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a b s t r a c t

The biosorption characteristics of Pb(II) and Cd(II) ions from aqueous solution using the macrofungus
(Amanita rubescens) biomass were investigated as a function of pH, biomass dosage, contact time, and
temperature. Langmuir, Freundlich and Dubinin–Radushkevich (D–R) models were applied to describe
the biosorption isotherm of the metal ions by A. rubescens biomass. Langmuir model fitted the equilibrium
data better than the Freundlich isotherm. The maximum biosorption capacity of A. rubescens for Pb(II) and
Cd(II) was found to be 38.4 and 27.3 mg/g, respectively, at optimum conditions of pH 5.0, contact time of
30 min, biomass dosage of 4 g/L, and temperature of 20 ◦C. The metal ions were desorbed from A. rubescens
using both 1 M HCl and 1 M HNO3. The recovery for both metal ions was found to be higher than 90%.
The high stability of A. rubescens permitted ten times of adsorption–elution process along the studies
without a decrease about 10% in recovery of both metal ions. The mean free energy values evaluated
from the D–R model indicated that the biosorption of Pb(II) and Cd(II) onto A. rubescens biomass was
taken place by chemical ion-exchange. The calculated thermodynamic parameters, �G◦, �H◦ and �S◦
showed that the biosorption of Pb(II) and Cd(II) ions onto A. rubescens biomass was feasible, spontaneous
and exothermic under examined conditions. Experimental data were also tested in terms of biosorption
kinetics using pseudo-first-order and pseudo-second-order kinetic models. The results showed that the
biosorption processes of both Pb(II) and Cd(II) followed well pseudo-second-order kinetics. Based on
all results, It can be also concluded that it can be evaluated as an alternative biosorbent to treatment
wastewater containing Pb(II) and Cd(II) ions, since A. rubescens is low-cost biomass and has a considerable
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high biosorption capacity.

. Introduction

The presence of heavy metals contaminated in aqueous streams,
rising from the discharge of untreated metal containing effluent
nto water bodies. They are non-degradable in the environment and
an be harmful to a variety of living species. Besides the toxic and
armful effects to organisms living in water, heavy metals also accu-
ulate throughout the food chain and may affect human beings

1]. For that reason, the removal of these metals from waters and
astewaters is important in terms of protection of public health

nd environment [2].
Heavy metals such as cadmium (Cd) and lead (Pb) often present
n industrial wastewaters, are hazardous to the aquatic ecosystem
nd pose possible human health risk. High levels of Pb(II) can be
raced to industrial discharges from variety of sources, such as bat-
eries, paints, pigments and ammunition, petrol, cables, alloys and

∗ Corresponding author. Tel.: +90 356 2521616; fax: +90 356 2521585.
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teels, plastics, the glass industry. The lead contamination is also
ue to effluents of vehicular traffic and the mixing of roadside run-
ffs. The presence of Pb(II) in drinkable water is known to cause
arious types of serious health problems [3]. Although the inorganic
orm of lead is a general metabolic poison and enzyme inhibitor,
rganic forms are even more poisonous [4,5]. On the other hand,
admium is also a dangerous pollutant originating from metal plat-
ng, metallurgical alloying, mining, ceramics and other industrial
perations [6]. Cadmium toxicity may be observed by a variety of
yndromes and effects including renal dysfunction, hypertension,
epatic injury, lung damage and teratogenic effects [7].

The most widely used methods for removing heavy metals from
astewaters include ion-exchange, chemical precipitation, reverse
smosis, evaporation, membrane filtration, adsorption biological
reatment [8]. Most of these methods suffer from some drawbacks,

uch as high capital and operational cost or the disposal of the resid-
al metal sludge, and are not suitable for small-scale industries [9].
iosorption plays an important role in the elimination of metal ions

rom aqueous solutions in water pollution control [10,11]. The main
dvantages of this technique are the reusability of biomaterial, low

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mtuzen@gop.edu.tr
dx.doi.org/10.1016/j.jhazmat.2008.09.002
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perating cost, improved selectivity for specific metals of interest,
emoval of heavy metals from effluent irrespective of toxicity, short
peration time, and no production of secondary compounds which
ight be toxic [12]. Various biomasses have been used for removal

f Pb(II) and Cd(II) ions from aqueous solution [13–16].
Macrofungi are edible fungi of commercial importance and

heir cultivation has emerged as a promising agro-based land-
ndependent enterprise. More than 2000 species of macrofungi
xist in nature but only about 22 species are extensively cultivated
or commercial purposes [17]. The consumption of wild edible

acrofungi is increasing, even in the developed world, due to a good
ontent of proteins as well as a higher content of trace minerals [18].
ungal biomass is better suitable for the removal of metals from
astewater than biomass because of their great tolerance towards
eavy metals and other adverse conditions such as low pH, high cell
all binding capacity and high intracellular metal uptake capacity

19]. Several fungal biosorbents, Penicillium [20], Rhizopus arrhizus
21], Rhizopus oryzae and Aspergillus oryzae [22], and Aspergillus
iger and Mucor rouxii [23,24] were studied as a potential biosor-
ent in heavy metals removal from aqueous solution. As far as the
uthors are aware, there is no investigation reported in the litera-
ure on the biosorption of Pb(II) and Cd(II) using the macrofungus,
. rubescens.

The objective of the present work is to investigate the biosorp-
ion potential of A. rubescens biomass in the removal of Pb(II)
nd Cd(II) ions from aqueous solution. Optimum biosorption con-
itions were determined as a function of pH, biomass dosage,
ontact time, and temperature. The Langmuir, Freundlich and
ubinin–Radushkevich (D–R) models were used to describe equi-

ibrium isotherms. Biosorption mechanisms of Pb(II) and Cd(II) ions
nto A. rubescens biomass were also evaluated in terms of thermo-
ynamics and kinetics.

. Experimental procedures

.1. Biomass preparation

The macrofungus, A. rubescens was collected from the East Black
ea region of Turkey. Samples were washed with deionized water
nd dried in an oven at 105 ◦C for 48 h. The dried biomass was
round and sieved through different sizes and 200–300 �m frac-
ion. Dried samples were homogenized using an agate homogenizer
nd stored in pre-cleaned polyethylene bottles until biosorption
xperiments.

.2. Reagents and equipments

All chemicals used in this work, were of analytical reagent
rade and were used without further purification. Double deionized
ater (Milli-Q Millipore 18.2 M� cm−1 conductivity) was used for

ll dilutions. A pH meter (Sartorius pp-15, Germany) was employed
or measuring pH values in the aqueous phase. A flame atomic
bsorption spectrometer (PerkinElmer AAnalyst 700, USA) with
euterium background corrector was used. All measurements were
arried out in an air/acetylene flame. A 10 cm long slot-burner
ead, a lamp and an air-acetylene flame were used. The operating
arameters for working elements were set as recommended by the
anufacturer. Fourier Transform Infrared (FT-IR) spectra of dried

nloaded biomass and Pb(II)-loaded biomass and Cd(II)-loaded
iomass prepared as KBr discs were recorded at 400–4000 cm−1

avenumber range using a FT-IR (JASCO-430, Japan) spectrometer.
.3. Batch biosorption procedure

Biosorption experiments were optimized out at the desired pH
alue, contact time and biomass dosage level using the necessary

o
p
b
l

Materials 164 (2009) 1004–1011 1005

iomass in a 250 mL stoppered conical flask containing 25 mL of
est solution. A stock Pb(II) solution of 1000 mg/L was prepared was
repared by dissolving 1.8307 g Pb(CH3COOO)2·3H2O in a 1000 mL
f deionized water. A stock Cd(II) solution of 1000 mg/L was pre-
ared was prepared by dissolving 2.3709 g Cd(CH3COOO)2·3H2O in
1000 mL of deionized water. The chemicals (Cd(CH3COOO)2·3H2O
nd Pb(CH3COOO)2·3H2O) used for this study was analytical grades
nd they were supplied by Riedel-de Häen (Germany). Sodium
hosphate buffer (0.1 mol/L) was prepared by adding an appropri-
te amount of phosphoric acid to sodium dihydrogen phosphate
olution to result in a solution of pH 2. Ammonium acetate buffers
0.1 mol/L) were prepared by adding an appropriate amount of
cetic acid to ammonium acetate solutions to result in solutions of
H 4–6. Ammonium chloride buffer solutions (0.1 mol/L) were pre-
ared by adding an appropriate amount of ammonia to ammonium
hloride solutions to result in solutions of pH 8.

Necessary amount of the biomass was then added and contents
n the flask were shaken for the desired contact time in an elec-
rically thermostatic reciprocating shaker (Selecta multimatic-55,
pain) at 120 rpm. The experiments were repeated at 20, 30, 40,
nd 50 ◦C. The time required for reaching the equilibrium condi-
ion was estimated by drawing samples at regular intervals of time
ill equilibrium was reached. The contents of the flask were filtered
hrough 0.25 �m filters (Double rings, China) and the filtrate was
nalyzed for metal concentration by using flame AAS. Each deter-
ination was repeated three times and the results given are the

verage values. Standard deviations and error bars are indicated
herever necessary.

The percent biosorption of metal ion was calculated as follows:

iosorption (%) = (Ci − Cf)
Ci

× 100 (1)

here Ci and Cf are the initial and final metal ion concentrations,
espectively. Biosorption experiments for the effect of pH were con-
ucted by using a solution having 10 mg/L of Pb(II) and 10 mg/L
f Cd(II) concentration with a optimum biomass dosage of 4 g/L.
hroughout the study, the contact time was varied from 5 to 90 min,
he pH from 2 to 8, the initial metal concentration from 10 to
00 mg/L, and the biosorbent dosage from 0.1 to 20 g/L.

.4. Desorption procedure

A sample volume of 25 mL, containing 10 mg/L of Pb(II) and
0 mg/L of Cd(II) ions, was transferred into a beaker; 10 mL of buffer
olution was added. After a fast shaking, 4 g/L of A. rubescens was
dded and the mixture was shaken again for 90 min at 100 rpm.
he system was filtered with blue band filter paper. Then the filter
nd constituents were washed with distilled water. In order to elute
he adsorbed analytes onto A. rubescens, 8–10 mL of 1 mol/L HNO3
as used. The final volume was completed to 25.0 mL with 1 mol/L
NO3. Analyte contents of the final solution were determined by
ame atomic absorption spectrometry. The same procedure was
pplied to the blank solution. In order to use the A. rubescens for
ext experiment, A. rubescens was washed with excess of 1 mol/L
NO3 and distilled water, sequentially.

. Results and discussion

.1. FT-IR analysis
The FT-IR spectroscopy method was used to obtain information
n the nature of possible cell–metal ions interactions. The same
rocedure (drying at 105 ◦C at 48 h and followed by sieving) as
iomass prepared for the FT-IR spectra of unloaded and metal ions-

oaded biomass. The FT-IR spectra of unloaded and metal loaded
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Fig. 1. FT-IR spectrum of unloaded, Cd(II)-loaded and Cd(II)-loaded biomass.

orms of biosorbent in the range of 400–4000 cm−1 were taken and
resented in Fig. 1. The broad and strong bands at 3202–3623 cm−1

ere due to bounded hydroxyl (–OH) or amine (–NH) groups.
he peaks at 1711 cm−1 were attributed to stretching vibration of
arboxyl group (–C O). The bands observed at 1010 cm−1 were
ssigned to C–O stretching of alcohols and carboxylic acids. The
eaks observed at 2982 cm−1 can be assigned to the –CH group.

The asymmetrical stretching vibration at 3202–3623 cm−1

hifted was to 3472–3636 and 3225–3557 cm−1 for Pb(II)-loaded
nd Cd(II)-loaded biomass, respectively. The carboxyl peak was
hifted to 1718 cm−1 for Pb(II)-loaded biomass and to 1698 cm−1 for
d(II)-loaded biomass. The peak of C–O group was shifted to 1002
nd 1014 cm−1 to for Pb(II)-loaded and Cd(II)-loaded biomasses,
espectively. The results indicated that the chemical interactions as
on-exchange between the hydrogen atoms of carboxyl (–COOH),
ydroxyl (–OH), and amine (–NH) groups of the biomass and the
etal ions were mainly involved in the biosorption of Pb(II) and

d(II) onto A. rubescens biomass. In addition, the disappearance of
he band at 784 cm−1 indicated that there was also clear possibly
elonging to monosubstituted aromatic protons of the biosorbent

ndicating possibly the involvement of aromatic amino acids in the
iosorption of Pb(II) and Cd(II) ions. The similar FT-IR results were
eported for Pb(II), Cd(II) and Cu(II) biosorption onto Botrytis cinerea
ungal biomass [25,26], and Cd biosorption onto Lentinus edodes
ungal biomass [27].

.2. Effect of pH

One of the more important factors affecting biosorption of metal
ons is acidity of solution. This parameter directly related with
ompetition ability of hydrogen ions with metal ions to active
ites on the biosorbent surface [28]. Generally, metal biosorption
nvolves complex mechanisms of ion-exchange, chelation, adsorp-
ion by physical forces, and ion entrapment in interand intrafibrillar

apillaries and spaces of the cell structural network of a biosor-
ent [29,30]. The FT-IR spectroscopic analysis showed that the
acrofungus has a variety of functional groups, such as carboxyl,

ydroxyl, and amine and these groups are involved in almost all
otential binding mechanisms. Moreover, depending on the pH

l
t
r
i
m

ig. 2. Effect of pH on the biosorption of Pb(II) and Cd(II) onto A. rubescens biomass
metal concentration: 10 mg/L; temperature: 20 ◦C).

alue of the aqueous solution these functional groups participate
n metal ion bindings.

The effect of pH on the biosorption of Pb(II) and Cd(II) ions onto
. rubescens biomass was studied at pH 2–8 for initial metal con-
entration of 10 mg/L Pb(II) and 10 mg/L Cd(II) solution. The results
egarding the pH effect on the biosorption yield of the metal ions
ere presented in Fig. 2. The biosorption efficiency was increased

rom 40% to 80% for Pb(II) biosorption and from 35% to 70% for Cd(II)
on, respectively, as pH was increased from 2 to 4. The maximum
iosorption was found to be 98% for Pb(II) and 97% for Cd(II) ions at
H 5. Therefore, all the biosorption experiments were carried out
t pH 5.

The biosorption mechanisms are related to physicochemical
nteraction of the species in solution [28,31,32]. At highly acidic
H (pH < 2.0), the overall surface charge on the active sites became
ositive and metal cations and protons compete for binding sites on
ell wall, which results in lower uptake of metal [33,34]. When the
H of solution increased from 2 to 6, biosorbent surface were more
egatively charged and the functional groups of the biomass were
ore deprotonated and thus available for metal ions. Especially,

arboxyl groups have the highest affinity for metal ions, since they
re deprotonated in a wide range of pH. Decrease in biosorption
t higher pH (pH > 6) is not only related the formation of soluble
ydroxilated complexes of the metal ions (lead ions in the form of
b(OH)2, and cadmium ions in form of Cd(OH)2) [32] but also to
he ionized nature of the cell wall surface of the biomass under the
tudied pH [35]. In addition, several researchers have investigated
he effect of pH on biosorption of heavy metals by using different
inds of fungal biomass and reported almost same pH dependent
nd maximum biosorption was obtained in the pH range 5.0–7.0
25,26].

.3. Effect of biomass dosage

The biomass dosage is an important parameter because this
etermines the capacity of a biosorbent for a given initial concen-
ration. The biosorption efficiency for Pb(II) and Cd(II) ions as a
unction of biomass dosage was investigated (Fig. 3). The percent-
ge of the metal biosorption steeply increases with the biomass

oading up to 4 g/L. This result can be explained by the fact that
he biosorption sites remain unsaturated during the biosorption
eaction whereas the number of sites available for biosorption site
ncreases by increasing the biosorbent dose [36]. Moreover, the

aximum biosorption, 98% for Pb(II) and 96% for Cd(II), of the metal
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ig. 3. Effect of biomass dosage on the biosorption of Pb(II) and Cd(II) onto A.
ubescens biomass (metal concentration: 10 mg/L; pH: 5; temperature: 20 ◦C).

ons was attained at biomass dosage, 4 g/L. However, the biosorp-
ion capacity becomes nearly constant above this dosage value. It
s due to high biomass dosage resulted aggregates of biomass. This
roblem may cause interference between binding sites at higher
iomass dosage or insufficiently of metal ions in the solution with
espect to available binding sites [37]. It is likely that protons will
hen combine with metal ions for the ligands and thereby decrease
he interaction of metal ions with the cell components [38,39]. The
imilar results were reported for cadmium biosorption in an aque-
us solution by Saccharomyces cerevisiae. Therefore, the optimum
iomass dosage was taken as 4 g/L for further experiments [39].

.4. Effects of contact time and temperature

Contact time is one of the important parameters for successful
se of the biosorbents for practical application and rapid sorption is
mong desirable parameters [40]. Fig. 4 shows the effect of contact
ime on the biosorption of Pb(II) and Cd(II) ions onto A. rubescens.
he biosorption yield of Pb(II) and Cd(II) increased considerably
ith increasing contact time up to 30 min and after then, it was
early constant. For instance, during 30 min (at 20 ◦C), when the
iosorption efficiency was 97% and 98% for Pb(II) and Cd(II), respec-
ively, it was 95% and 97%, respectively, during 90 min (at 20 ◦C).
herefore, the optimum contact time was selected as 30 min for

urther experiments.

Temperature of the medium affects on the removal efficiency of
he pollutant from aqueous solution. Fig. 4 also shows the biosorp-
ion of Pb(II) and Cd(II) ions as a function of the temperature. The
iosorption percentage decreased from 97% to 88% for Pb(II) and

q

w
b

able 1
omparison of biosorption capacity of A. rubescens biomass for Pb(II) and Cd(II) with that

iosorbent Pb(II) pH

hizopus arrhizus – –
treptomyces noursei – –
ucor rouxii (NaOH pretreated) – –

hanerochaete chrysosporium – –
lva lactuca 34.7 5.0
hanerochaete chrysosporium 69.8 6.0
oogloea ramigera 10.4 4.5
hizopus arrhizus 15.5 5.0
treptomyces longwoodensis 100.0 3.0
hellınus badıus 170.0 5.0
ephalosporium aphidicola 36.9 5.0
spergillus flavus 13.5 5.0
manita rubescens 38.4 5.0
ig. 4. Effect of contact time and temperature on the biosorption of Pb(II) and Cd(II)
nto A. rubescens biomass (metal concentration: 10 mg/L; biomass dosage: 4 g/L;
H: 5).

rom 95% to 86% for Cd(II) as temperature was increased from 20 to
0 ◦C for the equilibrium time, 30 min. These results indicated the
xothermic nature of Pb(II) and Cd(II) biosorption onto A. rubescens
iomass. A decrease in the biosorption of Pb(II) and Cd(II) ions with
he rise in temperature may be due to increasing tendency to desorb

etal ions from the interface to the solution [41]. Optimum tem-
erature was selected as 20 ◦C for further biosorption experiments.

.5. Biosorption isotherm models

The capacity of a biomass can be described by equilibrium sorp-
ion isotherm, which is characterized by certain constants whose
alues express the surface properties and affinity of the biomass.
he biosorption isotherms were investigated using three equi-
ibrium models, which are namely the Langmuir, Freundlich and
ubinin–Radushkevich isotherm models were analyzed.

The Langmuir sorption isotherm has been successfully applied
o many pollutant biosorption processes and has been the most
idely used isotherm for the biosorption of a solute from a liquid

olution. A basic assumption of the Langmuir theory is that sorption
akes place at specific homogeneous sites within the sorbent. This

odel can be written in non-linear form [42].
e = qmKLCe

1 + KLCe
(2)

here qe is the equilibrium metal ion concentration on the adsor-
ent (mg/g), Ce is the equilibrium metal ion concentration in the

of different biosorbents

Cd(II) pH Reference

26.8 6–7 [43]
3.4 6.0 [44]

20.3 6.0 [45]
15.2 4.5 [46]
29.2 5.0 [47]
23.0 6.0 [48]

– – [49]
– – [49]
– – [50]
– – [51]
– – [52]
– – [53]

27.3 5.0 Present study
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ig. 5. Langmuir isotherm plots for the biosorption of Pb(II) and Cd(II) onto A.
ubescens biomass (biomass dosage: 4 g/L; contact time: 30 min; pH: 5; temperature:
0 ◦C).

olution (mg/L), qm is the monolayer biosorption capacity of the
dsorbent (mg/g), and KL is the Langmuir biosorption constant
L/mg) related with the free energy of biosorption.

Fig. 5 indicates the non-linear relationship between the amount
mg) of Pb(II) and Cd(II) ions sorbed per unit mass (g) of A. rubescens
iomass against the concentration of Pb(II) and Cd(II) ions remain-

ng in solution (mg/L). The coefficients of determination (R2) were
ound to be 0.993 and 0.990 for Pb(II) and Cd(II) biosorption, respec-
ively. These results indicate that the biosorption of the metal ions
nto A. rubescens biomass fitted well the Langmuir model. In other
ords, the sorption of Pb(II) and Cd(II) ions onto A. rubescens was

aken place at the functional groups/binding sites on the surface
f the biomass which is regarded as monolayer biosorption. The
aximum biosorption capacity (qm) of A. rubescens biomass was

ound to be 38.4 mg/g for Pb(II) and 27.3 mg/g for Cd(II). Moreover,
he KL value was found as 0.083 L/mg for Pb(II) ion and 0.085 L/mg
or Cd(II) ion.

On the other hand, Table 1 presents the comparison of biosorp-
ion capacity (qm; mg/g) of A. rubescens biomass for Pb(II) and Cd(II)
ons with that of various biomasses reported in literature [43–53].
he biosorption capacity of A. rubescens biomass for Pb(II) and Cd(II)
s higher than that of the majority of other biomasses mentioned.
herefore, it can be noteworthy that the A. rubescens biomass has
mportant potential for the removal of Pb(II) and Cd(II) ions from
queous solution.

The Freundlich model assumes a heterogeneous adsorption sur-

ace and active sites with different energy. The Freundlich model
54] is

e = KfC
1/n
e (3)

able 2
nfluence of various eluents on the desorption of Pb(II) and Cd(II) ions from A.
ubescens

luent Recovery (%)

Pb(II) Cd(II)

.5 mol L−1 HCl 60 ± 2 70 ± 2
mol L−1 HCl 80 ± 3 85 ± 3
.5 mol L−1 HNO3 75 ± 3 80 ± 3
mol L−1 HNO3 90 ± 3 90 ± 3

t
r
c
4
e

E

T
n
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t
t

ig. 6. D–R isotherm plots for the biosorption of Pb(II) and Cd(II) onto A. rubescens
iomass (pH: 5; adsorbent dosage: 4 g/L; contact time: 30 min; temperature: 20 ◦C).

here Kf is a constant relating the biosorption capacity and 1/n is
n empirical parameter relating the biosorption intensity, which
aries with the heterogeneity of the material. The values of Kf and
/n were found to be 8.2 and 0.3 for Pb(II) biosorption and 3.5 and
.4 for Cd(II) biosorption. The 1/n values were between 0 and 1

ndicating that the biosorption of Pb(II) and Cd(II) onto A. rubescens
iomass was favourable at studied conditions. However, the R2 val-
es were found to be 0.954 for Pb(II) biosorption and 0.962 for Cd(II)
iosorption. These results indicate that the Freundlich model was
ot able to adequately to describe the relationship between the
mounts of sorbed metal ions and their equilibrium concentration
n the solution. Therefore, it can be concluded that the Langmuir
sotherm model best fitted the equilibrium data since it presents
igher R2 values.

The equilibrium data were also subjected to the D–R isotherm
odel to determine the nature of biosorption processes as physical

r chemical. The D–R sorption isotherm is more general than Lang-
uir isotherm, as its derivation is not based on ideal assumptions

uch as equipotent of the sorption sites, absence of steric hindrance
etween sorbed and incoming particles and surface homogene-

ty on microscopic level [55]. The linear presentation of the D–R
sotherm equation [56] is expressed by

n qe = ln qm − ˇε2 (4)

here qe is the amount of metal ions adsorbed on per unit weight of
iomass (mol/L), qm is the maximum biosorption capacity (mol/g),
is the activity coefficient related to biosorption mean free energy

mol2/J2) and ε is the Polanyi potential (ε = RT ln(1 + 1/Ce)).
The D–R isotherm model well fitted the equilibrium data since

he R2 value was found to be 0.995 and 0.991 for Pb(II) and Cd(II),
espectively (Fig. 6). The qm value was found using the inter-
ept of the plots to be 4.9 × 10−4 mol/g for Pb(II) biosorption and
.4 × 10−4 mol/g for Cd(II) biosorption. The biosorption mean free
nergy (E; kJ/mol) is as follow:

= 1√
−2ˇ

(5)
he E (kJ/mol) value gives information about adsorption mecha-
ism, physical or chemical. If it lies between 8 and 16 kJ/mol, the
dsorption process takes place chemically and while E < 8 kJ/mol,
he adsorption process proceeds physically [57]. The mean biosorp-
ion energy was calculated as 12.8 and 12.5 kJ/mol for the
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Fig. 7. Desorption efficiency of A. rubescens biomass with cycle number.

iosorption of Pb(II) and Cd(II) ions, respectively. These results
uggest that the biosorption processes of both metal ions onto A.
ubescens biomass could be taken place by chemical ion-exchange
echanism because the sorption energies lie within 8–16 kJ/mol.

.6. Desorption efficiency

Desorption of adsorbed analyte ions onto A. rubescens were also
tudied by using HCl and HNO3 at various concentrations in Table 2.
or these studies, 10 mL of each eluent was used. Analyte ions were
esorbed from A. rubescens with both 1 M HCl and 1 M HNO3. The
ighest recovery for both metal ions was found to be 90% using 1 M
NO3 and 80% using 1 M HCl. The effects of volume of 1 M HNO3
s eluent were also investigated in the range of 5.0–10.0 mL. The
ighest recovery values (90%) were obtained for both metal ions
fter 8.0 mL of 1 M HNO3. Subsequent elution with 10 mL 1 M HNO3
eadily strips the sorbed metal ions from A. rubescens. In addition, as
t can be seen from Fig. 7, the high stability of A. rubescens permitted
en times of adsorption–elution process along the studies without
decrease about 10% in recovery of both metal ions.

.7. Biosorption kinetics

The prediction of biosorption rate gives important informa-
ion for designing batch biosorption systems. Information on
he kinetics of pollutant uptake is required for selecting opti-

um operating conditions for full-scale batch process. In order
o clarify the biosorption kinetics of Pb(II) and Cd(II) ions onto
. rubescens biomass two kinetic models, which are Lagergren’s
seudo-first-order and pseudo-second-order model were applied
o the experimental data.

The linear form of the pseudo-first-order rate equation by Lager-
ren [58] is given as

n(qe − qt) = ln qe − k1t (6)
here qt and qe (mg/g) are the amounts of the metal ions biosorbed
t equilibrium (mg/g) and t (min), respectively, and k1 is the rate
onstant of the equation (min−1). The biosorption rate constants
k1) can be determined experimentally by plotting of ln(qe − qt) vs
.

t

t
T
t

ig. 8. Pseudo-second-order kinetic plots at different temperatures; (a) for Pb(II)
iosorption and (b) for Cd(II) biosorption (metal concentration: 10 mg/L; pH: 5;
iomass dosage: 4 g/L).

The plots of ln(qe − qt) vs t for the pseudo-first-order model
ere not shown as figure because the coefficients of determination

or this model at studied temperatures is low. It can be concluded
rom the R2 values in Table 3 that the biosorption mechanisms of
b(II) and Cd(II) ions onto A. rubescens biomass does not follow the
seudo-first-order kinetic model. Moreover, from Table 3, it can be
een that the experimental values of qe,exp are not in good agree-
ent with the theoretical values calculated (qe1,cal) from Eq. (6).

herefore, the pseudo-first-order model is not suitable for model-
ng the biosorption of Pb(II) and Cd(II) onto A. rubescens.

Experimental data were also tested by the pseudo-second-order
inetic model which is given in the following form [59]:

t

qt
= 1

k2q2
e

+
(

1
qe

)
t (7)

here k2 (g/mg min) is the rate constant of the second-order equa-
ion, qt (mg/g) is the amount of biosorption time t (min) and qe is

he amount of biosorption equilibrium (mg/g).

This model is more likely to predict kinetic behavior of biosorp-
ion with chemical sorption being the rate-controlling step [60].
he linear plots of t/qt vs t for the pseudo-second-order model for
he biosorption of Pb(II) and Cd(II) ions onto A. rubescens at 20–50 ◦C
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Table 3
Kinetic parameters obtained from pseudo-first-order and pseudo-second-order for Pb(II) and Cd(II) bisorption onto A. rubescens biomass at different temperatures

Temperature (◦C) Pseudo-first-order Pseudo-second-order

qe,exp (mg/g) k1 (1/min) qe1,cal (mg/g) R2 k2 (g/mg min) qe2,cal (mg/g) R2

Pb(II)
20 1.89 9.4 × 10−2 1.16 0.918 9.4 × 10−2 1.89 0.996
30 1.86 8.9 × 10−2 1.14 0.934 9.2 × 10−2 1.84 0.991
40 1.78 8.4 × 10−2 1.12 0.905 8.8 × 10−2 1.79 0.997
50 1.72 7.9 × 10−2 1.09 0.849 8.5 × 10−2 1.79 0.996

Cd(II)
−2 −2
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4

o
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20 1.82 8.8 × 10 1.18
30 1.66 8.2 × 10−2 1.15
40 1.61 7.5 × 10−2 1.13
50 1.58 5.9 × 10−2 1.12

ere shown in Fig. 8a and b, respectively. The rate constants (k2),
he R2 and qe values are given in Table 3. It is clear from these
esults that the R2 values are very high (in range of 0.991–0.996 for
he Pb(II) biosorption and 0.998–0.999 for the Cd(II) biosorption).
n addition, the theoretical qe2,cal values were closer to the experi-

ental qe,exp values (Table 3). In the view of these results, it can be
aid that the pseudo-second-order kinetic model provided a good
orrelation for the biosorption of Pb(II) and Cd(II) onto A. rubescens
n contrast to the pseudo-first-order model.

.8. Biosorption thermodynamics

In order to describe thermodynamic behavior of the biosorption
f Pb(II) and Cd(II) ions onto A. rubescens biomass, thermodynamic
arameters including the change in free energy (�G◦), enthalpy
�H◦) and entropy (�S◦) were calculated from following equations

G◦ = −RT ln KD (8)

here, R is the universal gas constant (8.314 J/mol K), T is tempera-
ure (K) and KD (qe/Ce) is the distribution coefficient [61,62].

The enthalpy (�H◦) and entropy (�S◦) parameters were
stimated from the following equation
n KD = �S◦

R
− �H◦

RT
(9)

ccording to Eq. (9), the �H◦ and �S◦ parameters can be calculated
rom the slope and intercept of the plot of ln KD vs 1/T yields, respec-

ig. 9. Plot of ln KD vs 1/T for the estimation of thermodynamic parameters for
iosorption of Pb(II) and Cd(II) onto A. rubescens biomass.

t
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t
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t
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t

R

0.983 10.9 × 10 1.80 0.999
0.967 10.7 × 10−2 1.76 0.999
0.863 10.1 × 10−2 1.74 0.998
0.856 8.2 × 10−2 1.72 0.999

ively (Fig. 9). Gibbs free energy change (�G◦) was calculated to
e −20.7, −17.8, −16.9, and −15.3 kJ/mol for Pb(II) biosorption and
18.3 −17.2, −16.1, and −14.5 kJ/mol for the biosorption of Cd(II)
t 20, 30, 40, and 50 ◦C, respectively. The negative �G◦ values indi-
ated thermodynamically feasible and spontaneous nature of the
iosorption. The decrease in �G◦ values with increase in tempera-
ure shows a decrease in feasibility of biosorption at higher temper-
tures. The �H◦ parameter was found to be −57.1 and −53.2 kJ/mol
or Pb(II) and Cd(II) biosorption, respectively. The negative �H◦

ndicates the exothermic nature of the biosorption processes at
0–50 ◦C. The �S◦ parameter was found to be −129.1 J/mol K for
b(II) biosorption and −119.1 J/mol K for Cd(II) biosorption. The
egative �S◦ value suggests a decrease in the randomness at the
olid/solution interface during the biosorption process.

. Conclusions

This study focused on the biosorption of Pb(II) and Cd(II) ions
nto A. rubescens biomass from aqueous solution. The operating
arameters, pH of solution, biomass dosage, contact time, and tem-
erature, were effective on the biosorption efficiency of Pb(II) and
d(II). The biosorption capacity of A. rubescens biomass was found
o be 38.4 mg/g for Pb(II) and 27.3 mg/g for Cd(II), respectively, at
ptimum conditions of pH 5.0, contact time of 30 min and temper-
ture of 20 ◦C. The mean free energy values evaluated from the D–R
odel indicated that the biosorption of Pb(II) and Cd(II) onto A.

ubescens biomass was taken place by chemical ion-exchange. The
inetic data signified that the biosorption of Pb(II) and Cd(II) ions
nto A. rubescens followed well the pseudo-second-order kinetic
odel. The thermodynamic calculations showed the feasibility,

xothermic and spontaneous nature of the biosorption of Pb(II) and
d(II) ion onto A. rubescens biomass at 20–50 ◦C. Taking into con-
ideration present findings, it can be stated that A. rubescens is a
ood adsorbent for Pb(II) and Cd(II) removal from aqueous solu-
ion. Furthermore, it can be evaluated as an alternative biosorbent
o treatment wastewater containing Pb(II) and Cd(II) ions, since A.
ubescens is low-cost biomass and has a considerable high biosorp-
ion capacity.
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