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Abstract

Evernia prunastri (lichen), a novel, eco-friendly, cost-effective, wide availability, safe, renewable and easy collection biosorbent,
has been utilized for the removal of Safranin O (SO) dye from an aqueous solution. The biosorption behavior of SO onto the
lichen biomass was investigated concerning parameters such as initial SO concentration (10-2000 mg L™"), solution pH (2.0—
12.0), lichen biomass dosage (1-20 g L"), contact time (2—1440 min), temperature (5 °C, 25 °C, and 40 °C), and recovery were
investigated. The zeta potential analyses showed that electrostatic attraction existed during the biosorption process between the
SO and lichen biomass. The maximum SO biosorption capacity of the lichen biomass was 0.257 mol kg ' at pH 6.0 and 25 °C.
The biosorption energy for SO onto the lichen biomass was found to be Epr.8.9 kJ mol ™' reveals the biosorption proceeds
chemically. The biosorption process follows the pseudo-second order and intra particle diffusion rate kinetics. Thermodynamic

studies showed that SO biosorption, by this the lichen biomass is possible, spontaneous, and endothermic.
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1 Introduction

The organisms called lichens are compose of symbiotic
association of fungi and algae or cyanobacteria [1]. Fungi
and algae or cyanobacteria are respectively called as
mycobiont and photobiont in the association. The role of
mycobiont is to protect the organism and, also functions as
an inorganic food reservoir of the organism [2]. On the
other hand, the photobiont ensures the glikoz production
with photosenthesis for the nutritional and energy needs of
organism [3]. It is known that in the association-forming
lichen organism, both the mycobiont and photobiont
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benefit from each other [4]. Also, the formed lichen organ-
ism has more tolerant of adverse conditions. However, the
identification of lichen species is also very complicated
because lichens are composed of two different organisms
[5]. Recently, besides morphological identification, DNA-
based identification has been used to identify lichens [6].
In addition, the various lichen acids produced by lichen
species can be used in the identification of lichen species
[7]. Identification of the lichen species, providing to learn
lichen properties, is an important issue due to determine
their usability in variety of industrial areas.

Most of the recent studies focus on the utilization of the
lichen species as low-cost and easily available biosorbents
in wasrewater treatment [8—10]. However, there is limited
information about the mechanism of biosorption process
by lichen biosorbents. Lichen acids’ characteristic of li-
chen type are found on the surface of Lichens. These are
the structures on the lichen surface of the parts where the
adsorbate in the environment interacts during the
biosorption process. These lichen acids found in lichen
thalli are polymers composed of polysaccharides. The li-
chen acids found in the Evernia prunastri thalli take the
name Eveniin and consist of glucans containing « (1 — 3)
(1 —4) linkages [11].
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Dyes are commonly used in different industrial areas, and
the wastewaters of these industrial areas contain large amount
of dangerous dyes. For instance, Safranin O (SO) dye exten-
sively used as colorant in some industries such as painting and
paper [12, 13]. In addition to this, SO is a highly water soluble
dye which means that SO is found at high concentrations in
the wastewaters [12]. It was reported that this dye was toxic,
allergenic, or carcinogenic at higher concentrations in aquatic
environments [13]. It is essential to remove the dyes and their
breakdown pollutants from wastewaters to protect the living
organisms and environment [14, 15]. So, it is required to treat
the wastewaters containing large amount of dyes such as SO
before discharging from the end industrial applications [16].

Adsorption is recommended as a useful process for the
treatment of industrial effluents [17, 18]. Particularly, the re-
moval of dyes, which are toxic and carcinogenic for the living
organisms, from aquatic environments has been successfully
realized by adsorption process [19, 20]. To reduce the cost of
this process, most of the latest studies search to find low-cost
adsorbents [21-23]. Recent studies reported that the biological
materials are recommended low-cost adsorbents for the treat-
ment of dyeing wastewaters [24]. The recent studies showed
that lichen species were both effective and efficient
biosorbents for removal of heavy metals from aquoeus solu-
tions [8, 10]. Also, Bayazit et al. [25] showed that the lichen
species called Cladonia convoluta (Bilecik, Turkey) per-
formed successful textile dye (Acid Red) removal with the
inexpensive and ecofriendly nature. The aim of this study is
to determine the SO biosorption properties of a lichen biomass
collected from Bilecik, Turkey and obtain detailed informa-
tion about the mechanism of dye biosorption process. Also to
our own knowledge, there is not any study showing the re-
moval of Safranin O dye by the lichen species identified as
Evernia prunastri obtained from Bilecik, Turkey province.

2 Materials and methods
2.1 Materials

The Safranin O dye was obtained from (Sigma-Aldrich,
Germany) as pure form and used in the biosorption experi-
ments. The phsicochemical properties of SO was given in
Table 1. Other chemicals used in this study were purchased
from Merk (Germany).

2.2 FT-IR, SEM-EDX, and BET analyses

FT-IR spectra of unloaded and SO-loaded lichen biomass
were recorded in a Perkin Elmer 400 spectro-photometer.
The surface of unloaded and SO-loaded lichen biomass was
characterized by FT-IR, SEM-EDX, and BET analyses. SEM
equipped with an energy dispersive spectrometer (EDX)
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attachment images of unloaded and SO-loaded lichen biomass
were obtained with a Leo 440 Computer Controlled Digital
System.

The specific surface area and micropore volume of lichen
biosorbent in the absence and presence of SO were measured
using N, adsorption-desorption (AUTOSORB 1C) at —
196 °C. The surface area, total pore volume, and micropore
volume were determined by multipoint BET (Brunauer,
Emmett, and Teller), ¢ plot, and D-R (Dubinin—
Radushkevic), respectively [26].

2.3 Biomass preparation

The morphologically detected lichen biomasses were collect-
ed from the bark of oak trees in the urban forest of Bilecik
province (N 400 11.5262', E 0290 57.962") in Turkey. The
lichen samples were cleaned of macroimpurities, washed with
double-distilled water and air-dried at room temperature for
72 h. The dried samples were cleaned meticulously with plas-
tic tweezers for removing the possible materials (the oak bark
and soil particles) under binocular microscope (Primo Star
Zeiss) and finally powdered and sieved.

2.4 Molecular identification of lichen sample

Qiagen Blood & Tissue isolation kit was used for DNA iso-
lation. In PCR, experiments were carried out in a reaction
solution with a volume of 50 uL including 10x Taq buffer
(Thermo) (5 uL), 25 mM MgCl (3 uL), 2 mM dNTP mixture
(5 ul), 20 pmol for each primer (1 ulL), 0.5 U uL™! Taq
polymerase (Thermo) (0.3 uL), and 150 ng of DNA were
used. The BioRad T100 model PCR machine was used.
PCR conditions are listed as waiting 5 min at 94 °C and 30 cy-
cles (30sat94 °C+30sat50 °C +45sat 72 °C in one cycle).
The primers used in this study are given in Table 2.

Nucleospin Gel and PCR Cleanup Kit were used for PCR
purification. Bigdye Cycle Sequencing Kit v3.1 and ABI3100
Genetic Analyzer were used for DNA sequence analysis. In
post-sequence purification experiments; the method as
outlined in the manual was done using the Bigdye kit was
made by NaOAc-Ethanol precipitation.

2.5 Biosorption experiments

The biosorption of SO onto lichen biomass was investigated
by using the batch method. Stock SO solution containing
1000 mg L' of dye was prepared using double-distilled wa-
ter. All experiments were carried out at a shaking rate of
150 rpm in 10-mL polypropylene tubes containing 100 mg
lichen biomass at constant concentration of 500 mg L™ SO in
10 ml solutions. The all biosorption studies of SO were per-
formed in their natural pHs (6.0) except the study of effect of
pH on biosorption. The pH was adjusted with dilute HCI and
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Table 1 The physical and

chemical properties of SO dye Color and structure

Reddish brown powder

Ionic structure

Water solubility

Maximum wave length (nm)
Molecular formula
Molecular weight (g mol ")
TUPAC name

Generic name

Molecular structure

Cationic (having imine group)

Highly soluble

520

CoH 9N, Cl

350.85

3,7-Diamino-2,8-dimethyl-5-phenylphenazinium chloride
C.1. basic red 2

NaOH. The details of experimental conditions were explained
in Table 3 for all biosorption assays in this study. The concen-
trations of SO in solutions were determined spectrophotomet-
rically by measuring the absorbance of the solutions at 520 nm
[27]. The SO concentrations were determined with a UV-
visible spectrophotometer (Shimadzu, 160 A model, Kyoto,
Japan). All experiments were done in duplicate and the
double-distilled water was used in all experiments. Eq. 1 and
Eq. 2. were used to calculate biosorption % and Q (mol kg ).

%Biosorption = [Cf;icf } x 100 (1)
o [(cice)v} o [(cicg)v} 2

where, O is the amount of SO dye adsorbed per gram of
adsorbent at any time (mol kg '); C; and Cy are the initial
and equilibrium concentration of SO dye (mg L") in the so-
lution; m refers to the biosorbent mass (g) and V is the solution
volume (L).

2.6 Desorption experiments

Batch systems were used in the desorption processes in order
to evaluate the re-use efficiency. The lichen biomass (100 mg)
was added to polypropylene tubes containing 10 mL HCI,
NaOH, and ethyl alcohol (each one, 0.1 mol LY solutions

Table 2 The used primers
ITSI1 TCCGTAGGTGAACCTGCGG White et al. 1990
ITS4 TCCTCCGCTTATTG White et al. 1990

ATATGC

and at a shaking rate of 150 rpm for 24 h. The solutions were
centrifuged at 5000 rpm for 10 min, and the supernatant con-
centration was subsequently measured by UV-vis spectropho-
tometric method. Percent desorption was calculated with Eq.
3.

Qdes

ads

Desorption% =

x 100 (3)

In this equation, Qg is the desorbed amount of SO
(mol kg_l); Qags 18 the biosorbed amount of SO (mol kg_l).

2.7 The calculation of biosorption isotherms, kinetics,
and thermodynamics

The biosorption isotherms is very useful to describe the inter-
action and the equilibrium between the biosorbate and the
biosorbent. Three isotherm models, Langmuir, Freundlich,
and Dubinin Radushkevich (D-R) isotherm models were used
to specify the biosorption process, surface properties, and
biosorption mechanism of the lichen biosorbent. The
Langmuir model accepts the surface homogeneous, which is
the most suitable model for determining the maximum mono-
layer capacity of the adsorbent. D-R model is used for more
precise results for adsorption energy. Freundlich isotherm
gives the most accurate information about surface heterogene-
ity [28-31]. The Langmuir, Freundlich, and D-R isotherm
equations are expressed by the following (Eq. 4, Eq. 5, and
Eq. 6, respectively)

XK. C,
0= ki @
0= KiC} (5)
0= QDRJKDR(52 (6)
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Table 3 Batch experimental

conditions for biosorption of SO Aim of Solution  Biosorbent dosage Inital SO conc. Contact time Temperature
onto lichen experiment pH @L™h (mg L™ (min) O)
Effect of pH 1.0-12.0 100 500 1440 25
Biosorbent 6.0 10-200 500 1440 25
dosage
Effect of 6.0 100 10-2000 1440 25
concentration
Effect of time 6.0 300 500 2-1440 25
Effect of 6.0 100 500 1440 5,25,40
temperature
Desorption 6.0 100 500 1440 25
—1\ . . _ 0.5
where, O (mol kg 1 is the amount of biosorbed SO, K; is O, =kit (11)

the parameter for Langmuir isotherm, and C, is the equi-
librium concentration (mol L™"). K Freundlich constant,
(: biosorbent surface heterogeneity, and X, is the maxi-
mum biosorption capacity. Xpr is a measure of
biosorption capacity; Kpg is the activity coefficient
(mol’KJ?) and ¢ is the Polanyi potential, R is the ideal
gas constant (8.314 Jmol ™' K™') and T is the absolute
temperature (K). The Polanyi potential (¢) is expressed
by the following Eq. 7:

1
=RTIn| 14— 7
€ n( + C@> (7)

The biosorption energy (E) is expressed by the following
Eq. 8:

Epr = (2Kpgr) " (8)

The E indicates the biosorption mechanism, physical, or
chemical. If the biosorption energy is 8 <E < 16 kJ mol ',
the biosorption is chemically controlled, and E < 8 kJmol !
indicates that the biosorption proceeds physically [32].

One of the important parameters of the biosorption process
is to know the contact time. Prediction of the completion time
of biosorption is main both for the kinetic control of the pro-
cess and renewal of the biosorbent. The determination of the
rate of biosorption and the rate of biosorption velocity will be
possible only by investigating the compatibility of experimen-
tal results to different kinetic models. The kinetic models used
in biosorption studies and applied to description the
biosorption kinetics such as the pseudo-first order (PFO)
[22], pseudo-second order (PSO), and intra particle diffusion
(IPD) kinetic models [23] were used in this study, the equa-
tions (Eq. 9, Eq. 10 and Eq. 11, respectively)

0, = Q,[1-e™"] )
t

e
k 2 Qg Qe
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where, O, (mol kgfl) is the biosorbed amount at time ¢ (min);
0. (mol kg ") is the biosorbed amount at equilibrium; &, k>,
and k; is the rate constant of the PFO (min '), the PSO model
(mol ! kg min '), and the intra IPD (mol ' kg min ") model,
respectively.

Thermodynamic parameters of biosorption are very impor-
tant to explain the effect of the temperature on the SO
biosorption on lichen biomass. Enthalpy and entropy (AH"
and AS%) are obtained from InKp, against 1/T, the graph.
The slope (—AH"/R) and y- intercept (AS%/R) of the data plot-
ted as InKp against 1/7 the graph [33]. The Gibbs free energy
(AGY) is calculated from Eq. 15. AH, AS®, and AG® were
calculated using the following equations:

Kp= CQ (12)

AG = —RTInKp (13)
ASY  AH?

AG® = AH'-TAS° (15)

3 Results and discussion

3.1 Molecular identification and properties of the
lichen sample

The results of molecular identification analysis showed that
the name of the lichen species was Evernia prunastri. Evernia
prunastri is also known as “oakmoss” due to its habitat named
oak tree [34]. It was reported that the cell wall of the lichen
thalli contained large amount of polysaccharides [35], and
these molecules were the first barriers that the adsorbate inter-
acts. It was considered that these polysaccharides are respon-
sible for the adsorption sites of the lichen biosorbents. The
name of the polysaccharide in the Evernia prunastri was a
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cold water-soluble lichenan-type of b-glucan from a linkage
ratio of 3:1 with the (1 — 3) and (1 — 4) linkage dominating
[36]. Also another isolichenin called Everniin was investigat-
ed in Evernia prunastri, and the structure of this polysaccha-
ride was an alfa-polyglucan containing (1 — 3) and (1 — 4)
linkage in the ratio of 4:1 [36].

3.2 Effect of inital pH and PZC for lichen

One of the most important factors affecting biosorption is
solution pH [37]. In all biosorption experiments, the removal
of'the cationic dye SO has been studied in its own solution pH.
Natural pH of 500 mgL ™" of cationic dye SO was measured as
pH:6.0. Different pH values (2, 4, 6, 8, 10, and 12) were
studied to explain the effect of pH on biosorption (Fig. 1).
The obtained results are presented in Fig. 1. The obtained
results presents a minimum at pH:2.0 and increases up to
pH:6.0, then remains nearly constant over the initial pH:6.0—
10.0 ranges and increases at pH:10.0-12.0 ranges. At low
pHs, the lichen surface was protonated and, the cationic dye
SO competed effectively with the H ions. So, the amount of
SO removal was decreased. At high pHs, the H* ions concen-
tration decreased and the amount of SO removal was in-
creased [27]. This inference can be further supported by the
point of zero charge (PZC) value of the lichen. To better un-
derstand the biosorption mechanism, it is necessary to deter-
mine the PZC of the lichen biomass. To determine the PZC,
100 mg of lichen sample was added to polypropylene tubes
containing 10 mL of KNO; solution (0.1 M), and the initial
pH was adjusted to be between 2 to 12 using HC1 and NaOH
solutions (each one, 0.1 and/or 1.0 mol L™"). The polypropyl-
ene tubes were sealed and shaken vigorously for 24 h. And
then, the equilibrium pH values were measured. The results
are given in Fig. 1. The value of pHp,. of lichen biomass was
as 4.53, which falls in the acidic region. At low pHs, the
surface charge of lichen biomass is positive at pH <4.53,
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Fig. 1 Effect of pH on biosorption of SO onto lichen ([SO]p:500 mg L™,
biosorbent dosage:100 mg, V:10 mL, pH:2.0-12.0, contact
time: 1440 min, temperature: 25 °C) and PZC plots of lichen

and H ions and cationic dye SO compete for biosorption to
active centers of lichen biomass. As a result, cationic dye SO
biosorption is decreased. At high pHs, the surface charge of
lichen biomass is negative at pH>4.53, and OH ions and
cationic dye SO compete for biosorption to active centers.
As a result, biosorption of cationic dye SO is increased [38].
It has been believed that cationic dye SO at natural pH 6.0 is
biosorbed onto the surface of biosorbent by pH sensitive elec-
trostatic interactions.

3.3 Effect of biosorbent dosage

According to Fig. 2, with increase in the lichen biomass
amount, the SO removal of the dye increased remarkably.
The results given in Fig. 2 showed that the SO removal effi-
ciency increased with the amount of the lichen biomass in-
creased due to the increase in active centers on the lichen
surface. Thus, cationic dye SO penetrated more with ease into
the biosorption sites. The maximum biosorption was found to
be approximately 97% in the amount of 20 g L' the lichen
biomass, as the number of biosorption active binding centers
increased due to the increase in the dosage of the lichen bio-
mass. The increase of SO removal is owing to the availability
of active binding centers for biosorption [39]. The increasing
biosorbent dosage caused an increment of biosorption rate due
to the increased active binding centers for biosorption of cat-
ionic dye SO.

3.4 Biosorption isotherm models

The biosorption isotherms of the lichen biomass for SO were
shown in Fig. 3. The biosorption isotherm constants for SO
biosorption were presented in Table 4. The biosorption of SO
increased with increasing SO concentration. It was observed
that, when the nonlinear regression coefficient (Rz) which,
obtained Langmuir and Freundlich isotherms were compared,

100 0.5

—@— Biosorption (%)
—o— Q (mol kg™)

80

(2]
S
T

Q/mol kg™

Biosorption (%)

IN
o
T

20 -

0 5 10 15 20 25
Biosorbent Dosage/g L™

Fig. 2 Effect of biosorbent dosage on biosorption of SO onto lichen
([SO]p:500 mg L', biosorbent dosage:10, 30, 50, 100, 200 mg,
V:10 mL, pH:6.0, contact time:1440 min, temperature: 25 °C)
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Fig. 3 Biosorption isotherm models ([SOJ,:10-2000 mg L', biosorbent
dosage:100 mg, V:10 mL, pH:6.0, contact time: 1440 min, temperature:
25 °C)

the Langmuir isotherm model (R*>=0.984) was suitable for
defining the biosorption of SO onto lichen biomass. The
monolayer biosorption capacity of the lichen biosorbent for
SO was 0.257 mol kg '. The SO biosorption results of the
lichen biomass showed that the lichen biomass has a very high
biosorption capacity. The K; value was found in
4729 Lmol '. The K biosorption capacity was found 3.09,
and 3 surface heterogeneity was also found as 0.391; both
were obtained from the Freundlich model. Since the 3 value
was between 0 and 1, the biosorption of SO onto lichen bio-
mass was favorable. The Freundlich parameter ( indicates the
degree of heterogeneity of the surface, and the Epgr value
found in the DR model indicates that the biosorption is
chemical.

The reported studies about the SO biosorption properties of
the various adsorbents were presented in Table 5. Among the
biosorption capacities for SO of the different adsorbents re-
ported in the literature, the lichen species used in this study
called Evernia prunastri performed the most successful SO

Table 4 Langmuir, Freundlich, and Dubinin-Radushkevich isotherm
models parameters

Isotherm Parameter Value R

Langmuir X} (mol kgﬁl) 0.257 0.984
K, (L mol™") 4729

Freundlich Kr 3.09 0.946
B 0.391

D-R Xpr (mol kg ™) 0.666 0.968
Kprx10°/molPKJ > 3.94
Epg/kJ mol™ 8.90
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removal capacity from aqueous solutions under the deter-
mined optimal conditions.

3.5 Biosorption kinetics

The biosorption kinetics are very important to design the
biosorption process. Biosorption kinetics give information
about how long the biosorption is completed, the speed of
the biosorption and the mass transfer mechanism. The binding
of dye molecules in the biosorption process involves different
mechanisms [48]. The following are the three consecutive
steps that take place during the biosorption process of SO
dye onto the lichen biomass surface: (i) transport of SO dye
molecules from the bulk solution to the external surface of the
lichen biomass (external diffusion), (ii) transport of SO dye
molecules into the pores of the lichen biomass, excluding the
small amount of biosorption occurring at the external surface
of the biosorbent (particle diffusion or internal diffusion) and
(iii) biosorption of the SO dye molecules on the interior sur-
face of the lichen biomass (biosorption) [49].

The effect of contact time on the biosorption of SO is pre-
sented in Fig. 4. The biosorption increased with an increase in
contact time. The SO removal is rapid at the initial stages of
biosorption at different initial concentrations. By increasing
contact time, the biosorption gradually decreased until
reaching equilibrium. When the Fig. 4 examined, it was ob-
served that biosorption reached equilibrium within 240 min
(4 h). The correlation coefficients, which are a measure of the
harmony of adsorption to kinetic models, are used to deter-
mine the appropriate model. When the correlation coefficients
of the PFO and PSO kinetic models were compared, it was
seen that the biosorption kinetics was better fit with the PSO
kinetic model. At the same time, when the experimentally
calculated Q, values and the theoretically calculated Q. values
were examined (Table 6), the results of the PSO kinetic model
were found to be closer to each other. The biosorption kinetics
showed that the biosorption process better adapted to PSO
kinetic. The PSO model predicts the rate of biosorption
through a mass transfer with low initial concentrations.
However, in the biosorption process, it plays an active role
in diffusion into the particle. The IPD model assumes that
diffusion is the determining step to control the biosorption
rate. Also, the IPD has two linear components, that the ad-
sorption process takes place primarily at the active centers on
the lichen biomass’s surface, and that subsequent diffusion
into the pores of the lichen biomass has gradually occurred.
When the two models are evaluated together, velocity on
biosorption of SO on to the lichen biomass is determined by
rapid diffusion of the surface with relatively slower particle
diffusion. According to these results, the biosorption of SO
onto the lichen biomass was controlled by chemisorption [50,
51].
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Table 5 Comparison of the

uptake capacities for SO dye of Adsorbent pH  Temperature/’C ~ Max. sorption capacity, References

reported various adsorbents in the /fmol kg

literature
Coal fly ash 9 30 0.00503 [40]
CO, neutralized activated red mud 8.3 29 0.0278 [41]
Pineapple peels waste - 30 0.0618 [42]
Alkali-treated mango seed 10 25 0.0884 [43]
Alkali-treated rice husk - 35 0.0278 [44]
Sugarcane bagasse 10 25 0.168 [45]
Pineapple peel 6 25 0.0743 [46]
Kaolinite cay - 31 0.0463 [47]
Evernia prunastri biomass 6 25 0.257 This study

3.6 Biosorption thermodynamics

In order to explain the thermodynamic behavior of SO
biosorption onto lichen biomass, it was studied at temper-
atures of 5 °C, 25 °C, and 40 °C and Fig. 5 was obtained.
Biosorption enthalpy was found positive. AH® was calcu-
lated as 27. 5 kJ mol™' showed that the biosorption pro-
cess was endothermic. AS® was calculated as
136 Jmol ' K™'. This situation can be explained by the
release of water molecules due to the electrostatic interac-
tion between the SO and active center on the lichen bio-
mass surface. This can be explained by the increase of
irregularity in the solid/liquid interface [52]. The free en-
ergy value was found as — 10.3 kJ mol ', — 12.9 kJ mol ',
and —15.1 kJ mol™" at 5 °C, 25 °C, and 40 °C, respec-
tively. This result indicates that biosorption tends to occur
spontaneously with increasing temperature [53]. The neg-
ative free energy value indicated that spontaneous
biosorption was possible. The results of biosorption ther-
modynamics showed that the biosorption process was

t*/min"®

0 10 20 30 40
T T T 0.30
10.25
1020
=
~
°
1015 E
a
10.10
[ ) Experimental
0.05¢ ‘0 — — — Pseudo first order
o Pseudo second order 10.05
o Intra particle diffusion
0.00 . . . . . . . 0.00
0 200 400 600 800 1000 1200 1400 1600
t/min

Fig. 4 Effect of contact time on biosorption of SO onto lichen
([SO]9:500 mg L', biosorbent dosage:300 mg, V:30 mL, pH:6.0,
contact time:2—1440 min, temperature: 25 °C)

feasible, spontaneous, and endothermic. Moreover, the
value of the DR model indicates that the biosorption is
chemical. Also, kinetic results indicate that the
biosorption is controlled by chemisorption. When this val-
ue is evaluated with the thermodynamic data, the
biosorption process is chemical.

3.7 Biosorption-desorption performance

The re-use of biosorbent is very important to make the
biosorption process more economical. Reusability inves-
tigated the desorption ability for SO onto lichen bio-
mass. The Evernia prunastri biosorbent was regenerated
using HCl, NaOH, and ethyl alcohol. The results were
given in Fig. 6. According to the results of recovery
experiments, the highest desorption capacity was exam-
ined with the HCI (51%) solution. The minimum recov-
ery percentage for SO onto lichen biomass was
achieved with ethyl alcohol (18%).

3.8 FT-IR, SEM-EDX, and BET analyses

The FT-IR analyses give major data about the characteristic
peaks of the lichen biomass in the biosorption process. In the

Table 6 PFO, PSO, and IPD kinetic models parameters

Kinetic model Parameter Value R?
PFO 0/mol kg ! 0218 0.906
QJ/mol kg™ 0.200
ky x10%/dk! 35.5
Hx10*/mol kg™ min™' 7.10
PSO 0/mol kg ! 0218 0.965
Q./mol kg 0217
k, x10*/mol "kg min™" 233
Hx10*/mol kg™ min"' 10.9
IPD k; x10%/molkg ' min 51.5 0915
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Fig. 5 Effect of temperature on biosorption of SO onto lichen
([SO]0:500 mg L', biosorbent dosage:100 mg, V:10 mL, pH:6.0,
contact time: 1440 min, temperature: 5 °C, 25 °C and 40 °C)

current paper, the FT-IR analyses of lichen biomass before
and after biosorption was done (Fig. 7). According to Fig. 7,
lichen biomass has characteristic peaks. The strong bands at
3307 cm ™" were due to a bounded hydroxyl group (~<OH) and
amino (—NH,) groups stretching vibrations on the surface of
the lichen biomass. The peaks at 28962972 cm™ ' were attrib-
uted to the C—H group. The peaks of the carboxyl group
(—C=0) groups were observed at 1608 cm™'. The bands ob-
served at 1059 cm™' was attributed to —C=0 stretching of
alcohols and carboxylic acids on the lichen [54, 55]. On the
other hand, after the biosorption of SO, the bending vibrations
and symmetric/asymmetric stretching vibrations of the char-
acteristic peaks of —NH,, —OH, and —C=0 groups were
shifted to 3250 cm™', 2985 cm™ ', 2872 cm ', 2985 cm ',
1530 cmfl, and 1049 cmfl, respectively. Previously,
Giambattista [56] studied the details of the FT-IR and SEM
analysis of Evernia prunastri, and reported that the region
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Fig. 6 Recovery percent for desorption of SO onto lichen
([SOJ9:500 mg L', biosorbent dosage:100 mg, V:10 mL, pH:6.0,
contact time:1440 min, temperature: 25 °C)
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Fig. 7 FT-IR spectra of lichen biosorbent before and after biosorption of
SO

between 1800 and 1480 cm ™' was related with the Amide
bands of proteins. And also, it was showed that the bands
located at the 1722 cm™' was revealed with C=0O vibrations
of polysaccharides found on the surface of the lichen [57]. It is
considered that the functional groups of polysachharides and
proteins were involved in the biosorption process. The attrac-
tions cationic SO dye and the surface groups of the lichen
biomass could be carried out via complex formation.

In order to define the surface morphology of the lichen
biomass, before and after biosorption was taken from the
samples. SEM images of lichen biosorbent, before and
after SO biosorption, were shown in Fig. 8. SEM images
of lichen biosorbent showed particles that are a huge po-
rous with irregular shapes, rough, and edges. The surface
of the lichen biomass after SO biosorption was largely
rounded and smooth indicating that the particles deposited
were SO. This view might be owing to the electrostatic
interactions between SO with the active centers on the
surface of the lichen biomass.

Figures 8c and d show the EDX results before and after
SO biosorption on the lichen surface. According to the
results of Fig. 8c, lichen consists of C, O, Al, Si, K, and
Ca elements as well as substantially C and O. On the
other hand, N and CI elements (Fig. 8d) in the structure
of the SO dye appeared in the EDX spectrum after
biosorption supported SO biosorption by the lichen bio-
mass. Changes in the stretching of functional groups be-
longing to lichen biomass after SO biosorption seen in the
results of FT-IR analyses were related to the interaction of
SO molecules with active centers in lichen biomass func-
tional groups. Also, changes in SEM images after SO
biosorption and EDX analysis results also prove SO
biosorption onto the active sites of the lichen surface.

The surface area and pore size of Evernia prunastri
biomass were determined by N, adsorption-desorption at
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Fig. 8 SEM photographs of lichen (a) and SO biosorbed lichen (b) and EDX results of lichen before (¢) and after (d) biosorption of SO

77 K. Nitrogen adsorption-desorption isotherms of lichen
before and after SO biosorption, and the results of BET
analysis were given in Fig. 9 and Table 7, respectively.
The surface area of lichen biomass is 38.2 m* g ' calcu-
lated by BET method. The pore size is mainly about
1.85 nm and the total pore volume of lichen biomass is
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Fig. 9 Nitrogen biosorption-desorption isotherms of lichen before and
after biosorption of SO. ([SO]y:500 mg L', biosorbent dosage:100 mg,
V:10 mL, pH:6.0, contact time:1440 min, temperature: 25 °C)

0.00681 cm® g~'. According to IUPAC, if the pore diam-
eter of the materials is in the range of 2-50 nm and >
50 nm, the mesopore and macropore are defined, respec-
tively. On the other hand, if the pore diameter is <2 nm,
the structure is defined as microporous [58]. When
Table 7 was examined, it is seen that the porous diameter
of lichen was <2 nm, which indicates that lichen has a
microporous structure. When Fig. 9 is examined, it is
observed that the difference between biosorption and de-
sorption is small, indicating that the lichen has a micro-
porous structure. Microporosity increased after SO
biosorption (Table 7). This increase in the microporosity
after SO biosorption was thought to be the result of the
narrowing of the pores after biosorption.

4 Conclusion

The lichen biomass was used effectively as biosorbent for the
cationic dye SO removal from aqueous solution. FT-IR, SEM-
EDX, and BET analysis results showed that SO biosorbed
onto the lichen biomass. All parameters affecting the removal
of SO from aqueous solution were investigated and optimal
conditions were determined in detail. Optimal study condi-
tions for maximum biosorption efficiency were determined.
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Table 7 Changes in specific

surface area and pore Sample Sper” (m” g7') Vrowl” (cm® g ') Viniero' (cm’® g1 Dp (&)
characteristics of Lichen before
and after biosorption of SO Lichen 38.2 0.0813 0.00681 17.5
Lichen-SO 455 0.0564 0.01441 11.0
# Multipoint BET method

°Volume adsorbed at p/p0 = 0.99

¢ Micropore volume calculated by DR method

The pH of the solution was optimally adopted as pH:6.0 for
maximum and stable biosorption, and the amount of
bisorbent, the contact time and the temperature were found
to be 100 mg, 1440 min, 25 °C, respectively. Under optimal
conditions, the maximum biosorption capacity was calculated
as 0.257 mol kg'. The biosorption energy for SO onto the
lichen biomass which was found to be Epg.8.9 kJ mol ! re-
veals the biosorption proceeds chemically. The biosorption
process follows the PSO and IPD model kinetics.
Thermodynamic parameters indicated that biosorption pro-
cess was endothermic, possible, and spontaneous. All obtain-
ed results showed that the Evernia prunastri biomass can be
effectively used as biosorbent with easy and economic prepa-
ration, environmentally friendly, thermodynamically favor-
able, and high biosorption capacity with the purpose of re-
moval of the cationic SO dye from the wastewater.
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