
B
b

O
D

a

A
R
R
A

K
P
L
A
B
E
T
K

1

i
A
r
b
t
n
p
(
m
c
p
P

i
w
a
b
n
l

1
d

Chemical Engineering Journal 163 (2010) 382–388

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

iosorption of antimony from aqueous solution by lichen (Physcia tribacia)
iomass

zgur Dogan Uluozlu, Ahmet Sarı ∗, Mustafa Tuzen
epartment of Chemistry, Gaziosmanpasa University, Taşlıçiftlik, 60250 Tokat, Turkey
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a b s t r a c t

The biosorption characteristics of antimony(III) from aqueous solution using lichen (Physcia tribacia)
biomass was investigated in terms of equilibrium, thermodynamics and kinetics. Optimum biosorption
conditions were determined with respect to pH, biomass concentration, contact time, and temperature.
Langmuir, Freundlich and Dubinin–Radushkevich (D–R) isotherm models were applied to the equilib-
rium data. The maximum Sb(III) sorption capacity of P. tribacia was found to be 81.1 mg/g at pH 3, biomass
concentration 4 g/L, contact time 30 min, and temperature 20 ◦C. The calculated mean biosorption energy
ichen
ntimony
iosorption
quilibrium
hermodynamics
inetics

(10.2 kJ/mol) using D–R model indicated that the biosorption of Sb(III) on the biomass was occurred
by chemical ion exchange. The highest desorption efficiency (95%) was achieved using 0.5 M HCI. The
biosorption capacity of P. tribacia slightly decreased about 10% after ten times of sorption–desorption
process. The calculated thermodynamic parameters showed that the biosorption of Sb(III) onto P. tribacia
biomass was feasible, spontaneous and exothermic, respectively. The experimental data was also exam-
ined using the Lagergren’s first-order and pseudo-second-order kinetic models. The results revealed that

kine
the pseudo-second-order

. Introduction

Excessive discharge of toxic metals to environment due to
ndustrialization has created great global concern in recent years.
ntimony is raised much concern in terms of toxicological and envi-
onmental. It has been extensively used in lead alloys, battery grids,
earing metal, cable sheathing, plumber’s solder, pewter, ammuni-
ion, sheet and pipe. Among the most important uses of antimony in
on-metal products are textiles, paints and lacquers, rubber com-
ounds, ceramic enamels, glass and pottery abrasives phosphorus
a beryllium replacement) [1]. Because of its classification of anti-

ony as a toxic environmental pollutant and with implication in
ancer development [2–5], its compounds are considered to be
ollutants of priority interest by the United States Environmental
rotection Agency (USEPA) [6] and the European Union (EU) [7].

Antimony is regulated as a drinking water contaminant because
t can cause health effects, such as nausea, vomiting, and diarrhea,

hen exposure exceeds the maximum contaminant level for rel-

tively short periods. Long-term exposure can lead to increased
lood cholesterol and decreased blood sugar. Although USEPA has
ot identified antimony as a human carcinogen in water due to

ack of studies, research shows that antimony and arsenic, a proven

∗ Corresponding author. Tel.: +90 356 2521616; fax: +90 356 2521585.
E-mail address: asari@gop.edu.tr (A. Sarı).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.08.022
tic model provided the best description of the equilibrium data.
© 2010 Elsevier B.V. All rights reserved.

carcinogen, are similarly toxic [8]. The World Health Organization
(WHO) guidelines the antimony concentration as 0.005 mg/L in
drinking waters [9]. The toxicological effects of antimony depend
on its chemical form and oxidation state [10]. The most favored
form of antimony in water is the pentavalent antimonate oxoanion
[Sb(OH)6

−], while its other common inorganic form is antimonite
[Sb(OH)3] [10]. The Sb(III) form is 10 times more toxic than Sb(V)
form [11].

Because of the toxicological effects of antimony, its monitoring
and subsequent removal from aqueous solution has been compul-
sory [12]. A number of methods have been used for the removal of
antimony. These methods can be ordered as reduction and chem-
ical precipitation [13,14], solvent extraction [15], ion exchange
[16] and adsorption [17–22]. These methods have several disad-
vantages. Chemical precipitation leads to the production of toxic
sludge. Due to the economics of dealing with large volumes of liq-
uids and of solvent losses, solvent extraction is limited to streams
containing more than 1 g/L of the targeted heavy metal. Applica-
tion of the ion-exchange process is rather expensive due to the
cost of synthetic ion-exchange resins. Adsorption method is more
effective in reducing heavy metal concentration [23–25]. How-
ever, adsorbents must have a large surface area and high polarity

between the attractive forces on the adsorbent surface and adsor-
bate. Adsorption is also sometimes found to be expensive and time
consuming.

Alternative methods of metal removal and recovery based on
biological materials have been considered. Biologicalmaterials are

dx.doi.org/10.1016/j.cej.2010.08.022
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:asari@gop.edu.tr
dx.doi.org/10.1016/j.cej.2010.08.022
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ources of abundant low-cost biomasses and there are no environ-
ental or technical reasons which limit the use of these materials

n the preparation of biosorbents [26–30].
Lichens are composite plants composed of fungi and algae [31].

hey are considered as indicator of environmental quality due to
heir accumulating ability of a variety of contaminants, particularly
eavy metals [32–36] and radionuclides [37]. The Physcia tribacia

s a biomass in lichen class and growing mainly on rocks in open
ituations and widely distributed but not common in northern and
outhern temperate regions. According to authors’ survey, there
s no extensive study on the biosorptive removal of antimony from
queous solutions using P. tribacia biomass in literature. In addition,
his material was chosen as novel biosorbent in this study due to
eing of its naturally abundant, renewable and thus cost-effective
iomass.

The aim of this work is to investigate the biosorption potential of
. tribacia biomass in the removal of Sb(III) from aqueous solution.
he Langmuir and Freundlich and D–R isotherm models were used
o describe equilibrium isotherms. The desorption of Sb(III) from
. tribacia was also studied using 0.5 M HCl and 0.5 M HNO3 solu-
ions. The biosorption kinetics was examined using the Lagergren’s
seudo-first-order and pseudo-second-order models. In addition,
he biosorption of Sb(III) onto P. tribacia was evaluated from point
f thermodynamics.

. Experimental

.1. Biomass preparation

The lichen (P. tribacia) samples were collected from the Efirli
illage in Perşembe District of Ordu Province, Turkey. The samples
ere washed with deionized water to remove extraneous materials

nd salts. They were then dried in an oven at 60 ◦C for 48 h until no
ariation in the sample weight observed. The dried lichen biomass
as chopped, sieved and the particles with an average of 0.5 mm
ere used for biosorption experiments.

.2. Structural characterization by infrared spectroscopy analysis

The FT-IR spectroscopy method was used to obtain informa-
ion on the nature of probable interactions between the functional
roups on the surface of the biomass and antimony ions. A sample
f biomass is mixed with dry KBr in a ratio of 1 mg/250 mg. The
ixture is ground and compressed. The FT-IR spectra of unloaded

iomass and Sb(III)-loaded biomass were taken at 400–4000 cm−1

ave number range using a FT-IR spectrometer (JASCO-430 model,
apan).

.3. Equipments

A pH meter (Sartorius pp-15 Model glass-electrode) was pre-
ared for measuring pH values in the aqueous phase. The antimony
oncentration was determined using AAS system (Perkin Elmer
nalyst 700 mode, l Norwalk, CT, USA) equipped with MHS 15
GAAS system. A hallow cathode lamp operating at 15 mA was
sed and a spectral bandwidth of 0.7 nm was selected to isolate the
31.2 nm antimony line. NaBH4 (1.5%) (w/v) in NaOH (0.5%) (w/v)
as used as reducing agent. The analytical measurement was based
n peak height. Reading time and argon flow rate was selected as
0 s and 70 mL min−1. To ensure the accuracy, reliability and repro-
ucibility of the collected data, the measurements were carried out

n duplicated and the average values are presented. The error bars
ere also shown in the presentation of the results.
ing Journal 163 (2010) 382–388 383

2.4. Batch biosorption procedure

Sb(III) standard solution (1000 mg/L) was prepared from SbCl3
(E. Merck, Darmstadt, Germany). Sodium phosphate buffer, ammo-
nium acetate buffer and ammonium chloride buffer was used for pH
arrangement of the aqueous solutions. The biomass was then added
and content in the flask was shaken for desired contact time on an
electrically thermostatic reciprocating shaker (Selecta multimatic-
55 model, Spain) at 120 rpm. The time required for reaching the
equilibrium condition was estimated by drawing samples at reg-
ular intervals of time until equilibrium was reached. The content
of the flask was filtered through filter paper and the filtrate was
analyzed for antimony concentration using AAS system.

The batch biosorption procedure mentioned above were
repeated at the following experimental parameters: the contact
time 5–90 min, pH 2–10, initial metal concentration 10–400 mg/L,
the biomass concentration 1–20 g/L and the temperature 20–50 ◦C.
The percent biosorption of Sb(III) was calculated as follows:

Biosorption (%) = (Ci − Cf)
Ci

× 100 (1)

where Ci (mg/L) and Cf (mg/L) are the initial and final Sb(III) con-
centrations, respectively.

2.5. Biosorption isotherm models

A biosorption isotherm is used to express the surface properties
and affinity of the biosorbent. It can also be used to compare the
biosorptive capacities of the biosorbent for different pollutants. In
this study, the three isotherm models, the Langmuir, Freundlich
and Dubinin–Radushkevich (D–R) were applied to the equilibrium
data.

A basic assumption of the Langmuir theory is that sorption takes
place at specific homogeneous sites within the sorbent. This model
can be written in non-linear form [38].

qe = qmKLCe

1 + KLCe
(2)

where qe is the equilibrium metal ion concentration on sorbent
(mg/g), Ce is the equilibrium metal ion concentration in the solution
(mg/L), qm is the monolayer biosorption capacity of the sorbent
(mg/g), and KL is the Langmuir biosorption constant (L/mg) related
with the free energy of biosorption. Non-linear regression analysis
was carried out in SigmaPlot software (SigmaPlot 2001, SPSS Inc.,
USA) in order to determine KL and qm values.

The Freundlich model assumes a heterogeneous adsorption sur-
face and active sites with different energy. The Freundlich model
[39] is

qe = KfC
1/n
e (3)

where Kf is a constant relating the biosorption capacity and 1/n is
an empirical parameter relating the biosorption intensity, which
varies with the heterogeneity of the material.

The D–R isotherm model was also applied to the equilibrium
data to determine the nature of biosorption process as physical or
chemical. The linear presentation of the D–R isotherm equation [40]
is expressed by

ln qe = ln qm − ˇε2 (4)
where qe is the amount of metal ions sorbed on per unit weight of
biomass (mol/L), qm is the maximum biosorption capacity (mol/g),
ˇ is the activity coefficient related to biosorption mean free energy
(mol2/J2) and ε is the Polanyi potential (ε = RT ln(1 + 1/Ce)). The
biosorption mean free energy (E; kJ/mol) was calculated using the
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ollowing equation

= 1√
−2ˇ

(5)

The E (kJ/mol) value gives information about sorption mecha-
ism, physical or chemical. If it lies between 8 and 16 kJ/mol, the
orption process is occurred chemically. If E <8 kJ/mol, it is occurred
hysically [41].

.6. Biosorption kinetic models

The prediction of biosorption rate is important for design-
ng batch biosorption systems. Two kinetic models, Lagergren’s
seudo-first-order and pseudo-second-order models were tested
o clarify the biosorption kinetics of Sb(III) by P. tribacia biomass.
he linear form of the pseudo-first-order rate equation by Lager-
ren [42] is given as

n(qe − qt) = ln qe − k1t (6)

here qt and qe (mg/g) are the amounts of the metal ions biosorbed
t equilibrium (mg/g) and t (min), respectively and k1 is the rate
onstant of the equation (min−1).

Experimental data were also tested by the pseudo-second-order
inetic model which is given in the following form [43]:

t

qt
= 1

k2q2
e

+
(

1
qe

)
t (7)

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

.7. Thermodynamics of biosorption

The thermodynamic parameters including the change in free
nergy (�G◦), enthalpy (�H◦) and entropy (�S◦) were calculated
rom following equations

G◦ = −RT ln KD (8)

here, R is the universal gas constant (8.314 J/mol K), T is temper-
ture (K) and KD (qe/Ce) is the distribution coefficient [44].

The enthalpy (�H◦) and entropy (�S◦) parameters were esti-
ated from the following equation

n KD = �S◦

R
− �H◦

RT
(9)

.8. Desorption procedure

The Sb(III) ions sorbed onto P. tribacia biomass were desorbed
sing 10 mL of 0.5 M HCl and 10 mL of 0.5 M HNO3, separately. Anti-
ony content of the solution was determined by HGAAS. In order

o use the biomass for the next experiment, it was washed with
xcess of 0.5 M HCI solution and distilled water, sequentially.

. Results and discussion

.1. Effect of pH

Solution pH affects the metal binding sites of the sorbent and
he metal ion chemistry in aqueous solution [45,46]. The effect of
H on metal biosorption by lichen biomass was studied by different

uthors [32,34,47].

The effect of pH on the biosorption of Sb(III) onto P. tribacia
iomass was studied at pH 2–10, metal concentration 10 mg/L,
iomass concentration 4 g/L, and temperature 20 ◦C. The results
ere presented in Fig. 1. In aqueous solution Sb(III) is available
Fig. 1. Effect of pH on the biosorption of Sb(III) by P. tribacia biomass (antimony
concentration:10 mg/L; temperature: 20 ◦C).

as [SbO]+ and [Sb(OH)2]+ species at pH < 3. [HSbO2] and [Sb(OH)3]
species are predominant at pH 3–10 and [SbO2]− specie is exist-
ing in aqueous solution at pH > 10 [12,48]. In the present work, the
Sb(III) sorption was found to be 96–85% at pH 3–6. The highest
sorption (96%) was achieved at pH 3 while the lowest biosorption
yield was 73% at pH 2 and 53% after pH 8. Therefore, pH 3 was
selected as optimum pH for further experiments. At pH < 3, the low
biosorption yield can be due to the fact that the competition for the
binding to the cell of the biomass between the hydronium ions and
predominant cationic antimony species, [SbO]+. When the pH val-
ues increased from 3 to 8, biosorbent surface was more negatively
charged and the deprotonated functional groups of the biomass had
suitable position for binding antimony ions. Decrease in biosorp-
tion at higher pH (pH > 8) can be attributed to the competition
for the sorption sites between hydroxyl ions and predominant the
anionic antimony species, [SbO2]−. Similar results have also been
reported for the sorption of antimony on rice husks [1], metal-
loaded saponified orange waste [12], goethite (�-FeOOH) [48] and
activated alumina [49].

3.2. Effect of biomass concentration

The biomass concentration is an important parameter in terms
of the determination of the capacity of biosorbent for any ini-
tial concentration [50]. The biosorption efficiency as a function of
biomass concentration was investigated at other experimental con-
ditions, metal concentration 10 mg/L, pH 3 and temperature 20 ◦C.
The results are shown in Fig. 2. The antimony biosorption steeply
increases with the biomass concentration up to 4 g/L. Increase in the
biosorption percent with increase in biomass concentration was
attributed to the availability of more sorption sites. At very low
biomass concentration, the biosorbent surface becomes saturated
with the metal ions and the residual metal ion concentration in the
solution is large. However, a significant increase in the biosorption
percent was not observed when the biomass concentration was
increased over 4 g/L. The biosorption yield was 95% for the biomass
concentration 4 g/L as it was found to be 97% for the biomass con-
centration 20 g/L. Therefore, the biomass concentration 4 g/L was
selected as optimum for further experiments.

3.3. Effects of contact time and temperature
Contact time is one of the most important parameters for
successful utility of biomass in practical and rapid sorption appli-
cations [51]. The effect of the contact time on the biosorption
of antimony (metal concentration 10 mg/L, biomass concentration
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Fig. 4. Langmuir isotherm plots for the biosorption of Sb(III) by P. tribacia biomass
(biomass concentration: 4 g/L; contact time: 30 min; pH: 3; temperature: 20 ◦C).

Table 1
Comparison of sorption capacity of P. tribacia biomass Sb(III) with that of different
sorbents.

Biosorbent Sorption capacity (mg/g) Reference

Zr(IV)-loaded SOW 114.5 [12]
Fe(III)-loaded SOW 136.4 [12]
Chemically bonded adsorbent 21.9 [21]
Goethite (˛-FeOOH) 61.2 (average value) [48]
ig. 2. Effect of biomass dosage on the biosorption of Sb(III) by P. tribacia biomass
antimony concentration:10 mg/L; pH: 3; temperature: 20 ◦C).

g/L and pH 3 and the results were shown in Fig. 3. The biosorption
f antimony is fast and the equilibrium was achieved by 30 min of
ontact time.

Temperature of the medium is also an effective parameter on
iosorption efficiency. Thus, the biosorption experiments were car-
ied out at the temperature range 20–50 ◦C. As seen from Fig. 3, the
iosorption percent decreased from 96% to 80% as temperature was

ncreased from 20 to 50 ◦C. These results indicated the exother-
ic nature of antimony biosorption onto P. tribacia biomass. The

ecreasing in biosorption efficiency may be attributed to the fol-
owing reasons: the relative increase in the escaping tendency of
he antimony ions from the solid phase to the bulk phase; deac-
ivating the biosorbent surface or destructing some active sites on
he biosorbent surface due to bond ruptures [52] or the weakness of
iosorptive forces between the active sites of the sorbents and the
orbate species and also between the adjacent molecules of sorbed
hase [53]. The results are in agreement with the point of view of
hermodynamics.

.4. Biosorption isotherms
Fig. 4 indicates the non-linear Langmuir isotherm plot and the
tandard error in the determination of the parameters. As seen from
he figure, the coefficient of determination (R2) was found to be

ig. 3. Effect of contact time and temperature on the biosorption of Sb(III) by P.
ribacia biomass (antimony concentration:10 mg/L; biomass concentration:4 g/L;
H: 3).
Hydrous oxide of Mn 17.1 [54]
Hydrous oxide of Fe 12.2 [54]
Physcia tribacia 81.1 Present study

0.99. This result indicates that the biosorption of the Sb(III) onto P.
tribacia biomass fitted well the Langmuir model. From this model,
the maximum biosorption capacity (qm) of P. tribacia biomass was
found to be 81.1 mg/g. The KL value was found as 0.01 L/mg. In addi-
tion, Table 1 presents the comparison of biosorption capacity of P.
tribacia for antimony with that of various sorbents reported in liter-
ature [12,21,48,54]. As seen from this table, the sorption capacity of
P. tribacia biomass for antimony is higher than that of the majority
of different sorbents. Therefore, it can be concluded that the P. triba-
cia biomass has important potential for the removal of antimony

from aqueous solution.

Fig. 5 indicates the non-linear Freundlich isotherm plot and
the standard error in the determination of the parameters. The
Kf and 1/n values were found using non-linear regression analy-

Fig. 5. Freundlich isotherm plots for the biosorption of Sb(III) by P. tribacia biomass
(biomass concentration: 4 g/L; contact time: 30 min; pH: 3; temperature: 20 ◦C).
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ig. 6. D-R isotherm plots for the biosorption of Sb(III) by P. tribacia biomass
biomass concentration: 4 g/L; contact time: 30 min; pH:3; temperature: 20 ◦C).

is (SigmaPlot software, SigmaPlot 2001, SPSS Inc., USA). From the
lot, Kf and 1/n values were found to be 3.9 and 0.5, respectively.
he 1/n value were between 0 and 1 indicating that the biosorption
f Sb(III) using P. tribacia biomass was favorable at studied con-
itions. The R2 value was found to be 0.95. This results indicated
hat the Freundlich model is not sufficient to describe the relation-
hip between the amount of sorbed Sb(III) onto the biomass and its
quilibrium concentration in the solution.

The D–R isotherm model well fitted the equilibrium data since
he R2 value was found to be 0.99 (Fig. 6). The qm value was found
sing the intercept of the plot to be 15 × 10−4 mol/g. The mean free
nergy value was also calculated to be 10.2 kJ/mol. It means that
hat the biosorption of Sb(III) onto P. tribacia biomass was carried
ut by chemical ion-exchange mechanism.

.5. Desorption efficiency

Desorption of Sb(III) from the P. tribacia biomass was stud-

ed separately using 0.5 M HCl (10 mL) and 0.5 M HNO3 (10 mL).
he highest desorption efficiency was achieved as about 95% and
8% using 0.5 M HCl and 0.5 M HNO3, respectively. As also seen

n Fig. 7, the high stability of P. tribacia biomass permitted 10

ig. 7. Biosorption–desorption efficiency with cycle number (biomass concentra-
ion: 4 g/L; contact time: 30 min; temperature: 20 ◦C).
Fig. 8. Pseudo-second-order kinetic plots at different temperatures (metal concen-
tration: 10 mg/L; pH: 3; biomass concentration: 4 g/L).

times of biosorption–desorption process along the studies with
a decrease about 20% in biosorption efficiency of Sb(III). These
results mean that P. tribacia biomass was good biosorbent with
respect to the biosorption performance after a large number of
sorption–desorption cycling.

3.6. Biosorption kinetics

Based on Eq. (6) the biosorption rate constants (k1) can be deter-
mined experimentally by plotting of ln(qe − qt) vs. t. As seen from
the R2 and qe,exp values in Table 2, the pseudo-first-order model is
not fitting for the biosorption of Sb(III) onto P. tribacia biomass.

The pseudo-second-order kinetic model is more probable to
predict kinetic behavior of biosorption with chemical sorption
being the rate-controlling step [55]. The linear plots of t/qt vs. t
for the pseudo-second-order model for the biosorption of Sb(III) by
P. tribacia at 20–50 ◦C were shown in Fig. 8. As seen from Table 2,
the R2 values are in range of 0.992–0.996 and the theoretical qe2,cal
values were closer to the experimental qe,exp values. Based on these
results, it can be concluded that the pseudo-second-order kinetic
model provided a good correlation for the biosorption of Sb(III) by
P. tribacia in contrast to the pseudo-first-order model.

3.7. Thermodynamics parameters of biosorption

According to Eq. (9), the �H◦ and �S◦ parameters can be calcu-
lated from the slope and intercept of the plot of ln KD vs. 1/T yields,
respectively (Fig. 9). Gibbs free energy change (�G◦) was calcu-
lated to be −18.9, −18.1, −16.5, and −15.3 kJ/mol for 20, 30, 40,
and 50 ◦C, respectively. The negative �G◦ values indicate the spon-
taneous nature of the biosorption. The negative �H◦ (−55.7 kJ/mol)
means that the biosorption of process was carried out as exother-
mic at 20–50 ◦C. Furthermore, the negative �S◦ (−124.9 kJ/mol K)
reveals the decreased randomness at the solid–solution interface
during the fixation of the antimony ion on the active sites of the
biosorbent.

3.8. FT-IR analysis
The FT-IR results are presented in Fig. 10. The broad and
strong bands at 3300–3580 cm−1 represent the bounded hydroxyl
(−OH) groups of the lichen biomass. The peaks at 2335 and
2362 cm−1 signify the stretching vibrations of –NH2

+, –NH+ and
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Table 2
Kinetic parameters obtained from pseudo-first-order and pseudo-second-order at different temperatures.

Pseudo-first-order Pseudo-second-order

Temperature (◦C) qe,exp (mg/g) k1 (l/min) qe1,cal (mg/g) R2 k2 (g/mg min) qe2,cal (mg/g) R2

20 3.2 0.15 1.7
30 2.9 0.13 1.5
40 2.8 0.74 1.4
50 2.5 0.36 1.3

F
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ig. 9. Plot of ln KD vs. 1/T for the estimation of thermodynamic parameters for
iosorption of Sb(III) by P. tribacia biomass (pH: 3; biomass concentration: 4 g/L;
ontact time: 30 min).

NH groups of the biomass. The bands peaks at 1643, 1517
nd 1423 cm−1 may be attributed to asymmetric and symmetric
tretching vibration of carboxyl (–C O) groups. The bands observed
t 1049 and 1105 cm−1 were assigned to C–O stretching of alco-
ols and carboxylic acids. Some bands in the fingerprint region
ould be attributed to the phosphate groups. After Sb(III) biosorp-
ion, the stretching vibration bands of hydroxyl were shifted to
290–3588 cm−1 for Sb(III)-loaded biomass. The stretching vibra-
ion bands of amide groups were shifted to 2329 and 2358 cm−1.
he asymmetric and symmetric stretching vibration bands of car-
oxyl groups were shifted to 1648, 1512 and 1419 cm−1. The
ands assigned to C–O stretching were also shifted to 1108 and

045 cm−1. These results indicated that the chemical interactions
s ion exchange between the metal ions and the hydrogen atoms of
arboxyl, hydroxyl, and amide groups of the biomass were mainly
nvolved in the biosorption. The similar FT-IR results were reported

Fig. 10. FT-IR spectrum of unloaded and Sb(III)-loaded biomass.
0.87 0.15 3.2 0.99
0.87 0.14 3.1 0.99
0.88 0.13 2.9 0.99
0.89 0.11 2.7 0.99

for the biosorption of Hg(II) by Xanthoparmelia conspersa [33], Pb(II)
and Ni(II) by Cladonia furcata [35] and Pb(II) and Cr(III) by Parmelina
tiliaceae as lichen biomasses [36].

4. Conclusions

In this study, the biosorption characteristics of antimony(III)
from aqueous solution using lichen (P. tribacia) biomass was inves-
tigated in terms of equilibrium, thermodynamics and kinetics. The
experimental parameters, pH of solution, biomass concentration,
contact time, and temperature, were effective on the biosorp-
tion of Sb(III) using P. tribacia biomass. The maximum biosorption
capacity of P. tribacia biomass was found to be 81.1 mg/g at pH 3,
contact time of 30 min, biomass concentration of 4 g/L, and tem-
perature of 20 ◦C. The calculated mean free energy (10.2 kJ/mol)
from the D–R model indicated that the biosorption of Sb(III) using
P. tribacia biomass was taken place by chemical ion exchange. The
highest desorption efficiency (95%) was achieved using 0.5 M HCI.
The biosorption efficiency of P. tribacia slightly decreased about
20% even after 10 times of adsorption-elution process. The cal-
culated thermodynamic parameters showed that the biosorption
of Sb(III) onto P. tribacia biomass was feasible, spontaneous and
exothermic under studied experimental conditions. Furthermore,
the experimental data were fitted to the Lagergren’s first-order and
pseudo-second-order kinetic models. The kinetic results revealed
that the pseudo-second-order model was the best kinetic model for
the description of the biosorption mechanism. Based on all results,
it can be also concluded that the P. tribacia biomass can be evalu-
ated as an alternative biosorbent for the treatment of wastewater
containing Sb(III) ions, due to its being low-cost biomass and having
a considerable high sorption capacity.
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