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Abstract
Bisphenol A (BPA), which is known as one of the endocrine-disrupting chemicals (EDCs) with hydrophilic hydroxyl groups and
hydrophobic aromatic groups, has been widely used in plastic industries. The chemical waste from the industry is sometimes
discharges into lakes and rivers, and then these surface waters can be polluted. So, this article aims to investigate the bio-sorption
process of BPA by the inactivated lichen (Pseudoevernia furfuracea) biomass from aqueous solution. At initial, the effect of the
variables such as initial BPA concentration, solution pH, temperature, contact time and recovery rate on the bio-sorption process
was investigated. From the optimal results, it has been observed that the highest removal efficiency is approximately 64% at a
contact time of 3-h, the bio-sorbent concentration of 9 mg/L, initial BPA concentration of 40 mg/L, and agitation speed of
150 rpm at pH 5.0. In explaining the bio-sorption potential of lichen biomass, Langmuir and/or Redlich-Peterson isotherms with
two and three parameters, respectively were observed to be better fit with the experimental isotherm data (R2 = 0.982). From
equilibrium data based on difference between the measured and predicted results (qe, exp and qe, pre), it was shown that biosorption
of BPA could be best described by the pseudo second order kinetic model with minimum sum of square error of 2.61%. In
addition, it shows more film diffusion, and partly pore diffusion in linearity region in terms of kinetic sorption behaviors of BPA
in the rate-limiting step as well as intra-particle diffusion according to Boyd’s kinetic model with better regression coefficient
than 0.981 when compared to the other used kinetic models, including Bangham’s pore diffusion and Elovich kinetic models
(with R2 of 0.958 and 0.929). The thermodynamic studies showed that the biosorption process was spontaneous, and chemically
feasible. Therefore, due to be low-cost, eco-friendly character, wide availability and easily accessible, the lichen biomass could be
used as a promising bio-sorbent for the removal of BPA from the environment and wastewater effluents.
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Introduction
Today, the accumulation of plastic waste is becoming a serious environmental problem because of the increasing use of
plastic materials in the world. The 335 million tons of plastic
production was reported in 2016 all over the world [1]. About
92.4% of marine plastics are composed of micro-plastics [2],
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and a large amount of these materials are a presence in aquatic
areas of all over the world including the water column, seas,
and oceans [3]. Bisphenol A (BPA) is used for the production
of some plastic polymers such as polycarbonate plastics and
epoxy resins, so BPA can be considered as one of the material
that adsorbed into micro-plastics (about 16.6 ng g−1) in freshwater [4]. Recently, it was reported that leaching of BPA or its
products from households caused human health problems [5].
For instance, bisphenol A diglycidyl ether (BADGE), which is
a product of BPA, have toxic effects on human [6]. Also, Liao
et al. [7] emphasized that BPA acted as an endocrinedisrupting chemical and caused a wide range of health effects
in the human body. Due to these toxic effects, it is very important to eliminate BPA from the aqueous environment.
Several methods such as adsorption are presented to remove
BPA from the contaminated solutions [8]. Recently, the usage
of biomaterials gains importance because of their eco-friendly
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and low-cost nature in the adsorption process which also defined as bio-sorption [9]. Biomaterials such as bacteria, fungi,
and algae have been employed for the treatment of polluted
aqueous solutions [10]. However, there is limited knowledge
about the utilization of lichens in wastewater treatment.
Lichens are unique models for the symbiotic relationship in
nature [11]. Lichens consist of fungi and algae or
cyanobacteria, and this relationship provides them some advantages such as tolerating harsh living conditions and long
lifetime [12]. Also, lichens have some physical and morphological characteristics [13].
The lichen, which is called as Pseudoevernia furfuracea,
has been utilized in medicinal and cosmetic applications since
ancient times [14, 15]. The archeological remains dating to the
old Egyptian period showed that Pseudoevernia furfurace has
been utilized due to its preservative and aromatic properties
[12]. However, there is limited information about the usage of
lichens in wastewater treatment technologies. Recent studies
reported the effective adsorbents formed from algae [10] and
fungi [16] in the wastewater treatment process. It is considered
that lichens, which are the symbiotic life forms of algae and
fungus, can also be successful adsorbents in the wastewater
treatment process. To our present knowledge, this is the first
report related to BPA removal from aqueous solutions by the
lichen Pseudoevernia furfuracea. In the current study, Lichen
(Pseudoevernia furfuracea) biomass has been utilized as a
low cost, easily accessible, eco-friendly and effective biosorbent for the removal of BPA from aqueous solution.
The main aim of this study is to investigate the potential of
lichen as an alternative biosorbent material for the removal of
BPA from aqueous solution. In that purpose, the effects of the
initial concentration of BPA, biosorbent dosage, solution pH,
contact time, and temperature on the biosorption efficiency
were studied as they are key influencing factors. The equilibrium data, kinetic data and thermodynamic data analysis of
biosorption were carried out to understand the biosorption
mechanism of BPA onto the structure of Lichen biomass as
a function of pH to obtain information about interaction with
active surface functional groups.

Experimental
The collection and preparation of lichen biomass
The morphologically detected lichen (Pseudoevernia
furfuracea) biomasses were collected in the central forest of
Bilecik province (N 400 11.5262 ‘, E 0290 57.962’) in
Turkey. The lichen samples used in this study were kept at
room temperature no more than two weeks. The collected
lichen samples were carried with plastic bags from the forest
to the laboratory. The samples were washed with ultra-pure
water, air-dried and inactivated by heating in an oven at 70 °C
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for 48 h in the laboratory. The dried- and inactivated-samples
were cleaned carefully with plastic tweezers for removing the
possible materials (soil particles, bark, and dust) under a binocular microscope (Primo Star Zeiss). The dried-lichen biomass was then grounded and sieved through the following
sizes: 75–150, 150–350, 350–700, and 700–1700 μm. A fraction of 150–350 μm was used in all bio-sorption experiments.

Reagents and equipment
Ultra-pure water (resistivity of 18.2 MΩ cm) obtained by a
Labconco water purification system (Kansas City, USA) was
used in all experiments. All experiments were performed in
triplicate. The BPA and other chemicals were supplied from
Merck (Germany). The BPA concentrations remained in equilibrium were detected using a UV-Visible spectrophotometer
(Shimadzu, 160 A model, Kyoto, Japan). This spectrophotometer has a wavelength accuracy of ±0.2 nm and a bandwidth of 2 nm in the wavelength range of 190–1100 nm.
Lichen biomass was characterized by FT-IR and SEM
analysis. The spectral changes in the structure of lichen biomass before and after bio-sorption of BPA were monitored
using a Perkin Elmer 400 FT-IR spectrophotometer. SEM
images were obtained with a Leo 440 Computer Controlled
Digital System.

Batch bio-sorption procedure
Bio-sorption experiments were performed by using the batch
method. Stock BPA solution (100 mg L−1) was prepared using
deionized water. For the bio-sorption experiments, 100 mg of
lichen bio-sorbent was put into 10 mL of BPA solution
(100 mg L−1). The bio-sorption was carried out at 25 °C and
both lichen and BPA in polypropylene tubes of 10 mL were
kept in a thermostatic water bath with constant agitation speed
(140 rpm) for 24 h. The pH was adjusted with dilute HCl and
NaOH solutions (each one, 0.2 and/or 2.0 mol L−1). The concentrations of BPA in solution medium were spectrophotometrically determined by measuring the absorbance of the
solutions at 287 nm with a shift of 9 nm, where BPA gives a
constant absorbance at 278 nm in the range of pH 2.0–7.0, and
at higher pHs than 7.0 the absorbance sharply decreases [17,
18]. % Bio-sorption rate and Q (mg g−1) were calculated by
using equations in Table 1.

Results and discussion
FT-IR analysis
The FT-IR analyses give important information about the
functional groups having roles in the biosorption process.
Before and after bio-sorption, the sample solutions in
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Isotherm, kinetic and thermodynamic equations

Model

Equation

The adsorbed amount

Q¼

% Bio-sorption
% Desorption
Isotherm
Langmuir

h

Parameters

ðCi −Ce ÞV
m

i

Qads

Bio−sorption% ¼
Desorption% ¼
Equation

h

Qdes
Qads

i

ðCi −C f Þ
Ci

x100

x100

Bio-sorption%
Qdes
Parameters

L KL Ce
Qe ¼ X1þK
L Ce

XL, KL
KF, β

Freundlich

Qe ¼ K F Cβe

Dubinin-Raduskevich

Qe ¼ XDR e−KDR ε


ε ¼ RTln 1 þ C1e

XDR, KDR

EDR = (2KDR)

EDR

2

−0.5

Redlich-Peterson
Kinetic
Pseudo-first-order
Pseudo-second-order

Qe ¼
Equation


Qt ¼ Qe 1−e−k1 t
Qt ¼ h it  
AC e
1þBC ge

þ

1
k2 Q2e

Intraparticle diffusion
Bangham’s model
Boyd model
Bt = − 0.4977 − ln(1 − F),
Elovich model

ε
A, B, g
Parameters
k1, Qe
k2, Qe

t
Qe

Qt = kit0.5




k0 m
0
¼ log 2;303V
þ αlogt
log C0C−qm

ki

F ¼ qqt
e
2
B ¼ πr2Di
Qt ¼ lnðβαβÞ

F

α, k0
Di

þ

1
β lnt

α, β

Thermodynamics

Equation

Parameters

The distribution coefficients

K D ¼ CQe
ΔG0 = − RTlnKL

KD

ΔH
lnK L ¼ ΔS
R − RT

ΔH0, ΔS0

The free energy of adsorption
Van’t Hoff

0

0

ΔG0

Ci is the initial concentration of the bio-sorbent(mg L−1 ), Cf is the equilibrium concentration (mg L−1 ), m refers to the bio-sorbent mass (mg) and V is the
solution volume (mL), qt: The bio-sorbed amounts at time t (mg g−1 ), XL: Langmuir adsorption equilibrium constant (L mg−1 ), Kf: Freundlich constants,
β; adsorbent surface heterogeneity, XDR: DR constant related to the sorption energy (mol2 K J−2 ), ε: Polanyi potential, R: Ideal gas constant
(8.314 J mol−1 K−1 ), A:Redlich Peterson constant (L g−1 ), B: Redlich Peterson constant (L mg-(1–1/A) ), g is the exponent reflecting the heterogeneity
of the adsorbent, T: absolute temperature (298 K), E: Free energy change (kJ mol−1 ), k1(min−1 ), k2 (mg g min−1 ), and ki (mg g min-0.5 ), are the rate
constants, k0 and α are Bangham’s model constants, F is the fractional attainment of equilibrium, Di is the effective diffusion coefficient, r is the radius of
the adsorbent particle assuming spherical shape, Elovich model constants; is the initial adsorption rate (mg g−1 min−1 ) and is the desorption
constant (g mg−1 ). KD: The distribution coefficients, ΔG0 : The free energy of adsorption (kJ mol−1 ), ΔH0 : The value of enthalpy changes (kJ mol−1 ),
ΔS0 : The value of entropy changes (kJ mol−1 )

suspension were centrifuged at 5000 rpm for 10 min and
dried in an oven at 105 °C to make sure it is in the solid
phase, and their FT-IR spectra were taken. FT-IR spectra
analysis results are illustrated in Fig. 1. The changes observed in the peaks at around 1300 cm−1 indicated the
C=O stretching band of carbonyl groups [22, 23, 25,
26]. The characteristic peaks observed at around 1206–
1029 cm−1 indicated the phosphate groups representing
the P=O and P-OH stretching [24, 27]. The changes in
the FT-IR spectra before and after BPA bio-sorption
proved that the functional groups on the lichen biomass
involved in the bio-sorption process. This also supported
the chemical interactions that were formed between BPA
and the surface functional groups of lichen biomass.

SEM analysis
Before and after bio-sorption, the sample solutions in suspension were centrifuged at 5000 rpm for 10 min, and dried in an
oven at 105 °C to make sure it is in solid phase, and their SEM
images were taken. The results were shown in Fig. 2. The
SEM images showed that the particles were irregularly shaped
and edged porous. The surface of the lichen biomass after biosorption was generally smooth and rounded, indicating that
the particles deposited were BPA. This case might be because
of the hydrophilic (strong hydrogen bonding) and hydrophobic (weak van der Waals and π-π stacking) interactions between BPA and the functional groups on the surface of the
lichen bio-sorbent at pH 5.0.
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Fig. 1 FT-IR spectra of lichen
bio-sorbent before and after biosorption of BPA
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Effect of initial pH and point of zero charge, pHpzc of
the biosorbent
The pH of the solution is an important parameter to consider.
This parameter can affect both the ionizable surface charges of
the biosorbent and the protonation/deprotonation of the sorbate. The effect of pH changes depending on the type of
biosorbents and the dissociation constants (pKa) of the
sorbate.
According to this pH range, the understanding of the effect
of pH on biosorption characteristics is required. The influence
of pH on the biosorption of BPA by the lichen biomass is
shown in Fig. 3(a). In the acidic pH range, the sorption rate
linearly increased from 74% to 86% in the pH range of 1.0–
4.0 and reached to a maximum value or saturation point
Fig. 2 SEM photographs of
lichen samples before (a) and
after (b) bio-sorption of BPA

(shortly a plateau) in the pH range of 4.0–7.0, to give a stable
and reproducible sorption rate at optimal pH 5.0. It may be
explained by the decrease of hydronium ions after the increase
of pH, which reduces the chance of competition between hydronium ions and the BPA molecules. Due to the surface
functionality of the lichen biomass in the pH range of 1.0–
4.0, it is possible for hydronium ions to be adsorbed by the
non-ionizable proton acceptor carbonyl groups of lichen biomass through electrostatic interactions [28–30]. After a slight
fluctuation in pH 7.0–9.0, the sorption rate sharply decreased
at pHs above 9.0. This sharp decrease could be explained by
the pKa of BPA (9.6). In aqueous solutions, the sorbates will
stay in their molecular form at pH lower than pKa, and will
lose their protons at pH above pKa. Thus, at pH around or
higher than pKa, the BPA molecules are deprotonated to
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Fig. 3 a Effect of pH on the biosorption of BPA onto lichen biosorbent Fig. 3 b PZC plots of the
lichen bio-sorbent in range of
pH 2.0–9.0
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bisphenolate anions and cause the electrostatic repulsion due
to the negative charge of lichen biomass above pHpzc of 4.53.
Our results are in agreement with those of the sorption of BPA
onto Fe3O4/GO and other sorbates reported in previous studies [31–34].
The solution pH at which the surface charge of the bio-sorbent
becomes zero is defined as the point of zero charge (PZC). In
order to determine the PZC values of the lichen bio-sorbent,
100 mg bio-sorbent was incubated for 24 h in pH solutions
ranging from 1.0- to 12.0, and the equilibrium pH values were
measured. The results are given in Fig. 3(b). The PZC of the
lichen bio-sorbent was found to be 4.53. In other words, the
surface charge of lichen bio-sorbent is positive below pH 4.53
and negative above pH 4.53. The surface charge of the lichen
biomass becomes negative with increasing pH. It has been believed that BPA at optimal pH 5.0 is adsorbed onto the surface of
lichen bio-sorbent by pH sensitive intermolecular hydrogen
bonding, π-π stacking and hydrophobic interactions.

Finally, as the driving force in the bio-sorption process, it is
clear that there are mechanistically two important factors affecting the bio-sorption of BPA employing the intermolecular
hydrogen bonding, hydrophobic and π-π stacking interactions
between the surface functional (hydroxyl, carboxyl, and carbonyl including aromatic benzene rings and long-chain alkyl
groups) groups of the lichen biomass and the BPA selected as
adsorbent and adsorbate, respectively [22, 25]. Since BPA
contains π-electrons that can interact with the unsaturated πelectrons on main aromatic benzene moiety of the lichen biomass as well as bifunctional hydroxyl groups, π-π stacking
interactions develop in the skeleton of the benzene rings of the
BPA and the bio-sorbent.

Effect of bio-sorbent dosage
The effect of the bio-sorbent amount on BPA bio-sorption was
studied in the range of 0.1–20 g L−1. The results presented in
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Fig. 4 showed that the bio-sorption yield increased as the
amount of bio-sorbent increased due to the increased active
areas on the surface of the bio-sorbent. Thus, the ions penetrate more easily into the bio-sorption areas. The maximum
bio-sorption was found to be about 80% in the amount of
20 g L−1 bio-sorbent. As the number of bio-sorption active
centers increased due to the increase in the amount of biosorbent, BPA bio-sorption onto the lichen biomass increased
with the increase of bio-sorbent mass. Hydrogen bonds between hydroxyl groups in the structure of BPA and the effect
of active phenolic and carboxylic groups in the structure of the
lichen bio-sorbent were thought to be increased by the increase in the amount of bio-sorbent.

Bio-sorption isotherm models
The effect of initial BPA concentration on bio-sorption of
BPA by lichen was based on the four common adsorption
isotherms models called as Langmuir, Freundlich, DubininRadushkevich (D-R), and Redlich-Peterson combining features of Langmuir and Freundlich isotherms. These isotherm
models were applied to bio-sorption data, and the related parameters were derived. The adsorption isotherms used to evaluate the experimental data are shown in Table 1.
Figure 5 (a-b) shows the bio-sorption isotherms of BPA
adsorption onto the lichen bio-sorbent and the parameters derived from these isotherms are given in Table 2. The suitability
of experimental data with theoretical models was evaluated
using R2 values. When considered correlation coefficients of
0.982 and 0.984 in linearized forms, it was found that sorption
isotherm best matched Langmuir and Redlich-Peterson
models with two and three parameters, respectively, to explain
the bio-sorption of BPA onto the lichen biomass. From the
Freundlich model, Kf and the β parameters as a measure of

capacity and intensity of bio-sorption were found to be
1.58 L mg−1 and 0.495, respectively where it indicates the
relative distribution of the energy and heterogeneity of the
sorbate sites. From Langmuir model, the maximum biosorption capacity was calculated as 10.4 mg g−1 and the KL
value was found to be 0.10 L mg−1. The ED-R (kJ mol−1) value
gives information about sorption mechanism, physical or
chemical. If it lies between 8 and 16 kJ mol−1, the sorption
process takes place chemically, while, ED-R < 8 kJ mol−1, the
sorption process proceeds physically [35, 36]. From the D-R
model, the bio-sorption energy was calculated to be
11.3 kJ mol − 1. This result suggests that the bio-sorption
process of BPA onto the lichen biomass may be carried out
by a mechanism being chemical in nature because the sorption
energy lies within 8–16 kJ mol−1.

Bio-sorption kinetics
The three most commonly kinetics models were used to evaluate the contact time dependence of the bio-sorption process.
The bio-sorption kinetics of BPA onto lichen was described
by the pseudo-first-order, pseudo-second-order and Elovich
model for determining the nature (chemical or physical) of
bio-sorption process while intra-particle diffusion,
Bangham’s pore diffusion and Boyd models are used for identifying the controlling step in adsorption process. Due to the
bias resulting from linearization, attempts were also made to
compare the kinetic and equilibrium models by the square
sum of errors (SSE). SSE is represented by
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðqe; exp−qe; cal Þ2
SSE ¼ ∑ni¼1
ð1Þ
N
35

100

Fig. 4 The effect of bio-sorbent
dosage on the bio-sorption of
BPA onto lichen bio-sorbent
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Fig. 5 The experimentally
obtained bio-sorption isotherms
of BPA onto lichen bio-sorbent
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The effect of contact time on BPA bio-sorption by the
lichen biomass is presented in Figs. 6 (a-c). The parameters
derived from these kinetic models are given in Table 3. The
equilibrium time for the bio-sorption of BPA onto the lichen
biomass was found as 480 min.
From the regression coefficient (R2) and the harmony of
theoretically calculated Qt and experimental Qe values, it was
concluded that the pseudo-second-order model with minimal
error gave a good fit to the bio-sorption of BPA on the lichen
bio-sorbent. The graph of the intra-particle diffusion model
means that the bio-sorption process involves external diffusion and intra-particle diffusion stages, instead of a single
linear passing through the origin. The first linear portion included the bio-sorption, which representing external diffusion

Table 2 Langmuir, Freundlich, D-R and Redlich-Peterson isotherm
parameters
Isotherm

Parameter

Value

R2

Langmuir

XL (mg g−1)

10.4

0.984

Freundlich

KL (L mg−1)
KF

0.10
1.58

0.946

D-R

β
XDR

0.495
56.9

0.968

Redlich-Peterson

-KDRx109
EDR/kJ mol−1
A ×109 (L g−1)

3.92
11.3
4.24

0.982

B ×109 (L mg-(1–1/A))
g

2.68
0.505

20

25

30

-1

and binding of BPA to active sites on the surface of the biosorbent. The second linear portion included the bio-sorption,
representing intra-particle diffusion and binding of BPA by
active sites distributed to pores of bio-sorbent. The biosorption process can be explained by intra particle diffusion
model and pseudo second kinetic models. The surface of the
lichen bio-sorbent firstly filled rapidly through chemical interactions, and then the intra particle diffusion proceeded slowly.
Nevertheless, to ensure the accuracy and reliability of these
findings, the further two kinetic models like Bangham’s and
Boyd models based on pore diffusion, and film diffusion and
pore diffusion to elucidate the slowness of the rate-limiting
step in the adsorption process were performed by plotting
log log (c0/(c0-qm) and Bt as a function of logt and time, t,
respectively. From the results obtained, it was observed that
the two models supported each other in fast and slow ratelimiting steps with a better correlation coefficient than 0.953.
In both regions, it was seen that the linear calibration curves
did not pass through the origin with different slopes, and both
film diffusion and pore diffusion relatively participated in the
adsorption process of BPA, indicating that the mass transfer
into the surface of the lichen biomass is realized by a complex
mechanism [37].
In fact, two distinct regions can be clearly seen in Boyd’s
kinetic model: a first linear portion with the lower slope, from
20 min to 240 min, that represents film diffusion (R2 values
were found to be 0.981 for I. region and 0.996 for II. region), a
second linear portion for a sorption period from 240 min to
480 min, that represents pore diffusion and a third linear portion that indicates the sorption–desorption equilibrium
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Fig. 6 Compatibilities of bio-sorption kinetics of BPA: (a) to pseudo first order, pseudo second order, and intra particle diffusion models Fig. 6 (b) Its
compatibility to Bangham’s model Fig. 6 (c) Its compatibility to Elovich model Fig. 6 (d) Its compatibility to Boyd model

Table 3

Bio-sorption kinetic parameters

Kinetic model

Parameter

Value

R2

SSE

Pseudo-first-order

qt/mg g−1
qe/mg g−1
k1 ×103/min−1
Hx103/mg g−1 min−1
qt/mg g−1
qe/mg g−1
k2 ×103/ mg−1 g min−1
Hx103/ mg g−1 min−1
ki ×103/ mg g−1 min-0.5
k0
α
Di/cm2 s−1

9.19
7.88
40.4
318
9.19
8.72
5.63
428
4.87
-2803
0.138
(3–17) × 10−9
(1.21–6.76) × 10−7
1.489
0.708

0.878

7.28

0.931

2.61

0.936
0.953

3.11
–

0.981
0.996
0.929

–

Pseudo-second-order

Intra particle diffusion
Bangham’s model
Boyd model
Elovich model

α
β

4.02

From slope and intercept data obtained from Bt-t linearity plots in first and second regions where F is lower (0˂F˂0.85) and higher (0.85˂F˂1) than 0.85
as a function of time, respectively for particle size in range of 150–350 μm. The linear regression equations in I. and II. regions were y = 0.472 + 0.032x,
R2 : 0.981; and y = −1.710 + 1.270x, R2 : 0.996; indicating that both linear curves do not pass through the origin. Values represent the minimum sum of
square error (SSE)
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Fig. 7 The effect of temperature
on the bio-sorption of BPA by
lichen bio-sorbent

Experimental
C0:100 mg L-1
Natural pH:5.0
m:10 g L-1
T:5 oC, 25 oC, 40 oC
t:1440 min
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-1

1/Tx10 /K

(herein, it was not presented in the text) with a slope near to
zero. BPA sorption rate is relatively slow up to 240 min and at
a rate increase between 240 and 480 min. The slow initial
increase for the first region is due to the availability of free
sites on the external surface based on film diffusion while with
the extension of time (240–480 min) the BPA sorption decreased on the surface and took place within the pores. At this
stage, the intra-particle diffusion of BPA into the pores, which
is controlled with pore diffusion, determines the rate. In
Fig. 6(c), it is also presented that the linear plots did not pass
through the origin, suggesting that intra-particle diffusion
proceeded with both film diffusion and pore diffusion is not
the only rate-controlling step. Also, it is implied in literature
[38] that the cause of the linear plots is not passing through the
origin may be resulted from the difference in rate of mass
transfer in the initial and final steps of bio-sorption. These
results clearly indicated that neither the pore diffusion nor film
diffusion is the only rate controlling step.

Bio-sorption thermodynamics
To explain the thermodynamic bio-sorption behavior of BPA
by the lichen biomass, an experimental study was studied at
temperatures of 5, 25 and 40 °C (Fig. 7). Thermodynamic
parameters including enthalpy change (ΔHo), entropy change
(ΔSo) and free energy change (ΔGo) during the bio-sorption
Table 4

Bio-sorption thermodynamic parameters

ΔH0/
kJ mol−1

ΔS0/
J mol−1 K−1

ΔG0/
kJ mol−1

R2

3.53

63.3

−15.4

0.999

process were calculated using the equations in Table 1 and the
results are presented in Table 4. In Fig. 8 (ln KD-1/ T) the
values of ΔH0 and ΔS0 were calculated from the slope of
the graph and the cut-off, respectively. The value of ΔHo,
which is calculated as 3.53 kJ mol−1, showed that the biosorption was endothermic. The value of ΔSo was calculated
as 63.3 Jmol−1 K−1, indicating an increase in the randomness
of the bio-sorbent/solution interface during the bio-sorption
process. Gibbs free energy value was calculated as −14.1,
−15.4 and − 16.3 kJ mol−1 at 5, 25 and 40 °C, respectively.
The negative Gibbs free energy value indicated that spontaneous of bio-sorption was possible. The BPA bio-sorption onto
the lichen biomass was the tendency to spontaneously increase at higher temperatures.

Desorption efficiency
In this study, methanol, ethanol, dilute HCl and NaOH solutions (each one, 0.1 mol L−1) were used for desorption of the
BPA from the surface of the lichen bio-sorbent. In order to
determine the recovery rates of the lichen biomass with desorption in Fig. 8, the experiments were repeated three times
with the same bio-sorbent for the bio-sorption/desorption cycle. At the end of each experiment, the solutions were centrifuged at 5000 rpm for 10 min to ensure liquid-solid separation
and the amounts of BPA in the equilibrium solution were
detected at 287 nm utilizing UV-Visible spectrophotometer.
From the results, it was observed that ethanol gave the best
desorption efficiency (with a recovery rate of 86%) while the
lowest recovery rate is obtained from elution with dilute
NaOH (19%). So, ethanol was selected as a suitable desorption solvent for the regeneration of the lichen biomass, and
used for further studies. Supporting existing results similar
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obtained from the Langmuir model was used for comparison
with those of different sorbents without modification and activation. As can be seen in Table 5, the maximum sorption
capacity of the lichen biomass was comparable to that of the
other bio-sorbent materials with no modification and activation, except for one [39]. As a result, the lichen biomass can be
easily prepared at room temperature in terms of availability
and easy accessibility of biomass and eco-friendly cleanup of
the environment from low levels of BPA, and effectively used
for bio-sorption of BPA at pH 5.0 by the synergy between
hydrogen bonding and hydrophobic interaction. Because of
these advantages, the lichen biomass can be directly used as
a cheap, effective and alternative bio-sorption material in environmental cleanup. According to the obtained results, reasonable sorption capacity and a performance that can compete
with other bio-sorbents in this work indicated that the lichen
biomass was simple, easy to use and cost-effective bio-sorbent
for removal of toxic BPA at ppm levels from aqueous
solutions.
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t:1440 min
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Fig. 8 The recovery rates of various solvents for desorption of BPA

results have been observed in the literature [19, 20] where the
polar and nonpolar organic solvents such as ethanol, methanol, cyclohexane and toluene are efficiently used in desorption
of BPA. Moreover, it has been implied in another study [21]
that the desorption rate of BPA is significantly improved by
using ultrasonic irradiation (within ultrasound power in the
range of 17–100 W at 20 kHz) in presence of ethanol or
methanol. The lichen biomass can be recycled at least eight
times without the expense of adsorption capacities. After eight
cycles, the adsorption capacity was around 82% with a decrease of 5.0% in the recovery rate. This reasonable and acceptable reusability performance indicates that the lichen biomass can be used in practical applications for the removal of
BPA.

Conclusions
In conclusion, the lichen biomass with an excellent biosorption capacity for various emerging pollutants was efficiently used for bio-sorption of endocrine disruptor BPA.
The lichen biomass without modification was thoroughly
characterized using FT-IR, SEM, and charge of zero point
measurements, suggesting that the bio-sorbent is an ecofriendly and easily accessible functional material with a positive and negative charge at lower and higher pHs than pHpzc.
The results also indicated that the material has the ability to
form pH-sensitive hydrogen bonding interactions as well as
weak van der Waals and π − π stacking interactions with pollutants such as BPA. The important variables affecting the
bio-sorption process were investigated in detail. The isotherm
studies suggested that the Langmuir and Redlich-Petersen isotherm models with two and three parameters, respectively,

Comparison of the maximum sorption capacity of BPA
on the lichen biomass with those of other biosorbents
A comparison has been made between the performances of the
lichen biomass and other bio-sorbents reported in the literature
for bio-sorption of BPA. The maximum sorption capacity
Table 5

Comparison of the maximum sorption capacity of BPA on the lichen biomass with those of other biosorbents

Biosorbent

pH, or
pHpzc

Temperature,
o
C

Max. sorption capacity, Qmax, mg References
g−1

Orange albedo (Citrus sinensis)

4.5

25

82.36

Black tea leaves waste

7.0

15

18.25

[40]

Granular active carbon

7.0

15

16.26

[40]

Coconut shell, Durian peel, Coir pith, Banana bunches, and Coconut
bunches
Fibric peat modified with and without HTAB

3,5,7,9

25

4.159, 4.178, 4.308, 4.532, 4.662 [41]

6.9

25

15.97, 21.15

[42]

Barley husk

3.0

25

15.26

[43]

The lichen biomass without modification

5.0

25

10.4

This study

HTAB: Hexadecyltrimethylammonium bromide

[39]
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best fit the data for BPA bio-sorption onto the active surface
sites of the lichen biomass. The bio-sorption kinetics of BPA
onto the lichen biomass was studied by pseudo-first order,
pseudo-second order and intra-particle diffusion models, including Bangham’s and Boyd kinetic models based on pore
diffusion, and film and pore diffusions for control of mass
transfer in the rate-limiting step. The results showed that the
pseudo-second order model provided the best fit of the biosorption data for BPA. However, from Bangham’s and Boyd
kinetic models, because the linear plots do not pass through
the origin, it was observed that neither film diffusion nor pore
diffusion in control of mass transfer taking place in the solidliquid interface is the only rate-limiting step. The negative
ΔG° value indicated the spontaneous nature of the biosorption process, and the positive ΔH° value indicated that
the bio-sorption process was endothermic in nature for BPA.

863

11.
12.

13.

14.

15.

16.
Acknowledgments The present study was partly supported by the
Cumhuriyet University Scientific Research Projects Commission.
17.

Compliance with ethical standards
Conflict of interest The authors strongly declare that no scientific and/or
financial conflicts of interest, exists with other people or institutions.

18.

19.

References
1.
2.

3.

4.

5.

6.

7.

8.

9.

10.

Plastics Europe, Plastics-the Facts Brussels. (2017);1–44.
Arthur C, Baker JE, Bamford HA. Proceedings of the International
Research Workshop on the Occurrence, Effects, and Fate of
Microplastic Marine Debris. University of Washington Tacoma,
Tacoma, WA, USA. NOAA Technical Memorandum NOSOR&R-30. (2009)
Li J, Lusher A, Rotchell JM, Company SD, Turra A, Bråte ILN,
et al. Using mussel as a global bioindicator of coastal microplastic
pollution. Environ Pollut. 2019;244:522–33.
Faure F, Demars C, Wieser O, Kunz M, De Alencastro LF. Plastic
pollution in Swiss surface waters: nature and concentrations, interaction with pollutants. Environ Chem. 2015;12(5):582–91.
Rehse S, Kloas W, Zarfl C. Microplastics reduce short-term effects
of environmental contaminants. Part I: Effects of bisphenol a on
freshwater zooplankton are lower in presence of polyamide particles. Int. J. Environ. Res. Public Health. 2018;15(2):280.
Marqueño A, Pérez-Albaladejo E, Flores C, Moyano E, Porte C.
Toxic effects of bisphenol a diglycidyl ether and derivatives in
human placental cells. Environ Pollut. 2019;244:513–21.
Liao C, Shi J, Wang X, Zhu Q, Kannan K. Occurrence and distribution of parabens and bisphenols in sediment from northern
Chinese coastal areas. Environ Pollut. 2019;253:759–67.
Liu S, Wu P, Chen M, Yu L, Kang C, Zhu N, et al. Amphoteric
modified vermiculites as adsorbents for enhancing removal of organic pollutants: Bisphenol a and Tetrabromobisphenol a. Environ
Pollut. 2017;228:277–86.
Şenol ZM, Gül ÜD Şimşek S. Assessment of Pb2+ removal capacity
of lichen (Evernia prunastri): application of adsorption kinetic, isotherm models, and thermodynamics. Environ Sci Pollut Res.
2019;26(26):27002–13.
Sayadi MH, Rashki O, Shahri E. Application of modified Spirulina
platensis and Chlorella vulgaris powder on the adsorption of heavy

20.

21.

22.

23.

24.

25.
26.

27.

28.

metals from aqueous solutions. J Environ Chem Eng. 2019;7(3):
103169.
Nash TH. Lichen flora of the greater Sonoran desert region. Lichens
Unlimited, Arizona State University. (2002)
Mitrovic T, Stamenkovic S, Cvetkovic V, Radulovic N,
Mladenovic M, Stankovic M, et al. Platismatia glaucia and
Pseudevernia furfuracea lichens as sources of antioxidant, antimicrobial and antibiofilm agents. EXCLI J. 2014;13:938–53.
Kiliç Z, Atakol O, Aras S, Cansaran-Duman D, Emregul E.
Biosorption properties of zinc(II) from aqueous solutions by
Pseudevernia furfuracea (L.) Zopf. J Air Waste Manage Assoc.
2014;64(10):1112–21.
Bilgin S, Kinalioglu K, Aydin S. Antimicrobial and antioxidant
activities of Pseudevernia furfuracea (L) Zopf. var. furfuracea and
Evernia prunastri lichens collected from Black Sea region. GU J
Sci. 2012;25:557–65.
Kosanić M, Manojlović N, Janković S, Stanojković T, Ranković B.
Evernia prunastri and Pseudoevernia furfuraceae lichens and their
major metabolites as antioxidant, antimicrobial and anticancer
agents. Food Chem Toxicol. 2013;53:112–8.
Ahmed PM, Pajot HF, de Figueroa LI, Gusils CH. Sustainable
bioremediation of sugarcane vinasse using autochthonous
macrofungi. J. Environ. Chem. Eng. 2018;6(4):5177–85.
Zhiqun X, Qiao W, Yunjian D. Meixia Yang, Minrui O, Xiaoping
X. development of a novel spectrophotometric method based on
diazotization coupling reaction for determination of Bisphenol a.
J. Braz. Chem Soc. 2017;28(8):1475–82.
Guiping C, Yafeng Z, Baoliang L. Simultaneous determination of
Bisphenol a and Bisphenol S in environmental water using ratio
derivative ultraviolet spectrometry. S Afr J Chem. 2014;67:99–103.
Zhang Y, Cheng Y, Chen N, Zhou Y, Li B, Gu W, et al. Recyclable
removal of bisphenol a from aqueous solution by reduced graphene
oxide-magnetic nanoparticles: adsorption and desorption. J Colloid
Interface Sci. 2014;421:85–92.
Li Q, Pan F, Li W, Li D, Xu H, Xia D, et al. Enhanced adsorption of
Bisphenol a from aqueous solution with 2-Vinylpyridine functionalized magnetic nanoparticles. Polymers. 2018;10(10):1136.
Zhou C, Gao N, Li R, Deng Y. Desorption of bisphenol a (BPA)
and regeneration of BPA-spent granular activated carbon using ultrasonic irradiation and organic solvent extraction. Desalin Water
Treat. 2015;54(11):3106–13.
Arica MY, Bayramoğlu G. Biosorption of reactive Red-120 dye
from aqueous solution by native and modified fungus biomass
preparations of Lentinus sajor-caju. J Hazard Mater. 2007;149:
499–507.
Kumar NS, Min K. Phenolic compounds biosorption onto
Schizophyllum commune fungus: FTIR analysis, kinetics and adsorption isotherms modeling. Chem Eng J. 2011;168:562–71.
Tunali Akar S, Görgülü A, Kaynak Z, Anilan B, Akar T.
Biosorption of reactive blue 49 dye under batch and continuous
mode using a mixed biosorbent of macro-fungus Agaricus bisporus
and Thuja orientalis cones. Chem Eng J. 2009;148:26–34.
Xuebao WH. Elimination of Bisphenol a from water via graphene
oxide adsorption. Acta Phys -Chim Sin. 2013;29(4):829–36.
Li S, Gong Y, Yang Y, He C, Hu L, Zhu L, et al. Recyclable
CNTs/Fe3O4 magnetic nanocomposites as adsorbents to remove
bisphenol a from water and their regeneration. Chem Eng J.
2015;260:231–9.
Pan J, Yao H, Li X, Wang B, Huo P, Xu W, et al. Synthesis of
chitosan/gamma-Fe2O3/fly-ash-cenospheres composites for the fast
removal of bisphenol a and 2,4,6-trichlorophenol from aqueous
solutions. J Hazard Mater. 2011;190:276–84.
Gardner CR, Dale MJ. Mueller factors affecting the toxicity of
several lichen acids: effect of ph and lichen acid concentration.
Am. J. Bot. 1981;68(1):87–95.

864
29.

Yassine W, Zyade S, Akazdam S, Essadki A, Gourich B,
Benmessaoud D. Left a study of olive mill waste water removal
by a biosorbent prepared by olive stones. Mediterr J Chem.
2019;8(5):420–34.
30. Malaspinaa P, Giordania P, Modenesia P, Abelmoschib ML, Magib
E, Soggia F. Bioaccumulation capacity of two chemical varieties of
the lichen Pseudevernia furfuracea. Ecol Indic. 2014;45:605–10.
31. Bautista-Toledo I, Ferro-Garcia M, Rivera-Utrilla J, MorenoCastilla C, Fernández FV. Bisphenol a removal from water by
activated carbon. Effects of carbon characteristics and solution
chemistry. Environ Sci Technol. 2005;39:6246–50.
32. Ouyang K, Zhu C, Zhao Y, Wang L, Xie S, Wang Q. Adsorption
mechanism of magnetically separable Fe3O4/graphene oxide hybrids. Appl Surf Sci. 2015;355:562–9.
33. Zhang Y, Cheng Y, Chen N, Zhou Y, Li B, Gu W, et al. Recyclable
removal of bisphenol a from aqueous solution by reduced graphene
oxide–magnetic nanoparticles: adsorption and desorption. J Colloid
Interface Sci. 2014;421:85–92.
34. Zhou X, Wei J, Liu K, Liu N, Zhou B. Adsorption of Bisphenol a
based on synergy between hydrogen bonding and hydrophobic interaction. Langmuir. 2014;30:13861–8.
35. Kiran I, Akar T, Ozcan AS, Ozcan A, Tunali S. Biosorption kinetics
and isotherm studies of acid red 57 by dried Cephalosporium
aphidicola cells from aqueous solutions. Biochem Eng J.
2006;31:197–203.
36. Sawalha MF, Videa JRP, Gonzalez JR, Gardea-Torresdey JL.
Biosorption of cd(II), Cr(III), and Cr(VI) by saltbush (Atriplex
canescens) biomass: thermodynamic and isotherm studies. J
Colloids Interf Sci. 2006;300:100–4.

J Environ Health Sci Engineer (2020) 18:853–864
37.

Fierro V, Torné-Fernández V, Montané D, Celzard A. Adsorption
of phenol onto activated carbons having different textural and surface properties. Microporous Mesoporous Mater. 2008;111:276–
84.
38. Guibal E, McCarrick P, Tobin JM. Comparison of the sorption of
anionic dyes on activated carbon and chitosan derivatives from
dilute solutions. Sep Sci Technol. 2003;38:3049–73.
39. Kamgaing T, Doungmo G, Melataguia Tchieno FM, Gouoko
Kouonang JJ, Mbadcam KJ. Kinetic and isotherm studies of
bisphenol a adsorption onto orange albedo (Citrus sinensis): sorption mechanisms based on the main albedo components vitamin C,
flavones glycosides and carotenoids. J Environ Sci Heal A.
2017;52(8):757–69.
40. Ifelebuegu AO, Ukpebor JE, Bidiegwu CCO, Kwofi BC.
Comparative potential of black tea waste to granular activated carbon in adsorption of endocrine disrupting compounds from aqueous solution. Glob J Environ Sci Manage. 2015;1:205–14.
41. Lazim MZ, Hadibarata T, Puteh MH, Yusop Z. Adsorption characteristics of bisphenol a onto low-cost modified phyto-waste material
in aqueous solution. Water Air Soil Pollut. 2015;226:1–11.
42. Zhou Y, Chen L, Lu P, Tang X, Lu J. Removal of bisphenol a from
aqueous solution using modified fibric peat as a novel biosorbent.
Sep Purif Technol. 2011;81:184–90.
43. Davoud B. Kinetics, isotherm and thermodynamics studies on
Bisphenol a adsorption using barley husk. Int J ChemTech Res.
2016;9(5):681–90.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

