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Abstract
Biological materials play a significant role in the treatment of heavy metal-contaminated soil and wastewater. In this study, the
Pb2+ biosorption potential of lichen Evernia prunastri, extensively available at a forest in Bilecik-Turkey, was investigated at
batch-scale level. The optimal conditions were determined and the adsorption isotherms, kinetics, and thermodynamic calcula-
tions were also done. In order to have detailed knowledge about metal biosorption, SEM, FTIR, and BET analyses were carried
out before and after the biosorption process. The optimal pHwas found pH 4 and the maximummetal uptake capacity was found
as 0.067 mol kg−1. The results of this study indicate that the lichen was effectively applied to the removal of Pb2+ process as an
inexpensive biosorbent from industrial wastewater.
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Introduction

The treatment of industrial wastewater containing a large
number of heavy metals has become an important problem
with the development of the industry. Particularly, the efflu-
ents of some industries such as metal plating, mining, and
paper industries consist of heavy metals (Barquilha et al.
2019). These heavy metals, which are released into nature,
mix with water, soil, and air, can cause serious environmental
pollution problems. Also, the organisms living in polluted
areas tend to accumulate these heavy metals and the accumu-
lation of these heavy metals damage the health of the organ-
isms. For instance, Pb2+, which was a commonly used heavy

metal, can damage the central nervous system aside from the
reproductive system, kidney, and liver (Salehi et al. 2014).
Pb2+ is defined as a second class carcinogenic by WHO
(WHO 2003). In contrast to organic pollutants, heavy metals
are not biodegradable, so they are assumed as the environmen-
tal priority pollutants. They cause both serious environmental
and health problems because of their hazardous effects. It is
important to remove these toxic pollutants from industrial
wastewater to protect health and the environment. Some tech-
niques have been applied for the treatment of metal industry
wastewater such as chemical precipitation, ion exchange, ad-
sorption, membrane filtration, and electrochemical treatment
technologies (Mnif et al. 2016). These methods have financial
and methodological disadvantages aside from time-
consuming and not environment-friendly (Mnif et al. 2015).
Recently, biological treatment methods are introduced as al-
ternatives for the removal of heavy metals from industrial
wastewater due to their low-cost and eco-friendly nature
(Salman et al. 2019).

In the literature, fungi and algae have been widely used in
biological treatment methods and successful results have been
obtained (Baysal et al. 2009; He and Chen 2014; De Rossi
et al. 2018; Daneshvar et al. 2018). Lichens are the association
of fungi (called as mycobiont) and green algae or
cyanobacteria (called as photobiont) in a symbiotic relation-
ship (Uluozlu et al. 2008). Photobiont produces energy with
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photosynthesis for mycobiont during mycobiont supplies wa-
ter and physical protection to the photobiont (Nash 2008).
Lichens are showed as the indicator of heavy metal pollution
of the air according to the literature due to their metal binding
and accumulating capacity (Bajpai et al. 2011). However,
there are a limited number of articles about the use of lichens
in biological wastewater treatment, which are the example of
the symbiotic lifestyle of fungi and algae. There are studies in
the literature on the use of lichens as bioindicators in order to
determine air pollution in environments where there is a de-
position of heavy metals in the air (Beyaztaş 2008). Chettri
et al. (1997) compared the ability of living and dead Cladonia
thalli biomass to accumulate heavy metals such as Pb2+, cop-
per, and zinc from aqueous solutions. According to the results
of this study (Chettri et al. 1997), the accumulation of Zinc
was higher with live biomass than dead biomass. Chettri et al.
(1998) showed that copper, zinc, and Pb2+ affected the chlo-
rophyll structure of Cladonia convoluta and Cladonia
rangiformis lichens. In recent years, Kılıç et al. (2014) studied
the removal of zinc (II) ions of Pseudevernia furfuracea li-
chen by biosorption. According to the results of this study,
92% zinc (II) removal was performed by the lichen from
aqueous solutions.

About 20,000 lichen species are investigated in the flora of
worldwide, and 1000 of them are reported in Turkey (Aslan
et al. 2006a). Since lichens have a very rich flora and are
widespread in this region, most of the researchers are interest-
ed in this unique flora (Aslan et al. 2004; Aslan et al. 2006b).
In the last decades, most of the studies aimed to use lichens as
low-cost biomonitors to monitor the impact of toxic metals on
the environment (Bajpai et al. 2011). Nevertheless, there was
not any report about the utilization of lichens widespread in
the Bilecik province for the removal of toxic heavy metals
from aqueous solutions. For this purpose, the investigation
of the biosorption capacity of lichens gains importance and
also the easy availability of lichens from the region provides
advantages such as reducing the cost of the process. The usage
of lichens in monitoring heavy metal pollution in the air is
related to the affinity of lichens to the metal-rich substrates.
According to this reason, it is expected that lichens perform
high metal biosorption potential from aqueous environments.
Also, it is reported that lichens can tolerate high amounts of
heavy metals in the air (Kılıç et al. 2014). So this metal resis-
tance of lichens ensures high attraction on the usage of lichens
to the treatment of metal-contaminated water samples. The
lichen biomass is natural, easily available, and also low-cost
material for biosorption of heavy metal ions. Therefore, the
usage of lichen biosorbent has been shown to provide an eco-
nomic solution for the removal of heavy metals from aquatic
environments. This biological material was chosen as
biosorbent in the study. The aim of the present study was to
investigate the usage of Evernia prunastri biomass, which
was obtained from the Bilecik province (Turkey), as a

biosorbent for the removal of Pb2+ from an aqueous solution.
Also, it is intended to determine the optimal biosorption con-
ditions and calculate the biosorption isotherms and kinetics
models. To the best of our knowledge, this is the first report
attempting to investigate the Pb2+ biosorption of lichen
Evernia prunastri obtained from the Bilecik province
(Turkey).

Materials and Methods

Reagents

In order to examine the biosorption of Pb2+ ions onto the
lichen, Pb(NO3)2 and 4-(2-pyridyl azo) resorcinol (PAR as a
complexing agent in spectrophotometric measurements of this
ion) and other chemicals were obtained from Merck
(Germany). All used chemicals were at analytical reagent
grade. Double deionized water was used through the experi-
ments and all experiments were always performed in
duplicates.

Biosorbent preparation

Evernia prunastri is also defined as “oakmoss” because this
lichen is located on the bark of oak trees. This lichen was
reported as the most common epiphytic lichen (Yazici and
Aslan 2006). In this study, Evernia prunastri was used for
the assessment of Pb2+ biosorption capacity. The lichen sam-
ples were collected from the urban forest of the Bilecik prov-
ince (N 400 11.5262′, E 0290 57.962′) in September 2018 and
were used to prepare as dried biosorbent. The lichen samples
were divided from oak bark under the binocular microscope
(Primo Star Zeiss) and cleaned by washing with double dis-
tilled water. In order to prepare lichen biosorbent, the biomass
was dried at 70 °C over one night, then ground to make pow-
der. To ensure that all of the powder particles were of equal
size, they were passed through a 0.5-mm sieve and made
ready for the experiments.

Biosorption assays

Biosorption studies were investigated in terms of pH,
biosorbent amount, concentration, kinetic (time), thermody-
namic (temperature), and desorption. The experiments were
carried out at a shaking rate of 140 rpm in 10-mL polypropyl-
ene tubes containing 100 mg biosorbent at a constant concen-
tration of 500 mg L−1 (2.4 × 10−3 mol L−1) Pb2+ in 10 mL
solutions. The detailed explanations about experimental con-
ditions are given in Table 1. To examine the effect pH, the
variety of initial pH values (pH = 1–5) in the fixed concentra-
tion of Pb2+ solutions was used. In order to investigate the
effect of biosorbent dosage, different amounts of lichen
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samples as 10, 50, 100, 200, and 300 mg were tested at a
constant concentration of Pb2+ solution. The effect of metal
concentration experiments was carried out by adding 25–
1000 ppm (0.12–4.8) × 10−3 mol L−1) Pb2+ into the working
solutions. The kinetic studies were performed in working
30 mL solutions at a constant concentration of Pb2+ ions con-
taining 300 mg of lichen. The thermodynamic studies were
done at 5 °C, 25 °C, and 40 °Cwith constant concentrations of
Pb2+ solutions. Biosorbent-solution systems were equilibrated
in a thermostatic water bath at 25 °C for 24 h and the equilib-
rium solutions were obtained in the aqueous phase.

Analytical methods

Pb2+ concentrations were determined by spectrophotometrical
method (UV-VIS spectrophotometer, SHIMADZU, 160 A
model, Japan) to measure the absorbance of the complex
formed by PAR and Pb2+ ions at λ = 518.5 nm (Şimşek
2016). This spectrophotometer has a wavelength range of ±
0.2 to 2 nmwithin the range of 190–1100 nm. Biosorption rate
(%) and biosorption amount (mol kg−1) were calculated by
Eqs. 1 and 2.

%Biosorption ¼ Ci−C f

Ci

� �
x100 ð1Þ

Q ¼ Ci−C f

m

� �
xV ð2Þ

In these equations (Eqs. 1 and 2), Ci is the initial concen-
tration (mg L−1), Cf is the final concentration of Pb2+ at equi-
librium (mg L−1),m is the mass of biosorbent (g), and V is the
volume of working solution (L).

FTIR, SEM-EDX, and BET analysis

The functional groups on the surface of the lichen biosorbent
in the absence and presence of Pb2+ were identified by using
the FTIR technique. FTIR spectra were recorded by Perkin
Elmer 400 spectrophotometer.

SEMwas used to observe the 3-dimensional network struc-
ture of lichen and metal-loaded lichen samples. The surface
morphology of the samples was observed with a scanning
electron microscope (Leo 440 Computer Controlled Digital)
equipped with an energy dispersive spectrometer (EDX)
attachment.

The specific surface area and micropore volume of lichen
biosorbent in the absence and presence of Pb2+ were measured
using N2 adsorption-desorption (AUTOSORB 1C) at −
196 °C. The surface area, total pore volume, and micropore
volume were determined by multipoint BET (Brunauer,
Emmet t , and Tel le r ) , t -p lo t , and DR (Dubin in-
Radushkevich), respectively (El-Moselhy et al. 2017).

Results and discussion

The effect of pH on the biosorption process

The solution pH is one of the important factors affecting
the adsorption process. pH is important in terms of deter-
mining the optimum conditions of adsorption as it affects
the ions in the solution and also changes the load of the
biosorbent surface. Most of the adsorption studies have
shown that the pH of the solution affects the complex
forming behavior of ions and also changes the charge of
ions depending on the acidic and alkali conditions of the
metal adsorption experiments (Şimşek 2016). The alkali
pH values are not preferred because they cause the forma-
tion of the negatively charged metal hydroxide complexes
which collapse in the adsorption working solutions.
Similarly, in solutions at low pH, the cationic ions are
dominant, but the positive charge of the adsorbent surface
and the effect of the pushing forces between the surface
and the Pb2+ ions cause a reduction in adsorption. For this
purpose, the biosorption studies were carried out in the
solutions at constant pH concentration in different pH
values (1–5) and the results are given in Fig. 1.

The results show that the biosorption increased with in-
creasing pH (Fig. 1). pH 4, which was the natural pH of the

Table 1 Experimental conditions for biosorption of lead (Pb2+) onto lichen

Experimental conditions

Aim of experiment Solution pH Initial Pb2+ conc. (mg L−1) Biosorbent dosage (g L−1) Contact time (min) Temperature (°C)

Effect of pH 1.0–5.0 500 100 1440 25

Effect of biosorbent dosage 4.0 500 10, 50, 100, 200, 300 1440 25

Effect of concentration 4.0 25–1000 100 1440 25

Effect of time 4.0 500 300 2–1440 25

Effect of temperature 4.0 500 100 1440 5, 25, 40

Recovery 4.0 500 100 1440 25
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solution, was found as optimal pH to reach the highest adsorp-
tion rate (Fig. 1). The pH values ≥ 5 have not been studied
because of the precipitation of metal ions forming hydroxides
in the solutions. After the biosorption process, the final pH
was measured and no significant change was observed be-
tween the initial pH and the final pH.

The solution pH is also an important parameter due to it
affecting the surface charge of the adsorbent. At low and high
pH values, the adsorption surface becomes positive and
negative, respectively. In order to determine the surface
charge and the zero charge point, the biosorbent was kept in
solutions at different pH values and the equilibrium pH was
measured. As seen in Fig. 2, the lichen biosorbent surface was
found to be positive at pH 4.53 and became negative at further
pH values. Recently, Blagojev et al. (2019) studied the effect
of pH on the adsorption of Cu(II) ions by sugar beet shreds
and tested only the pH values between 4.0 and 5.0; they did

not prefer up to pH 5 due to the precipitation behavior of
heavy metal ions. Blagojev et al. (2019) reported that the
optimal pH for Cu(II) removal was found as 4.53 because of
the functional groups on the biosorbent surface. Previously,
Ekmekyapar et al. (2006) found that the lichen called
Cladonia rangiformis Hoffm. performed maximum Cu(II)
biosorption capacity at pH 5. Similarly, Baysal et al. (2009)
showed that the optimal pH for Pb2+ biosorption on the sur-
face of a fungus called Candida albicans was found at pH 5.
In this study, optimal pH for Pb2+ biosorption on lichen
Evernia prunastri was found as pH 4 at which the surface
charge of the lichen biosorbent was positive. It was assumed
that the Pb2+ biosorption on the lichen surface was not formed
by the means of chemical interactions between heavy metal
ions and the functional groups on the biosorbent surface.

The effect of biosorbent dosage on the biosorption
process

Figure 3 shows the changes in biosorption rate and Q
(mol kg−1) values depending on the biosorbent content. As
shown in Fig. 3, the increase of adsorbent dosages resulted
in the augmentation of the biosorption efficiency due to the
increase in the active regions. A significant increase was ob-
served in the range of 1–25 g L−1 of the biosorbent dosage.
The maximum biosorption rate was found about 72% in the
presence of 30 g L−1 biosorbent (Fig. 3).

The effect of initial metal concentration
on the biosorption process

The effect of initial metal concentration was tested with the
different metal concentration varied as 25–1000 ppm. The
Pb2+ biosorption percentage was decreased while the initial

Fig. 1 The effect of pH on the biosorption ([Pb2+]0, 500 mg L−1;
biosorbent dosage,100 mg; pH, 1.0–5.0; contact time, 24 h;
temperature, 25 °C)

Fig. 2 PZC plots of lichen
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metal concentration was increasing (Fig. 4). The metal
biosorption rate was calculated as 98.87% and 55.99% at 25
and 1000 ppm, respectively. Maximum metal sorption capac-
ity of lichen biosorbent occurred at 1000 ppm initial metal
concentration as 0.075 mol kg−1.

Biosorption isotherms

The experimental data were applied to the Langmuir,
Freundlich, and Dubinin-Radushkevich isotherm models and
the related parameters were derived. The Langmuir isotherm
assumes that the active centers where adsorption occurs have
homogeneous distribution on the adsorbent surface and the
obtained experimental data are nonlinear. Langmuir equality
is given in Eq. (3);

Q ¼ KLXmCe

1þ KLCe
ð3Þ

In this equation (Eq. 3), Q (mol kg−1) is the amount of
adsorbed Pb2+, Ce (mol L−1) is the equilibrium concentration,
Xm is the maximum adsorption capacity of the adsorbent, and
KL is the Langmuir coefficient.

The nonlinear experimental data of the Freundlich isotherm
model, which provides information about the heterogeneity of
the adsorbent surface, explains the hyperbolic adsorption be-
havior. Freundlich equality is given in Eq. (4);

Q ¼ K f Cβ
e ð4Þ

In this equation (Eq. 4), Kf is a measure of adsorption capac-
ity and β refers to the surface heterogeneity of the adsorbent.

The Dubinin-Radushkevich (D-R) model is based on the
assumption that the adsorption is related to the surface

porosity and pore volume. This model is interested in energet-
ic perspective. The D-R equality is given in Eq. (5);

Q ¼ XDRe−KDRε2 ð5Þ

In this equation (Eq. 5), Q (mol kg−1) is the amount of
adsorbed Pb2+, XDR is the measure of adsorption capacity,
KDR (mol2 K J2) is the activity coefficient, ε is the Polanyi

potential (Polanyi potential is used as if ε ¼ RTln 1þ 1
Ce

� �
),

R is the ideal gas constant (8.314 J mol−1 K−1), and E is the
adsorption free energy (kJ mol−1) calculated by Eq. (6)

EDR ¼ 2KDRð Þ−0:5 ð6Þ

The E indicates the adsorption mechanism, physical or
chemical. 8 < E < 16 indicates the adsorption is chemically
controlled and while E < 8 kJ mol−1 reveals the adsorption
proceeds physically (Helfferich 1962).

Figure 5 shows the compatibility to the Langmuir,
Freundlich, and D-R isotherm models, and Table 2 shows
the parameters derived from these models. When the R2

values derived from the Langmuir and Freundlich isotherm
models were compared, it was found that the Pb2+ biosorption
of lichen was better suited to the Langmuir model. This indi-
cates that the biosorption process takes place as a monolayer
of Pb2+ biosorption in functional groups on the surface of
lichen. The maximum Pb2+ ion biosorption capacity for the
biosorbent was 0.067 mol kg−1 and the KL value was
3358 L mol−1. A measurement of the biosorption capacity
from the Freundlich model (Kf) was calculated as 0.147 and
the surface heterogeneity of β was found as 0.123. The results
show that the experimental data do not fit well with the
Freundlich model. The isotherm calculations of this study
were supported by the previous studies. Previously,

Fig. 3 The effect of biosorbent
dosage on the biosorption
([Pb2+]0, 500 mg L−1; biosorbent
dosages, 10, 50, 100, 200, and
300 mg; pH, 4.0; contact time,
24 h; temperature, 25 °C)
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Ekmekyapar et al. (2006) showed that the Cu2+ biosorption on
lichen Cladonia rangiformis was fitted with the Langmuir
isotherm model. In this study, the Pb2+ biosorption by lichen
Evernia prunastri was compatible with the Langmuir iso-
therm model. The biosorption energy from the D-R model
was found to be 2.61 kJ mol−1, which means that the
biosorption process is physical.

Biosorption kinetics

Three types of kinetic models such as Lagergren pseudo-first-
order, pseudo-second-order, and intra-particle diffusion

models are widely used in adsorption studies. Lagergren pseu-
do-first-order, pseudo-second-order, and intra-particle diffu-
sion models were applied to the experimental data and the
related parameters were derived (Fig. 6 and Table 3).

Lagergren’s pseudo-first-order equation is expressed by

Qt ¼ Qe 1−e−k1t
� � ð7Þ

The pseudo-second-order equation is given as

Qt ¼
t

1

k2Q2
e

� �
þ 1

Qe

� �
t

ð8Þ

Fig. 5 Experimentally obtained
biosorption isotherms Pb2+ and
their compatibility to Langmuir,
Freundlich, and D-R models
([Pb2+]0, 25–1000 mg L−1;
biosorbent dosage, 100 mg; pH,
4.0; contact time, 24 h; tempera-
ture, 25 °C)

Fig. 4 The effect of initial metal
concentration on the biosorption
([Pb2+]0, 25–1000 mg L−1;
biosorbent dosage, 100 mg; pH,
4.0; contact time, 24 h;
temperature, 25 °C)
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The particle diffusion model (Weber-Morris) is given as

Qt ¼ kit0:5 ð9Þ

In these equations (Eqs. 7, 8, and 9), Qt (mol kg−1) is the
amount of adsorbed ions at t time,Qe (mol kg−1) is the amount
of adsorbed ions at equilibrium time, k1 (min−1) is the first-
order velocity constants, k2 (mol kgmin−1) is the second-order
velocity constants.

The initial rate for the initial velocity was calculated using

the equations of H1 = k1Qe (10) and H2 ¼ k2Q2
e (11) for the

pseudo-first-order adsorption and pseudo-second-order
models, respectively.

Table 3 shows the values of R2, Qe, and velocity constants
(k1, k2, ki). When the R2 values were examined, it was ob-
served that the biosorption kinetics was compatible with the
pseudo-second-order model. In addition, the close approxima-
tion of the theoretically calculated Qt and the experimental Qe

values indicates the compatibility with the pseudo-second-
order model.

Biosorption thermodynamics

The effect of temperature on the biosorption was examined at
different temperature values as 5, 25, and 40 °C (Fig. 7).
Thermodynamic parameters including enthalpy change
(ΔH0), entropy change (ΔS0), and free energy change
(ΔG0) were calculated during biosorption. ΔG0 free energy
change was calculated with Eq. 12 (Aravindhan et al. 2007;
Slobodan 2007; Saleh and Danmaliki 2016; Rodrigues et al.
2018).

ΔG ¼ −RTlnKD ð12Þ

In th i s equa t ion , R i s the idea l gas cons tan t

(8.314 J mol−1 K−1), T (K) is the temperature, and KD ¼ Q
Ce

is the dispersion coefficient. In this equation, the value 55.51
was used for dimensionless of KD (Lima Eder et al. 2019).

Enthalpy and entropy parameters are calculated by using
Eq. 13.

lnKD ¼ ΔS0

R
−
ΔH0

RT
ð13Þ

ΔH0 and ΔS0 were calculated by using the slope and cut
values of the graph given in Fig. 7. ΔH0 was found as
19.9 kJ mol−1 which indicates biosorption is endothermic.
ΔS0 was found as 137 J mol−1 K−1 which indicates an increase
in the randomness of the biosorbent/solution interface in the
biosorption process. Gibbs free energy change was calculated
using Eq. 14.

ΔG0 ¼ ΔH0−TΔS0 ð14Þ

Fig. 6 Compatibility of Pb2+

biosorption kinetics to pseudo-
first-order, pseudo-second-order,
and intra-particle diffusion
models ([Pb2+]0, 500 mg L−1;
biosorbent dosage, 300 mg; pH,
4.0; contact time, 24 h; tempera-
ture, 25 °C)

Table 2 The parameters calculated from Langmuir, Freundlich, and
Dubinin-Radushkevich isotherm models

Langmuir Freundlich Dubinin-Radushkevich

Xm/mol kg
−1 0.067 Kf 0.147 XDR 0.066

KL/L mol−1 3358 β 0.123 −KDR×10
6 7.11

R2 0.928 R2 0.848 R2 0.648

E/kJ mol−1 2.6

Standard deviation 0.015 mol kg−1 , standard error 4.76 × 10−3 mol kg−1
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Gibbs free energy change was calculated as − 18.2, − 20.9,
and − 23.0 kJ mol−1 at 5, 25, and 40 °C, respectively. Negative
ΔG0 indicates that the biosorption is spontaneous and the
tendency to spontaneously increase at higher temperatures.

Recovery

Recovery/desorption of biosorbed metal is one of the most
important stages of the biosorption process. A number of ex-
periments were performed to evaluate the recovery conditions
of the biosorbed Pb2+ ions and the results are shown in Fig. 8.
As seen from Fig. 8, the maximum recovery percentage was
obtained with HCl (46.2%). The lowest recovery was found in
ethyl alcohol (1.4%).

FTIR, SEM-EDX, and BET analyses

Possible physicochemical interactions between Pb2+ ions and
major functional groups of lichen in aqueous solution were
characterized using FTIR analysis. As shown in Fig. 9, lichen

has some typical peaks before Pb2+ biosorption. The broad
and strong bands at 3326 cm−1 were due to a bounded hydrox-
yl group (–OH). The peaks observed at 2900–2960 cm−1 can
be assigned to the C–H group. The peaks at 1610 cm−1 were
attributed to the stretching vibration of a carboxyl group (–
C=O). The bands observed at 1062 cm−1 were assigned to CO
stretching vibration of alcohols and carboxylic acids on the
lichen. The peaks observed at 2921 cm−1 can be assigned to
the C–H group (Ekmekyapar et al. 2006; Uluozlu et al. 2008).
The small variations in wave numbers were observed compar-
ing the spectra of lichen before and after metal biosorption.
This situation indicated the formation of electrostatic interac-
tions and surface complexation between the functional groups
on the surface of the lichen with Pb2+ ions. The FTIR analysis
results proved the Pb2+ adsorption on the functional groups of
the lichen surface.

SEM analysis is a commonly used technique to determine
the differences in surface morphology of a given analyst.
Figures 10 a and b show the SEM views before and after the
Pb2+ biosorption by the lichen. As seen in Fig. 10 a and b, the
lichen surface was rough prior to biosorption and was

Table 3 The calculated parameters of Lagergren pseudo-first-order, pseudo-second-order, and intra-particle diffusion models

Pb2+ (k1, k2, ki)×10
3 R2 Qt/

mol kg−1
Qe/
mol kg−1

H×103

Pseudo-first order 2.73 0.864 0.091 0.102 0.28

Pseudo-second order 387 0.934 0.101 0.102 3.95

Intra-particle diffusion 4.92 0.927 – – –

Standard deviation 0.023 mol kg−1 , standard error 7.31 × 10−3 mol kg−1

Fig. 7 The effect of temperature
on the biosorption ([Pb2+]0,
500 mg L−1; biosorbent dosage,
100 mg; pH, 4.0; contact time,
24 h; temperatures, 5 °C, 25 °C,
and 40 °C)
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smoothed after Pb2+ biosorption. This may be due to the metal
surface complex formation between Pb2+ ions and the func-
tional groups on the surface of the lichen. Figures 10 c and d
show the EDX results before and after Pb2+ biosorption on the
lichen surface. According to the results of Fig. 10 c, lichen
consists of Ca, Si, Al, and K elements as well as substantially
C and O. On the other hand, the Pb2+ content of the lichen in
Fig. 10 d was indicated the Pb2+ biosorption by the lichen.

Nitrogen adsorption-desorption isotherms of lichen be-
fore and after Pb2+ biosorption and the results of BET
analysis were given in Fig. 11 and Table 4, respectively.
According to IUPAC, if the pore diameter of the materials
is in the range of 2–50 nm to > 50 nm, the mesopore and

macropore are defined, respectively. On the other hand, if
the pore diameter is < 2 nm, the structure is defined as
microporous (Kumari et al. 2006). When Table 3 was ex-
amined, it is seen that the porous diameter of lichen was <
2 nm, which indicates that lichen has a microporous struc-
ture. As seen in Fig. 11, the difference between the
adsorption-desorption isotherms of lichen was small, and
this indicated that the lichen had micropore structure.
While the isotherms after Pb2+ biosorption were examined,
the differences between the adsorption-desorption iso-
therms were gradually approaching, and this situation in-
dicated the mesoporosity structure. Mesoporosity in-
creased after biosorption. The increase in mesoporousness

Fig. 9 FTIR spectrum of lichen
before and after biosorption of
Pb2+ ([Pb2+]0, 500 mg L−1;
biosorbent dosage, 100 mg; pH,
4.0; contact time, 24 h;
temperature, 25 °C)

Fig. 8 Recovery percent of
various solvent for desorption of
Pb2+ ions ([Pb2+]0, 500 mg L−1;
biosorbent dosage, 100 mg; pH,
4.0; contact time, 24 h;
temperature, 25 °C)
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after biosorption was caused by the dissolved compounds
such as polysaccharide, and the biosorption of Pb2+ result-
ed in narrowing the pores. Also, the SEM results were
supported by the increasing porosity (Fig. 10). As given
in Table 4, after the Pb2+ biosorption, it was observed that
the BET surface area, the pore volume, and the pore diam-
eter were increased.

According to the results of the pH experiments, the opti-
mum pH was found to be 4 and it was found that the
biosorbent surface was positively charged at the pH values
lower than 4.53 with PZC experiments. These results assumed
that there were no chemical interactions between positively
charged metal ions and positively charged biosorbent surface
at pH 4. This situation supported that the adsorption process

Fig. 10 SEM photographs of lichen before (a) and after (b) biosorption of Pb2+ and EDX results of lichen before (c) and after (d) biosorption of Pb2+

([Pb2+]0, 500 mg L−1; biosorbent dosage, 100 mg; pH, 4.0; contact time, 24 h; temperature, 25 °C)

Fig. 11 Nitrogen adsorption-
desorption isotherms of lichen
before and after biosorption of
Pb2+ ([Pb2+]0, 500 mg L−1;
biosorbent dosage, 100 mg; pH,
4.0; contact time, 24 h; tempera-
ture, 25 °C)
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was not related to chemical interactions. Similarly, the D-R
isotherm calculations also indicated that the Pb2+ biosorption
on the lichen biosorbent was physical. The results of SEM
indicated that the change in the lichen surface after biosorption
was caused by the binding of Pb2+ ions. EDX results showed
that the presence of Pb2+ ions in the lichen structure after
biosorption showed that the adsorption of the metal to the
biosorbent surface was formed. Also, according to the results
of BET analysis, the expansion of the pores in the lichen
surface after the biosorption was considered that some poly-
saccharides on the lichen surface were dissolved and Pb2+ ions
were placed in the small pores. On the other hand, FTIR re-
sults showed that there were some changes on the lichen sur-
face after biosorption. Recently, Gurbanov and Unal (2019)
reported that polysaccharides found in the cell wall of lichen
(Cladonia convoluta) structure undergo oxidative stress when
exposed to lead and the adsorption of Pb2+ played an impor-
tant role in the band shifts to lower values according to FTIR
analysis. This situation has led to significant changes in the
structure of polysaccharides (Gurbanov and Unal 2019).
According to the results of this study, some polysaccharide
groups were found to dissolve on the surface of E. prunastri
related to Pb2+ exposure. All results obtained from this study
support the fact that lead adsorption on the surface of
E. prunastri is a physical event.

Conclusion

The purpose of this study was to investigate the Pb2+

biosorption properties of Evernia prunastri and to determine
the optimal conditions for the treatment of Pb2+-contaminated
water samples by using this lichen biosorbent. Optimal oper-
ating parameters for maximum biosorption rate were deter-
mined, and the pH of the solution, the amount of adsorbent,
contact time, and temperature were selected as pH 4.0, 100 g,
24 h, and 25 °C, respectively. The obtained experimental data
were applied to various isotherm models and related parame-
ters were derived. Pb2+ biosorption of lichen was better
matched to the Langmuir model and the maximum
biosorption capacity was 0.067 mol kg−1. The biosorption
energy from the D-R model was found as 2.61 kJ mol−1,
which indicated that the biosorption process was physical.

Adsorption kinetics calculations showed that the biosorption
process was compatible with the pseudo-second-order model.
Thermodynamic parametersΔH0,ΔS0, andΔG0 showed that
biosorption was endothermic, convenient, and spontaneous,
respectively.

Based on all results of this study, it can be also concluded
that the lichen biomass can be evaluated as an alternative
biosorbent for the treatment of wastewater containing Pb2+

ions. The lichen biosorbent is a low-cost biomass and also
performs a considerable high sorption capacity. In addition,
lichen material is chosen as a novel biosorbent in this study
because of it being naturally abundant, renewable, and thus a
cost-effective biomass.
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