Available online at www.sciencedirect.com

Journal of
Hazardous

Materials

ScienceDirect

Journal of Hazardous Materials 153 (2008) 52-59

www.elsevier.com/locate/jhazmat

Kinetic and thermodynamic studies of the biosorption
of Cr(VI) by Pinus sylvestris Linn.

Handan Ucun®*, Yalcin Kemal Bayhan?, Yusuf Kaya®
2 Department of Environmental Engineering, Engineering Faculty, Atatiirk University, Erzurum 25240, Turkey
b Department of Biology, Science and Letters Faculty, Atatiirk University, Erzurum 25240, Turkey

Received 4 June 2007; received in revised form 9 August 2007; accepted 9 August 2007
Available online 12 August 2007

Abstract

Biosorption equilibrium, kinetics and thermodynamics of chromium(VI) ions onto cone biomass were studied in a batch system with respect
to temperature and initial metal ion concentration. The biosorption efficiency of chromium ions to the cone biomass decreased as the initial
concentration of metal ions was increased. But cone biomass of Pinus sylvestris Linn. exhibited the highest Cr(VI) uptake capacity at 45 °C. The
biosorption efficiency increased from 67% to 84% with an increase in temperature from 25 to 45 °C at an initial Cr(VI) concentration of 300 mg/L.
The Langmuir isotherm model was applied to experimental equilibrium data of Cr(VI) biosorption depending on temperature. According to
Langmuir isotherm, the monolayer saturation capacity (Qmax) is 238.10 mg/g. The pseudo-first-order and pseudo-second-order kinetic models
were applied to test the experimental data for initial Cr(VI). The pseudo-second-order kinetic model provided the best correlation of the used
experimental data compared to the pseudo-first-order kinetic model. The activation energy of biosorption (E,) was determined as 41.74 kJ/mol
using the Arrhenius equation. Using the thermodynamic equilibrium coefficients obtained at different temperatures, the thermodynamic constants

of biosorption (AG°, AH® and AS°) were also evaluated.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Chromium is primarily present in the form of hexava-
lent Cr(VI) as chromate (Cr042’) and dichromate (Cr2072’).
Chromium(VI) is largely employed in the chemical industry
for chrome plating, the manufacture of dyes and pigments,
leather tanning, wood preserving, battery, rust and corrosion
inhibitors, textiles, rubbers, toner for copying machines and
cement-producing plants. Potable waters containing more than
0.05 mg/L. chromium are considered to be toxic [1]. In this
way, Cr(VI) must be removed from industrial effluents, before
being delivered into the environment. The common procedures
for Cr(VI) removal from industrial effluents include chemical
precipitation, ion-exchange resins, organic groups grafted on
textiles and separation by specific membranes [2]. Biosorp-
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tion, an alternative process, is competitive, effective and cheap.
Biosorption is a term that usually describes the removal of heavy
metals through passive binding to biomass from an aqueous solu-
tion [3]. Biosorption of metals by biosorbent has been much
explored in recent years [4—11].

The removal of heavy metals from contaminated solutions
using non-living biomass is a physico-chemical process whose
mechanism(s) is not metabolically controlled. The activation
energy needed for biosorption is about 10-20 kJ/mol, which is
in agreement with the physical nature of the process. Biosorption
is usually a very fast process exclusively responsible for metal
concentration by non-living biomass. The cell wall constituents
play an important role in metal sequestering. The biosorption
mechanisms depend on the type of functional groups on the sur-
face of the biomass, the nature of the metal and the characteristics
of the matrix around the biosorbent species. Temperature, pH,
initial metal concentration, biomass concentration etc. are the
environmental influences that are important in the biosorption.
Binding is attributed to ion exchange, adsorption, complexa-
tion, microprecipitation and crystallization processes occurring
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on the cell wall. The bioadsorption of metals to the biomass
surface occurs mainly as a result of either physical binding
involving London—Van der Waals forces and electrostatic attrac-
tion, or by chemical binding such as ionic or covalent binding
between the adsorbent and the adsorbate. However, the exact
adsorption mechanism is not well understood yet. Depending on
the nature of the biosorption system, the used isotherm model
might determine the maximum biosorption capacity and several
kinetic and thermodynamic parameters that can be used for a
better understanding of the binding mechanism [12,13].

Our previous article [14] studied the chromium(VI) binding
capacities of cone biomass of Pinus sylvestris Linn. depending
on anumber of external environmental factors such as; initial pH,
initial metal concentrations, contact time except effect of tem-
perature. In this study were investigated Langmuir isotherm, the
kinetics of chromium uptake process and the description of the
thermal properties of the chromium(VI) biosorption on the cone
biomass. The thermodynamic parameters were determined both
Langmuir constant and equilibrium constant. The magnitude of
the heat effect for the biosorption process is the most important
criterion to develop a thermodynamic and kinetic relationship
for the metal-biosorbent interaction process. The relative bind-
ing affinity of the biosorbent and the main mechanism that could
be controlling the biosorption were also discussed.

2. Materials and methods
2.1. Preparation of biosorbent and chromium solution

Cone biomass was a waste itself and a readily available
biosorbent. The ovulate cone is the well-known cone of the Pinus
and other conifers. Each cone is composed of an axis upon which
are borne, in a spiral fashion, a large number of woody scales.
Two megasporangia, in ovules, develop on the upper surface of
each scale. Upon maturity they become seeds; the ovulate cone
is, therefore, a seed-bearing cone. The scales of the mature cone
are composed of epidermal and sclerenchyma cells which con-
tain cellulose, hemicellulose, lignin, rosin and tannins in their
cell walls [15,16]. P. sylvestris Linn., ovulate cones were used
in this investigation. They were dried at 80 °C for 24 h, ground
in a mortar to a very fine powder and sieved through a 400-mesh
copper sieve.

A stock solution of Cr(VI) was obtained by dissolving
K>CryO7 salt in double distilled water and the concentration
of Cr(VI) in the stock solution was measured, and the solution
was used for further experimental solution preparation.

2.2. Batch biosorption studies

Cr(VI) solutions was prepared by diluting 1.0 g/L stock solu-
tion of chromium. The range of concentrations of prepared
Cr(VI) solutions varied from 50 to 300 mg/L. Biosorption exper-
iments were carried out in 250 ml Erlenmeyer flasks using
100 ml Cr(VI) solution with 1 g/L of the dried biosorbent. Before
mixing with the cone biomass, the pH of each solution was
adjusted to 1.0 with HCI. This pH value was determined as the
optimum pH value for Cr(VI) biosorption from the previous

study [14]. The biosorption medium was placed in a mechan-
ical platform shaker (Thermolyne ROSI 1000) and stirred for
2 h at the required temperature and at a fixed agitation speed of
150 rpm. Temperature was maintained at desired values using
a temperature-controlled storage unit, where the experiments
were conducted. The accuracy of temperature measurements
was £1°C. The samples (5ml) were taken at definite time
intervals and were filtered immediately to remove biomass by
filter paper (Whatman GF/A) and the Cr(VI) in the remaining
solution was analyzed. The total volume of withdrawn samples
never exceeded 5% of the working volume. The biosorption tests
were conducted in duplicate under identical conditions. Cr(VI)
biosorption equilibrium over a temperature range of 25-45°C
was modeled by using the Langmuir model and kinetic and
thermodynamic parameters for the biosorption process were
evaluated.

2.3. Chromium analysis

The unadsorbed Cr(VI) in the adsorption medium was deter-
mined with a spectrophotometer (Shimadzu UV-160) at a
wavelength of 540 nm, using diphenylcarbazide as a complex-
ing agent [17]. The equilibrium concentrations referenced with
the calibration curve. In addition to evaluate the possible occur-
rence of the chemical reduction of Cr(VI) to Cr(III) under acidic
conditions was studied. Therefore the extent of biosorption was
calculated from the difference between the initial Cr(VI) and
final total Cr concentration. The total Cr present in the solution
was determined by oxidizing any Cr(IIl) formed with KMnOy,
followed by the same procedures described for the determination
of Cr(VI) [17]. The Cr(IIl) form of Cr(VI) was not determined
in the solution.

3. Results and discussion
3.1. Effect of pH

Solution pH influences both cell surface metal binding sites
and metal chemistry in water. At pH values below the isoelectric
point (<2.7), the overall surface charge on cone biomass will be
positive. It is known that the dominant form of chromium(VI) at
pH 1.0 is the acid chromate ion species (HCrO4 ™) and increas-
ing pH shifts the concentration of HCrO4~ to other forms
[14,18,19]. When Cr(VI) comes in contact with organic sub-
stances or reducing agents in an acidic medium, some portions
of the originally added Cr(VI) are reduced to the trivalent state.
Polyphenolics in the adsorbent such as tannin, however, appar-
ently act as reducing agents for Cr(VI) in acidic solution. It
was found that Cr(VI) concentrations were the same as total
Cr at pH 1.0-2.0. It is considered that the scales of cone were
composed of weak reducing agents for Cr(VI) and therefore,
Cr(IIT) was not found. The binding of chromium(VI) could
be occurring either via positively charged ligands on the sur-
face of biosorbent primarily electrostatical in nature or through
the reduction of chromium(VI) to chromium(III) under strongly
acidic conditions (pH <2.5) by contact with the electron-donor
groups of the biomass, subsequently resulting in the binding of
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chromium(III) to the biomass [20-22]. Therefore, Cr(III) was
not found. Aoyama et al. [23] reported the effect of initial solu-
tion pH on the removal of Cr(VI) by pine leaves. At pH 2.0, 33%
of originally added Cr(VI) reduced to the trivalent state. But it
was not also determined Cr(III) at pH 2.0 in this study.

3.2. Effect of temperature

The equilibrium uptake of Cr(VI) ions to the cone biomass
(ge) was affected by temperature (7) and increased with increas-
ing temperature up to 45 °C. It was observed that 146 mg Cr(VI)
per g of cone biomass was adsorbed at the equilibrium at 45 °C.
Chromium(VI) biosorption was endothermic thus the extent of
adsorption increased with increasing temperature.

Fig. 1 shows the biosorption kinetics of chromium(VI) ion
removal at 25, 35 and 45 °C by plotting the chromium(VI) uptake
capacity, g (mg/g), versus time, # (min). The biosorption capac-
ity increased with increasing contact time and temperature. A
larger amount of chromium(VI) uptake was removed in the first
30 min of contact time. Equilibrium was established in 120 min
at the end of a rapid biosorption for all the temperatures stud-
ied. After an equilibrium time of 120 min, no more Cr(VI) was
adsorbed. The increase in Cr(VI) uptake may also be due to cre-
ation of some new sorption sites on the sorbent surface or the
increased rate of intraparticle diffusion of sorbate ions the pores
of adsorbent at higher temperature, as diffusion is an endother-
mic process. Since diffusion is an endothermic process, greater
biosorption will be observed at higher temperature [24].

3.3. Effect of initial chromium(VI) concentration on
temperature-dependent biosorption

The initial concentration provides an important driving force
to overcome all mass transfer resistance of chromium(VI)
between the aqueous and solid phases. The initial concentration
of Cr(VI) in the solution remarkably influenced the equilibrium
uptake of Cr(VI) at all the temperature studied (2545 °C). It was
noted that, as the initial concentration increased the sorption
of Cr(VI) increased as is generally expected due to equilib-
rium process. The equilibrium sorption capacity of biomass
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Fig. 1. The biosorption curves of Cr(VI) ions obtained at different temperatures
(for initial Cr(VI) concentration (Cp) 150 mg/L, biosorbent dosage (m) 1 g/L).
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Fig. 2. The effect of initial chromium(VI) concentration and temperature on the
biosorption efficiency of chromium ions to Pinus sylvestris (m 1 g/L).

increased with both increasing initial chromium(VI) ion con-
centration up to 300mg/L and increasing temperature up to
45 °C. The biosorption efficiency of chromium ions to the cone
biomass decreased as the initial concentration of metal ions was
increased. This may be due to the increase in the number of
Cr(VI) ions competing for the available binding sites in the
biomass and due to the lack of binding sites for complexation of
Cr(VI) ions at higher concentration levels. But it increased with
increasing temperature (Fig. 2). The increase in metal uptake at
increased temperature is due to either the higher affinity of sites
for metal or an increase in binding sites on the biomass. Athigher
temperatures the energy of the system seems to facilitate Cr(VI)
attachment onto the cell surface. This trend is in agreement with
the earlier work on sorption of Cr(VI) [11,25,26].

3.4. Biosorption kinetics

Different kinetic models were used to describe the experi-
mental data of heavy metals adsorption on biomass [25,27,28].
The pseudo-first-order rate Lagergren model is

d
4§=wm%—%> (1)

where ¢; (mg/g) is the amount of adsorbed chromium on the
biosorbent at time ¢ and k; (1/min) is the rate constant of first-
order adsorption. The integrated form of Eq. (1) is

ki
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log (ge — q;) = logqe —

A straight line of log(ge — g;) versus ¢ suggests the applicability
of this kinetic model. g. and k; can be determined from the
intercept and slope of the plot, respectively. The pseudo-second-
order kinetic model (Ho equation) is expressed as

d
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Fig. 3. First-order kinetics plot for biosorption of Cr(VI) on P. sylvestris.

where k> (g/mg min) is the rate constant of second-order adsorp-
tion. Eq. (3) can be rearranged and linearized to obtain:

r 1 " t @
@ kage)  de
The plot #/g, versus ¢ should give a straight line if second-order
kinetics are applicable and g. and k; can be determined from the
slope and intercept of the plot, respectively:

h = ka(ge)? Q)

where 4 is the initial sorption rate (mg/g min) [28].

For evaluating the biosorption kinetics of Cr(VI) ions, the
pseudo-first-order and pseudo-second-order kinetics were used
to fit the experimental data. The biomass was contacted with
Cr(VI) solution (150 mg/L) for different periods of time. Using
Eq. (2), a log(ge—gq;) versus t was plotted at the different tem-
peratures. Fig. 3 is shown these plots. Approximately, linear
fits were observed for all temperatures. It was observed that
Cr(VI) sorption followed pseudo-second-order kinetics at all
the temperatures studied. By plotting t/g; against ¢ straight line
is obtained in all cases and using Eq. (4) the second-order rate
constant (k2) and g. values were determined from the plots
(Fig. 4). A comparison of the pseudo-first-order and pseudo-
second-order adsorption rate constant at different temperatures
is presented in Table 1. The Lagergren first-order rate constant
(k1) and ge cq determined from the model are not in good agree-
ment with the experimental values of ge exp. Itis important to note
that for a pseudo-first-order model, the correlation coefficient is
less than pseudo-second-order coefficient. The values of correla-
tion coefficient for Ho equation were very high (R? >0.990) and
the theoretical ge ¢ values were closer to the experimental ge exp
values (Table 1). The values for the product £ that represents the

Table 1
Kinetic parameters for biosorption of Cr(VI) on P. sylvestris
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Fig. 4. Second-order reaction kinetics plot for biosorption of Cr(VI) on P.
sylvestris.

rate of initial sorption, the values of k> and ¢, increased with the
rise in temperature. In the view of these results, it can be said that
the pseudo-second-order kinetic model provided a good correla-
tion for the biosorption of Cr(VI) onto cone biomass at different
temperatures in contrast to the pseudo-first-order model. There-
fore, the pseudo-first-order model is not suitable for modeling
the biosorption of Cr(VI) onto cone biomass of P. sylvestris.

3.5. Activation energy of Cr(VI) sorption

Activation energy is determined according to the Arrhenius
equation:

_E‘a

Ink = In A 6
n 7 Tl (6)

where E, is activation energy, T the temperature in Kelvin, R
the gas constant (8.314 J/mol K) and A is constant called the fre-
quency factor. Value of E, can be determined from the slope of
In k versus 1/T plot (Fig. 5). The magnitude of activation energy
may give an idea about the type of sorption. Two main types
of adsorption may occur, physical and chemical. In physical
adsorption, the equilibrium is usually rapidly attained and easily
reversible, because the energy requirements are small. The acti-
vation energy for physical adsorption is usually not more than
4.2 kJ/mol, since the forces involved in physical adsorption are
weak. Chemical adsorption is specific and involves forces much
stronger than in physical adsorption. Therefore, the activation
energy for chemical adsorption is of the same magnitude as the
heat of chemical reactions. Two kinds of chemical adsorption
are encountered, activated and, less frequently, nonactivated.
Activated chemical adsorption means that the rate varies with

T (°C) Qe exp (ME/) First-order kinetic model Second-order kinetic model

ki (1/min) qe,cal (mg/g) R? ka (x 103) (g/mg min) qe,cal (mg/g) h (mg/g min) R?
25 122 0.0150 32.07 0.9177 1.764 123.46 26.88 0.9954
35 143 0.0279 28.33 0.9342 2.976 144.93 62.50 0.9997
45 146 0.0281 17.90 0.9686 5.081 147.06 109.89 0.9999
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Fig. 5. Arrhenius plot.

temperature according to a finite activation energy (between 8.4
and 83.7 kJ/mol) in the Arrhenius equation (high E,). However,
in some systems chemisorption occurs very rapidly, suggesting
the activation energy is near zero. This is termed nonactivated
chemisorption [29].

Fig. 5 shows the corresponding linear plot of Ink against
1/T with a high correlation coefficient of 0.9995. The acti-
vation energy for the sorption of Cr(VI) on P. sylvestris was
calculated and its value was found to be 41.74 kJ/mol. This
value is of the same magnitude as the activation energy of acti-
vated chemisorption. Some authors have reported similar results
[30-35]. Lazaridis and Asouhido [31], who when studying
Cr(IV) sorption on calcined Mg—Al-COj3 hydrotalcite, reported
a value for E, of 39.8 kJ/mol. Hsu et al. [35] found high value
of energy for the adsorption of Cr(VI) on LDH (Li/Al layered
double hydroxide) at different temperatures ranging from 10
to 90°C. The E, value of Cr(VI) on LDH was 41.5kJ/mol.
P. sylvestris has the higher activation energy. To track for the
sorption mechanism, Ho et al. [36] argues that for diffusion-
controlled processes the activation energy of adsorption is less
than 25-30kJ/mol. The E, value of Cr(VI) on P. sylvestris pro-
vides evidence that reaction kinetics is the control mechanism.
In the case of chemisorption, the rate of sorption is generally
controlled by the kinetics of bond formation [37].

Tewari et al. [26] have reported that values of E, for
Cr(VI) sorption on Mucor hiemalis at different temperature
was 4.0 kJ/mol. This appears that the sorption of Cr(VI) on M.
hiemalis is physical adsorption process. From the value of activa-
tion energy it appears that the sorption of Cr(VI) on P. sylvestris
is endothermic and involves chemical adsorption process. How-
ever, it is difficult to decide which mechanism is effective on
biosorption of heavy metal ions on sorbent, only taking activa-
tion energies into consideration. With respect to the magnitude
of heat of biosorption, the dominant adsorption mechanism in
the whole biosorption process can also be proposed.

3.6. Equilibrium study of biosorption
Langmuir isotherm equation is based on monolayer sorption

onto a surface with finite number of identical sites, which are
homogeneously distributed over the sorbent surface and is given

Table 2

Isotherm parameters for Cr(VI) biosorption on P. sylvestris

T(°C) Omax (mg/g) b (L/mg) R

25 238.10 0.04502 0.9797

35 263.16 0.11656 0.9816

45 256.41 0.21667 0.9754

by Eq. (7) [38]:

go = OmaxbCe )
T 1+bCe

where Omax and b are Langmuir constants denoting maximum
adsorption capacity and the affinity of the binding sites, respec-
tively. These constants can be determined from the Ce/g. versus
Ce. The values of Qnax and b constants and the correlation coef-
ficient for the Langmuir isotherm are presented in Table 2.The
essential features of a Langmuir isotherm can be expressed in
terms of a dimensionless constant separation factor or equilib-
rium parameter, Ry, which is defined by Hall et al. [39] as

_ 1
" 14 5bCy

Ry (®)
where Cj is the initial Cr(VI) concentration (mg/L) and b is the
Langmuir adsorption equilibrium constant (L/g). The value of
Ry indicates the shape of the isotherms to be either unfavorable
(R >1), linear (Rp =1), favorable (0<Ry <1) or irreversible
(R =0). Ry, values are 0.18, 0.11, and 0.076 while initial Cr(VI)
concentrations are 100, 200 and 300 mg/L, respectively. All Ry,
values obtained using Eq. (8) for Cr(VI) biosorption are greater
than zero and less than unity showing favorable biosorption of
Cr(V]) onto cone biomass.

3.7. Thermodynamic parameters

Temperature dependence of the adsorption process is associ-
ated with several thermodynamic parameters. Thermodynamic
considerations of a biosorption process are necessary to con-
clude whether the process is spontaneous or not. The Gibbs free
energy change, AG° is an indication of spontaneity of a chemical
reaction and therefore is an important criterion for spontaneity.
Also, both energy and entropy factors must be considered in
order to determine the Gibbs free energy of the process. Reac-
tions occur spontaneously at a given temperature if AG® is a
negative quantity. Value of AG® can be determined from the
following equation:

AG° = —RTInb )

where R is gas constant, b the Langmuir constant and 7 is abso-
lute temperature. Relation between AG°, AH® (enthalpy) and
AS° (entropy) can be expressed by the following equations:

AG®° = AH® — TAS® (10)

Eq. (10) can be written as

Inb=— — —— (11)
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Table 3
Thermodynamic parameters for the sorption of Cr(VI) on P. sylvestris

T(°C) AG® (kJ/mol) AH° (kJ/mol) AS° (J/mol K)
25 —19.22

35 —22.30 62.02 272.99

45 —24.67

where values of AH° and AS° can be determined from the slope
and the intercept of the plot between Inb versus 1/7 [40]. The
value of AG°, AH® and AS® for the sorption of Cr(VI) on P.
sylvestris at different temperature is given in Table 3.

The magnitude of AG® increased with the rise in tempera-
ture. The negative value confirms the feasibility of the process
and the spontaneous nature of sorption of Cr(VI) on P. sylvestris.
The value of AH® was positive, indicating that the biosorption
reaction is endothermic. This is also supported by the increase in
value of uptake capacity of the sorbent with the rise in temper-
ature. The positive value of AS° reflects the affinity of Cr(VI)
for sorbent used. In addition, positive value of AS® shows the
increasing randomness at the solid/liquid interface during the
sorption of Cr(VI) on selected biosorbent. The thermodynamic
parameters were also calculated using equilibrium constant, K:

Cs
= &
where Cs is the amount of Cr(VI) adsorbed by per biomass
(mmol/g) and C. is the Cr(VI) concentration in solution at
equilibrium (mmol/ml) [25,41,42]. The adsorption standard free
energy changes AG® can be calculated according to Eq. (9)
(In K, used instead of Inb). AH® and AS° were obtained from

the slope and intercept of van’t Hoff plots of In K. versus 1/T
(Fig. 6):

K. 12)

In K. AST AHT (13)
nkK, = ——

7 R RT

The values of AG° obtained —22.22, —25.40 and

—27.89kJ/mol at 25, 35 and 45 °C, respectively. The values of
AH° and AS° obtained 62.35 kJ/mol and 284.19 J/mol K. The
values of AH® and AS° by using equilibrium constant and Lang-
muir constants are positive and almost equal. A comparison of
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Fig. 6. InK, vs. 1/T plot.

Table 4
Previously reported AG° (kJ/mol) for the adsorption Cr(VI) on various
adsorbents

Adsorbent T(°C) AG® (kJ/mol) References

TAC 22 —12.33 [25]
30 —12.92
38 —13.86

SPC 22 —1.17 [25]
30 —3.30
38 —4.35

CAC 22 —2.37 [25]
30 —4.35
38 —6.94

CKW 25 —-10.72 [32]
33 —11.64
40 —12.53

Acticarbone 25 —7.24 [32]
33 —8.14
40 —8.71

Thujua oriantalis 16 —11.89 [33]
42 —18.30
60 —22.70

Mucor hiemalis 27 —18.40 [26]
40 -20.20
50 —-21.30

Alternanthera philoxeroides 4 —22.63 [43]
20 —24.74
40 —26.46

Tea factory waste 25 —-0.29 [44]
45 —0.60
60 —1.70

AG° (kJ/mol) for the adsorption Cr(VI) on various adsorbents
is given in Table 4.

Itis clear from this table that all the values of AG® are negative
suggesting that the adsorption process involved is spontaneous
with high preference to Cr(VI). On the other hand, the change of
the standard free energy decreases with increasing temperatures
regardless of the nature of adsorbent. This indicates that a better
adsorption is actually obtained at higher temperatures. Tewari
et al. [26] have reported that value of AH® for the sorption of
Cr(VI) on M. hiemalis was found to be 19.60 kJ/mol while AS°
was 127 J/mol K. However, Sag and Kutsal [45] have reported
that values of AH® for Cr(VI) sorption on Z. ramigera and R.
arrhizus were found 16.00 and 83.20 kJ/mol, respectively. Oguz
[33] has reported that values of AH® and AS° for Cr(VI) sorption
on Thujua oriantalis were 59.2 kJ/mol and 240 J/mol K which
are quite comparable to the results obtained in this study.

4. Conclusions

In the present study, the thermodynamic and kinetic investi-
gations of Cr(VI) adsorption on the P. sylvestris were studied.
Biosorption process followed Langmuir isotherm model. The
sorption capacity was found to increase with increase of solute
concentration and temperature. The maximum sorption capacity
was found to be 251 mg/g at 45 °C. The kinetic studies showed
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that pseudo-second-order rate equations were able to provide
a realistic description of adsorption kinetics of Cr(VI). The
value of adsorption energy, E,, gives an idea of the nature of
adsorption. The activation energy of the Cr(VI) adsorption was
calculated using Arrhenius equation. From the value of acti-
vation energy of the process it is suggested that biosorption
of Cr(VI) by P. sylvestris is chemical sorption. The adsorption
dependence of Cr(VI) on temperature was investigated and the
thermodynamic parameters AG°, AH° and AS°® were calcu-
lated. The results show an endothermic heat of adsorption and
negative free energy value, indicating that the process of Cr(VI)
adsorption is favored at high temperatures.
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