cadmium shows the
characteristic peak that corresponds to the cubic phase of CdS nanoparticktsa{B2009).

While, the pistine EPS treated with cadmium did not show any characteristic peak of CdS
nanoparticles. The CdS nanoparticles incorporated functionalized EPS has the highest affinity
for metal ion adsorption. The nanoparticles have a greater surface area to voioyvehiah
provides a greater surface area for catalytic activity that confers to more cadmium ion
adsorption (Fengt al. 2009). The functionalized EPS contains sulphur groups, so when added
to aqueous solution containing cadmium ions, the sulphur growgs bvith the cadmium and
forms CdS nanoparticles. Previous studies by Basal (2012) illustrated that the
functionalized mycelia ofAspergillus versicolorcould remove cadmium from its aqueous
solution and at same time synthesize CdS nanoparticlgs earface. In perspective to fungal

mycelia, present work has used functionalized bacterial EPS for synthesis of CdS nanopatrticles
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and removal of cadmium from its aqueous solution which could be a novel and most efficient

technique for bioremediation oéhvy metals.

Conclusion

The synthesis of nanoparticles using physical and chemical methods involves various
chemical hazards and can cause environmental pollution, so biosynthesis of nanoparticles using
microorganisms is an emerging approach in the fefldnanotechnology. Extracellular
polymeric substances (EPS) can serve as binding sites for various metal ions and also act as
capping agent in the synthesis of nanoparticles. Surface functionalization of EPS can enhance
the adsorption of metal. Amongé various functional groups sulphur is mostly used because
of its high stability constant, low solubility products and easy preparation procedure. The
sulphur group can easily bind with the cadmium ions in the aqueous medium and synthesizes
CdS nanopartles. The CdS nanoparticles incorporated into the functionalized EPS has a
greater adsorption potential for metal ions than the functionalized and pristine EPS. So the
presented work showcased a novel method for the synthesis of CdS nanoparticles using the
bacterial EPS that also helps in removal of cadmium from aqueous solution. The EPS with CdS
nanoparticles not only has better adsorption capacity but also has shown additional benefitg
like easy recovery, easy synthesis, and absence of secondary potiosaatfectiveress and
environmentafriendly. Thus, by further advancement of biotechnological and
nanotechnological approaches, removal of different heavy metals from environment could be

improved by enhanced adsorption and recovery.
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