
ISSN: 0128-7680
Pertanika J. Sci. & Technol. 16 (2): 213 - 223 (2008) © Universiti Putra Malaysia Press

Equilibrium and Kinetic Studies of Pb (II) Ions Biosorption by
Immobilized Cells of Pycnoporus sanguineus

Mashitah Mat Don*, Yus Azila Yahaya and Subhash Bhatia
School of Chemical Engineering, Engineering Campus, Universiti Sains Malaysia,

14300 Nibong Tebal, Seberang Prai Selatan, Pulau Pinang, Malaysia
*E-mail: chmashitah@eng.usm.my

ABSTRACT
The biosorption of Pb (II) ions from aqueous solution onto immobilized cells of
Pycnoporus sanguineus (P. sanguineus) was investigated by considering the effect of pH,
initial lead (II) concentration and biomass loading at 150 rpm for 2 hr. Results showed
that the uptake of Pb (II) ions increased with the increase of initial Pb (II) concentration
and pH. The optimum pH for Pb (II) biosorption was at pH 4 with initial Pb (II)
concentration of 3.12 mg/g. Langmuir, Freundlich and Redlich-Peterson isotherm models
fitted the data well with correlation coefficients R2> 0.90. The change in biosorption
capacity with time was found to fit the pseudo-second order followed by intraparticle
diffusion equation at different temperatures.
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ABBREVIATIONS
arp Redlich-Peterson isotherm constant (dm3/mg)!
! Redlich-Peterson isotherm constant
Ce equilibrium concentration (mg/L);
Ci initial concentration (mg/L)
Cf final or equilibrium concentration (mg/L)
k1 rate constant of first-order biosorption (1/min)
k2 rate constant of second-order biosorption (g/mg min)
Kb Langmuir equilibrium constant (dm3/mg)
Kf Freundlich constant
Krp Redlich-Peterson isotherm constant (dm3/mg)
n Freundlich constant
q metal ions biosorbed per g of biomass (mg/g)
qmax maximum specific uptake corresponding (mg/g)

to the site’s saturation
qe amount of metal ions uptake at equilibrium (mg/g)
qt amounts of adsorbed Pb(II)  ions on the (mg/g)

biosorbent at time t
V volume of metal solution in the flask (L)
W weight of biosorbent (g)
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INTRODUCTION
The presence of lead (Pb (II)) in the environment such as in soil and water poses serious
problems to members of the ecological system, including humans. It may come from
various industrial sources e.g. battery manufacturing, textile, mining and metal finishing
(Tunali et al., 2006). Removal of the Pb (II) ions from water and industrial wastewater
have become a challenge to researchers as it has been classified the premier environmental
poison among the toxic metals existing in the world (Rai and Amit, 2002). Exposure to
this metal at high levels can damage the reproductive system, kidneys, nervous system and
cause mental retardation (Sheng et al., 2004). Conventional methods used to remove
metal ions from industrial effluents, e.g. chemical precipitation, membrane separation,
activated carbon adsorption and ion exchange (Beszedits, 1983; Metcalf and Eddy, 1991),
may not be usable for removing lead due to inefficiencies, high operational costs at low
concentrations of the metal ion in the treated water (Arica et al, 2001) and difficulties in
disposing of the metal sludge (Malkoc and Nuhoglu, 2005).

In the past few decades, biosorption has become an alternative method used to
remove heavy metals from wastewater (Kim et al., 2003). Biosorption may involve several
chemical processes including adsorption, covalent binding and ion-exchange (Tobin et
al., 1994). Heavy metals biosorption that utilizes microorganisms as a biosorbent has
received great attention due to its capability to remove metal ions from wastewater
treatment or contaminated wastewater (Aksu and Acikel, 2000). Metal binding by
microorganisms can be classified as extracellular accumulation, cell surface sorption and
intracellular accumulation (Ahalya et al., 2003; Veglio and Beolchini, 1997).

Fungi have been used as a biosorbent of heavy metals for years (Tunali et al., 2006).
Cell walls of fungi consists of three major biopolymers including polysaccharides, protein
and nucleic acids (Aloysius et al., 1999). These biopolymers carry many functional groups
such as carboxylate, hydroxyl, amino groups and phosphate which provide active binding
sites for metals biosorption to occur (Aloysius et al., 1999; Tunali et al., 2006). Both living
and dead fungal cells can take up metal ions (Brady and Tobin, 1994). Although, several
fungal biosorbents (Aspergillus niger, Cephalosporium aphidicola, Pycnoporus sanguineus and
Trametes versicolor) have been evaluated as potential biosorbents for the removal of heavy
metals from aqueous solutions (Bayramoglu et al., 2003; Kapoor and Viraraghavan, 1997;
Mashitah et al., 1999; Tunali et al., 2006), less studies were reported on Pb (II)
biosorption by live immobilized cell system of P. sanguineus in a batch mode. Immobilized
cell concept offers additional advantages over free cells including regeneration and reuse
of the biosorbent, easier solid liquid separation, enhanced mechanical strength of
microbials and minimal clogging problems in continuous operations (Ting and Sun,
2000; Arica et al., 2001; Bayramoglu et al., 2003; Annadurai et al., 2007; Vijayaraghavan
and Yan, 2007).

Hence, the main objective of this study was to determine the potential of immobilized
living cells of P. sanguineus to adsorb Pb (II) ions in shake flask culture. Adsorption
isotherms and kinetic models were also evaluated.

MATERIAL AND METHODS

Microorganism and Production Medium
P. sanguineus capable of adsorbing heavy metals was obtained from the Forest Research
Institute of Malaysia (FRIM), Kepong, Selangor (Mashitah et al., 1999). It was maintained
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by weekly transfer on malt extract agar slants incubated at 30oC for 6 days, after which
the slants were stored at 4oC until required. The composition of the production medium
comprised of (g/L): glucose 20, yeast extract 10 and malt extract 10. The pH of the
medium was adjusted to 9.0 prior to autoclaving at 121oC (1.5 bar) for 15 minutes.

Immobilized Cell Preparation
A cell suspension was prepared by inoculating a stock culture of P. sanguineus onto malt
extract agar plates and incubating them at 30oC for 6 days. The mycelial mat formed was
scraped off by using a sterile blade and mixed with 10 ml sterile Tween 20 solution prior
putting it into a sterile sampling bottle (100 ml). The sampling bottle was vortexed for
3 minutes so that the mycelium was evenly distributed in the liquid.

Fifteen ml of the cell suspension was inoculated into an Erlenmeyer flask containing
135 ml of the production medium. The flask was incubated on a rotary shaker at 30oC,
150 rpm for 66 hr. The harvested sample was centrifuged at 3500 rpm for 4 minutes at
25oC and known as free cells of P. sanguineus. Immobilized cells of P. sanguineus beads
were prepared by dropping a mixture of 1.5 % (w/v) sodium alginate solution and P.
sanguineus mycelium into a 2% (w/v) CaCl2 solution stirred slowly at room temperature,
25+ 3.0oC. The beads were stirred slowly for 30 minutes, then collected by filtration,
washed three times with sterile deionized water and stored in Tris-HCl buffer (pH 7) at
4oC until used.

Preparation of Metal Ions
Metal solutions were prepared by diluting 1000 mg/L of Pb (NO3)2 (Mallinckrodt)
solutions with deionized water to a desired range of 50 to 300 mg/L. For each solution,
the initial metal concentrations and the concentrations in the samples after biosorption
treatment were determined using an Atomic Absorption Spectrophotometer (Model
Shimadzu AA 6650).

Batch Biosorption Procedures
The biosorption of Pb (II) ions by the immobilized P. sanguineus from aqueous solution
was evaluated in batch biosorption equilibrium experiments. Effects of initial Pb (II) ion
concentration, pH, biomass loading and temperature on the biosorption rate and
capacity were examined.

The effect of solution pH between 2 and 4 on the biosorption of Pb (II) by the
immobilized P. sanguineus preparation was evaluated in cultures kept at 150 rpm, 30oC
for 2 hr. For initial Pb (II) concentration, the biosorption studies were conducted at pH
4 as described above, but the concentration of Pb (II) varied from 58 to 300 mg/L. The
effect of biomass loading was evaluated at 1 to 6 g with other procedures as described
previously. For the equilibrium study, the initial Pb (II) concentration was 100 mg/L and
the working pH was 4. The contact time varied from 15 to 120 min at 30oC (303 K), 35oC
(308 K) and 40oC (313 K), respectively.

The amount of Pb (II) bound by the biosorbent was calculated as:

  
q

V C C

W
i f

=
"( ) (1)
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where q is mg of metal biosorbed per g of biomass (mg/g), Ci (mg/L) is the initial
concentration, Cf (mg/L) is the final or equilibrium concentration, V (L) is the volume
of metal solution in the flask and W (g) is the weight of the biosorbent. Each experiment
was repeated three times and the results given are average values. Samples taken after the
desired incubation period were measured with an Atomic Absorption Spectrophotometer
(Model Shimadzu AA 6650).

Kinetics experiments were carried out at known Pb (II) concentrations with various
biosorbent loadings and shaking at 150 rpm. At pre-determined interval times, samples
were withdrawn, filtered and the Pb (II) concentration measured with an Atomic
Absorption Spectrophotometer (Model Shimadzu AA 6650).

Equilibrium Isotherm and Kinetics Studies
i. Equilibrium isotherm models
Langmuir, Freundlich and Redlich-Peterson models have all been used to determine the
sorption equilibrium between a solid biosorbent and metal ions. The Langmuir model
assumes that a monomolecular layer is formed when biosorption occurs and that the
adsorbed molecules do not interact with one another (Langmuir, 1916; Malkoc and
Nuhoglu, 2003).

The Langmuir equation is:

     
    
q

q K C

K Ce

b e

b e

=
+

max

1
(2)

where qmax is the maximum specific uptake corresponding to the site saturation, Kb is an
equilibrium constant (dm3/mg) and both parameters can be determined from a linearised
form of Eq. (3) as followed:

         
    

C

q q K

C

q

e

e b

e
= +

1

max max
(3)

where Ce is the equilibrium concentration (mg/L); qe is the amount of metal ion uptake
at equilibrium (mg/g), qmax is qe for a complete monolayer (mg/g) and Kb is the
equilibrium constant (dm3/mg).

The Freundlich isotherm model (Freundlich, 1906) is

               q K Ce f e
n= (4)

and the equation may be linearised and described as:

    
ln ln lnq

n
C Ke e f= +

1
(5)
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where qe is the amount of metal ion uptake (mg/g); Ce is the equilibrium concentration
(mg/L); Kf and n are Freundlich constants and can be determined by plotting ln qe versus
ln Ce.

The Redlich-Peterson isotherm (Redlich and Peterson, 1959) has three parameters
and incorporates features from both the Langmuir and the Freundlich isotherms. It can
be described as:

    
q

K C

a Ce

rp e

rp e

=
+1 !

(6)

where Krp, arp and ! (0 < ! < 1) are the Redlich-Peterson isotherm constants. These
isotherms can be evaluated from a linear plot of

             

    
ln ln ln( ) ( )K

C

q
C arp

e

e
e rp" = +1 ! (7)

using a nonlinear regression method.

ii. Kinetic modeling
Kinetic models such as pseudo first-order, pseudo second-order and intraparticle diffusion
equations have been used to evaluate the mechanisms of biosorption and potential rate
controlling steps such as mass transport and chemical reaction processes. The first-order
rate expression of Lagergren (Lagergren, 1898) based on solid capacity was used:

       

    
log( ) log( )

.
q q q

k
te t e" = "

1

2 303
(8)

where qe and qt are the amounts of Pb(II)  ions adsorbed at equilibrium and at time t
(respectively mg/g), and k1, is the rate constant of first-order biosorption (min-1).
The pseudo second-order equation is also based on the sorption capacity of the solid
phase and can be obtained from (Arica et al., 2001):

    

t

q k q q
t

t e e

= +
1 1

2
2 2

(9)

where k2 is the rate constant of second-order biosorption (g/mg min) and qe is the
biosorption capacity calculated by the pseudo-second order kinetic model (mg/g).

The intraparticle diffusion equation was introduced to indicate the behaviour of
intraparticle diffusion as the rate limiting step in the biosorption (Sharma and Foster,
1994). The equation is given as:

  R K ts
b= (10)

where R is the percent metal adsorbed, t is the contact time (min), b is the gradient of
linear plots and Ks is the intraparticle diffusion constant.
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RESULTS AND DISCUSSION

Effect of Initial Pb (II) Ions Concentrations
The effect of initial Pb (II) ion concentration on Pb (II) uptake was studied in a range
from 58 to 300 mg/L (Fig. 1). Increasing the initial Pb (II) concentration increased the
amount of Pb (II) taken up. The increase in initial Pb (II) concentration could increase
the mass transfer driving force of the ions between the aqueous and solid phases (Aksu,
2002; Fawzi and Sameer, 2000; Malkoc and Nuhoglu, 2005). However, at a higher
concentration the percentage of Pb (II) ions removed decrease. For an initial Pb (II) ion
concentration of 58 mg/L, 96% of the ions were removed within 2 hours, whereas only
39% of the ions were removed from a 300 mg/L solution in the same time period. Thus,
at higher metal concentrations, the available sites at which the biosorption process occurs
are limited and the biosorption yield decline (Malkoc and Nuhoglu, 2005).

Fig. 1: Effect of initial metal concentration on the biosorption of Pb (II) ions by immobilized cells of P.
sanguineus (Condition: pH 4.0; biomass loading 3 g; agitation 150 rpm)

Effect of pH
Heavy metals biosorption was found to be significantly dependent on pH (Malkoc and
Nuhoglu, 2005). To determine the effect of pH on Pb (II) removal by immobilized cells
of P. sanguineus, biosorption studies were carried out at pH 2.0, 3.0 and 4.0. Previous
studies stated that at lower pH, the surface charge on the cells became positive and that
metal cations and protons compete for binding sites on cell walls, which results in lower
Pb (II) uptake from the medium (Malkoc and Nuhoglu, 2005). At pH above the
isoelectric point, the surface charges are negative and the ionic state of ligands such as
amino groups, carboxyls and phosphates promote reactions with the Pb (II) ions,
resulting in rapid efficient binding (Arica et al., 2001). In most of Pb (II) ion removal
studies, the optimum pH for Pb (II) ions biosorption was in the range pH 3.0 to 7.0 as
presented in Table 1. In this study, the percent removal of Pb (II) by immobilized cells
of P. sanguineus was more than 90% within 2 h at pH 4. No experiments were conducted
at pH above 4 as the Pb (II) ions precipitate.
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Effect of Biosorbent Loading
The biosorption capacity for Pb (II) ions varies with the biosorbent loading (Fig. 2). Pb
(II) ion removal increased from 23% to 99% when the amount of immobilized cells of
P. sanguineus increased from 1.0 to 6.0 g. This increase could be attributed to the
presence of more binding sites for binding the Pb (II) ions (Malkoc and Nuhoglu, 2005).
However, the Pb (II) uptake decreased from 2.89 to 1.95 mg/g as the biosorbent dosage
increased. The maximum metal uptake capacity occurred at 3.0 g of immobilized cells
(Fig. 2). The high biosorbent loading may produce a ‘screen’ effect on the cell wall,
protecting the binding sites and thus lowering the Pb (II) uptake (Malkoc and Nuhoglu,
2005; Mashitah et al., 1999; Pons and Futse, 1993).

Equilibrium Isotherms
The linearised Langmuir, Freundlich and Redlich-Peterson equilibrium isotherm constants
for Pb (II) ion biosorption were obtained at 30oC (303 K), 35oC (308 K) and 40oC (313
K) (Table 2). Biosorption of the metals by the immobilized cells of P. sanguineus could

TABLE 1
pH for Pb (II) ions biosorption by different biosorbent

Biosorbent material pH Reference

Streptomyces noursei 6.1 (Mattuschka and Straube, 1993)
Pennicillium chrysogenum 4.5 (Niu et al., 1993)
Rhizopus arrhizus 5.0-7.0 (Sag and Kutsal, 2000)
Rhizopus arrhizus 4.0-5.0 (Fourest and Roux, 1992)
Zoogloea ramigera 4.0-5.0 (Sag and Kutsal, 2000)
Saccharomyces cerevisiae 5.0 (Cabuk et al., 2007)
Phanerochaete chrysosporium 6.0 (Say et al., 2001)
Cephalosporium aphidicola. 5.0 (Tunali et al., 2006)
Aspergillus niger 4.0 (Dursun, 2005)
Trametes versicolor 4.0-6.0 (Bayramoglu et al., 2003)
Pycnoporus sanguineus 4.0 This study

Fig. 2: Effect of biomass loading on the uptake of Pb (II) ions by immobilized cells of P. sanguineus
(Condition: pH 4.0; 100 mg/L Pb (II) ions; agitation 150 rpm)
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be represented well by any of the three isotherm models, as all had a correlation
coefficient (R2) of approximately 1. The Langmuir constants Kb and qmax were determined
using Eq. (3). The equilibrium sorption capacity, qmax increased from 3.62 to 4.43 mg/
g when the temperature increased from 30 to 40oC. The higher the Kb value, the higher
the affinity for binding metal ions. The highest Kb occurred at 313 K. The increase in Kb
with temperature shows that a chemical interaction occurs between the metal ions and
the biosorbent (Malkoc and Nuhoglu, 2005).

TABLE 2
Biosorption equilibrium constant obtained from Langmuir, Freundlich and Redlich-Peterson

isotherms for the biosorption of Pb (II) ions onto immobilized cells of P. sanguineus

T Langmuir Freundlich Redlich-Peterson
qmax Kb Krp arp

(oC) (mg/g) (dm3/mg) R2 Kf n R2 (dm3/mg) (dm3/mg)! ! R2

30 3.62 1.341 1.000 1.553 4.713 0.933 3.928 1.075 1.000 1.000
35 4.00 1.416 0.999 1.840 5.025 0.962 9.955 2.630 0.990 0.999
40 4.43 1.569 0.999 2.179 5.313 0.949 25.234 7.059 0.950 0.999

TABLE 3
Kinetic constants of pseudo first, pseudo second-order and intraparticle diffusion models for

the biosorption of Pb (II) ions onto immobilized cells of P.sanguineus at different temperatures

       First-order kinetic   Second-order kinetic
T (oC)  model model Intraparticle diffusion

k1 (min-1) R2 k2 (g/mg min) R2 Ks R2

30 0.039 0.988 0.147 0.947 1.515 0.916
35 0.035 0.979 0.198 0.972 1.556 0.907
40 0.008 0.768 0.333 0.990 1.717 0.873

The Kf values for the Freundlich isotherms also increased with increase in temperature
(Table 2). Since the n values obtained were > 1.0, the Pb (II) ions were favorably
adsorbed by the biosorbent at all temperatures studied (Dursun, 2005).  For the Redlich-
Peterson constant Krp, the values also increased with reaction temperature and most
values of ! were between 0.95-1.0.

Biosorption Kinetics Modeling
To evaluate the biosorption kinetics of Pb (II) ions, the pseudo-first order, pseudo-
second order and intraparticle diffusion equations were applied to the experimental
data.  The corresponding constants for all three models obtained are presented in Table
3. The pseudo-second order model fitted the experimental data better than the intraparticle
diffusion and pseudo-first order models with correlation coefficients (R2) of approximately
1.
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CONCLUSIONS
Live immobilized cells of Pycnoporus sanguineus revealed a potential as a biosorbent for
the removal of Pb (II) ions from an aqueous solution. The ability of immobilized cells
of P. sanguineus to adsorb Pb (II) ions from aqueous solution was evaluated in batch
studies. The initial Pb (II) concentration, pH and biomass loading all affected Pb (II)
biosorption. The Langmuir, Freundlich and Redlich-Peterson isotherms fitted well with
the experimental data at R2> 0.90. The kinetics of Pb (II) ions sorption at different
temperatures was best described with a pseudo second order model.

ACKNOWLEDGEMENTS
This work was supported by a short term grant from Universiti Sains Malaysia (6035132).

REFERENCES
AHALYA, N., RAMACHANDRA, T.V. and KANAMADI, R.D. (2003). Biosorption of heavy metals. Research

Journal of Chemistry and Environment, 7, 71-79.

AKSU, Z. (2002). Determination of the equilibrium, kinetic and thermodynamic parameters of the
batch biosorption of nickel (II) ions onto Chlorella vulgaris. Process Biochem., 38, 89-99.

AKSU, Z. and ACIKEL, U. (2000). Modelling of a single-staged bioseparation process for simultaneous
removal of iron (II) and chromium (VI) by using Chlorella vulgaris. Biochem. Eng. J., 4, 229-238.

ALOYSIUS, R., KARIM, M.I.A. and ARIFF, A.B. (1999). The mechamism of a cadmium removal from
aqueous solution by nonmetabolizing free and immobilized live biomass of Rhizopus oligosporus.
World J. Microbiol. Biotechnol., 15, 571-578.

ANNADURAI, G., LING, L.Y. and LEE, J.F. (2007). Biodegradation of phenol by Pseudomonas pictorum on
immobilized with chitin. African J. Biotechnol., 6, 296-303.

ARICA, M.Y., KACAR, Y. and GENC, O. (2001). Entrapment of white-rot fungus Trametes versicolor in Ca-
alginate beads; preparation and biosorption kinetics analysis for cadmium removal from an
aqueous solution. Biores. Technol., 80, 121-129.

BAKLASHOVA, T.G., KOSHCHEENKO, K.A. and SKRYABIN, G.K. (1984). Hydroxylation of indolyl-3-acetic
acid by immobilized medium of A. niger. Appl. Microbiol. Biotechnol., 19, 217-223.

BAYRAMOGLU, G., BEKTAS, S. and ARICA, M.Y. (2003). Biosorption of heavy metal ions on immobilized
white-rot fungus Trametes versicolor. J. Hazard Mater., B101, 285-300.

BRADY, J.M. and TOBIN, J.M. (1994). Adsorption of metal ions by Rhizopus arrhizus  biomass:
characterization studies. Enzyme Microbiol. Technol., 6, 671-675.

BESZEDITS, S. (1983). Heavy metals removal from wastewaters. Engineering Digest, 18-25.

CABUK, A., AKAR, T., TUNALI, S. and GEDIKLI, S. (2007). Biosorption of Pb (II) by industrial strain of
Saccharomyces cerevisiae immobilized on the biomatrix of cone biomass of pinus nigra: Equilibrium
and mechanism analysis. Chem. Eng. J., 131, 293-300.

DURSUN, A.Y. (2005). A comparative study on determination of the equilibrium, kinetic and
thermodynamic parameters of biosorption of copper (II) and lead (II) ions onto pretreated
Aspergillus niger. Biochem. Eng. J., 28, 187-195.

FAWZI, A. and SAMEER, A.A. (2000). Biosorption of phenol by chicken feathers. Environ. Eng. Policy,
2, 85-90.

12. jst51/2008 1/21/09, 17:07221



Mashitah Mat Don, Yus Azila Yahaya and Subhash Bhatia

Pertanika J. Sci. & Technol. Vol. 16 (2) 2008222

FEDERICI, F., MILLER, M.W. and PETRUCCIOLI, M. (1987). Glucoamylase production by immobilized
Aureobasidium pullulans in sequential batch processes. Annali di Microbiologia e Enzimologia, 37,
17-24.

FEDERICO, F., PETRUCCIOLI, M. and MILLAR, M.W. (1990). Enhancement and stabilization of the
production of Glucoamylase by immobilized cells of Aureobasidium pullulans in a fluidized bed
reactor. Appl. Microbiol. Biotechnol., 33, 407-409.

FEDERICI, F. (1993). Potential applications of viable, immobilized fungal cell systems. World J.
Microbiol. Biotechnol., 9, 495-502.

FOUREST, E. and ROUX, J.C. (1992). Heavy metal biosorption by fungal mycelial by-products:
mechanism and influence of pH. Appl. Microbiol. Biotechnol., 37, 399-403.

FREUNDLICH, H.M.F. (1906). Uber die adsorption in losungen. J. Physical Chemistry, 57A, 385-470.

KAPOOR, A. and VIRARAGHAVAN, T. (1997). Heavy metal biosorption sites in Aspergillus niger. Biores.
Technol., 61, 21-28.

KIM, S.K., PARK, C.B., KOO, Y.M. and YUN, H.S. (2003). Biosorption of cadmium and copper ions by
Trichoderma reesei RUT C30. J. Ind. Eng. Chem., 9, 403-406.

KOPP, B. and REHM, H.J. (1984). Semicontinuous cultivation of immobilized Claviceps purpurea. Appl
Microbiol Biotechnol, 19, 141-145.

LAGERGREN, S. (1898). Zur theorie der sogenannten adsorption gel oster stoffe. Kungliga Svenska
Vetenskapsakademiens, Handlingar, 24, 1–39.

LANGMUIR, I. (1916). The constitution and fundamental properties of solids and liquids.  J. American
Chem Society, 38, 2221-95.

LI, G.X., LINKO, Y.Y. and LINKO, P. (1984). Glucoamylase and ?-amylase production by immobilized
A. niger. Biotechnol. Lett., 6, 645-650.

MALKOC, E. and NUHOGLU, Y. (2005). Investigations of nickel (II) removal from aqueous solutions
using tea factory waste. J. Hazard Mater., B127, 120-128.

MASHITAH, M.D., ZULFADHLY, Z. and BHATIA, S. (1999). Ability of Pycnoporus sanguineus to remove
copper ions from aqueous solution. Artificial Cells, Blood Substitutes and Immobilization Biotechnol.,
27, 429-433.

MATTUSCHKA, B. and STRAUBE, G. (1993). Biosorption of metals by a waste biomass. J. Chem. Technol.
Biotechnol., 58, 57-63.

METCALF and EDDY. (1991). Wastewater Engineering: Treatment, Disposal, and Reuse (3d ed., pp. 68-88).
Singapore: McGraw-Hill, Inc.

NIU, H., XU, X.S., WANG, J.H. and VOLESKY, B. (1993). Communication to the Editor: Removal of
lead from aqueous solutions by Penicillium biomass. Biotechnol. Bioeng., 42, 785-787.

PONS, M.P. and FUTSE, C.M. (1993). Uranium uptake by immobilized cells Pseudomonas strain EPS
5028. Appl. Microbiol. Biotechnol., 39, 661-665.

PURANIK, P.R. and PAKNIKAR, K.M. (1997). Biosorption of lead and zinc from solutions using
Streptoverticillum cinnamoneum waste biomass. J. Biotechnol.,  55, 113-124.

RAI, U.N. and AMIT, P. (2002). Health hazards of heavy metals. Internacional Society of Environmental
Botanists, 8, 1-4.

REDLICH, O. and PETERSON, D.L. (1959). A useful adsorption isotherm. J. Physical Chem., 63, 1024.

12. jst51/2008 1/21/09, 17:07222



223Pertanika J. Sci. & Technol. Vol. 16 (2) 2008

Equilibrium and Kinetic Studies of Pb (II) Ions Biosorption by Immobilized Cells of Pycnoporus sanguineus

SAG, Y. and KUTSAL, T. (2000). Determination of the biosorption heats of heavy metal ions on
Zoogloea ramigera and Rhizopus arrhizus. Biochem. Eng. J., 6, 145-151.

SAY, R., DENIZLI, A. and ARICA, M.Y. (2001). Biosorption of cadmium (II), lead (II) and copper (II)
with the filamentous fungus Phanerochaete chrysosporium. Biores. Technol., 76, 67-70.

SHARMA, D.C. and FOSTER, C.F. (1994). A preliminary examination into the adsorption of hexavalent
chromium using low-cost adsorbents. Biores. Technol., 47, 257-264.

SHENG, P. X., TING, Y. P., CHEN, J. P. and HONG, L. (2004). Sorption of lead, copper, cadmium, zinc
and nickel by marine algal biomass: characterization of biosorptive capacity and investigation
of mechanism. J. Colloid. Int. Sci, 275, 131-141.

TING, Y.P. and SUN, G. (2000). Use of polyvinyl alcohol as a cell entrapment matrix for copper
biosorption by yeast cells. J. Chem. Technol. Biotechnol., 75, 541-546.

TOBIN, J.M., WHITE, C. and GADD, G.M. (1994). Metal accumulation by fungi: applications in
environmental biotechnology. J. Ind. Microbiol, 13, 126-130.

TSEZOS, M. (1984). Recover of uranium from biological adsorbent-desorption equilibrium. Biotechnol
Bioeng, 26, 773-781.

TUNALI, S., AKAR, T., SAFA OZCAN, A., KIRAN, I. and OZCAN, A. (2006). Equilibrium and kinetics of
biosorption of lead (II) from aqueous solutions by Cephalosporium aphidicola. Sep. Purif. Technol.,
47, 105-112.

VEGLIO, F. and BEOLCHINI, F. (1997). Removal of metals by biosorption: A review. Hydrometallurgy, 44,
301-316.

VIJAYARAGHAVAN, K. and YUN, Y.S. (2007). Chemical modification and immobilization of Corynebacterium
glutamicum for biosorption of reactive black 5 from aqueous solution. Ind. Eng. Chem. Res, 46,
608-617.

12. jst51/2008 1/21/09, 17:07223




