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ABSTRACT

Studies in the field of heavy metal ion removal from industrial wastewater using biomass are increas-
ing in number due to highly efficient and cost-effective applications. In this study, we report the use
of non-living lichen, Ramalina fraxinea, as a biosorbent for the removal of Cu(II) and Ni(II) ions from
aqueous solution. The biosorption of Cu(II) and Ni(II) ions from aqueous solution by R. fraxinea bio-
mass is investigated in a batch system for parameters such as pH, contact time, and initial concentra-
tions of metal ions. The kinetic data of the biosorption process is evaluated with pseudo-first-order,
pseudo-second-order and intraparticle diffusion kinetic models. The experimental data shows greater
accordance with the pseudo-second-order model for the tested ions. The equilibrium data of Cu(II)
and Ni(Il) ions biosorption fitted onto both the Langmuir and Freundlich adsorption models. The
highest sorption capacities of Cu(Il) and Ni(Il) ions by the R. fraxinea biomass are found to be 43.48
and 9.71 mg/g, respectively. The biosorption studies indicate that R. fraxinea biomass is a moderate
biosorbent for the removal of Cu(Il) and Ni(Il) ions from aqueous solutions compared with other
biosorbents.
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1. Introduction

Heavy metals can cause irreversible environmental
defects due to intrusion into biological processes in liv-
ing organisms. As heavy metals are non-biodegradable
substances, they cannot be dismissed by nature and, thus,
show accumulation in living organisms once they enter into
the food chain [1,2]. Heavy metals such as antimony (Sb),
arsenic (As), chromium (Cr), cadmium (Cd), lead (Pb) and
mercury (Hg) are listed as toxic even in small quantities by
the World Health Organization (WHO) [3]. Others includ-
ing copper (Cu), nickel (Ni) and selenium (Se) are essential
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micronutrients for bioprocesses and should be included in
a daily diet [3]. However, adverse effects may result from
excessive use or prolonged exposure to these heavy metals
[4,5]. The transfer of heavy metals to humans brings serious
health disorders in neural, renal and respiratory systems by
inhibiting the functions of biomaterials (proteins, enzymes
and suchlike) and may cause cancer and multiple organ dam-
age by accumulative poisoning [3-6]. The WHO emphasizes
the maximum permissible limit for certain heavy metals in
drinking water as follows: Sb (0.02 mg/L); As (0.01 mg/L);
Cr (0.05 mg/L); Cd (0.003 mg/L); Pb (0.01 mg/L); Hg (0.006
mg/L); Se (0.04 mg/L); Cu (2.0 mg/L) and Ni (0.07 mg/L) [3].
Industrial processes including mining, metal smelt-plating,
manufacture of chemicals, electronic devices and batteries
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are the main sources of heavy metal waste [6]. Inadequate dis-
posal of such waste effluent also contributes to an increase in
heavy metal distribution and abundance in nature. Therefore,
it is highly important to eliminate heavy metals from indus-
trial waste effluent to keep natural sources clean. Water
remediation systems that are used alone or in combination
with conventional methods, such as precipitation, adsorp-
tion, flocculation, membrane filtration, coagulation, reverse
osmosis, ion-exchange resins, electrodialysis and electrode
position, have limited use because of high operational costs,
high reagent-energy demands, generation of secondary
waste and insufficient effectiveness at low metal concentra-
tions (1-100 mg/L) [6-10]. Adsorption is a highly appreciable
technique due to its high efficacy even at low metal ion con-
centrations [10]. A wide variety of sorption media, including
synthetic-natural polymers, activated carbon, zeolites and
biomaterials, are used as adsorption material with various
sorption capacity and cost [6,11-15]. Biosorption is the use of
dead or live biomaterials as adsorbent, such as agricultural
waste-based materials (wheat straw, fruit peel, husk, bark,
leaves and suchlike), animal-based materials (bones, sheep—
cow hoof and suchlike), bacteria or its components, fungi,
algae and moss [6,10,16-37]. Many of these biosorbents are
available in high quantities with low cost or which are free of
charge that reduces operational costs. Recently, lichens have
also been employed as biosorbent for the removal of heavy
metal ions from aqueous solutions [38,39]. Lichens are com-
posed of mutually living organisms, including a fungus and
a green algae or a cyanobacterium [40]. Lichens have a rich
composition of polymeric and non-polymeric compounds
featuring a variety of metal binding sites, such as cellulose,
hemicellulose, chitin, aromatic, phenolic, carboxylic acid
derivatives and others [40,41]. Lichens are considered as
bioindicators of environmental pollution because of their
sensitivity to a variety of pollutants [40]. Living lichens can
accumulate metal ions by ion exchange, extracellular adsorp-
tion and particle trapping [42]. Their natural abundance and
cost-effective value make lichens suitable biosorbent for the
removal of metal ions from aqueous solutions. Accordingly,
non-living lichens have recently been employed for the
exclusion of heavy metal from aqueous solutions [38,43-46].

In this study, we report the use of a common non-living
fruticose lichen, Ramalina fraxinea, which grows on the
nutrient-rich bark of broad-leaved trees (Fig. 1), as a
biosorbent for the removal of Cu(Ill) and Ni(IT) ions from
aqueous solution. The effects of various parameters, such as
pH, contact time and initial concentrations of metal ions on
the biosorption capacity, are examined. The kinetic data of the
biosorption process are evaluated using pseudo-first-order
kinetic model, pseudo-second-order kinetic model and the
intraparticle diffusion model. Langmuir and Freundlich
isotherm equations are used to determine the capacity and
mechanism of the biosorption process of tested metal ions
onto the R. fraxinea biomass.

2. Experiments
2.1. Preparation of R. fraxinea biomass

The lichen, R. fraxinea, was collected from the TEMA
Forest, Bozdag, Eskisehir Province, Turkey, at an altitude of

Fig. 1. Thallus of R. fraxinea.

1,100 m. R. fraxinea samples were stored at the Herbarium of
Department of Biology (ANES) at Anadolu University. The
samples were washed several times with distilled water to
remove adhered dirt and dried at 50°C for 24 h. The dried
samples were ground and sieved into the following sizes;
0-75, 75-125, 125-250 and 250-500 pm. Otherwise specified,
the R. fraxinea biomass of 75-125 pm size was employed in all
of the biosorption experiments.

2.2. Biosorption experiments

The biosorption of Cu(ll) and Ni(Il) ions onto the
R. fraxinea biomass from the aqueous solutions was investi-
gated in batch experiments using 100 mg of R. fraxinea bio-
mass in 25 mL solution in Erlenmeyer flasks, in a water bath
at 25°C. The adsorption media was stirred with continuous
agitation of 200 rpm. 250 ppm Cu(II) and 200 ppm Ni(II) ions
solutions were used for the investigation of pH and contact
time on the biosorption. The effect of pH on the biosorption
capacity of the biomass for metal ions was investigated in a
pH range of 1.0-6.0 at 25°C. The pH values of the sorption
medium were adjusted using a pH meter to the desired value
by adding 0.1 M HCI or 0.1 M NaOH at the beginning of
experiments and were not further controlled. The pH effect
was measured after treating with biosorbent for 240 min,
which was sufficient time to reach sorption equilibrium.
Experimental control tests were conducted in the absence
of the biosorbent in order to determine the Cu(Il) and Ni(II)
removal by chemical precipitation and sorption onto the ves-
sel walls. The effect of contact time on biosorption was exam-
ined using the same amount of R. fraxinea biomass (100 mg)
in 50 mL metal ion solutions (50-500 mg/L) in a time range
of 0-180 min at pH 5.0 for Cu(II) and at a pH of 6.0 for Ni(II)
ions. The effect of the initial metal ions concentration on the
biosorption was investigated using single metal ion solutions
at different concentrations, ranging from 50 to 500 mg/L.
After the biosorption media reached equilibrium for both
ions, the mixtures were centrifuged at 4,500 rpm for 5 min,
and the concentrations of Cu(Il) or Ni(Il) ions in aqueous
phase were analyzed using an atomic absorption spectro-
photometer (AAS) with an air-acetylene flame (Perkin Elmer
AAnalyst 800 Model). The AAS instrument responses were
periodically tested using standard Cu(II) or Ni(II) ion solu-
tions. The amounts of adsorbed metal ions (g,) per gram of
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biomass at equilibrium were calculated by subtracting the
final metal ion concentrations from the initial metal concen-
trations in the solution, as stated in Eq. (1):

(c,-c)v
ge=—"" (1)
m
where g, (mg/g) is the amount of adsorbed metal ion onto
the biomass; C, (mg/L) is the initial metal concentration
in the solution; C, (mg/L) is the final metal ion concentra-
tion at equilibrium; V (L) is the volume of the solution; and
m (g) is the amount of biomass employed in the adsorption
process.

Adsorption isotherm experiments were performed after
ensuring optimum adsorption conditions (240 min contact
time at pH 5.0 for Cu(II) and at pH 6.0 for Ni(II) ions) starting
with different metal ion concentrations (ranging between 50
and 500 ppm) at a constant temperature (25°C).

Adsorption kinetics were evaluated by analyzing instant
concentration of Cu(Il) and Ni(II) ions in aqueous solution
within certain time intervals up to 180 min, with the concen-
trations of metal ions being measured as in the equilibrium
tests. Kinetic studies were performed using 100 mg adsor-
bent in 50 mL of 250 ppm Cu(II) or 200 ppm Ni(II) ion solu-
tions at a constant temperature of 25°C.

2.3. Analytical determination

The pH values were measured using an Orion 420A
pH meter. The amount of free metal ions in the solutions
was determined using a Perkin-Elmer AAnalyst 800 Model
AAS equipped with an air-acetylene flame. The working
currents/wavelengths for the metal ions Cu(ll) and Ni(II)
were 4.0 mA/324.8 nm and 4.0 mA/232.0 nm, respectively.
Calibration solutions for the AAS instrument were prepared
from stock solutions (for Ni(Il) ions, 1,000 + 2 mg Ni(NO,),
and were dissolved in 1,000 mL water; and for Cu(Il) ions,
1,000 + 2 mg Cu metal was dissolved in 10 mL concentrated
HNOQO, and diluted to 1,000 mL with water). The instrument
responses were periodically checked by standard metal solu-
tions. Experiments were conducted in triplicate and averaged.
The scanning electron microscope (SEM) images of the bio-
mass were obtained by a Carl Zeiss ultra plus field-emission
SEM. The specific surface areas of the biomass was measured
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Fig. 2. SEM images of the R. fraxinea biomass.

by the N, adsorption technique (at 77 K), using a surface ana-
lyzer (NOVA 2200e, Quantachrome Instruments, USA). The
isoelectric point (IEP) of the R. fraxinea biomass was deter-
mined by using a Malvern Zetasizer Nano ZS potentiome-
ter equipped with an MPT-2 multipurpose autotitrator. The
pH solution was adjusted by adding either hydrochloric acid
(0.025 and 0.5 M) or sodium hydroxide (0.15 M) solution
during the zeta potential measurements. The FTIR spectra
were recorded on a PerkinElmer 100 FT-IR spectrometer.

2.4. Characterization

An SEM analysis was carried out to determine the sur-
face morphology of the R. fraxinea biomass. SEM images of
the R. fraxinea biomass (Fig. 2) show rough microtubular
structures within an irregular surface. The cryogenic gas
sorption (based on Brunauer-Emmett-Teller (BET) theory) of
R. fraxinea biomass is of mean at 12.91 m?/g total pore vol-
ume and is almost equal to mesopore volume (Table 1). The
zeta potential of the R. fraxinea biomass was investigated in
our previously published study depending on pH [43]. The
isoelectric point (IEP) was determined as 6.72 in the pH scale.
Beyond this pH, the biomass surface was negatively charged.

The functional groups that are present in the surface of
R. fraxinea biomass are characterized by FTIR spectroscopic
studies. Fig. 3 shows the FTIR spectra of R. fraxinea bio-
mass and those ion-loaded. On the FTIR spectra of natural
R. fraxinea biomass, a strong band around 3,398 cm™ des-
ignates the presence of hydroxyl (-OH) or amido (-NH-)
groups, and a peak at 2,928 cm™ represents the stretching
frequency of C-H groups. The weak signal at 1,721 cm™
might show the stretching vibration of C=O of ester and
carboxylic acid functionality. The strong peak at 1,653 cm™
shows amide C=0 stretching, while the peak at 1,541 cm™!
shows amide N-H bending and the band at 1,375 cm™ cor-
responds to the symmetrical deformation of amides, which
are the characteristic signals for chitin structure [47,48].
The band at 1,039 cm™ shows C-O stretching of alco-
hols and carboxylic acids. When the R. fraxinea biomass
adsorbs metal ions, the strong band around 3,398 cm™
due to hydroxyl or amido groups became broader, and
the stretching vibrations of carbonyl groups (C=0O) were
shifted to 1,724 and 1,657 cm™. The FTIR results suggest
that the hydroxyl and carbonyl groups of acids and amides
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present on the surface of the R. fraxinea biomass participate
in the complex formation with metal ions.

3. Results and discussion
3.1. Effect of pH on the biosorption of Cu(II) and Ni(II) ions

Biosorption of metal ions onto biomass is highly pH depen-
dent since it affects the solubility of metals and the ionization
state of various functional groups (carboxylate, phosphate and
amino groups) on the biosorbent surface. The aforementioned
functional groups usually built metal-organic complexes with
metal cations through electrostatic interactions. A rise in pH
increases the number of negatively charged functional groups
that form better binding sites for metal cations, whereas after
certain pH values, the metal ion concentration decreases due
to the precipitation of metal ions as hydroxides in a basic con-
dition. Therefore, the metal adsorption capacity of a biomass
is determined by the cooperation of these two pH dependent
parameters. Sheng et al. previously showed the existence of a
percentage of various metal ions (Pb(II), Cu(Il), Cd(II), Ni(II)
and Zn(Il)) in aqueous solutions as a function of pH [49]. It
was calculated that the Cu(Il) ion was the dominant species
below pH 5.2 and Ni(II) ion was the dominant species below
pH 7.5 in aqueous solutions [49]. Herein, biosorption experi-
ments were carried out under acidic conditions ranging from
of 1.0 to 5.0 for Cu(II) and from 1.0 to 6.0 for Ni(II), to prevent
metal hydroxide precipitations. Fig. 4 shows Cu(II) and Ni(II)
uptake onto the R. fraxinea biomass as a function of pH. It was
observed that the biosorption capacities were increased by
increasing the pH value of the solution. The highest biosorp-
tion capacities were achieved for Cu(Il) at pH 5.0 and for Ni(II)
ions at pH 6.0, which is 23.2 mg/g for Cu(Il) and 8.35 mg/g
for Ni(I). As expected, the R. fraxinea biomass surface became
more negatively charged, and the metal ion uptakes improved
along with an increase in pH. Experimental control tests also
indicated that the metal ion uptakes were purely based on
biosorption.

Table 1
Surface and pore characteristics of the R. fraxinea biomass

R. fraxinea biomass

BET surface area (m?/g) 12.91
Mesopore surface area (m?/g) 1291
Average pore diameter (A) 19.9
Mesopore volume (cm®/g) 0.0129
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Fig. 3. FTIR spectra of R. fraxinea biomass and those ion-loaded.

3.2. Effect of contact time on biosorption

The effect of contact time on the biosorption of metal ions
(100 mg/L) on R. fraxinea biomass was investigated within the
time range of 0-180 min at 25°C. Fig. 5 shows the time course
of Cu(II) and Ni(II) ions adsorption on the R. fraxinea biomass
for Cu(Il) at pH 5 and for Ni(I) ions at pH 6. As can be seen
in Fig. 5, the Cu(ll) ion uptake showed a rapid increase in the
first 40 min of contact time, and after this, the Cu(II) adsorp-
tion appeared to reach equilibrium. After 50 min, the Cu(II)
ion uptake again started a gradually increase. Ni(Il) ion
uptake showed a rapid increase in the first 10 min, and then
it showed a slow increase between 20 and 30 min. It received
a gradual increment up to 90 min, and beyond this time it
reached equilibrium and did not show any significant Ni(II)
uptake.

3.3. Effect of initial Cu(Il) and Ni(Il) ions concentration on
the biosorption

The effect of the initial Cu(IT) and Ni(IT) ions concentra-
tion (C)) on the biosorption capacity of R. fraxinea biomass
was studied using single ion concentrations (50-500 mg/L) at
optimum conditions (pH 5 for Cu(II) and pH 6 for Ni(II) ions
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Fig. 4. Effect of pH on the biosorption of Cu(II) and Ni(II) ions by
the R. fraxinea biomass.
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Fig. 5. Effect of contact time for Cu(II) and Ni(II) biosorption by
the R. fraxinea biomass.
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with 240 min contact time). It is well known that initial con-
centration is a main driving force for overcoming mass trans-
fer resistance between aqueous and solid phases. Herein, the
Cu(II) and Ni(II) uptake first increased with increasing initial
metal ion concentrations because of a greater probability for
metal ions to bind the active adsorption sites on the biosor-
bent surface (Fig. 6). The Ni(Il) adsorption capacity became
constant after C; of 300 mg/L, since the sorption sites on
the biosorbent surface became saturated. The Cu(ll) uptake
showed small increments after 300 mg/L of C, due to existing
active sites.

3.4. Kinetics of the biosorption

Kinetic models are used to understand the sorption
mechanism and evaluate the adsorbent performance for
metal ion uptake. Various kinetic models, including the
pseudo-first-order, pseudo-second-order and intraparticle
diffusion, were applied to determine the efficiency and bio-
sorption mechanism of Cu(Il) and Ni(Il) on the R. fraxinea
biomass. The kinetic rate equations for first-order (Eq. (2)),
second-order (Eq. (3)) and intraparticle diffusion (Eq. (4)) are
represented below [50]:

ln(q1 fqt) = Inq1 7k1t 2)
t 1 1
A ©)
9, ka4 4,
%=kd,-f\/¥+c (4)

where g, is the amount of biosorbed metal ions over time
(mg/g); q, and g, are the amounts of biosorbed metal ions
at equilibrium for the first- and second-order biosorption,
respectively (mg/g); k, is the pseudo-first-order rate con-
stant (1/min); k, is the second-order adsorption rate constant
(g/(mg.min)); and k,, is intraparticle diffusion rate constant
(mg/g h'”) for biosorption, with ¢ being the intercept.

The relevance of the experimental data to the kinetic mod-
els was determined by comparing the correlation coefficients
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Fig. 6. Effect of the initial ion concentration (C ) on the biosorption
of Cu(Il) and Ni(II) ions onto the R. fraxinea biomass.

(R?) of the experiments. (The more applicable model had the
relatively higher R? value.) To examine the first-order kinetic
rate, In(g, — g,) was plotted against ¢ (Fig. 7). The values of
the pseudo-first-order rate constant k, were obtained from
the slopes of the trend lines. The k, values, the correlation
coefficients (R*), and theoretical and experimental g, values
are shown in Table 2. According to the correlation coefficients
(R?), the plots do not provide a well-fitted straight line, which
indicates that this sorption process is not really applicable for
the pseudo-first-order kinetics (Fig. 7). Furthermore, calcu-
lated g, values are lower than those experimental g, values.
The second-order kinetic rate was investigated by plot-
ting of /g, vs. t (Fig. 8). The plots provided well-fitted straight
lines having high correlation coefficients (R?). The values of
k, and g, were calculated from the slope and y-intercept of
the trend line (Table 2). Furthermore, the theoretical values
of q,, obtained from the second-order equation, were fairly
close to the experimental values of g, (Table 2). These results
suggest that the biosorptions of Cu(Il) and Ni(Il) ions on

1.25 1
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Fig. 7. First-order kinetic plot for Cu(II) and Ni(II) uptake by the
R. fraxinea biomass.

Table 2

Kinetic parameters from the pseudo-first-order,
pseudo-second-order and intraparticle diffusion models for the
adsorption of Cu(Il) and Ni(II) ions onto the R. fraxinea biomass

Cu(l) Ni(II)
q,. (mg/g) 23.4 8.12
Pseudo-first order
k, (1/min) 0.0104 0.0154
q, (mg/g) 9.89 4.59
R? 0.974 0.961
Pseudo-second order
k, (g/(mg.min)) 5.1x103 8.35x 107
q, (mg/g) 23.98 8.73
R} 0.998 0.999
Intraparticle diffusion
k, (mg/(g.min""?)) 1.158 0.7168
C 11.60 1.62
R} 0.943 0.938
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the R. fraxinea biomass could be better described via the
pseudo-second-order kinetic model.

To investigate intraparticle diffusion, the amounts of bio-
sorbed metal ions over time, g, are plotted against the square
root of time (#: Fig. 9). A straight line with high correlation
coefficients R? indicates that intraparticle diffusion might be
the rate-limiting step for metal uptakes. k,, and c values are
obtained from the slope and y-intercept of these trend lines
(Table 2). As can be seen in Fig. 9, none of these trend lines
pass through the origin, which implies that intraparticle dif-
fusion is not the only rate-controlling step [51].

3.5. Adsorption isotherms

The relationship between the amount of adsorbed sub-
stance and its concentration at equilibrium is determined
using an adsorption isotherm [24,32,50]. The Langmuir and
Freundlich isotherm equations are the most frequently used
adsorption isotherm to understand the adsorption mecha-
nism in biosorption studies.

The Langmuir isotherm is only for valid homogenous sur-
faces on which a single adsorption layer is built [50,52]. The
model assumes that the sorbent surface has the uniformity of
adsorption sites and the transmigration of adsorbate is not
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Fig. 8. Second-order kinetic plot for Cu(II) and Ni(II) uptake by
the R. fraxinea biomass.
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Fig. 9. Intraparticle diffusion model plot for Cu(Il) and Ni(II)
uptake by the R. fraxinea biomass.
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allowed in the plane of the surface. The linearized Langmuir
isotherm is represented by following equation (Eq. (5)):

QZL_F& (5)
7. 4%, 4,

where C, (mg/L) and g, (mg/g) are defined as the metal ion
concentrations at equilibrium and the amount of adsorbed
ion onto per gram of adsorbent at any time, respectively. K,
(L/mg) is the Langmuir isotherm constant related to affinity,
and g, (mg/g) is the maximum monolayer coverage, which
reflects the adsorption capacity.

The Langmuir isotherm model for Cu(Il) and Ni(II) ions
biosorption onto the R. fraxinea biomass was evaluated by
plotting graphs between C /g, vs. C, (Fig. 10). g, and K, were
computed from the slope and y-intercept of the trend line,
respectively, and are shown in Table 3.

The Freundlich isotherm is used to describe the adsorp-
tion mechanism on heterogeneous surfaces that consists of
non-uniform adsorption sites of varying affinities and that
allows the building of multiple adsorption layers [50,52]. The
empirical relationship between the adsorbate concentration
and the solute concentration is given by the following equa-
tion (Eq. (6)):

60 -
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Fig. 10. Langmuir isotherm model for Cu(Il) and Ni(Il) ions
biosorption onto the R. fraxinea biomass.

Table 3

Langmuir and Freundlich model equation parameters estimated
from the fitting of experimental points of Cu(II) and Ni(II) ions
biosorption

Cu(II) Ni(II)
Langmuir equation
9, (ME/) 43.48 9.71
K, (L/mg) 0.0047 0.0193
R? 0.960 0.998
Freundlich equation
K (L/mg) 1.02 2.02
N 1.79 3.91
R? 0.967 0.956
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logg, =logK, +llogC,2 (6)
n

where C, (mg/L) is the equilibrium concentration of
the adsorbate, and g, (mg/g) is the amount of substance
adsorbed per gram of the adsorbent at equilibrium. K, and
1/n are Freundlich constants. K, is defined as the adsorp-
tion capacity and represents the quantity of adsorbed ions
on an adsorbent at equilibrium. The 1/n value indicates
the adsorption intensity or surface heterogeneity. Based
on the Freundlich isotherm, the 1/n value approaches zero
when the surface heterogeneity increases [24,43,50,53].
The Freundlich equilibrium constant was calculated from
the plot of logC, vs. logg, in Fig. 11 and is given in Table 3,
on the basis of Cu(Il) and Ni(Il) ions adsorptions onto the
R. fraxinea biomass.

The relevance of the isotherm equations was evaluated
by comparing their correlation coefficients, R?. On the basis
of Cu(Il) biosorption by R. fraxinea biomass, experimental
data equally fitted on both the Langmuir and Freundlich iso-
therms, as is reflected with correlation coefficients (R* = 0.960
and 0.967, respectively; Table 3). In the case of Ni(II) biosorp-
tion, the Langmuir isotherm (R? = 0.998) showed a better
correlation with the experimental data than the Freundlich
model (R?=0.956). Therefore, the experimental data suggests
that single adsorption layers are formed for Ni(II) biosorp-
tion. Previously published results for the biosorption of Cu(II)
and Ni(II) ions by various biosorbents are given in Table 4. It
appears that the R. fraxinea biomass moderately removes the
tested metal ions compared with other biosorbents.

3.6. Adsorption thermodynamics

The determination of thermodynamic parameters is of
great importance when assessing whether or not the biosorp-
tion process is spontaneous. Experimental data obtained at
different temperatures is used to calculate thermodynamic
parameters. The changes in free energy (AG®), enthalpy
(AH®) and entropy (AS°) of the biosorption processes can
be calculated from the distribution constants (K) using the
following equations [63,64]:

o Cu(ll)
mNi(ID)

1.4 A

1.2 A

logq,,

0.8 A

06 +———————

1.5 2 2.5
logC,

Fig. 11. Freundlich isotherm for Cu(II) and Ni(II) ions biosorption
onto the R. fraxinea biomass.

E?’zlrifure survey for the biosorption of Cu(Il) and Ni(II) ions onto various biosorbents
Biosorbent material Cu(Il) Ni(II) Reference
Biosorption capacity pH Biosorption capacity pH
(mg/g) (mg/g)
HCl-modified sawdust (oak tree) 3.22 4.0 3.29 8.0 [54]
Formaldehyde-modified mangrove barks 7.25 5.0 6.95 5.0 [55]
Sawdust (teak wood) 4.94 5.24 8.05 5.16 [56]
Dye-loaded sawdust (teak wood) 8.07 5.24 9.87 5.16 [56]
Groundnut shells 4.46 5.24 3.83 5.16 [56]
Dye-loaded groundnut shells 7.60 5.24 7.49 5.16 [56]
Honeycomb 56.52 5.0 52.71 5.0 [57]
HNO,-modified corn silk 96.15 6.0 76.92 6.0 [58]
Parkia biglobosa pulp - - 143.1 6.0 [59]
Macroalgae (Sargassum sp.) 62.8 5.0 35.8 5.5 [49]
Macroalgae (Padina sp.) 724 5.0 37.0 5.5 [49]
Algae (Codium vermilara) 16.9 5.0 13.2 6.0 [60]
Algae (Fucus spiralis) 70.9 4.0 50.0 6.0 [60]
Bacteria (Pseudomonas sp.) 3.62 4.5 129.55 4.5 [61]
Buriti fibers from Mauritia flexuosa (palm tree) — 143.11 5.5 103.71 5.5 [62]
Lichen (Cladonia rangiformis) 7.69 5.0 - - [38]
Lichen (R. fraxinea) 43.5 5.0 9.7 6.0 This study
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C-c
K =S—C 7
b C (7)
AG® = —RTInK, ®)
AS' AH'
Ink =A% _ 9
Mo =R TR ©)
AG® = AH® — TAS’ (10)

where K, is the distribution constant; C, (mg/L) is the initial
metal concentration in the solution; and C, (mg/L) is the final
metal ion concentration at equilibrium. R (8.314 J/(K.mol)) is
the universal gas constant.

According to Eq. (9), if 1/T is plotted against InK, the
slope of the trend line provides AH®/R, and the y-axis inter-
cept gives AS°/R (Fig. 12). The calculated values of AG°, AH®
and AS° of sorption processes are given in Table 5.

Positive values of AG® indicate that these sorption pro-
cesses are non-spontaneous and energy demanded, and so
stirring of the mixture is required [65]. The positive values of
AH? also confirm these endothermic processes. The positive
values of AS® indicate there is an increase in the irregularity
of the metal ions on the liquid/biomass interface.

4. Conclusions

Heavy metal ions, Cu(Il) and Ni(ll), were success-
fully removed from the aqueous solution by the non-living
lichen (R. fraxinea) biomass. Sorption studies indicate that

; . . L UTXD
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Fig. 12. Plot of InK, vs. 1/T for estimation of thermodynamic
parameters of biosorption.

Table 5
Thermodynamic parameters for biosorptions of Cu(II) and Ni(II)
onto prepared biomass

T (K) Cu(Il) Ni(IT)
AG° AH° AS° AG° AH® AS°
(kJ/mol) (kJ/mol) (J/K.mol) (kJ/mol) (kJ/mol) (J/K.mol)
288.15 1.45 5.65 14.63 4.19 8.33 14.35
298.15 1.27 4.09
308.15 1.13 3.92
318.15 1.02 3.79

the biosorption of Cu(Il) and Ni(II) onto R. fraxinea biomass
were affected by experimental parameters, such as pH, ini-
tial metal concentrations and contact time. FTIR studies indi-
cate that hydroxyl and carbonyl groups of acids and amides
present on the biomass chemically interact with metal ions
to ensure complex formation. The kinetic studies of biosorp-
tion show greater accordance with the pseudo-second-order
model. The biosorption data of Cu(Il) fitted well on both
the Langmuir and Freundlich adsorption models. It can
be understood from these models that single and multiple
adsorption layers were built on the R. fraxinea biomass for
Cu(II) sorption. In the case of Ni(Il) sorption, experimental
studies show better correlation with the Langmuir isotherm
inferring single adsorption layers on the biosorbent. The
maximum sorption capacities of Cu(Il) and Ni(Il) ions by
the R. fraxinea biomass were calculated from the Langmuir
isotherm as 43.48 and 9.71 mg/g, respectively. The calculated
thermodynamic parameters show that the nature of the bio-
sorption of Cu(Il) and Ni(Il) ions onto the R. fraxinea bio-
mass was a non-spontaneous endothermic process requiring
shaking. This study shows that the biomass of R. fraxinea is a
moderate biosorbent for the removal of Cu(II) and Ni(II) ions
from aqueous solutions compared with other adsorbents.
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