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Abstract. The review deals with the need to treat industrial effluents before their discharge into open water bodies. The
technical and economical problems associated with conventional water treatment procedures have been pointed out.
Biosorption, as an alternative technology for metal remediation of wastewaters is discussed. A detailed description of the
theoretical basis, fundamental concepts and mechanisms involved in the adsorption of metals has been given. The validity
of biosorption data as determined by the fit on the mathematical models of Freundlich and Langmuir adsorption isotherms
has been described. The ion exchange mechanism, its differences with the Langmuir adsorption isotherms mechanism, and
the advantages of one mechanism over the other in understanding the concepts of the biosorption process have been

considered.
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The ecological impact of heavy metals. Enhanced industrial
activity during recent decades has led to the discharge of
unprecedented volumes of wastewaters. As a result, environ-
ment is being heavily polluted with pesticides, fertilizers, met-
als, and miscellaneous toxic materials (Travieso et al., 1999).
Of the various activities associated with environmental pollu-
tion, mining operations, ore-processing and smelting, urban-
ization, metal-plating, tanneries, and agriculture-related pur-
suits are directly related to metal pollution (Pagnanelli et al.,
2002; Puranik and Paknikar, 1997). Unlike most organic wastes
and the microbial load in aquatic bodies, furthermore, metal
contaminants are not biodegradable, tending to accumulate
in living organisms, becoming a permanent burden on the
ecosystem (Bailey et al., 1999). Their presence in the environ-
ment, even at low concentrations, has therefore the potential
of becoming a cause of toxicity to humans and other forms of
life (Guptaet al., 2001; Volesky, 2001). Industrial effluents and
drinking water loaded with metals is thus a serious public
health problem (Chiron et al., 2003).

Although several metals have a physiological role as pros-
thetic groups in metalloproteins, and as constituents of en-
zymes, coenzymes and cofactors in metabolic pathways
(Lehninger et al., 1993), their presence in excessive amounts in
the food chain leads to toxicity symptoms, to disorders in the
cellular functions, and eventually death (Volesky, 1990). Over-
abundance of the essential trace elements and particularly their
substitution by non-essential ones, such as Cd, Ni, Ag, can
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also cause toxicity symptoms. Furthermore, when a metal with
no known biological function competes with, or replaces a func-
tional metal, toxicity results (Hughes and Poole, 1989).

In addition to the direct entry of toxic metals into the human
body, such as through inhalation of metallic dust or ingestion
of food contacted with metalware, food chain in the ecosystem
is the major indirect contributor. Metals assimilated by microbes
and plants, tend to accumulate as they move through the food
chain (Yetis et al., 1998; Matheickal and Yu, 1996), which leads
to food chain enrichment in metal- polluted environments. The
levels of certain metals are frequently higher in older individu-
als than in juveniles, which is in accordance with the general
principle of bioaccumulation. From the ecotoxicological point
of view, metals such as Cd, Hg, and Pb, the so-called family of
‘big three’, are highly toxic and are included in the ‘Red List’ of
priority pollutants published by the Department of the Envi-
ronment, UK, and in ‘List I’ of EEC Dangerous Substances
Directive (Molesky and Schiewer, 1999; Aderhold et al., 1996).
The same directive lists Cu, Ni, Sn and Cr in ‘List II”, which
contains pollutants of less toxicity. These metals, nevertheless,
create environmental pollution problems since, although not
necessarily toxic at low concentrations, they accumulate in the
food chain and upon entry into human body are not excreted.
Therefore, from the environmental and human safety points of
view, it is of the utmost importance that metal contaminants are
removed from industrial wastewaters before their release into
natural water bodies or open landscapes. The environmental
impact due to their toxicity has led to the enforcement of strin-
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gent standards for the maximum allowable limits of their dis-
charge by different countries. Authorities enforcing these stan-
dards further require the treatment procedures to be environ-

ment friendly (Aderhold et al., 1996).

Conventional procedures for the removal of metals from
wastewaters. Technologies for the treatment of metalliferous
wastewaters principally aim at removing the metals to a mini-
mum level of concentration that meets the legislative condi-
tions of their safe discharge. These technologies are operated
under the so-called ‘best practicable environmental options’
governed by such factors as safety of operation, cost-
effectiveness, reliability, least generation of secondary/end-
product wastes, flexibility of operation under variable condi-
tions of pH, temperature, flow-rate and volume, and environ-
mental friendly disposal of the recovered metal wastes. There
is no single process that would satisfy all or most of these

desirables.

Removal of metals from wastewaters has been conventionally
done by several physical and chemical procedures (Pagnanelli
et al., 2001), which include chemical precipitation, coagula-
tion, reduction, osmosis and reverse osmosis, membrane sepa-
ration technologies (ultrafiltration and electrodialysis), evapo-
rative recovery, ion exchange, lime precipitation, solvent
extraction, electrode dialysis, and electrolysis (Chong et al.,
2000; Aksu et al., 1998; Yetis et al., 1998; Kapoor and
Viraraghavan, 1995; Wilde and Benemann, 1993). However,
their applications are often restricted because of practicabil-
ity techno-economic considerations (Jansson-Charrier et al.,
1995).

One of the conventional procedures of metals removal from
industrial wastewaters involves their chemical precipitation,
usually by lime, followed by settling of the metal precipitates
and coagulation in a pond and/or clarifier (Kratochvil and
\olesky, 1998). Lime precipitation, when used for the reduc-
tion of metal ions to very low concentrations, is either ineffi-
cient or very expensive (Wilde and Benemann, 1993). Precipi-
tation processes, furthermore, have other disadvantages, such
as the generation of chemical sludge (Krishnan et al., 1992).
Disposal and handling of the resultant toxic sludge is not
only expensive but also creates other environmental prob-
lems.

Technologies alternative to chemical precipitation and coagu-
lation include reverse osmosis, electrodialysis, ion exchange,
and passive treatment using engineered wetlands (Butter et
al., 1998). These methods primarily result in the transforma-
tion of the dissolved metals into a more concentrated and
manageable form prior to final disposal, usually to landfills.
However, metals removed by these procedures continue to
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remain in the ecosystem representing a further long-term en-
vironmental hazard. The usual non-resistance of resins to ther-
mal and osmotic shock, deleterious effects of their oxidation
by chemicals, and interference in metal removal in the pres-
ence of Ca and Mg ions are the principal disadvantages en-
countered during the ion exchange procedure (Aderhold et
al., 1996; Kuyucak, 1990). lon exchange resins, additionally,
are not always selective enough to allow an effective recov-
ery of metals present in industrial effluents (Kratochvil et al.,
1997). Application of the ion exchange process is also rather
expensive due to the cost of synthetic ion exchange resins.
Electrolysis, being energy intensive, is a cost prohibitive tech-
nology (Atkinson et al., 1998). The membrane process tends
to be hindered by the problems of limited flow-rates, instabil-
ity of the membrane in salt and acid conditions, and fouling
by inorganic and organic species (Aderhold et al., 1996). High
operational costs, process complexity and low removal effi-
ciency of membrane processes have limited their use in metal
removal (Kapoor and Viraraghavan, 1995). Other methods, such
as osmosis and reverse osmosis, dialysis and electrodialysis,
and evaporation, are used in very specialized applications
having prohibitive operational costs (Aderhold et al., 1996).
Due to economics of dealing with large volumes of liquids
and solvent losses, solvent extraction is limited to streams
containing more than 1 g/l of the targetted metal (Kratochvil
etal., 1997).

It may be noted that all the conventional metal treatment pro-
cedures are cost-prohibitive, often inefficient when used for
the removal of metals to low concentrations, complicated in
operation for practical applications, and may create yet an-
other problem of the disposal of chemical sludge/solid waste
containing the removed metals causing damage to groundwa-
ter reservoirs (Aksu et al., 1998; Sandau et al., 1996). These
concerns have led to an interest in the development of alter-
nate effective technologies that have the capacity to reduce
heavy metal concentrations to environmentally acceptable
levels at affordable costs (Aksu et al., 1998; Atkinson et al.,
1998).

Biosorption as the alternative metal remediation technology.
The practical limitations associated with the conventional
methods have led to the search of alternative water treatment
procedures. Innovative methods of metal removal including
biosorption (Volesky, 1990), sorption onto purified biopoly-
mers (Jang et al., 1995), adsorptive filtration using coated sands
(Benjamin et al., 1996), and adsorption on magnetic iron ox-
ides (Chen etal., 1991), have been investigated in an ongoing
effort to efficiently and economically remove metals contained
in industrial wastewaters. Increased attention, however, is
being paid to biological methods for metal remediation, termed



biosorption or bioaccumulation. Several biological materials
have been extensively investigated for their ability to seques-
ter metals through the process of biosorption, as an alterna-
tive technology (Pagnanelli et al., 2003). Included in the range
of biological materials used for this purpose are marine
macroalgae (seaweeds) and freshwater algae (Akhtar et al.,
2003; Tien, 2002; Chong et al., 2000; Davis et al., 2000; Yu et
al., 1999), fungi (Baldrian, 2003; Veglio’ and Beolchini, 1997),
bacteria and cyanobacteria (Karana et al., 1999), and miscella-
neous categories of bioindustrial and agricultural wastes
(Saeed and Igbal, 2003; Igbal and Saeed, 2002; Saeed et al.,
2002; Bailey et al., 1999). Since most of the investigated bio-
logical materials have shown the ability to effectively remove
metals from aqueous solutions and are either wastes or can be
easily obtained, the biosorption procedure has been sug-
gested to be cost-effective and a more efficient alternative to
the existing effluent treatment techniques (Saeed et al., 2005a,
2005b; Saeed and Igbal, 2003; Schiewer and Volesky, 2000;
Vieira and Volesky, 2000). Biosorptive removal of toxic metals
is especially suited as a “polishing’ water-treatment step, after
the application of conventional procedures, because it is pos-
sible to bring down their initial concentrations of 1 - 100 mg/I
to the final equilibrium concentration of < 0.01 - 0.1 mg/I
(\olesky and Schiewer, 1999).

Biosorption may be simply defined as the removal of metals or
metalloid species, compounds and particulates from aqueous
solutions by biological materials (Gadd, 1990). Virtually all bio-
logical materials, both living and dead, accumulate metal ions
from aqueous solutions. A distinction, however, needs to be
made between the two types of processes, namely, biosorption
and bioaccumulation, when dealing with the removal of met-
als by biomass. The expression, ‘metal biosorption’, typically
applies to the passive accumulation of metals by biological
materials, which is not a metabolically mediated process
(Schiewer and Volesky, 2000). ‘Bioaccumulation’, on the other
hand, refers to a metabolically active process. Living microor-
ganisms are thus capable of accumulating metal ions by two
well-defined processes, namely, biosorption as an energy in-
dependent binding of metal ions to cell wall, and
bioaccumulation as an energy-dependent process of metal
uptake into cells (Karana et al., 1999). Biosorption is consid-
ered to be better than chemical precipitation in terms of the
ability to adjust to changes in pH and metal concentrations
and is better than ion exchange and reverse osmosis in terms
of no sensitivity to the presence of suspended solids, organic
materials and the presence of other metals (Wilde and
Benemann, 1993). Some comparative advantages of metal
biosorption over the conventional procedures are (Aksu, 1998;
Kratochvil and Volesky, 1998):
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e mosty biomaterials used for metal biosorption are
cheap and/or freely available

e high efficiency of metal removal from diluted aque-
ous solutions

e regeneration of the biosorbent biomass for repeated
use

e ability to treat large volumes of wastewaters due to
the rapidity of operation kinetics

¢ high selectivity in terms of removal and recovery of
specific metals

e ability to handle multimetals and mixed waste efflu-
ents

e high efficiency to reduce residual metals to levels
below 1 ppb in many cases

e less need for additional costly process reagents and
supplementary procedures, which typically cause
disposal and space problems

e operation over a wide range of physicochemical con-
ditions, such as pH, temperature, and presence of
other ions, including the commonly present alkali
metal ions (Ca*?, Na* and Mg*?)

o relatively low capital investment and low operational
costs

e greatly improved recovery of bound heavy metals
from the biomass

e substantial reduction in the large volumes of hazard-
ous wastes

Mechanisms involved in biosorption. Biosorption has been
attributed to a number of different sequestering mechanisms,
such as microprecipitation, ion exchange, adsorption, com-
plexation, coordination, or chelation (Volesky and Schiewer,
1999; Greene and Darnall, 1990 ). However, a combination of
several mechanisms, each functioning independently, con-

tribute to the overall metal uptake.

(a) Microprecipitation. Metal removal by precipitation may
be either dependant or independent of cell metabolism. In
living microbial cells, this process frequently appears to be an
active self-defence mechanism against the adverse effects of
toxic metals (Veglio’ and Beolchini, 1997). Microprecipitation
is the deposition of electrically neutral materials (metal or metal
salt) at the surface of the biomass, and does not necessarily
involve a bond between the biomass and the deposited layer
(MVolesky and Schiewer, 1999). The process of micropreci-
pitation is facilitated by initial metal ion binding to the reac-
tive sites present on the biomass, which therefore, serve as
the nucleation sites for further precipitation (Mayers and
Beveridge, 1989). This process is not limited to monolayer
metal adsorption or just the saturation of active sorption sites.
Biomass is thus able to accumulate metals, which may be-
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come several times its own dry weight (Macaskie et al., 1992).
Microprecipitation is based on interactions between the sol-
ute and the solvent, which occurs when the local solubility is
exceeded.

(b) lon exchange. Cell walls contain different polysaccha-
rides as the basic building blocks. Studies on the ion exchange
properties of certain neutral polysaccharides have established
that divalent metal ions exchange with counter ions of polysac-
charides (Volesky, 1990). There is a substantial evidence to
suggest that ion exchange is the main mechanism of metal
biosorption (Figueira et al., 2000). The polyhydroxy polyphe-
nol groups of pine bark tannin are the active species in the
adsorption process during which ion exchange takes place as
metal cations displace adjacent phenolic hydroxyl groups form-
ing a chelate (Bailey et al., 1999; Vazquez et al., 1994). The
uptake of divalent metals by algal biomass (Schiewer et al.,
1995), and by filamentous fungi (Fourest and Roux, 1994), is
accompanied by the release of ionic species from the
biosorbents. Biosorption of metals on fungi occurs as a result
of ionic interactions and complex formation between the metal
ions and functional groups present on the fungal surface
(Mashitah et al., 1999; Kapoor and Viraraghavan, 1997). In
marine algae, alginic acid and fucoidan occur in the cell walls
and as extracellular polysaccharides. Both of these molecules
contain hydroxyl and carboxy| as the functional metal binding
groups. These are both acidic in nature and the binding of
metals from solutions is characterized by the liberation of pro-
tons (Kratochvil et al., 1997; Crist et al., 1994a; 1994b). It
appears reasonable to conclude that in most cases ion ex-
change, rather than sorption to free sites, is the relevant over-
all mechanism for the binding of metal ions in the biosorption
process (Volesky and Schiewer, 1999). Since the overall charge
of the biomass particle has to be neutral, any binding of one
cation must be accompanied by either a stoichiometric release
of other cations or by the binding of anions.

(c) Adsorption. Adsorption is a surface phenomenon, which
is defined as the concentration of a substance at the interface
between two immiscible phases, and larger the surface area,
thegreater will be adsorption (Bajpai, 1998). Effective
biosorbent materials, therefore, must have a large surface area
with a well-developed and well-defined inframicrocrystalline
structure (Al-Duri, 1996a; 1996b). Any selectivity exhibited
by the biosorbent is determined by the nature of this struc-
ture. A donor-acceptor complexation mechanism is involved
in the adsorption process. Atoms of the surface functional
groups (on the biosorbent) donate electrons to the sorbate
species (metal cations). The nature of the sorbent-sorbate
bond is determined by the position of functional groups on
the biosorbent surface. The metal adsorption reaction may be

439

of two types (Al-Duri, 1996a):

(i) physical adsorption (physisorption), in which type physi-
cal bonds are formed, the process is reversible and non-spe-
cific, having low heat of adsorption, and involves no transfer
of electrons although some polarization of the sorbate may
occur;

(ii) chemical adsorption (chemisorption), in which type ionic
or covalent bonds are formed between the sorbent and the
sorbate, the process is highly specific in nature in which con-
siderable transfer of energy is involved, and the process is
irreversible.

The nature of binding forces involved in the adsorption pro-
cess may be either physical or chemical. Physical forces may
be either electrostatic or London-van der Waals forces (Myers,
1991). In the resultant physical bond, electrons stay in their
original systems and thus the adsorption process is revers-
ible. Chemical forces on the other hand extend over very short
distances and involve sharing of electrons in the formation of
covalent bonds. The binding of metal ions to biologically in-
active materials occurs by various mechanisms, including
covalent or electrostatic bonding (Greene and Darnall, 1990).
In any given adsorption system, therefore, both physisorption
and chemisorption are expected to occur, though in most cases
physical adsorption is the dominant process (Al-Duri, 1996b).
The adsorption of metals on the microbial cell wall surface isa
physical process as reported for thorium and uranium
biosorption by the chitinous cell wall of Rhizopus arrhizus
(Tsezos and Volesky, 1982a; 1982b). The biosorption of Cu by
the bacterium Zoogloea ramigera and the alga Chlorella vul-
garis was due predominantly to electrostatic interactions

(Aksuetal., 1992).

(d) Complexation, coordination and chelation. Complexation
plays an important role in both metal-ligand and sorbate-sor-
bent interactions (Volesky and Schiewer, 1999). A complex,
also referred to as a coordinate compound, is a polyatomic
molecule that consists of one or more central atoms (usually
metal cations) surrounded by ligands (atoms or groups of
atoms, which are usually negative or neutrally charged) that
are attached to it. Complexes can be neutral, positively or
negatively charged. The number of coordinating atoms in the
ligands that are directly attached to the central atom is called
the coordination number, which can be larger than the va-
lence of the central atom. If one ligand is attached to the cen-
tral atom through two or more coordinating atoms, then the
complex is called a chelate (Cahn and Dermer, 1979). Complexing
of metal ions with ligands or functional groups present on cell
wall surface in the biosorption process may occur in living or
dead cells and/or their derivatives (Bolton and Gorby, 1995).



This phenomenon is comparable with chemical exchange pro-
cess (Chang and Hong, 1994), and the process requires nei-
ther an active membrane transport mechanism nor metabolic
energy controlled by non-directed physicochemical reaction
(Gadd, 1992). Metal binding to the cell walls of Saccharomy-
ces cerevisiae has been attributed to the metal coordination
with amino, carboxyl and hydroxyl groups (Brady and Duncan,
1994). It has been reported that in the accumulation of Ca, Mg,
Cd, Zn Cu and Hg ions by Pseudomonas syringae, complex-
ation was the only mechanism involved (Cabral, 1992). The
uptake of thorium and uranium by Rhizopus arrhizus was, in
part, due to the formation of complexes between chitin of the
fungal cell wall and metals (Tsezos and \Volesky, 1982a; 1982b).
Chelating agents synthesized by microbes, called
siderophores, have been reported to naturally bind iron and
gallium (Gascoyne et al., 1991), or in the sequestering of sev-
eral metals when siderophores were artificially modified

(Brierely etal., 1989).

(e)Bioaccumulation/intracellular accumulation. Bioaccu-
mulation occurs in living cells/organisms. It is an active mode
of uptake and the process is dependent on the metabolic ac-
tivities of the cells/organisms (Volesky, 1990). The process is
affected by the presence of metal ions. Since active transport
of metals across the cell membrane is involved through meta-
bolic activity, the metal uptake can occur only in living cells.
In addition to a well-developed metal transfer system, specific
metal binding proteins and peptides are involved (Mehra and
Winge, 1991; Brierley, 1990). For example, the small cystein-
rich polypeptides, metallothioneins, are involved in the
bioaccumulation of Cu and Zn in fungi. Living algal cells usu-
ally have an extracellular polysaccharide protective cover. This
is involved in metal bioaccumulation through micropre-
cipitation or complexation (Brierley et al.,1989). Bioacc-
umulation of metals in living cells occurs through a number of
definite phases (Veglio’ and Beolchini, 1997; Brierley, 1990).
During the first phase, metal biosorption is very rapid in which
ion exchange, adsorption and complexation occur around the
extracellular polysaccharides, cell wall and cell membrane. The
rapid phase is followed by a slower lag phase associated with
intracellular accumulation. Though this phase is slow, its in-
volvement is significant in certain cases, such as Cu removal
by Streptomyces pilosus biomass occurs through internal

accumulation (Golab et al., 1995).

The theoretical bases of biosorption. Biosorption efficiency
is usually reported in terms of binding as milligrams or milli-
moles of the metal bound per gram of the biomass at equilib-
rium. The biosorption equilibrium, however, depends on dif-
ferent operational parameters. These are useful values for pro-
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viding the theoretical bases for constructing mathematical
models of the biosorption process under given conditions.
The theoretical basis of biosorption in most of the studies
reported in literature is provided by fits to absorption iso-

therms and ion exchange models.

(a) Adsorption isotherms. The biosorption efficiency of vari-
ous biosorbents for different metals is usually reported in
terms of how well the observations fit the adsorption iso-
therms equations (Pagnanelli et al., 2003; Reddad et al., 2002;
Sag et al., 2001). Adsorption and microprecipitation are the
terms used to describe accumulation of electrically neutral
material, which does not involve the release of stoichiometric
amount of previously bound ions. The difference between
adsorption and microprecipitation is that the affinity between
sorbent and the metal sorbate in the former case, while limited
solubility in the latter case, represent the main driving forces
(Schiewer and olesky, 2000). Biosorption is a specific example
of adsorption, which is essentially the binding of chemical
species to biopolymers (Simmons et al., 1995). The mecha-
nism and kinetics of biosorption is discussed in terms of ad-
sorption isotherms, which is a mathematical expression repre-
senting the variation of adsorption with concentration of the
solute at equilibrium, at constant temperature. There are sev-
eral types of adsorption isotherms (Bajpai, 1998), but more
relevant for the understanding of the metal biosorption pro-
cess are the Freundlich and Langmuir equations, which pre-
dict metal uptake as a function of the concentration of that
metal present in the solution (Crist et al., 1992; Chen et al.,
1990; Tsezos and Deutschmann, 1990).

(i) The Freundlich adsorption isotherms. The Freundlich
equation for adsorption isotherms is purely an empirical
model, having no theoretical basis, and while its validity
extends to nonuniformity of the adsorption surfaces, its
application is limited to low solute concentrations (Bajpai,
1998; Moore, 1972). The Freundlich isotherms are based on
the following equation:

:Kci ,or

3 |x

C
log[-X] = log K+ log ~% ,or
log 0y = log K +% log C., 1)

This is mathematically an equation of straight line
where:

X = mass of solute adsorbed

m = mass of adsorbent

K= Freundlich constant for the nature and capacity of the
adsorbent (the measure of sorption capacity)
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% = Freundlich constant for the adsorbability of the solute
(the sorption intensity)

Ceq= equilibrium concentration of the solute

U = solute adsorbed per unit mass of adsorbent

The Freundlich equation can be experimentally tested by plot-
ting log [%] against log Ceq.Astraight line confirms that the
adsorption isotherm validly fits the Freundlich equation. From
this plot (Fig.1) can be calculated the Freundlich constant as:
slope of straight line = tan 6 = % . As the value of Ceq in-
creases, the sorption sites approach saturation or limiting
value. The Freundlich isotherms can be interpreted as sorp-
tion to sites with the affinity distribution, whereby the sites
with higher affinity for the metal become occupied first (Stumm,

1992; Smith, 1981).

(if) Langmuir adsorption isotherms. The Langmuir isotherms
model is based on the following assumptions (Bajpai, 1998;
Langmuir, 1918):

e thesolid surface contains a fixed number of adsorp-
tion sites

e eachsite can hold one adsorbed molecule in a mono-
layer

e there is no interaction between molecules on differ-
ent sites

e adsorption of amolecule (metal) at an unoccupied site
and desorption from an occupied site does not de-
pend on whether or not the neighbouring sites are
occupied

e the surface atoms of the adsorbent have residual
negative force due to unshared electrons, thus form-
ing a sort of covalent bond on coming in contact
with the positively charged solutes, which is suffi-
ciently strong to prevent motion of the sorbate along
the surface

e the adsorbent surface is energetically uniform

e adsorption is a dynamic process such that at equilib-
rium the rate of adsorption is equal to the rate of
desorption

The Langmuir model, based on the above assumptions for
metal sorptionis:

Cqy _ 1 Ceq
q8q B qumax * qmax (2)

This is mathematically an equation of straight line
where:

C., = equilibrium concentration of the solute

(g = solute adsorbed per unit mass of the adsorbent
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log g,

Intercept
log k

} Intercept b

-_—>C
eq

Fig. 1. (a) Freundlich adsorption isotherm, and (b) Langmuir
adsorption isotherm (adapted from Bajpai, 1998);
Ceq = equilibrium concentration of the solute; g, = solute
adsorbed per unit mass of the adsorbent; the Freundlich
constants, [—}r] and K, respectively, for the adsorbability
of the solute (the sorption intensity) and for the nature
and capacity of the adsorbent (the measure of sorption
capacity); the Langmuir constantsband g, respectively,
for the ratio of the adsorption rate to the desorption rates
and the maximum sorbate uptake.

Omax = Maximum metal uptake

b = Langmuir constant

The Langmuir equation can be experimentally tested by plot-
ting qzi against C,.. Astraight line confirms that the adsorp-
tion isotherm validly fits the Langmuir equation. The Langmuir
constant, b, is the ratio of the adsorption rate to the desorp-
tion rate, which is related to energy of adsorption through the
Arrhenius equation (Chong and Volesky, 1995). The value of
b can be calculated from the intercept of the straight line of
Langmuir isotherm based on experimental data (Fig. 1). The

value of q__, the other Langmuir constant, can be calculated
from the slope as:
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slope of straight line =tan 6= L

max

The consideration behind the Langmuir isotherms is that sorp-
tion is a chemically equilibrated phenomenon (Langmuir, 1918).
The basic assumption is that the forces exerted by chemically
unsaturated surface atoms do not extend further than the diam-
eter of one sorbed molecule. This is the basis for biosorption to
occur in a monolayer when considered within the scope of
Langmuir adsorption isotherms. The rate of adsorption, there-

fore, is proportional to the following (Volesky and Schiewer, 1999):

e the rate constant of the forward reaction, ®Vk,
e the number of free sites, B ='B-Mq
e the number of sorbate molecules hitting the surface
per unit time, which is determined by the sorbate con-
centration [M]
where:

B = total number of binding sites

Mg = sorbate bound per unit mass of the sorbent (binding or
uptake)

M = initial concentration of sorbate

[M] = sorbate concentration at equilibrium

Under similar set of conditions, the rate of desorption is propor-
tional to the following:

e the rate constant of backward reaction, ®Vk
e the number of occupied sites, Mq
at equilibrium:

Mk B[M] =k, Yq ©)

The equilibrium constant (BVK), indicating affinity of the sor-
bent for the sorbate, may be calculated as the ratio of rate of
adsorption and the rate of desorption, as:

BM

BMK = f (4)

BM
kb

it follows, therefore:

eva_ B XEVK[M]
= LM K M] (mmol/g) 5)

The following may be concluded from the foregoing equation
(Schiewer and Volesky, 2000): (a) Y., maximum value of metal
uptake, which is reached at high concentrations; (b) 'B, the total
number of binding sites, which correspondtoq__; (c) 'B®K, a
value proportional to the slope in the origin of adsorption iso-
therms; and (d) it is desirable that both a high metal binding
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capacity ‘B or Mq__, and a high affinity, ®VK occur as a
steep slope in the origin.

(b) lon exchange. lon exchange is another important metal
ion binding mechanism in biosorption (Kratochvil and
\Wolesky, 1998). Several workers have independently con-
cluded this to be the case in the uptake of metals by some
algae (Kratochvil etal., 1995; Crist et al., 1990), fungi (Fourest
and Roux, 1994), and peat moss (Spinti et al., 1995). The
term ion exchange is used when the charge of the ions taken
up equals the charge of ions released, so that charge neu-
trality of the particles is maintained, regardless of whether
these ions are bound electrostatically or by complexation
(Schiewer and Volesky, 2000). The driving force of ion ex-
change is mostly the attraction of the biosorbent for the
metal biosorbate. The amounts of ions from the natural en-
vironment (Na*, K*, Ca%*, Mg?*, H*) released during
biosorption, balance the metal uptake. This has led to the
development of ion exchange-based models, which have
been used to interpret and finding a fit of data on biosorption
equilibria (Kratochvil and Volesky, 1998; Kratochvil et al.,
1997). The model based on ion exchange mechanism as-
sumes the existence of only one type of a binding site in the
biomass reacting with ions from the solution. The removal
of metals, based on ion exchange mechanism, is a reversible
chemical reaction. The exchange sites are initially loaded
with easily removable counter ions (usually H* or Na*). Ina
perfect ion exchange system, the total number of occupied
sites remains constant, called the ion exchange constant
(Schiewer and Volesky, 2000). For two monovalent ions, the

ion exchange constant (K) is:
« q,x[B]
" OgX[A]

(6)

where:

g, and g, = metal uptake at equilibrium (meg/g sorbate)

[Aland [B]= known concentration of metals A and B in
solution

The value of K is, however, insufficient for the direct calcu-
lation of g, and g, from known concentrations of metals A
and B in solution. It is possible, nevertheless, to use explicit
isotherm equations, such as the Langmuir isotherms equa-
tion, which allows the calculation of g, and g, as a function
of the ion concentrations in solution at equilibrium (Yu and
Neretnieks, 1990). Consequently, ion exchange models have
been introduced to fit and interpret data obtained from both
ion exchange equilibrium and dynamic biosorption experi-
ments (Kratochvil et al., 1997). The ion exchange constant
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may then be rewritten as ion exchange equilibrium constant

(K,p) as:
q,xC,

AB ™ m

K ()
where:

C,andC_ = concentrations of metal species A and B in lig-

uid at equilibrium (meg/1)

The value of equilibrium constant K, , can be determined from
the slope of the graph of experimental values of g, / g, versus
C, / C, (Kratochvil and Volesky, 1998). The overall binding
capacity, Q (meg/g of dry biomass), is given by the density of
the functional groups in the sorbent and can be expressed as:

Q=0,+0s )
The total normality of the solution C, is given by:
C,=C,+C, 9)

From the foregoing it follows that adequate use of the Langmuir
sorption isotherms is not precluded by the appropriate ion
exchange models with equilibrium constants taking into ac-
count the reversibility of the ion exchange reactions (Volesky
and Schiewer, 1999; Crist et al., 1992). The basis for this may
be derived from the assumption that the ion that is displaced
into the solution can compete with the sorbed metal ion for
the binding sites (Crist et al., 1994a; Crist et al., 1981; Haug
and Smidsrod, 1970). A comparison of the Langmuir and ion
exchange equations, which for simplicity of consideration as-
sumes a monovalent metal ion M* replaces H* from a
biosorbent site B, may be made from the following equations

(Volesky and Schiewer, 1999):

Langumir adsorption isotherms:

B+ M BM (10)
BMIH] 151 =[BH
BM _— = +[BM 11
KLangmmr BH[M] [ ] [ ] [ ] ( )
lon exchange:
BH+M«<BM+H (12)
BM
BM = B]=[B]+[BM
Langmuir B[M] [ ] [ ] [ ] (13)
therefore:
BM _ BMK lon exchange (14)
Langmuir H

The major difference between the Langmuir and ion exchange
mechanisms is that the former assumes that all sites are ini-
tially free and does not consider any reverse reaction of a
displaced ion, in this case a proton, with the site; whereas the
latter assumes that all sites to which metal ions are sorbed are

initially occupied, that is the number of free sites stays con-
stant. Since most metals in effluents are divalent, two monova-
lent binding sites are needed for their binding, which need to
be accounted for, as 1:2 stoichiometry. The following two dif-
ferent reaction mechanisms may be considered:

2B+ M* <> B,M (15)
2B +M* <> B + Mg, (16)

The formation of B,M complex has been used to propose a
modified Langmuir model (Jang et al., 1995). The equilibrium
constant from the above equations may be described as

below:

[BM, I

K= [BFM] ()

The formation of BM , provides the basis for formulating a
multicomponent isotherm for binary metal solutions (Schiewer
and Volesky, 1995). A binary exchange system containing di-
valent metal ions A and B may be described by the following
ion exchange reaction (Kratochvil and Volesky, 1998):

A?* + (B-biomass) <> B?" + (A-biomass) (18)

A multicomponent Langmuir isotherm, in a metal biosorption
system, assumes a 1:1 stoichiometry between metal ions and
binding sites, in which all metals compete and bind to the
same and all available binding sites (Chong and Volesky, 1995;
Trujillo et al., 1991). Apart from an easier calculation of the
metal uptake, a further advantage over the use of ion exchange
constants is that the isotherm accounts not only for ion ex-
change but also for free binding sites that become occupied
with increasing metal concentrations (Schiewer and Volesky,
2000). At low metal concentrations, when free sites may occur,
the electrostatic attraction accounts for the occupation of these
sites either by the covalent binding of ions or by electrostatic
binding of cations, such as Na*, in their vicinity.
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