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bstract

Biosorption of heavy metals can be an effective process for the removal of heavy metal ions from aqueous solutions. In this study, the adsorption
roperties of lichen biomass of Cladonia rangiformis hoffm. for copper(II) were investigated by using batch adsorption techniques. The effects of
nitial metal ion concentration, initial pH, biosorbent concentration, stirring speed and contact time on biosorption efficiency were studied. In the

xperiments the optimum pH value was found out 5.0 which was the native pH value of solution. The experimental adsorption data were fitted to
he Langmuir adsorption model. The highest metal uptake was calculated from Langmuir isotherm and found to be 7.6923 mg Cu(II)/g inactivated
ichen at 15 ◦C. The results indicated that the biomass of C. rangiformis is a suitable biosorbent for removing Cu(II) from aqueous solutions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Environmental contamination by toxic metals is a serious
roblem due to their incremental accumulation in the food chain
nd continued persistence in the ecosystem [1]. Heavy met-
ls are discharged in small quantities into environment through
umerous industrial activities. Heavy metals such as chromium,
opper, lead, nickel in wastewater are hazardous to the environ-
ent and health [2].
Copper present in industrial wastes is primarily in the form

f the bivalent Cu(II) as a hydrolysis product, CuCO3(aq) and/or
rganic complexes. The presence of copper(II) ions in water
ay cause toxic and harmful effects to the living organisms

resent and as well as to consumers. Several industries, for
xample, dyeing, paper, petroleum, copper/brass-plating and

opper–ammonium rayon, release undesired amounts of Cu(II).
n the copper-cleaning, copper plating and metal-processing
ndustries, Cu(II) concentrations approach 100–120 mg/l; this
alue is very high in relation to water quality standards and

∗ Corresponding author. Tel.: +90 4422314879; fax: +90 4422360957.
E-mail address: fyapar@atauni.edu.tr (F. Ekmekyapar).
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nia rangiformis

u(II) concentrations of wastewaters should be reduced to a
alue of 1.0–1.5 mg/l [3,4].

Mining and metallurgical wastewaters are considered to be
he major sources of heavy metal contamination, and the need
or economic and effective methods for the removal of metals
as resulted in the development of new separation technologies.
recipitation, ion exchange, electrochemical processes and/or
embrane processes are commonly applied to the treatment

f industrial effluents. However, the application of such pro-
esses is sometimes restricted because of technical or economic
onstraints [5]. Biosorption of heavy metals from aqueous solu-
ion can be considered as an alternative technology in indus-
rial wastewater treatment. Adsorbent materials (biosorbents)
erived from suitable biomass can be used for the effective
emoval and recovery of heavy metal ions from wastewater
treams. The major advantages of biosorption technology are
ts effectiveness in reducing the concentration of heavy metal
ons to very low levels and the use of inexpensive biosorbent

aterials. Biosorption processes are particularly suitable for the
reatment of wastewater streams containing dilute heavy metal

on concentrations or when very low concentrations of heavy

etals are required [6].
The isotherm represents the equilibrium relationship between

he metal uptake by the sorbent and the final metal concentra-
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ion in the aqueous phase, showing the sorption capacity of the
orbent. There are two widely accepted and easily linearized
dsorption isotherm models used in the literature which were
roposed, respectively, by Langmuir and Freundlich.

The Langmuir model assumes that the adsorption site is
omogeneous, there is no interaction between the nearby
dsorbed molecules on the adsorbent surface, adsorbed layer
s monolayer, and all the adsorption sites have identical energy
f adsorption. Theoretically, when a saturation value is reached,
o further adsorption takes place. The Langmuir isotherm is
enerally applied when no strong adsorption is expected and
he adsorption sites are uniform. The equilibrium occurring dur-
ng physical adsorption at a certain concentration range could
e represented by the Langmuir adsorption isotherm. A general
orm of the Langmuir model equation is [7]

e = bqmaxCe

1 + bCe
(1)

The linear form of this equation can be given as

1

qe
=

(
1

bqmax

) (
1

Ce

)
+

(
1

qmax

)
(2)

here qmax is the maximum metal uptake corresponding to the
aturation capacity (amount of metal ions per unit weight of
iosorbent to form a complete monolayer on the surface) and b
s the energy of adsorption (the ratio of adsorption/desorption
ates). The variables qe and Ce also show the amount of metal
dsorbed on the biomass and the equilibrium (residual) metal
oncentration in solution. The constants qmax and b are the char-
cteristics of the Langmuir isotherm can be determined from a
inearised form of Eq. (1), represented by Eq. (2). Therefore, a
lot of 1/qe versus 1/Ce gives a straight line of slope (1/bqmax)
nd intercept (1/qmax).

The Freundlich expression is an empirical equation based
n sorption on a heterogeneous surface. The general Freundlich
quation is as follows [8]:

e = KfC
1/n
e (3)

nd linearized form of this model is

og qe = log Kf +
(

1

n

)
log Ce (4)

here intercept, log Kf, is a measure of adsorbent capacity, and
he slope, 1/n, is the intensity of adsorption. qe and Ce are the
mount of metal ion removed and the equilibrium concentration,
espectively.

The amount of adsorbed metal ions per gram of biomass was
btained by using the general equation:

e = (C0 − Ce)V

M
(5)

here qe is the amount of metal adsorbed on the biomass (mg/g),

0 the initial metal ion concentration in solution (mg/l), Ce the
quilibrium metal ion concentration in solution (mg/l), V the
olume of the medium (l) and M is the amount of the biomass
sed in the reaction mixture (g).
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w
s
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Different types of biomass have been investigated for the
iosorption properties of heavy metal ions. In these studies
esearchers used yeast [2], algae [6], fungi [9], bacteria [10,11]
nd inexpensive plant material such as dried leaves [12], cone
13], wheat shell [14], sawdust [15], rice husk [16].

Lichens are plants composed of an alga and a fungus in a
ymbiotic relationship that often attach to tree bark. Lichens
ave been widely used as air pollution monitors because of their
bility to strongly bind and accumulate many metals. Lichens
ave also been found to bind metals in a strongly pH depen-
ent manner. Generally optimum binding is observed at a pH of
round 5.0. Little binding is seen below pH values of 2.0 for most
etal ions, the metal ion-binding properties of lichens have been

ointed out that nonliving lichen biomass is able to bond metal-
ons to a greater degree than living lichens. This strong metal
inding ability of lichen biomass from aqueous solutions would
eem to make lichen material an ideal biosorbent for removal of
eavy metals [17,18].

Lichens are among the most widely used indicators of envi-
onmental quality because of their higher capacity for accumu-
ation and retaining a variety of contaminants, particularly heavy

etals and radionuclides [19]. Several studies have been carried
ut for biomonitoring metal pollution with lichens [17,20,21] but
here is lack of information about the sorption ability of lichens.
s far as the authors are aware, there is no investigation reported

n the literature on the biosorption of Cu(II) by Cladonia rangi-
ormis. The lichen biomass is natural, easily available and the
se of this low-cost material as biosorbent for dissolved metal
ons has been shown to provide economic solution to this global
roblem. Therefore, this new material was chosen as biosorbent
n the study. The aim of the present study was to investigate the
se of C. rangiformis biomass as a biosorbent for the removal of
u(II) from an aqueous solution. The optimum biosorption con-
itions were determined as a function of contact time, pH, initial
etal ion concentration, biosorbent concentration and stirring

peed.

. Materials and methods

.1. Biosorbent preparation

The lichen biomass of C. rangiformis was used as a biosor-
ent for the biosorption of copper(II) ions. Samples of the
ichen were collected from the east black sea region of Turkey
n July and August of 2003. They were washed with deion-
zed water and inactivated by heating in an oven at 80 ◦C for
8 h. The inactivated dried lichen biomass was ground and
ieved through the following sizes: 75–180, 180–300, 300–425,
25–600 �m. Around 180–300 �m fraction was used in all
xperiments.

.2. Preparation of stock solution
The stock solution of Cu(II) (500 mg/l) was prepared by dis-
olving a weighed quantity of Cu(NO3)2·3H2O in deionized
ater. The required concentrations were prepared from the stock

olution by dilution.
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.3. Biosorption studies

A known quantity of dried lichen was added to various
oncentrations (10–100 mg/l) of 100 ml copper(II) solution in
50 ml Erlenmeyer flasks before the pH adjustment of the Cu(II)
olutions. The pH of each solution was adjusted to the required
alue (2.0, 3.0, 4.0, 5.0) by using 0.1N HCl solution. The biosor-
ent concentrations varied from 1 to 10 g/l and the stirring speeds
tudied were 50, 100, 150 and 200 rpm. The mixture was stirred
n a shaker at a constant speed for 60 min at the room tem-
erature (15 ◦C). Samples were taken at certain time intervals,
ltered by using filter paper (Whatman, 110 mm Ø and 11 �m
ore size) for removing the suspended biomass and analyzed
or residual copper(II) concentration. The Cu(II) concentration
n the supernatant solution was determined using flame atomic
bsorption spectrophotometer (Shimadzu AA-670) at 324.8 nm
22]. Zeta potentials were measured with a zeta-meter (Zeta-

eter 3.0 + 542, USA). All experiments were carried out in a
atch stirred system.

. Results and discussion

.1. Biosorption time

The mixture of the metal solution and dried lichen were con-
inuously stirred in the shaker at 150 rpm for 4 h. The metal
ptake by dried lichen was very rapid and the equilibrium was
eached within 15 min. The biosorption continued until 60 min
ith a small increase in removal of metal ions after the equilib-

ium time as shown in Fig. 1. Thereafter an increase of residual
oncentration of metal ion in the solution was observed with
ime due to starting desorption in the system. This trend suggests
hat physical adsorption is effective in the bonding mechanism
f Cu(II) ions on lichen biomass. Adsorption occurring as a
esult of van der Waals forces is generally termed “physical”
dsorption. Physical adsorption is usually predominant at low

emperature and characterized by a relatively low energy of
dsorption, that is, the adsorbed molecule is not affixed to a spe-
ific site at the surface. This type of adsorption occuring a short
ime is a reversible reaction and the adsorbed molecule desorbs

ig. 1. Effect of contact time on biosorption (initial metal concentration
C0) = 10 mg/l, pH 5.0, temperature (T) = 15 ◦C, biosorbent concentration
m) = 5 g/l, stirring speed = 150 rpm).
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ith changing of adsorbate concentration in solution [23,24].
hus the experimental period was determined as 60 min.

.2. Effect of pH on copper(II) biosorption

pH seems to be the most important factor in the biosorp-
ive process. It affects the solution chemistry of the metals, the
ctivity of functional groups in the biomass and the competi-
ion of metallic ions [5,10,11,25,26]. The effect of initial pH on
he biosorption of Cu(II) ions was studied by contacting 0.5 g
ried lichen biomass with 100 ml Cu(II) solution. The pH values
anging from 2.0 to 5.0 were studied in the experimental run.
opper(II) removal sharply increased from 12.3% at pH 2.0 to
6.9% at pH 5.0 (Fig. 2). The increase in biosorption levels with
n increase in pH can be explained by availability of negatively
harged groups at the biosorbent surface which is necessary for
he sorption of metals to proceed. At low pH values, the overall
urface charge becomes positive and biosorption is interrupted
ue to competition between Cu(II) ions and H+ and H3O+ ions
or the same sites. All experiments were conducted at pH 5.0
ecause the highest biosorption efficiency was obtained in this
H value. At pH values higher than 5.5, Cu(II) ions precipi-
ated and biosorption studies at these pH values could not be
erformed. Similar results were also found using Sphaerotilus
atans [10], Padina sp. [27] and petiolar felt-sheath of palm
28].

The electrical potential at the surface of a particle is zeta
otential. Zeta potential measurements have been used experi-
entally to predict optimum pH levels. It can be determined by

he measurement of the velocity of particles in the electric field.
y measuring how fast particles move across a microscopic grid

oward an anode or cathode (positive or negative poles), zeta
otential defines the charge on particles in water. The effect
f pH on the zeta potential of lichen biomass is illustrated in
ig. 3. Zeta potential values were determined at various pH for
eionized water and copper(II) solution. The zeta potential val-

es were measured as 0 mV which is the isoelectric pH point at
H 2.0 for the deionized water and copper(II) solution. As the
H increased the negative charge on lichen biomass increased
nd copper(II) adsorbed to the negatively charged sites. The

ig. 2. Effect of pH on biosorption efficiency (C0 = 50 mg/l, T = 15 ◦C, m = 5 g/l,
tirring speed = 150 rpm, contact time (t) = 60 min).
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Fig. 3. Relationship between zeta potential and pH (C0 = 50 mg/l, T = 15 ◦C,
m = 5 g/l, stirring speed = 150 rpm, t = 60 min).
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3.4. Effect of biosorbent concentration

Cu(II) biosorption on lichen biomass was studied at vari-
ous biosorbent concentrations ranging from 1 to 10 g/l. The
ig. 4. Effect of initial Cu(II) concentration on Cu(II) uptake (qe = mg Cu(II)/g
iomass) and biosorption efficiency (pH 5.0, T = 15 ◦C, m = 5 g/l, stirring
peed = 150 rpm, t = 60 min).

aximum zeta potential value (zP = −40.7) was obtained at pH
.0, which corresponded to the maximum sorption efficiency
f Cu(II). Therefore, the sorption of Cu(II) to lichen biomass
ccurred through electrostatic interaction.

.3. Effect of initial Cu(II) concentration on biosorption

The effect of initial metal concentration on the biosorption
apacity of lichen biomass is shown in Fig. 4. Biosorption exper-
ments were carried out at different initial copper(II) concentra-
ions ranging from 10 to 100 mg/l. The biosorption efficiency

ecreased with the increasing of the initial concentration of the
etal ions. As shown in Table 1, the amount of Cu(II) adsorbed

n the biomass (mg Cu(II)/g biomass) increased with increasing
f initial concentration of Cu(II). These results may be explained

able 1
ffect of initial Cu(II) concentration on biosorption (pH 5.0, T = 15 ◦C, m = 5 g/l,
tirring speed = 150 rpm, t = 60 min)

0 (mg/l) Ce (mg/l) Adsorbed Cu(II) (mg/l) qe (mg/g)

10 2.354 7.646 1.5292
20 5.697 14.303 2.8606
50 21.545 28.455 5.691
70 40.940 29.060 5.812
00 65.570 34.430 6.886

T
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A
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P
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E

ig. 5. Langmuir adsorption isotherm for Cu(II) by lichen biomass (pH 5.0,
= 15 ◦C, m = 5 g/l, stirring speed = 150 rpm, t = 60 min).

o be due to the increase in the number of ions competing for the
vailable binding sites and also because of the lack of active sites
n the biomass at higher concentrations. Therefore, more Cu(II)
ons were left unadsorbed in solution at higher concentration
evels.

The study of the isotherms indicates the adsorption capac-
ty of biomass for removal of copper(II) from the solution at
onstant conditions. The Langmuir model was widely adopted
o characterize the biosorption experimental data of Cu(II) with

correlation coefficient of (R2) 0.9984 (Fig. 5). The adsorp-
ion constants of the Langmuir isotherm qmax and b were esti-

ated from the intercept and slope of 1/qe versus 1/Ce graph,
espectively and determined as 7.6923 mg/g (0.12 mmol/g) and
.1051 l/mg (6.68 l/mmol), respectively. The uptake capacities
qmax) for Cu(II) of lichen biomass and other adsorbents reported
n the literature are given in Table 2. The uptake values obtained
n this study are comparable with those values. Some species of
lgae and bacteria given in the table have higher values for qmax,
owever, the lichen biomass presents a higher or approximately
he same value for fungi biomass of Aspergillus oryzae, lignite
nd various plant materials.
able 2
ptake capacities for Cu(II) of various adsorbents reported in the literature

dsorbent qmax (mmol/g)

. oryzae [27] 0.07
roundnut shell [29] 0.07
awdust [29] 0.08
ignite [27] 0.10
. rangiformis (this study) 0.12
heat shell [14] 0.13

. arrhizus [27] 0.25
seudomonas aeruginosa [27] 0.30
. ramigera [27] 0.46
adina sp. [27] 0.80
. radiate [27] 1.11
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Fig. 7. Effect of stirring speed on biosorption (C0 = 10 mg/l, pH 5.0, T = 15 ◦C,
m = 5 g/l, t = 60 min).
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ig. 6. Effect of biosorbent concentration (C0 = 10 mg/l, pH 5.0, T = 15 ◦C, stir-
ing speed = 150 rpm, t = 60 min).

ercent removal of Cu(II) increased with an increase in biosor-
ent concentration because of an increasing adsorption surface
rea. Copper(II) removal efficiency was the maximum at 5 g/l
f biosorbent. But further increases in biosorbent concentration
ecreased the maximum removal of Cu(II) ions (Fig. 6). This can
e explained by forming aggregates during biosorption which
akes place at high biomass concentrations causing a decrease of
he effective adsorption area. An increase in biosorbent concen-
ration generally increases the adsorbed metal ion concentration
ecause of an increasing adsorption surface area. But in several
tudies reported in the literature a decrease was found in the
etal specific uptakes when the biomass concentrations were

ncreased [30–32]. The researchers implied that a partial cell
ggregation taking place at high biomass concentrations caused
decrease of active sites. Various reasons including pH, ionic

trength, temperature, metal ion in solution and biomass concen-
ration have been suggested to explain the decreased adsorption
apacity at increasing biomass [32].

.5. Effect of stirring speed

Biosorption studies were carried out in a shaker at pH 5.0
nd 10 mg/l initial Cu(II) ion concentrations. The stirring speed
aried from 50 to 200 rpm. Samples were taken at certain time
ntervals and analysed for copper(II) ion concentration in solu-
ion; the results are presented in Fig. 7. The maximum copper(II)
emoval efficiency was obtained at 150 rpm. The increase in
tirring speed from 50 to 150 rpm resulted in an increase in cop-
er(II) ion removal efficiency. It is known that the mass transfer
ate increases with the increase in stirring speed. The boundary
ayer thickness decreases with increased stirring speed which
esults in a reduction in surface film resistance [33]. Therefore,
he metal ions adsorbed to the biosorbent surface more easily.
urther increase in stirring speed did not show an increase in

he biosorption efficiency (Fig. 8). At 200 rpm, the biosorption

fficiency was found to be slightly lower than that at 150 rpm.
he suspension was not homogenous due to the high stirring
peed which made the biosorption of Cu(II) difficult. This result
ndicated that the contact between solid and liquid was more
ffective at moderate speed (150 rpm).

R

ig. 8. Effect of stirring speed on biosorption efficiency (C0 = 10 mg/l, pH 5.0,
= 15 ◦C, m = 5 g/l, t = 60 min).

. Conlusions

In this study lichen biomass of C. rangiformis was used as
biosorbent for copper(II) removal from aqueous solution. The
xperimental run was observed during 4 h and the contact time
as determined as 60 min. The biosorption was rapid and the

quilibrium was reached within 15 min. The metal biosorption,
hich depends on the physical adsorption on the cell surface,

s usually rapid during the early period of contact between the
dsorbent and the adsorbate. This rapid metal sorption is highly
esirable for successful deployment of the biosorbent for a prac-
ical application in industrial wastewater treatment. The results
howed that pH and initial metal concentration significantly
ffected the biosorption performance. The maximum biosorp-
ion efficiency was 76.5% at C0 = 10 mg/l, pH 5.0 and 150 rpm
or a 5 g/l lichen biomass concentration. The adsorption equilib-
ium data fitted well to the Langmuir isotherm. C. rangiformis
an be used as a potential biosorbent in removal of Cu(II) ions
rom aqueous solution. This natural material is easily available
nd economic for treatment of industrial wastewater.
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