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The removal of heavy metals from our environment especially wastewater is now shifting from the use
of conventional adsorbents to the use of biosorbents. The presence of heavy metals in the environment
is of major concern because of their toxicity, bioaccumulating tendency, and threat to human life and
the environment. In recent years, many low cost sorbents such as algae, fungi bacteria and
lignocellulosic agricultural by-products have been investigated for their biosorption capacity towards
heavy metals. In this comprehensive review, the emphasis is on outlining the occurrences and
toxicology of heavy metals and the biosorption capacity of biosorbents compared to conventional
adsorbents. A detailed description of the adsorption properties and mode of action of these
biosorbents is offered in order to explain the heavy metal selectivity displayed by these biosorbents.
The role of cell structure, cell wall, micropores and macropores is evaluated in terms of the potential of
these biosorbents for metal sequestration. Binding mechanisms are discussed, including the key
functional groups involved and the ion-exchange process. Quantification of metal-biomass interactions
is fundamental to the evaluation of potential implementation strategies, hence, sorption isotherms,
sorption kinetics, intraparticle diffusivities as well as models used to characterize biosorbent sorption
are reviewed. The sorption behavior of some biosorbents with various heavy metals is summarized,
their relative performance evaluated and a bioseperation process flow diagram for heavy metal removal
from wastewater using biosorbents was proposed.
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INTRODUCTION

The current pattern of industrial activity alters the natural
flow of materials and introduces novel chemicals into the
environment (Faisal and Hasnain, 2004). The rate at
which effluents are discharged into the environment
especially water bodies have been on the increase as a
result of urbanization. Most of these effluents contain
toxic substances especially heavy metals. The presence
of heavy metals in the environment is of major concern
because of their toxicity, bio-accumulating tendency,
threat to human life and the environment (Horsfall and
Spiff, 2005; Igwe and Abia, 2003). Lead, cadmium and
mercury are examples of heavy metals that have been
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classified as priority pollutants by the U.S Environmental
protection Agency (U.S EPA) (Keith et al., 1979).

Heavy metals are among the conservative pollutants
that are not subject to bacterial attack or other break
down or degradation process and are permanent
additions to the marine environment (EI-Nady and Atta,
1996). As a result of this, their concentrations often
exceed the permissible levels normally found in soil,
water ways and sediments. Hence, they find their way up
the food pyramid. When they accumulate in the
environment and in food chains, they can profoundly
disrupt biological processes.

The primary sources of heavy metals pollution in
coastal lagoons are input from rivers, sediments and
atmosphere, which can affect aquaculture profitability in
certain areas (Krishnani et al., 2004). The anthropogenic
sources of heavy metals include wastes from the
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electroplating and metal finishing industries, metallurgical
industries, tannery operations, chemical manufacturing,
mine drainage, battery manufacturing, leather tanning
industries, fertilizer industries, pigment manufacturing
industries, leachates from land fills and contaminated
ground water from hazardous waste sites (Reed, et al.,
1994; Jackson and Alloway, 1991; Huang and Fu, 1984;
Mclaughlin et al.,, 1996; Faisal and Hasnain, 2004).
Heavy metals are also emitted from resource recovery
plants in relatively high levels on fly ash particles (Neal et
al., 1990)

Heavy metal toxicology

Metals can be toxic to microbial population at sufficiently
high concentrations. However, some metals such as
silver, mercury, cadmium and copper are markedly more
toxic even at very low levels (Forstner and Wittman,
1979). Among the toxic heavy metals, mercury, lead and
cadmium, “called the big three” are in the limelight due to
their major impact on the environment (Volesky, 1994).
Arsenic, chromium copper and zinc are also toxic; lead
and cadmium are potent neurotoxic metals (Puranik and
Pakniker, 1997).

The chemistry and toxicology of these heavy metals
are complex and interesting. For example, chromium has
both beneficial and detrimental properties. Two stable
oxidation states of chromium persist in the environment,
Cr(llly and Cr(VI) which have contrasting toxicities,
mobility and bioavailability (Saifuddin and Kumaran,
2004). While Cr(lll) is relatively innocuous and immobile,
Cr(Vl) moves readily through soils and aquatic
environments and is a strong oxidizing agent capable of
being absorbed through the skin (Park and Jung, 2001).
Hexavalent chromium, Cr(VI), is the toxic form of
chromium released during many industrial processes
including electroplating, leather tanning and pigment
manufacture (Faisal and Hasnain, 2004). Trivalent
chromium, Cr(lll), is an essential element required for
normal carbohydrate and lipid metabolism (Mertz, 1993;
Anderson, 1998). lts deficiency leads to increase in risk
factors associated with diabetes and cardiovascular
diseases including elevated circulating insulin, glucose,
triglycerides, total cholesterol and impaired immune
function leading to hemorrhage, respiratory impairment
and liver lesions (Rhode and Hartmann, 1980). Contrary
to deficiency symptoms, several factors make chromate
contamination a matter of intense concern, particularly its
toxic, mutagenic (Cheng and Dixon, 1998), carcinogenic
(Shumilla et al., 1999), and terartogenic (Asmatullah et
al., 1998% effects. Also, Cr(VI) forms stable anions, such
as Cr,O;7" HCrO," Cr042' and HCr,O7, the fraction of any
particular species is dependent upon the chromium
concentration and pH (Udaybhaskar et al., 1990), which
in turn affects the toxicity and bioavailability.

The sources of human exposure to Cd include
atmospheric, terrestrial and aquatic routes (Wolnik et al.

1995; Lopez et al.,, 1994). The most severe form of Cd
toxicity in humans is “itai-itai”, a disease characterized by
excruciating pain in the bone (Kasuya et al.,, 1992;
Yasuda et al., 1995). Other health implications of Cd in
humans include kidney dysfunction, hepatic damage and
hypertension (Klaassen, 2001). However, it has been
suggested that overall nutritional status (rather than mere
Cd content of food) is a more critical factor in determining
Cd exposure (Vahter et al., 1996). It has been shown that
Zn and Cu competitively inhibit Cd uptake by cells (Endo
et al., 1996). The recommended daily intake of Zn is
between 4 and 16 mg depending on age, sex and
physiological state (FNB, 1974). Zn is an essential
element to man, being a cofactor of many enzyme
systems (Ukhum et al., 2005). It has been reported to
competitively inhibit Pb uptake in cells (Alda and Garay,
1990; Lou et al., 1991). Pb is a heavy metal poison which
forms complexes with oxo-groups in enzymes to affect
virtually all steps in the process of heamoglobin synthesis
and porphyrin metabolism (Ademorati, 1996). Toxic
levels of Pb in man have been associated with
encephalopathy, seizures and mental retardation
(Schumann, 1990).

Copper, one of the most widely used heavy mental, is
mainly employed in electrical and electroplating
industries, and in larger amounts is extremely toxic to
living organisms. The presence of copper (ll) ions, cause
serious toxicological concerns, it is usually known to
deposite in brain, skin, liver, pancreas and myocardium
(Davis et al., 2000). Mercury pollution results from
metallurgical industries, chemical manufacturing and
metal finishing industries (Igwe et al., 2005). Mercury in
the liquid form is not dangerous and it is used in a
number of industries. In the vapor form mercury becomes
very poisonous. It attacks the lungs, kidneys and the
brain. The vapor crosses the blood-brain and blood
stream. Arsenic affects the skin causing skin cancer in its
most severe form. A massive out break of arsenical
dermatosis, that was reported in some parts of West
Bengal State of India, was linked with high levels of
arsenic in tube well waters (0.2-2.0 mg/l) (Chakrabarty
and Saha, 1987). Arsenic occurs mainly as As(lll) and As
(V). The oxy-anions of arsenate (V) can exist in four
different arsenate species as H3;AsO, H>AsOy, HAsO42'
and ASO43' in the pH range <2, 3-6, 8-10 and >12,
respectively (Sadig et al., 1983), thus affecting toxicity.
Nickel toxicity in man is yet unknown.

Therefore, a complete understanding about noxious
effects caused by the release of toxic metals into the
environment and the emergence of more severe
environmental protection laws, have encouraged studies
about removal/recovery of heavy metals from aqueous
solutions using bio-sorption.

Adsorption and biosorption processes

Adsorption is the ability of the adsorbate to adhere or



Table 1: Biomass and resin with Metal — binding capacities

Type of biomass Biosorbent capacity (meq/qg)
Sargassum sp. 2-2.3
Ascophyllum sp. 2-2.5

Eclonia radiate 1.8-2.4

Rhizopus arrhizus 1.1

Peat moss 4.5-5.0
Commercial resins 0.35-5.0

Source: Kkratochvil and Volesky (1998).

attach to the adsorbent. It is a well established separation
techniqgue to remove dilute pollutants as well as to
recover valuable products from aqueous streams. In the
conventional adsorption process, the particle size of the
adsorbent is restricted because of hydrodynamic
phenomena such as pressure drop (Chia-Chang and
Hwai-Shen, 2000). Adsorption is divided in two; one is
due to forces of physical nature called van der waals
force. This adsorption is relatively weak and plays am
unimportant part in connection with surface reactions,
since they are not sufficiently strong to influence
appreciably the reactivity of the molecule adsorbed. The
second type is considerably stronger. The adsorbed
molecules are held to the surface by valence force of the
same type as those occurring between bound atoms in
molecules. This is known as chemisorption and the heat
evolved is of the order 10 to 100 kcal per mole, compared
to physisorption which has less than 5 kcal per mole
(Motoyuki, 1990).

Adsorptive removal of heavy metals from aqueous
effluents which have received much attention in recent
years is usually achieved by using activated carbon or
activated alumina (Faust and Aly, 1987; Shim et al,
2001; Ouki et al., 1997; Hsisheng and Chien-To, 1998;
Ralph et al., 1999; Ali et al., 1998; Monser and Adhoun,
2002; Igwe et al., 2005). Activated carbon is a porous
material with an extremely large surface area and
intrinsic adsorption to many chemicals. Polymer resins
that can form complexes with the heavy metal ions are
the best adsorbents (Lu et al., 1994). These are called
conventional adsorbents and many others have been
reported such as silica gel, active alumina, zeolite, metal
oxides (Motoyuki 1990) and so on. These conventional
adsorbents are employed in many processes for the
removal of heavy metals from wastewater such as
chemical precipitation, chemical oxidation or reduction,
electrochemical treatment, evaporative recovery,
filtration, reverse osmosis, ion exchange and membrane
technologies (Preetha and Viruthagiri 2005; Rengaraj et
al., 2001; Yurlova et al., 2002; Benito and Ruiz, 2002).
These processes may be ineffective or expensive
(Volesky and Holans, 1995) especially when the heavy
metal ions are in solutions containing in the order of 1-
100 mg dissolved heavy metal ions/L (Volesky 1990a,b).
Activated carbon is only able to remove around 30-40
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mg/g of Cd, Zn, and Cr in water and is non-regenerable,
which is quite costly to wastewater treatment (Gang and
Wiexing, 1998). A major draw back with precipitation is
sludge production. lon exchange is considered a better
alternative technique, but it is not economically appealing
because of high operational cost. As a result of these,
biological methods such as biosorption/bioaccumulation
for the removal of heavy metal ions may provide an
attractive alternative to physico-chemical methods
(Kapoor and Viraraghavan, 1995; Pagnanelli et al,
2000).

Biosorption or bioremediations consists of a group of
applications which involve the detoxification of hazardous
substances instead of transferring them from one
medium to another by means of microbes and plants.
This process is characterized as less disruptive and can
be often carried out on site, eliminating the need to
transport the toxic, materials to treatment sites
(Gavrilescu, 2004). Biosorbents are prepared from
naturally abundant and/or waste biomass. Due to the
high uptake capacity and very cost-effective source of the
raw material, biosorption is a progression towards a
perspective method. Various biomaterials have been
examined for their biosorptive properties and different
types of biomass have shown levels of metal uptake high
enough to warrant further research (Volesky and Holan,
1995). Biosorbents of plant origin are mainly agricultural
by-products such as, maize cob and husk (Igwe and
Abia, 2003, 2005; Igwe et al., 2005b,c), sunflower stalk
(Gang and Weixing, 1998), medicago sativa (Alfalfa)
(Gardea-Torresdey et al., 1998), cassava waste (Abia et
al., 2003), wild cocoyam (Horsfall and Spiff, 2004, 2005),
sphagnum peat moss (Ho et al., 1995), sawdust (Igwe et
al., 2005d; Raji and Aniridhan, 1998), chitosan (Ngah and
Liang, 1999; Saifuddin and Kumaran, 2005; Wataru and
Hiroyuki, 1998), Sago waste (Quek et al., 1998), peanut
skins (Randall et al., 1974), shea butter seed husks
(Eromosele and Otitolaye, 1994), banana pith (Low et al.,
1995), coconut fiber (Igwe et al., 2005e), sugar-beet pulp
(Reddad et al., 2003), wheat bran (Dupond and Guillon,
2003), sugarcane bagasse (Krishnani et al., 2004) and so
on.

Many other biosorbents of algal, fungal and bacteria
biomass have been utilized. These includes among
others; bacterial strains (Pseudomonas ambigua,
Desulfovibrio vulgaris, Enterobacter cloacae Ho-1,
Alcaligenes eutrophus, Dinococcus radiodurans R1)
(Deleo and Ehrlich, 1994; Fedrickson et al., 2000;
McLean and Beveridge, 2001; loannis and Zouboulis,
2004). Bacteria are widespread, abundant, geochemically
reactive components of aquatic environments. Fungal
biomass has also been used (Guibal et al., 1992). Table
1 lists some of the species having metal-binding capacity
comparable with commercial synthetic cation-exchange
resins. Table 2 reports the comparative sorption capacity
for copper removal using different biosorbents.

Most studies of biosorption for metal removal have
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Table 2: Comparison of copper (ll) biosorption by different biosorbents on the basis of

maximum uptake capacity (Qmax)

Biosorbent Qmax (mg/g) Source

Desulfovibrio desulfuricans | 16.7 Chen et al 2000
Ganoderma Lucidum 24 Muraleedharan et al 1995
Sargassum filipendula 56 Dauvis et al, 2000
Sargassum fluitans 51 Davis et al ,2000
Sargassum vulgare 59 Deavis et al ,2000

Ulva reticulata 74.63 Vijayaraghavan et al 2005.
Sunflower stalk 29.30 Gang and Welxing, 1998

Table 3: Comparison of Adsorbent capacity of various adsorbents

S/N Adsorbent Qo (Mmy/g) source

1. Hydrous Fe oxide with polyacrylamide 43.0 Shigetomi et al, 1980

2. Chemvion F. 400 GAC 20.22 Rajakovic and Mitovic, 1972
3. Cu?*- impregnated chemviron F-400 GAC 17.23 - do-

4. Activated alumina 17.61 Ghosh and Yuan, 1987
5. Y () — impregnated alumina 14.45 Wasay et al 1996

6. Alumina 13.64 - do-

7. La (Ill) —impregnated alumina 12.88 -do-

8. Waste Fe (Ill/Cr (1) hydroxide 11.02 Namasivayam and senthilkumar, 1998.
9. Activated alumina 5.02 Gupta and chen 1978
10. Activated Bauxite 3.89 - do-

11. Activated Carbon 1.05 - do-

12. Activated carbon Darco 3.75 Huong and Fu, 1984

13. Al,03/Fe (OH)3 0.09 Hodi et al, 1995

involved the use of either laboratory-grown
microorganism or biomass generated by the
pharmacology and food processing industries or
wastewater treatment units (Tsezos and Volesky, 1981;
Townsley et al., 1986; Rome and Gadd, 1987; Macaskie,
1990; Costa and Leite, 1991; Rao et al., 1993).
Therefore, this promotes environment eco-friendliness.
The mechanism by which microorganisms remove metals
from solutions are: (i) extracellular
accumulation/precipitation; (i) cell-surface sorption or
complexation; and (iii) intracellular accumulation
(Muraleedharan et al., 1991). Among these mechanisms,
extracellular accumulation/precipitation may be facilitated
by using viable microorganisms, cell-surface sorption or
complexation can occur with alive or dead
microorganisms, while intracellular accumulation requires
microbial activity (Asku et al., 1991).

Although living and dead cells are capable of metal
accumulation, there are differences in the mechanisms
involved, depending on the extent of metabolic
dependence (Gadd, 1990). The physiological state of the
organism, the age of the cells, the availability of
micronutrients during their growth and the environmental

conditions during the biodorption process (such as pH,
temperature, and the presence of certain co-ions) are
important parameters that affect the performance of a
living biosorbent. The efficiency of metal concentration on
the biosorbent is also influenced by metal solution
chemical features (Volesky, 1990).

For agricultural by-products, the mode of sorption can
be attributed to two main terms; intrinsic adsorption and
coulombic interaction (Gang and Weixing, 1998). The
coulombic term results from the electrostatic energy of
interactions between the adsorbents and adsorbates. The
charges on both substrates as well as softness or
hardness of charge on both sides are mostly responsible
for the intensity of the interaction. Coulombic interaction
can be observed from the adsorption of cationic species
versus anionic species on adsorbents (Gang and
Weixing, 1998). The intrinsic adsorption of the materials
is determined by their surface areas, which can be
observed by the effect of different sizes of adsorbent on
adsorption capacity (Igwe and Abia, 2003).

The results obtained with the use of natural biosorbents
in the removal of heavy metals from solutions, is shown
on Table 3. Also on the same table, we have results from



some conventional adsorbents as a comparison. We see
that biosorbents compare favourably with conventional
adsorbents. We can explain this by looking at adsorption
process reaction mechanism on biosorbents. Sorption is
a surface reaction. Most biosorbents contain micropores
and adsorption process is affected by surface properties
such as surface area and polarity. A large specific
surface area is preferable for providing large adsorption
capacity, but the creation of a large internal surface area
in a limited volume inevitably gives rise to large numbers
of small sized pores between adsorption surfaces. The
size of micropores determines the accessibility of
adsorbate molecules to the adsorption surface.
Therefore, the pore size distribution of micropore is an
important property for characterizing adsorptivity of
adsorbents (Motoyuki, 1990). Also, the existence of
macropores, which serve as diffusion paths of adsorbate
molecules from outside the granule to the micropores in
fine powders and crystals can be used to classify
adsorbents. These properties or attributes are possessed
both by conventional and non-conventional adsorbents.
This explains why they are capable of removing heavy
metals from solution. In addition, non-conventional
adsorbents contain cellulose which is made up of
repeating units of B-D-glucose as a major component of
cell walls. The polar hydroxyl groups on the cellulose
could be involved in chemical reaction and hence bind
heavy metals from solutions. The surface properties of
these functional groups on cellulose could be modified by
incorporation of other functional groups, and this also
affects the adsorption capacity (Igwe et al., 2005c).
Chitosan is synthesized from chitin (2-acetamido-2-
deoxy-b-D-glucose—(N-acetylglucan), which is the main
structural component of mollusks, insects, crustaceans,
fungi, algae and marine invertebrates like crabs and
shrimps (Deshpande, 1986; Chen and Chang, 1994;
llyina et al., 1995). Chitosan (2-acetamido-2-deoxy-b-D-
glucose-(N-acetylglucosamine) is a partially deacetylated
polymer of chitin and is usually prepared from chitin by
deacetylation with a strong alkaline solution. The
structure also looks very much like that of glucose.

Sorption isotherm studies

In order to estimate practical or dynamic adsorption
capacity, however, it is essential first of all to have
enough information on adsorption equilibrium. Since
adsorption equilibrium is the most fundamental property,
a number of studies have been conducted to determine:

1. The amount of species adsorbed under a given set of
conditions (concentration and temperature), or

2. How selective adsorption takes place when two or
more adsorbable components co-exist. When an
adsorbent is in contact with the surrounding fluid of a
certain composition, adsorption takes place and after

Igwe and Abia 1171

a sufficiently long time, the adsorbent and the
surrounding fluid reach equilibrium. This means that
the equilibrium distribution of metal ions between the
sorbent and the solution is important in determining
the maximum sorption capacity.

Equilibrium studies that give the capacity of the
adsorbent and adsorbate are described by adsorption
isotherms, which is usually the ratio between the quantity
adsorbed and the remaining in solution at fixed
temperature at equilibrium. Freundlich and Langmuir
isotherms are the earliest and simplest known
relationships  describing the adsorption equation
(Muhamad et al., 1998; Jalali et al., 2002). Adsorption
isotherms are described in many mathematical forms,
some of which are based on a simplified physical picture
of adsorption and desorption, while others are purely
empirical and intended to correlate the experimental data
in simple equations with two or at most, three empirical
parameters: the more the number of empirical
parameters, the better the fit between experimental data
(Motoyuki, 1990). Adsorption isotherms have been
classified into six characteristic types. Microporous
adsorbents produce adsorption isotherms of Type 1
(which has a convex shape) and it is also associated with
monomolecular layer adsorption. Types Il and lll depict
adsorption for multimoleculer layer formation while Types
IV and V describe the adsorption process of
multimolecular layer formation and condensation in
pores. Type VI represents surface phase transition of a
monomolecular layer on a homogeneous surface (Fried
et al., 1977). Type lll has a concave shape whereas II,
IV, V and VI are sigmoid shape showing a plateau that is,
as pressure or concentration increases, amount
adsorbed increases slowly first, sharply and then flattens
out.

Several isotherm models are available to describe this
equilibrium sorption distribution. The Langmuir equation
is used to estimate the maximum adsorption capacity
corresponding to complete monolayer coverage on the
adsorbent surface and is expressed by:

ge = (dmax KL Ce)/ (1 + K. Ce) 1)

where K. (dmg") is a constant related to the
adsorption/desorption energy, and Qmax iS the maximum
sorption upon complete saturation of the biomass surface
(Horshfall et al., 2004). The linearised form of the above
equation after rearrangement is given by:
Ce/ge = 1/qmax KL + Ce/ Qmax (2)
The experimental data is then fitted into the above
equation for linearization by plotting Ce/ ge against Ce.
The Freundlich model named after Freundlich (1926) is
an empirical equation used to estimate the adsorption
intensity of the sorbent towards the adsorbate and is
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Table 4. Freundlich isotherm parameters for Cd(ll), Pd (Il) and Zn (Il) sorption on maize cob and husk.

Metal ions Kr (L/g) n
Cob Husk Cob Husk
450 pm 850um 450um 850um 400um 950um 450um 850um
Cd (Il 4.90x10-7 1.02x10-4 | 1.95x10-15 9.46x10-20 2.9506 2.1078 5.3997 6.8818
Pb(ll) 7.12x10-8 1.05x10-6 | 9.26x10-10 4.30x10-2 3.1365 2.7086 3.6245 1.3286
Zn(ll) 1.6447 0.1404 1.66x10-4 0.0907 0.9571 1.3363 2.3229 1.3606

Source: Igwe and Abia (2003).

Table 5. Langmuir and Freundlich parameters at different pH conditions for Cu (Il) adsorption on Ulva reticulate.

pH Langmuin parameters R? Freundlich parameters R?
Qmax (mg/g) B (L/mg) K (L/g) N
3.0 45.25 0.00256 0.9869 0.555 1.638 0.9877
3.5 53.48 0.00290 0.9761 0.770 1.682 0.9782
4.0 65.36 0.00361 0.9760 1.275 1.785 0.9772
4.5 69.93 0.00567 0.9863 1.919 1.947 0.9743
5.0 70.92 0.00567 0.9836 2.853 2.146 0.9840
5.5 74.63 0.00804 0.9570 4.268 2.351 0.9828
6.0 72.46 0.00727 0.9616 3.724 2.279 0.9836
Source: Vijayaraghan et al. (2005).
given by: given by:
ge = K¢ ce'" (3) In ge = In gp — 2BpRTIn (1+1/Ce) (6)

where, ge = the adsorption density (mg of metal ion
adsorbed/g biomass); Ce = concentration of metal ion in
solution at equilibrium (mg/L); Ke and n are the
Freundlich constants which determines the curvature and
steepness of the isotherm (Akgerman and Zardkoohi,
1996). Also, the value of n indicates the affinity of the
adsorbate towards the biomass. The above equation is
conveniently used in linear form as:

Inge = InKg+(1/n)In Ce (4)
A plot of In Ce against In ge yielding a straight line
indicates the conformation of the Freundlich adsorption
isotherm. The constants 1/n and In Kr can be determined
from the slope and intercept, respectively.

The Dubinin-Radushkevich model is used to
estimate the characteristic porosity of the biomass and
the apparent energy of adsorption. The model is
represented by:
ge =qpexp (-Bp [RTIn (1 + 1/Ce)]2] (5)
where Bp is related to the free energy of sorption per
mole of the sorbate as it migrates to the surface of the
biomass from infinite distance in the solution and qp is the
Dubinin-Radushkevich isotherm constants related to the
degree of sorbate sorption by the sorbent surface
(Horshfall et al., 2004). The linear form of the equation is

A plot of In ge against RTIn (1+1/Ce) yielding a straight
line confirms the model. The apparent energy of
adsorption from Dubinin-Radushkevich isotherm model
can be computed using the relationship (Horshfall et al.,
2004):
E = 1/(2Bp)"? (7)
Another sorption isotherm is Florry — Huggins,
which is given by:
log(©/C)=logKa+nlog(1-©) (8)
Where, © is the degree of surface coverage, n is the
number of metal ion’s occupying sorption site, Ka is
equilibrium constant of adsorption and C is equilibrium
metal ion concentrations. A plot of log (©/C) against log
(1 — ©) yielding a straight line confirms the model. Ka and
n are determined from the intercept and slope
respectively.

Several other isotherm exists, these includes the BET
(Brunauer, Emmeth and Teller) isotherm, the Temkim
isotherm, the Harkins and Jura isotherm, the Frumkin
isotherm, the Gibbs isotherm, the Redlich-Petersen
isotherm, the Toth isotherm, the Lineweaver-Burk
isotherm, and so on. The results obtained from several
researches using these isotherm models is shown on
Tables 4, 5 and 6. Generally, these isotherms show how
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Table 6: Florry — Huggins isotherm parameters for cd (Il) and Pb (ll) on to caladium bicolor (wild cocoyam).

Pb (I) cd (il)
PH Ka AG® (KJ mol'K™) Ka AG® (KJ Mol'K™)
2 0.732 -0.786 0.467 -0.476

3 0.614 -1.229 0.828 -0.656

4 0.549 -1.511 0.771 -1.390

5 0.48 -1.516 0.583 -1.920

6 0.567 -1.430 0.628 -1.172

7 0.544 -1.534 0.553 -1.493

8 0.553 -1.493 0.651 -1.082

Source: Horsfall and spiff (2004).

adsorptions take place and may serve as design
parameters in the treatment of heavy metals from waste
water. The very high and good correlation coefficients
(R?) gotten from this models, depicts good fit for the
various sorption processes that were examined.

Sorption Kinetics and Intraparticulate diffusivity

The kinetics of sorption of heavy metals from wastewater
have been studied using mostly pseudo-first order and
pseudo-second order reaction models. The pseudo-first
order is given by (Lagergren, 1989):

dqt/dt = K; (ge—qt) (9)

where ge and gt are the adsorption capacity at
equilibrium and at time t, respectively (mg/g); K; is the
rate constant of pseudo first-order adsorption (L/min).
After integration and applying boundary conditions t = 0
tot=tand qt = 0 to q = q;, the integrated form of
Equation (9) becomes:

log (e — qi) =log ge —k4t/2.303 (10)

When the values of log (qe — qt) are linearly correlated
with t and a plot of log (ge — gt) against t gives a straight
line, then we have a good fit for the pseudo-first order
kinetic model. K; and ge can be determined from the
slope and intercept of the plot, respectively.

The pseudo-second order reaction kinetic is expressed
as (Ho et al., 2000):

dai/d = Ko (qe—qt)° (11)
Where, K, is the rate constant of pseudo second-order
adsorption (g/mg-min). For the boundary conditions t = 0
tot=1tand gt = 0 to qt = gt, the integrated form of
equation (11) becomes:

1/(qge—q) =1/ge + Kt (12)

which is the integrated rate law for a pseudo second-

order reaction. Equation (12) can be rearranged to obtain
equation (13), which has a linear form:

t/q = 1/(K:qe®) +t/ge (13)
if the initial adsorption rate h (mg/g-min) is:

h = Ko qo® (14)
then, equation (13) and (14) becomes:

t/q = 1/h + t/qe (15)
The plot of (t/qt) against t using equation (13) should give
a linear relationship from which ge and K, can be
determined from the slope and intercept of the plot,
respectively.

Another kinetic model that was applied by Demirbas et
al. (2004) is the Elovich equation. This equation is
expressed as (Chien and Clayton, 1980; Sparks, 1986):
dagt/dt = o< exp (-B at) (16)
Where < is the initial adsorption rate (mg/g-min); B is the
desorption constant (g/mg) during any one experiment.
To simplify the Elovich equation, Chien and Clayton
(1980) assumed « B t >>t and by applying the boundary
conditions ;=0 att=0and q; = q; at t = t, equation (16)
becomes:

g =1/BIn(e<B)+1/B In(1) (17)

Thus, a plot of g; against In (t), should give a straight line
if Elovich equation gives a good model. The results
obtained by some researches using the first and second
pseudo-order kinetic models are shown on Table 7 and
that using the Elovich equation is given on Table 8.
Several models have been proposed and tested for the
intraparticle diffusion of heavy metal removal using
biosorbents. The sorption rate is known to be controlled
by several factors including the following processes
(Findon et al., 1993; Weber and DiGiano, 1996): (i)
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Table 7: Kinetic parameters for the effect of initial copper concentration.

Initial conc. (mg/L) | Ki (min™) | Qe (mg/g) R? K Qe (mg/g | h (mg/g min) R?

250 0.0626 24.13 0.9519 0.0111 37.04 14.98 1.0000
500 0.0438 21.66 0.8349 0.0091 57.80 29.73 1.0000
750 0.0251 27.41 0.8929 0.0035 69.44 16.38 0.9999
1000 0.0205 24.18 0.8671 0.0027 71.43 13.23 0.9999

Source: Vijayaraghan et al. (2005).

Table 8. Kinetic parameters using Elovich equation for cornelian cherry (c c), apricot stone (AS) and almond shells

(ASC) adsorbents.

Adsorbent Initial pH Elovich model
B R?
1.0 33.901 0.126 0.989
CcC 2.0 16.705 0.138 0.965
3.0 2.341 0.242 0.967
4.0 3.794 0.641 0.898
1.0 212.909 0.202 0.981
AS 2.0 76.150 0.189 0.962
3.0 112.667 0.358 0.938
4.0 17.056 0.283 0.975
1.0 47.956 0.354 0.974
ASC 2.0 9.761 476 0.909
3.0 9.524 0.535 0.859
4.0 8.736 0.475 0.908

Source: Demirbas et al. (2004).

diffusion of the solute from the solution to the film
surrounding the particle, (ii) diffusion from the film to the
particle surface (external diffusion), (iii) diffusion from the
surface to the internal sites (surface diffusion on pore
diffusion), and (iv) uptake which can involve several
mechanisms. Bulk diffusion (i) is non-limiting when
agitation is sufficient to avoid concentration gradients in
solution; sorption is seen as a quasi-instantaneous
mechanism (Guibal et al., 1998). External mass-transfer
resistance (ii) and intraparticle mass-transfer resistance
(iii) are likely to be rate controlling.

Mckay and Poots (1980) proposed one model for
intraparticle diffusion given by:
O = Xi + K't" (18)
The slope of the linear part of the curve (uptake capacity
Vs square root time) gives the initial rate of sorption,
controlled by intraparticle diffusion, K' (mg g"' min®®)
(Mckay and Poots, 1980). The initial curved portion of the
plot is attributed to boundary layer diffusion effects (i.e.,
external film resistance). The extrapolation of the linear
straight lines to the time axis gives intercepts X; which is
proportional to the boundary layer thickness.

Crank (1975) proposed a model whereby diffusion is
controlled only by intraparticle mass transfer for a well-

stirred solution of limited volume (V), assuming the solute
concentration always being uniform (initially Co) and the
sorbent sphere to be free from solute. Under these
conditions, the total amount of solute M; (mg/g) in a
spherical particle after time t, expressed as a fraction of
the corresponding quantity after infinite time (M, mg/g)
is given by:

M/ Me = 1 [Boc(oc+1) exp (-Dgt/d?) [ 9 + 9 < + g2
2

<] (19)

Where, D is the intraparticle diffusion Coefficient (m® min’
1) and d is the particle diameter (m). The fractional
attainment to equilibrium (FATE) may be used to
estimate the intraparticle diffusion coefficient D, when the
external diffusion coefficient is being neglected. « is the
effective volume ratio, expressed as a function of the
equilibrium partition coefficient (solid/liquid concentration
ratio) and is obtained by the ratio C =/ (Co - C«). q,
represents the non zero solutions of equations:

tan g, = 3qn/ (3 + = gn’) (20a)
and
M, VCo - /(14 (20b)
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Figure 1. Schematic of Bioseparation process flow diagram for heavy metal sorption from wastewater

using biosorbents.

The infinite sum terms are summed until the summation
does not vary.

Another model for the intra-particle diffusion is that

developed by using the linear driving concept and
proposed as (Ilgwe and Abia, 2005):
IN(1-«) = -Kpt (21)
Where Kp is the intra-particle diffusion constant (min™)
and o< is FATE, given by:
[M]™ / [M] "™

< =

(22)

[M] is the concentration of metal ion of charge n+ at time t
and at equilibrium or infinity «. A plot of In (1 - «) against
t gives a straight line if this model gives a good fit to the
sorption process.

The intraparticle diffusion model can also be expressed
as (Weber and Morris, 1963; Srivastava et al., 1989):

R = K (1)? (23)
A linearised form of the equation is followed by:
logR = log Kiq + a log (1) (24)
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Where R is the percent heavy metal adsorbed; t is the
contact time (min); a is the gradient of linear plots. Ky is
the intraparticle diffusion rate constant (min _1); a, depicts
the adsorption mechanism; Kiy may be taken as a rate
factor i.e., percent heavy metal adsorbed per unit time.

In all these models, a good fit to the experimental data
means that the sorption rate is governed by intraparticle
diffusion. This means that the intraparticle diffusion
process is the rate- limiting step. Higher values of the
intraparticle rate constants illustrate an enhancement in
the rate of adsorption, whereas larger values illustrate a
better adsorption mechanism. Several workers have
employed one or combinations of these models in the
analysis of the intraparticle diffusion processes for heavy
metal adsorption on biosorbents (Igwe and Abia 2005;
Demirbas et al., 2004; Guibal et al., 1998).

Bioseparation process flow diagram

Studies about the technological aspects of heavy metal
removal by biosorbents are scarce (Volesky and Holan,
1995). Kasia et al. (2005) reported a schematic of the
bioreactor design for the removal of nitrogenous
compounds from metal-processing wastewater. An
experimental setup for the extraction of heavy metals
from aqueous solutions, have also been reported by
Hussein et al. (2005). The design and probably the
fabrication of a small scale bioseperation process unit for
the removal of heavy metals will be much welcome.

In this review, we put forward the schematic of a
bioseperation process flow diagram for heavy metal
sorption from wastewater using biosorbents (Figure 1).
The wastewater, especially heavy metal bearing
wastewater is discharged into a collecting tank.
Biosorbent is also held in a tank after pretreatment and
activation. The two are allowed to flow into a continuously
stirred tank reactor (CSTR) where the adsorption takes
place after a specified hydraulic retention time (HRT).
The solution is allowed to flow into a filtration tank were
the adsorbent loaded with heavy metal is separated from
the treated wastewater. The treated wastewater is
collected whereas the metal saturated biomass is
pumped into another CSTR where desorption takes
place, then followed by filtration and the heavy metal
solution is collected which may need some other
purification processes. The used adsorbent is then
recycled.

The proper design calculations, material and energy
balance calculations and even fabrication of a pilot plant
may be carried out with the help of such data that was
obtained from the experimental runs, isotherm studies,
kinetics of sorption and/or intraparticle diffusion studies
that had been discussed earlier. We do believe that this
is the area where much research is needed. For instance,
equation (4) could be rearranged to give:

log [(Co — Ce)/M] = log KF + 1/n log Ce (25)

where Co is the initial concentration (mg/l) and M is the
mass of adsorbent (g). From equation (25), the amount of
adsobent M for the removal of different metal ions from
initial concentration Co to equilibrium concentration Ce
can be calculated. This will help to regulate the biomass
loading and also duration of replacement of adsorbents.

CONCLUSION

We have reviewed the sources and toxicology of heavy
metals as well as the reason why they need to be
removed from our environment. Conventional methods of
removal are expensive, hence the use of low cost,
abundant environmentally friendly biosorbents have been
tested. Although biosorption is promising, its mechanism
is not well elucidated. This knowledge is essential for
understanding the process and it serves as a basis for
quantitative stoichiometric considerations, which are
fundamental for mathematical modeling and scale-up.
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