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sorption is the emerging process of
physicochemical adsorption of lethal heavy
metals using the biological origin materials
from such as micro-organisms, biomass,
agro-forest waste, plant materials, industrial
wastes, etc. The mechanism of bio-sorption
is fastened by the presence of functional
groups such as —OH, -C=0, -P=0, -S-, -
NH2, etc. on the cell wall of biomaterials.
The bio-sorbent convoyed by these
functional groups with certain chemical
modifications showsa higher adsorption
capacity over the other conventional
adsorbents.  The  bioremediation  of
wastewater encompasses the adsorption of
heavy metals using the bio-sorption process,
which entails precipitation, complexations,
ion exchange, etc. This chapter details the
various bio-sorbent materials and their
implications in the bio-sorption of lethal
heavy metals from contaminated water.
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. INTRODUCTION

Environmental stability is vital for the survivalf dhe living organism in the
ecosystem. But, the loss of biodiversity and habitd the living speciesled to a disruption in
the ecological balance. The health of the envirartne under threat due to anthropogenic
actions such as exhaustive quarrying, manufacturelgctroplating, mineral extraction,
agronomic practices, excavating oil and gas inoitean, the release of wastewater effluents,
emissions and dumping of metal by-products, andraktlimatic change[1][2][3]. However,
this is accountable to hasty urbanization and gngvindustries on a global platform. There
may have several causes but mainly the heavy mdistharge into the aquatic system
evokes environmental concern. Thus, industrial bgweent upraised the incorporation of
heavy metals in the aquatic sources and pollutedwisiter habitat eventually. Indeed, this
deteriorates the environment, habitats, and huneattth This resulted in a negative impact
on our ecosystem([4].

Due to their extreme toxicity, obstinacy, and imeemtal hazards heavy metals
constitute environmental risk noteworthy. The p@tl aquatic system led to the
incorporation of heavy metals in the food chairt tinggers a depraved influence on health.
Heavy metals accumulate in the ecosystem as parsigixicants, which then contaminate
the food chain and lead to the collapse of the ystem equilibrium[5][6]. Persistent heavy
metals such as As, Cd, Cr, Cu, Hg, Ni, Pb, and énfeequently present in the aquatic
ecosystem which enters into the food chain thraagatic species[7][8].

Consequently, de-contamination of heavy metals fileenwaste-water effluent before
release into the stream is much more importantiersake of human health and to save
aquatic life. In the literature, various strateglemve been devoted to the remediation of
wastewater. These methods such as adsorption, rmembffiltration, chemical,
electrodialysis, photocatalytic degradation, etayeh been implemented. There are also
traditional methods such as precipitation, compgiera ionexchange, coagulation, etc.
employed for the removal of heavy metals from tlomtaminated water. Adsorption is
considered a sophisticated technique for water deatien. But, it involves controlling the
major parameter such as the nature of the adsonbertent efficiency, operating conditions,
retention time, etc. while performing the waterrbimediation. But the conventional methods
are tedious, low precise, and expensive that cowt be afforded[9][10]. Nowadays,
nanotechnology is an emerging advanced research amel a promising strategy to
accomplish the task to clean the environment. Thae various materials have been
employed such as carbon nanotubes, graphenes, ticagraoparticles, metal oxide
nanoparticles, etc.to remove the heavy metals fiteenwater[11][12]. But, research should
focus on the inexpensive, sustainable, and enviemtifiiendly method for the
bioremediation of wastewater.

On account, biosorption is an emerging technologedu for heavy metal
bioremediation very efficiently. This method is m@mronomically viable and could be the
finest substitute. The biosorption process is ramd reversible that may be metabolism-
based or metabolism independent. This encompabseliriding of metal ions on the cell
surface through functional groups present on the ammposites of the cell wall. The
biological adsorbents such as bacteria, fungi, tyedgae, etc. for the removal of heavy
metals[13]. The different forms of biomass (livedwad, modified or immobilized) are also
used in the biosorption process[14]. Apart, teishhique offers a cost-effective substitute
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that utilizesrenewable or waste biomass materials owing lessatpg parameters for tt
removal of heavy metals[1F16].

The chapters discuss the utility of different typédiosorbents and recent advan
in the biosorption of heavy metals to date and iptesseutcomes ofhis innovative techniqu
with its future perspective.
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Figurel: The sources of heavy metals released in the wydésrs
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1. Electrochemical Methods. The electrochemical methods of heavy metal removal
include electro coagulation, elctrofloatation, asléctro dialysis. The electrochemical
methods are eco-friendly, quick, and cost-effectivat do not generates sludge in the
huge amount[17].Electro coagulation is charactdrizgthe precipitation of heavy metals
by applying the electrical field between aluminiuon Iron electrodes The electro
coagulation system works by neutralizing the changerticles and destabilized ions get
precipitated[18][19].

In the electro flotation technique, a flotationldsl used to form the bubbles of
hydrogen and oxygen gas on passing electric curfidnts, floating metals ion on the
liquid phase in an upward direction adheres to sbhtand are collected on the
corresponding electrodes[20][21]. Electro dialysi: modest and effectual membrane-
based dialysis technique used to separate metalfiom the solution using charged ion
exchange membranes. In this method, films or meng@sr@omposed of specific anions
and cations are employed between cathodes. Thur uhe influence of the current
cation channels allow to pass of anionically chdrpgarticles or metal ions and prevent
the passage of the cations while the anion chaadlmls the cations to pass through but
hinders the anions to pass through[22][23][24].

2. Physiochemical Methods: The chemical precipitation method proceeds with the
formation of the precipitate by adding precipitgtiragents such as soda lime, soda ash,
sodium sulfide, magnesium hydroxide, etc. to therganic metal ions solution of
wastewater. The insoluble particles generated énstiiution are allowed to precipitate.
This encompasses the formation of an un dissoluedtance by chemical reactions that
occurred in the solution and allowed it to pre@m{25][26]. The ion exchange method is
considered to be a fine option for the uptake ef itietal ions from the wastewater by
using different resin beads and eluted from tharool. Removal of Ni(ll) and Cu(ll) ions
was performed with ion-exchange resin LewatitMonsPFSP 112 and Purolite C100-MB
cation exchange resin respectively[27][28]. Sinljlametals such as lead and nickel were
eliminated by using a spurted bed with AMBERJET @2Ma resin from
wastewater[29].The heavy metals from the wastewater removed by using the
coagulant such as alum, polyaluminum chloride, Mgl to coagulate the metal ions
such as Cu(ll), Pb(ll), zZn(ll), and Fe(ll) in theolution. The floccules formed are
sedimented and water is decontaminated from theyheatals[30][31][32].

3. Membrane Filtration: The membrane separation method possesses somg gfedt
properties, such as high efficiency, easy operaton low space requirements, which
have been considered promising methods for heavytalmeemoval. ultra
filtration, Nanofiltration, and reverse osmosis dhe three main membrane filtration
technology used in the decontamination of watemfleeavy metals[33]. Ultra filtration
utilizes the pressure-mediated separation of heaetals through a suitable MWCO
semipermeable membrane. it ensures the higheriegitig of the removal of heavy
metals[34].Nanofiltration technology is also accamied by the separation of heavy
metals by pressure driven through the semi perraaalimbrane[35]. While the reverse
osmosis (RO) process allows the forceful water ggesghrough the membrane against
the osmotic pressure resulting in the separatiorions. Due to huge pressure the
movement of the molecules is fastened through thlnane and the solution containing
the salt is left[36].
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1. BIOSORPTION

Biosorption is an adsorption process that adherdiset principles of green chemistry.
It contributes to the sustainable approach towdndsdevelopment of the socioeconomic
aspects. This technique of wastewater treatmeaffiient and cost-effective which limits
the concentration of the pollutants such as heasalsiin the water systems[37][38][39].
Biomass is the key parameter of the adsorptioreai/ft metals. Biomass is accompanied by
the biologically origin materials whether it is ilng or non-living or derived wastes.
Biosorption is mechanistically classified into mneiasm-dependent and metabolism
independent. The nature of heavy metals determimesorption through intracellular
accumulation, extracellular accumulation, and gatsam at the cell surface. The use of bio-
origin materials in the adsorption technique presidhe platform to rectify the ecosystem
and environmental issues because it provides thelieg of the bio-waste produced from
different sources. The details of the bio-adsorbéal/e been discussed in this chapter[40].

1. Types of Bio-Sorbent Materials: The absorbent materials can be categorized into
cellular living or non-living materials owing capgcto uptake heavy metals from the
wastewater. The living bio sorbents include a nocganism, algae, yeast, fungi, etc.
while non-living comprises wastes from plant-dedvenaterials, industrial wastes,
agricultural waste, sludge, etc. They are consdlexresignificant adsorbent of heavy
metals at an affordable cost[41]. We will see inadeabout bio sorbent materials and
their different sources.

» Agricultural Waste as Biosorbent: Agro-wastes composed of major concentrations
of cellulose were found to be more potent in theoaption of heavy metal ions.
Agricultural biomass contains lignin, starch, hestlidoses, proteins, sugars, etc. The
various functionalities present in agricultural l@ss wastes show great affinity
towards the metal ions. The low cost, easy avdilgbabundant, source of the many
functional groups, and economical and greater gtisor capacity made agricultural
waste a prominent bio sorbent material for envirental bioremediation[42][43].
Tablel shows the list of agricultural waste asdaents.

Table 1. Agricultural waste as biosor bents

Agricultural Metal Ads'cirptior; Ref
waste als capacity(mg/q) erences

Mango Peel cd(n 68.92 [44]
Pb(ll) 99.05

Peanut husk Pb(11),Mn(l1), 50-100% [45]
Cd(INi(lI,
Co(ll)

Eucalyptus Zn(ll) 250 [46]

sheathiana bark

Coffee Husk Pb(11) 37.04 [47]
Mn(l1) 58.1 [48]
Co(ll) 23.5
Pb(ll) 23.7
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Cucumber peel Pb(I1) 133.60 [49]
husk of lentil Cd(ln 107.31 [50]
Mixed waste tea| Cr(VI) 94.34 [51]
coffee ground Cr(VI) 87.72

Persimmon Cu2+, Cd2+,19.42 18.26 22.| [52]
leaves Pb2+ 59

Lemon peel Cu2+ 13.2 [53]

* Industrial Waste as Biosorbent: On a global scale, many industries are working in
the food sector and manufacturing. They produceshammounts of bio waste and
discards. But the waste from the food industriagilized as bio sorbent materials for
heavy metal removal. Apart from this, by-productother industries such as paper
and pulp, fertilizers, alloys, brewing, and ricelsmproduce a huge amount of waste
and at zero cost these can be used as biosorleentster bioremediation[54].Agro-
food industries produce the byproducts of the meicgy of plant products in the
manufacturing of juices, ayurvedic medicines, grofwder, liquors, dairy, marine,
etc. These contain major functional groups thatkmptthe metal ions significantly.
The tannery Industry sludge was employed as a csiteploio sorbent for the removal
of Ni(ll), Co(ll), Zn(ll), and Cd(I)[55]. The papemill industrial wastewater was
treated in an up-flow anaerobic sludge blankettoraand selenite was reduced in the
presence of anaerobic granules to form biogenienggh nanoparticles. This
biogenic selenium nanoparticle is used to adsoebzh2+ ion with the maximum
adsorption capacity of 60mg/g from wastewater[56¢ Bludge was also considered
significant in the removal of, metal ions such ag+#\ Cu2+, Pb2+, and Cd2+.
Additionally,  fermentation industries  producing thewaste  biomass
of Corynebacterium glutamicum were used as efficl@omass adsorbent for the
elimination of Cr(VI)[57].Thus, there are many axales such as the removal of lead
and mercury by activated sludge[58],Cd2+ using moglalvic composites[59], Pb2+
using fruit waste[60], etc.

* Microbial Organisms as Biosorbent: Bacteria are excellent bio sorbents due to the
high surface area to volume ratio and the widelab#ity of potential active sites,
which can act as sorption sites[25]. ChrR and Yaedtwo soluble enzymes that have
been extracted and purified from Pseudomonas pMikha and Escherichia coli,
respectively; these are capable of effectively ety CP* to Cr* under both aerobic
and anaerobic conditions[61].Bacterial groups thabntribute to HM
removalinclude Bacillus sp., Pseudomonas sp., Sloéacter sp., Alcaligenes sp., Azot
obacter sp., Rhodococcus sp., and methanogensfggpng them, Bacillus sp. is
considered a potential agent for removing varioddsHespecially Gram-positive
bacteria[63].

The presence of organic ligands or functional gso(garboxyl, hydroxyl,
sulfate, phosphate, and amine group) in structaalponents of algal cells makes it a
potential biosorbent. Sultana et al have conveyedche t capability
of Chlorella kessleri microalgae biomass as a blmma for the elimination of lead,
cobalt, copper, cadmium, and chromium from wastexjiat].
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Bacterial biosorbent Metal Adsorp_'uon References
capacity
Te_n_otrophomonasmaltoCr 99.2 % [64]
philia
Aeribacillus 0
pallidus MRP280 Pb 96.78 % [65]
Arthrobacterviscosus Pb 97 % [66]
Bacillus sp. Q3 Cd 93.76 % | [67]
Pseudomonas 0
aeruginosa FZ-2 Hg 99.7% [68]
Hg 85 %
, Pb 97.13 %
Klebsiella sp. USL2S Cd 2333 % [69]
Ni 86.06 %
Pseudomonas Cd 98.57%
azotoformans JAW1 Cu 69.76 % [70]
Pb 78.23 %

Table 3: Algal Biomass as Biosor bent

Algal biosorbent Metals Adsor ption References
capacity

Spirogyra sp. Pb(l1) 30 % gg}
Sargassummuticump  Sb(ll) 50 % [74]
Cystoseirabarbata cd(n 68 % [75]
Scenedesmus
obliquus AS-6-1 Cd(ln 93.39% [76]
A. junii-coconut Cr (V1) 30 % [77]
fiber
Lessonianigrescens As(l) | 76 % [78]

The application of the fungus as biosorbent mdtesithe most effective way
to capture the heavy metals from the wastewatertaliis efficient uptake capacity.
Fungi very vital role in cleaning up heavy metatsni wastewater through the
process of bioaccumulation and biosorption. Thustihg the concentration of heavy
metals in the water. The cell wall of the fungu<slmracterized by the presence of
chitin, proteins, lipids, and polyphosphates. Th# wall of the fungus is composed
of a chain of polysaccharides and glycoprotein®@apanied by functionalities such
as —NH2, -COOH, and —OH groups. These have beemipeat in capturing the
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heavy metals at their site ea[79][80]. The fungitolerant towards the heavy met
are investigated for the adsorption of the heavyaiee/iz. Cd, Pb, Ni, and Cr. Tt
results have depicted that A. terreus, T. viride|lohgibrachiatum, and A. niger &
very efficient in the adsorption of metal ioniom wastewater effluer[81]. Thus,
adsorption through fungal culture is c-effective, efficient, and e«-friendly.
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Figure 3: Schematic representaion of mechanism of heavy radsarption by biosorben

2. Mechanism

Ahalya et al have proposed the mechanisiheavy metal uptake by the microb
biosorbents in three ways as (a) Extracellular exxdation/precipitation; (b) Cell surfac
adsorption/precipitation; (c) Intracellular accuatidn. So, the biosorption mechanisn
further classified as metaboli-depadent and metabolism indepen([16]. This can be
shown diagrammatically in Figure

The biosorption take place in both living and noliving cellular biomasse:
Biosorption occurs as metabolic dependent in livibgpmass while metabol
independent in nofiving (dead) biomass. The metabolic pathway prdse@rough th
intracellular and extraellular accurulation of heavy metals. The chemical interactibi
cell gradients promotes transportation across #le €The heavy metals accumulai
outside the cell undergo complexation, ion exchaagd precipitation reaction. Thus,
mechanistic exclusion of avy metals by algae is a result due to biosorptoul
bioaccumulation[16][82] In a metabolic independent pathway, the heavyar
establishes the chemical inteion with functional groups such as carbox-COOH),
hydroxyl (-OH), and amidogen-NH2) present on the cell surface of dead biomasik
sorption takes place via ion exchange, precipmatmmmplex formation, chelation, a
adsorption. The extracellularetabolites interact with metal ions to form the @bex
outside the cell. The cell surface possesses tidirlyg proteins protruding outward a
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interacts chemically with the metal ions and getsosbed onto the cell surface. Cell.
Such a type of phenomenon is called active adson@B][84].Figure 4 shows the
schematic representation of biosorption by cellblamass.
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Intracellular
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Figure 4: Mechanism of heavy metal uptake by cellular biomass

Thus, biosorption of heavy metals from wastewatenuch more promising, cost-
effective, recyclability of waste biomass, easyilawdlity, considerable high efficiency,
and environment friendly, and implemented at vesy toncentrations for the uptake of
heavy metals.

3. Kinetic Study: The nature of the biosorbent used in the removahedvy metals
determines the kinetics of the biosorption. The infiegjuently pseudo—first order model
proposed by the Lagergren suit is perfect for bioson. Several models have been
proposed to describe the rate of adsorption of heaetals by using biomass adsorbent.
Thus, if ki (min™) is the rate constant in the first-order model Ghds the equilibrium
adsorption capacity of the adsorbent amglthe adsorption capacity at time ‘t’ then,

-dg/dt-ks1(0e— @ )

The total rate of biosorption can be summarizedcctnysidering the number of
sites present on the adsorbent for the adsorptidimei presence of adsorbate. Thus, if ‘C’
is the concentration of the adsorbate at time t @pcs the apparent concentration of
adsorbate at a time ‘t’ after adsorption, then piseudo-first-order model [85]can be
represented by the following equation as -

—dc
e ks C - kCp
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The adsorption isotherm such as Langmuir and Fandidsorption isotherm
depicts the adsorption carried out by the biosdrbEme Langmuir adsorption isotherm is
considered by assuming the availability of vacartiva sites on the surface of the
biosorbent. The heavy metals are adsorbed on the &ites forming the monolayer and
further adsorption is prevented due to limitingtdosition of sites. Thus, if gis the
maximum adsorption capacity (mg'y g is the adsorption at equilibrium state, i& the
equilibrium constant of the rate of adsorption/dpson of Langmuir model, then
Langmuir adsorption isotherm is given by -

_ qmKaCe

9= 1T ¥ KaCe

The Freundlich adsorption isotherm describes thateothe active sites are
occupied by the heavy metal then adsorption endeglines and thus, the linear form of
the Frendlich model can be expressed as

1
logge = logKf + Hlog Ce

Where K is the Frendlich adsorption isotherm constant, i) the adsorption at
equilibrium[25].

The biosorption depends upon several factors ssd¢heanature of heavy metals,
biosorbents, temperature, pH, initial concentrgtimmd contact time. There might have
been proposed several models to explain the kmeticbhiosorption but the Langmuir
model holds good for the adsorption of heavy mdiglasing biosorbents.

4. Conclusion and Future Perspectives. Biosorptionis a promising field to remove heavy
metals from wastewater and it offers better oppoties to develop innovative adsorption
technology via the use of biomass waste. The fiityilin the biosorption study provides
varied applications in environmental bioremediatidhis could be possible due to the
availability of plenty of biomass waste emergingnfr different sources and the
development in the technology to recycle them aauyithe purpose of bioremediation
of wastewater. Biosorption utilizes biosorbent mate such as agricultural waste, algae,
fungi, and microorganisms as biosorbent. The masharof adsorption has been
provided in this chapter. The low-cost processaigbiosorption is crucial for the
economy and attributes to sustainable developniarit. there are several reasons why
this is less implemented on the industrial scale adsorption efficiency is considerably
low for the adsorption of heavy metals.It seem8aiilt for the use of microbial biomass
on a large scale for the sorption of heavy mefltals, biosorption technology requires
improvement to enhance the capacity of adsorpfitve. use of hybrid technology must
be considered for removal of the heavy metals. iRm@obilization of Nano based
materials on biomass reveals satisfactory resultsitneeds to be improved further to
increase the efficiency. This requires the optirtidza of the processing aspects of
biosorbent and physicochemical conditions to bentaaied.
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