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a b s t r a c t

Peanut hull, an agricultural by-product abundant in China, was used as adsorbent for the removal of
Cu(II) from aqueous solutions. The extent of adsorption was investigated as a function of pH, contact
time, adsorbate concentration and reaction temperature. The Cu(II) removal was pH-dependent, reaching
a maximum at pH 5.5. The biosorption process followed pseudo-second-order kinetics and equilibrium
was attained at 2 h. The rate constant increased with the increase of temperature indicates endothermic
nature of biosorption. The activation energy (Ea) of Cu(II) biosorption was determined at 17.02 kJ/mol
according to Arrhenius equation which shows that biosorption may be an activated chemical biosorption.
Other activation parameters such as �H#, �S#, and �G# were also determined from Eyring equation.
u(II)
inetic
hermodynamic parameters

The equilibrium data were analyzed using the Langmuir, Freundlich, and Dubinin-Radushkevich (D-R)
isotherm models depending on temperature. The equilibrium biosorption capacity of Cu(II) determined
from the Langmuir equation was 21.25 mg/g at 30 ◦C. The mean free energy E (kJ/mol) got from the D-R
isotherm also indicated a chemical ion-exchange mechanism. The thermodynamic parameters such as
changes in Gibbs free energy (�G0), enthalpy (�H0) and entropy (�S0) were used to predict the nature of

negat 0
biosorption process. The
are spontaneous.

. Introduction

Copper is a widely used metal in industry as electrical wiring,
lumbing, gear wheel, selenium rectifier, air conditioning tubing
nd roofing owing to its excellent physical and mechanical prop-
rties such as electrical and thermal conductivity, good corrosion
esistance, ease of fabrication and installation. Ultra-trace amount
f copper is essential for human, animals, and microorganisms.
owever, excessive copper can be detrimental for the environment.
or instance, for human it will cause stomach upset and ulcer, men-
al retardance, liver and brain damage, and so on. The potential
ources of copper in industrial effluents include metal cleaning and
lating baths, pulp, paper board mills, printed circuit board pro-
uction, wood pulp production, and the fertilizer industry, etc. [1].
herefore, removal of copper from effluents is essential not only to
rotect the water resources but also to slow down the fast depletion
f copper sources.
Various methods to remediate heavy metal contaminated
oils and wastes exist, including thermal, biological and phys-
cal/chemical treatments. However, Chemical methods, such as
recipitation, adsorption, ion-exchange and solvent extraction

∗ Corresponding author.
E-mail address: silk588@126.com (C.-S. Zhu).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.02.085
ive �G values at various temperatures confirm the biosorption processes

© 2009 Elsevier B.V. All rights reserved.

require high capital and operation costs and many produce large
volumes of solid wastes [2–4]. Hence, there is a crucial need for the
development of a method that is highly selective, more efficient,
easy to operate and hence cost effective. Biosorption could be a
good alternative technology.

In recent years, there has been an increase in the use of biolog-
ical materials including agricultural and industrial solid wasters as
adsorbents for the removal of heavy metals [5]. The advantage of
using solid wastes is that it saves disposal costs while alleviating
potential environmental problems. Agricultural by-products, such
as peat, wood, pine park, banana pith, rice bran, wheat bran, peanut
hull, wool, sunflower, grape stalks wastes, sugar beet pulp, olive mill
solid residue, sawdust, leaves, walnut expeller meals, orange peel,
have been demonstrated to remove heavy metal ions from wastew-
ater [6–29]. The output of peanut in China accounts for one third of
the gross production of the world. During the processing of peanut
produces 500 thousand tons of by-products, peanut hull.

This paper presents the study of biosorption characteristics of
powdered peanut hull biomass for removing Cu(II) from aqueous
solutions in batch system. The binding capacity of powdered
peanut hull for Cu(II) was shown as a function of initial pH, contact

time, temperature and initial copper(II) concentration in this
study. The biosorption equilibrium was expressed by the Lang-
muir, Freundlich, and Dubinin-Radushkevich (D-R) isotherms. The
experimental data were analyzed using three different adsorption
kinetic models and kinetic constants were calculated depending

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:silk588@126.com
dx.doi.org/10.1016/j.jhazmat.2009.02.085
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Fig. 1. FT-IR spectrum of peanut hull.

n temperature. The activation energy of biosorption process,
hich is an indicator of adsorption type, was also evaluated. Since

he evaluation of the heat change of the biosorption process is
ery important for reactor design, the thermodynamics of the
iosorption process was also investigated.

. Materials and methods

.1. Adsorbent and adsorbent characterization

The peanut hull was obtained from a market in Wuhan, China.
he material was washed with tap water, rinsed with ultra-pure
ater, oven-dried at 60 ◦C for 2 days, and ground to pass a 100-mesh

0.133 mm) sieve.
As a biomass, the peanut hull is a complex material con-

isted of polyphenol such as catechol, pyrogallic acid and
-trihydroxybenzene, mineral, lipid, and cellulose, etc. [30]. Chem-

cal sorption can occur by the polar functional groups of these
onstitutes, which include carboxyl groups and phenolic hydroxyl
s chemical bonding agents.

Fourier transform infrared (FT-IR) spectrum of the peanut hull
as recorded on a Thermo Nicolet Nexus spectrometer in the range
f 4000–400 cm−1 using a KBr disc containing 1% of finely ground
ample with the aid of a bench press. From Fig. 1, it could be seen,
he band at 3392 cm−1 was ascribed to the mixed stretching vibra-
ion absorption band of amino and hydroxyl groups. The small
and obtained at 1735 cm−1 was assigned to the carboxyl group
tretching vibration. The peak at 1424 cm−1 was caused by the CH2
ending and 1372 cm−1 by the O–H bending. The peak at 1265 cm−1

s indicative of the OH in-plane bending cellulose. A small sharp
and at 897 cm−1 represents the glycosidic C1–H deformation with
ing vibration contribution and OH bending, which is characteristic
f �-glycosidic linkages between glucose and cellulose.

Crystallinity of the material was determined by X-ray diffrac-
ion using a diffractometer (Rigaku, D/Max-IIIA) operated at 40 kV
nd 50 mA. The scanning scope and scanning speed were 5◦–70◦

nd 15◦/min, respectively, using Cu K� radiation. The XRD pat-
ern (Fig. 2) of peanut hull showed typical spectrum of cellulosic

aterial, having main and secondary peaks at 2� of 22◦ and 16◦,
espectively. The main peak is taken as indicative of the presence of
ighly organized crystalline cellulose, while the secondary rather
eak peak is a measure of a less organized polysaccharide structure.

he conclusion is accordant with that of the FT-IR analysis.
.2. Chemicals

Stock solutions of Cu(II) were prepared by dissolving accurately
eighed amount of metal copper (purity >99.999%) in nitric acid

nd diluting with ultra-pure water. The test solutions were pre-
Fig. 2. XRD diagram of peanut hull.

pared by diluting 1 g/L of stock solution of Cu(II) to the desired
concentrations. Before mixing the adsorbent, the pH of each test
solution was adjusted to the required value with HNO3 and NaOH
solutions. The pH measurements were achieved with Orion 290A+
model pH meter during all of the experiments.

2.3. Biosorption studies

Batch biosorption experiments were performed using 0.20 g of
powdered and dried peanut hull with 100 mL of Cu(II) aqueous
solutions in 250 ml stoppered flasks, whose concentrations, tem-
peratures, and pHs have previously been known. The mixtures of
the peanut hull and the solutions were shaken in a thermostatic air
bath (HZQ-QX, HDL instrument Co. Ltd.) at 120 rpm. After the target
contact time was reached suspensions were filtered by filter paper.
The first 30 mL filtrates were abandoned owing to the considera-
tion of adsorption of filter paper. Then the posterior filtrate was
analyzed for Cu(II) ions using an atomic absorption spectrometer
(TAS-990AFG, PGeneral instrument Co. Ltd., China). Blank solutions
(containing no Cu(II) ions) were used for each experiment. Some
samples were diluted to fit with the calibration range. The cali-
bration coefficient (R) obtained for all analyses was 0.99 or better.
The wavelength used for the analyses were 324.8 nm. The amount
of Cu(II) captured by the adsorbent was calculated from the dif-
ference between the initial and final concentrations of the metal
ions in solution. Experiments were triplicated and the results aver-
aged.

3. Theoretical basis

3.1. Kinetic of biosorption

The kinetic of biosorption process was studied by carrying out a
set of biosorption experiments at four constant temperatures and
monitoring the amount captured with time. Assuming pseudo first
order kinetics, the rate of the adsorptive interaction can be evalu-
ated by using the simple Lagergren equation [31,32]:

ln(qe − q) = lnqe − k1t (1)

where q and qe are the solid phase copper ion concentrations at
any time (t) and at the equilibrium (mg/g), respectively and k1 is
the pseudo-first-order adsorption rate constant. The values of k1
can be obtained from the slope of the linear plot of ln(qe − q) vs. t.
The pseudo-second-order kinetic model can be presented by the
linear equation:

t

q
= 1

k2q2
e

+ t

qe
(2)
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here k2 is the second order rate constant and k2q2
e known as the

nitial adsorption rate, could be tested. The linear plots of t/q vs. t
llow computation of qe, k2 and the initial rate.

As it is known, two intra-particle diffusion mechanisms are
nvolved in the adsorption rate: (1) diffusion within the pore vol-
me, known as pore diffusion or intra-particle diffusion, and (2)
iffusion along the surface of the pores, known as surface diffu-
ion. Pore diffusion and surface diffusion occur in parallel within
he adsorbent particle. The intra-particle diffusion equation is given
s follows [32]:

= kpt0.5 (3)

When intra-particle diffusion plays a significant role in control-
ing the kinetics of the adsorption process, the plots of q vs. t0.5 yield
traight lines passing through the origin and the slope gives the rate
onstant, kp.

However, when the transport of the solute molecules from the
iquid phase up to the solid phase boundary plays the most sig-
ificant role in adsorption, the liquid film diffusion model may be
pplied [32]:

n(1 − F) = −kfdt (4)

here F is the fractional attainment of equilibrium (F = q/qe), kfd is
he adsorption rate constant. The plots of ln(1 − F) vs. t with zero
ntercept would suggest that the kinetics of the adsorption process
s controlled by diffusion through the liquid film surrounding the
olid adsorbents.

.2. Biosorption isotherm

The most often used isotherm equations are Langmuir and Fre-
ndlich models which are used to find out the relation between the
quilibrium concentrations of the adsorbate in the liquid phase and
n the solid phase.

1) Langmuir isotherm

qe = qmbCe

1 + bCe
(5)

where qm is the maximum amount of the Cu(II) per unit weight
of dried peanut hull to form a complete monolayer on the sur-
face bound at high Ce (mg/g), and b is a constant related to the
affinity of the binding sites (L/mg). qe is the biosorption capacity
at equilibrium (mg/g).The dimensionless biosorption intensity
(RL) is calculated using the following equation:

RL = 1
1 + bC0

(6)

where C0 is the initial concentration in the solution (mg/L).
For favorable adsorption, 0 < RL < 1; while RL > 1, RL = 1 and RL = 0
describe unfavorable, linear and irreversible adsorption, respec-
tively [32].

2) Freundlich isotherm

qe = KfCe
1/n (7)

where Kf is Freundlich capacity constant (mg/g); n the affinity
constant.

3) Dubinin-Radushkevich isotherm

lnq = lnq − ˇε2 (8)
e m

Where ˇ is a constant related to the mean free energy of
biosorption per mole of the biosorbate (mol2/kJ2), qm theoreti-
cal saturation capacity, and ε is Polanyi potential, which is equal
to RT ln(1 + 1/Ce), where R (J/mol K) is the gas constant, and T (K)
is the absolute temperature [33].
Fig. 3. Effect of pH on biosorption of Cu(II) on peanut hull.

3.3. Thermodynamic study

(1) Activation energyThe activation energy for the Cu (II) biosorp-
tion was calculated by the Arrhenius equation:

lnk = lnA − Ea

RT
(9)

Where k is the rate constant value for the Cu(II) biosorption,
Ea the activation energy in kJ/mol, T the temperature in Kelvin,
and R the gas constant. Ea value can be calculated from the slope
of a plot of ln k vs. 1/T.The activation entropy (�S#), activation
enthalpy (�H#) in the biosorption process were calculated by
the Eyring equation [34]:

ln
(

k

T

)
= ln

(
kB

h

)
+ �S#

R
− �H#

RT
(10)

Where k is the rate constant value for the Cu(II) biosorption, kB, h
and R are Boltzmann constant, Plank constant and gas constant,
T is the temperature in Kelvin. �S and �H can be calculated
from the slope and intercept of a plot of ln(k/T) vs. 1/T.

(2) Thermodynamic parametersThe thermodynamic parameters
for the biosorption process, �H0, �S0 and �G0, were evaluated
using the following equation:

lnb = �S0

R
− �H0

RT
(11)

where b is Langmuir constant. The plot of ln b vs. 1/T is lin-
ear with the slope and the intercept giving values of �H and
�S. These values could be used to compute �G from the Gibbs
relation, �G0 = �H0 − T�S0 at constant temperature. All these
relations are valid when the enthalpy change remains constant
in the temperature range.

4. Results and discussion

4.1. Biosorption of Cu(II)

4.1.1. Effect of pH
The pH of the aqueous solution is an important variable in the

biosorption of metals on the sorbents. In the present work, biosorp-
tion of Cu(II) on the sorbent was studied over the pH range of 3–6.8
for a constant peanut hull amount of 2 g/L and Cu(II) concentra-
tion of 30 mg/L at 20 ◦C. The pH values were adjusted prior to the
experiments and the values were limited to less 6.8 because of

precipitation at higher pH.

Fig. 3 shows the effect of pH on the removal of Cu(II). As
can be seen, the removal efficiency of Cu(II) tended to increase
with increasing pH value. Similar observations have been earlier
recorded [11]. In the pH range of 3–4, the qe increases sharply with
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Fig. 5. A plot of ln(qe − q) vs. time according to pseudo-first-order biosorption kinet-
ics.
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ig. 4. Influence of temperature on kinetic curve of Cu(II) biosorption on peanut
ull.

he pH increasing, while that increases slightly after pH higher than
.5. This is because the point of zero charge (pHZPC) for peanut hull
as about 3.5. The net negative charge of the adsorbent increased
hen pH elevated, which induced the initial sharp increment of

he qe. When pH reach 4.5, the qe value approaches the maximum
apacity of Cu(II) on the adsorbent, hence the increment of qe not
bvious with pH increasing.

Chemical species are also possible mechanism affecting the
dsorption of metal ions. In this paper, maximum biosorption is
bserved at pH 5.5, which might be due to a partial hydrolysis of
u2+, leading to the formation of CuOH+.

.1.2. Determination of equilibrium time and kinetics of
iosorption

The kinetics of biosorption of Cu(II) onto peanut hull were inves-
igated with initial Cu(II) and peanut hull concentrations of 30 mg/L
nd 2 g/L, respectively at four temperatures (15, 20, 25, 30 ◦C). Fig. 4
epicts variation of aqueous and solid phase copper concentrations
ith time. The biosorption rapidly increased in the first 30 min

fter which biosorption slowly approached towards equilibrium.
n general, about 98% of the total Cu(II) biosorption was achieved

ithin 120 min. Therefore 2 h was deemed sufficient to establish
quilibrium in subsequent equilibrium experiments.

In order to investigate the mechanism of biosorption and rate
ontrolling steps, the kinetic data were modeled using Lagergren
rst order, second order, and diffusion model [32].

The rates of biosorption were first analyzed with the pseudo-
rst-order equation proposed by Lagergren by plotting ln(qe − q)
s. time (Fig. 5). This equation is for the adsorption in liquid/solid
ystem based on solid capacity and assumed that the rate of change
n sorbate uptake with time is directly proportional to the difference

n the saturation concentration and the amount of solid uptake with
ime. These plots have good linearity. But in order to find a more
eliable description of the kinetics, second order kinetic equation
as applied to the adsorption data by plotting t/q vs. t (Fig. 6).
pseudo-second-order equation based on adsorption equilibrium

able 1
irst order rate constant and second order rate constant for biosorption of Cu(II) at differe

emperature (◦C) Experimental Pseudo-first-order

q (mg/g) qe (mg/g) k1 (1/min)

15 12.39 0.506 0.016 1
0 12.52 0.514 0.016 4
5 12.66 0.441 0.015 9
0 12.85 0.382 0.015 2
Fig. 6. A plot of t/q vs. time according to pseudo-second-order biosorption kinetics.

capacity assumes that the rate of occupation of adsorption sites is
proportional to the square of the number of unoccupied sites.

The comparison of experimental biosorption capacities and the
theoretical values estimated from the pseudo-first and second-
order rate equations are presented in Table 1. The theoretical qe

values estimated from the pseudo-first-order kinetic model gave
significantly different values than that of the experimental values,
and the correlation coefficients were also found to be lower. These
results indicates that the pseudo-first-order kinetics model does
not describe biosorption of Cu(II) on peanut hull. The correlation
coefficients for the linear plots of t/q against t for the second-order

equation are close to 1 or equal to 1. The theoretical qe values were
very close to the experimental qe values in the case of second-order
kinetic model and the maximum deviation was 0.16% at differ-
ent temperatures. The results suggest that pseudo-second-order

nt temperatures.

Pseudo-second-order

r qe (mg/g) k2 (g/(mg min)) r

0.967 4 12.41 0.109 2 0.999 9
0.986 5 12.54 0.115 9 0.999 9
0.986 5 12.68 0.135 7 0.999 9
0.995 4 12.87 0.153 3 1.000 0
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Table 2
Intra-particle diffusion rate constant and liquid film diffusion model rate constants for sorption of Cu(II) on peanut hull.

Temperature (◦C) Intra-particle diffusion Liquid film diffusion

r Intercepts kp (mg/(g min0.5)) r Intercepts kfd (min−1)

15 0.9923 11.94 0.033 0.9674 −3.19 −0.0161
20 0.9858 12.02 0.039 0.9865 −3.19 −0.0164
25 0.9586 12.21 0.036 0.9865 −3.36 −0.0159
30 0.9752 12.44 0.032 0.9954 −3.52 −0.0152

Table 3
Isotherm parameters for the biosorption of Cu(II) onto peanut hull at different temperatures.

T (K) Langmuir isotherm Freundlich isotherm D-R isotherm

b (L/mg) qm (mg/g) R 1/n Kf (mg/g) R qm (mmol/g) E (kJ/mol) R

288 0.1431 16.92 0.9991 0.2097 5.6786 0.8250 0.44 14.11 0.8646
2 6.2
2 7.4
3 8.7
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Freundlich isotherm (Fig. 8) and the constants were shown in
Table 3. Above this concentration level, the graphs deviates from
linearity and curvatures were observed. Other investigator [39]
also obtained data that exhibit such behavior. This behavior may
be due to the fact that two different modes of adsorption process,

Fig. 7. Biosorption isotherms of Cu2+ on peanut hull at different temperatures.
93 0.1478 17.99 0.9992 0.2034
98 0.1516 19.70 0.9978 0.1851
03 0.1557 21.25 0.9974 0.1670

inetic model, in contrast to the pseudo-first-order model, provided
good correlation for the biosorption of Cu(II) on peanut hull.

From the plots of second-order kinetic model, k2q2
e known as

he initial biosorption rate were also obtained, 16.82, 18.23, 21.82,
5.39 mg/(g min) at different temperatures, respectively. The value
f k2q2

e and qe indicates higher temperature favors the biosorption
rocess by increasing biosorption rate and capacity.

Many studies published in literature also report pseudo-second-
rder kinetics for biosorption reactions such as the biosorption
f Cu(II) by cedar sawdust and crushed brick [35], adsorption of
rsenite by a nano-crystalline hybrid surfactant-akaganeite sor-
ent [36], biosorption of Pb(II) by palm kernel fiber [37]. The
seudo-second-order kinetic model is based on the assumption
hat the rate-controlling step may be chemosorption involving
alency forces through sharing or exchange of electrons between
iosorbent and sorbate [38].

Diffusion from the solid–liquid interface to the interior of the
olid particles plays a very important role in adsorption of metal
ons. The plots of qt vs. t0.5 were linear with regression coefficient
f 0.96–0.99. The intra-particle diffusion rate constant, kp, has val-
es from 0.032 to 0.039 mg/(g min0.5) (Table 2) which is a bit small
evealing that few Cu(II) ions diffuse into the pores before being
dsorbed. It is obvious that the plots did not have a zero intercept as
roposed by Eq. (3). The intercepts was all about 12 indicating that

ntra-particle diffusion may not be the controlling factor in deter-
ining the kinetics of the process because there is a boundary layer

esistance.
Diffusion from the bulk liquid phase to the surface of an adsor-

ent might also play an important role in determining the rate
rocesses. The plots of -ln(1 − F) vs. t in accordance with the Eq.
4) yield linear plots (r: 0.967–0.995) with intercepts of −3.52 to
3.19. The rate constant, kfd, is in the range of −0.0164 to −0.0152

Table 2). The none-zero intercepts again show that despite giving
inear plots, the predictions of the model will have only limited
pplicability in biosorption of Cu(II) on peanut hull.

.1.3. Biosorption isotherm
The equilibrium concentration dependence data of Fig. 7 was

ested using different biosorption isotherm models in order to
evelop an equation which accurately represented the result and
ould be used for design purposes. Several isothermal equations are

vailable for analysis. In this study, two isothermal equations, i.e.,
angmuir and Freundlich isothermal equations were employed to
tudy the biosorption process. These two isotherms are used most
ommonly to describe the biosorption characteristics of adsorbent
sed in water and wastewater treatment.
287 0.8477 0.45 14.74 0.8855
227 0.8836 0.46 14.98 0.9179
384 0.9386 0.45 15.87 0.9697

The equilibrium data for Cu(II) ions over the range from 10
to 400 mg/L at four temperatures have been correlated with the
Fig. 8. Freundlich isotherm of Cu(II) on peanut hull.
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Fig. 9. Langmuir isotherm of Cu(II) on peanut hull.

.e., surface diffusion and intraparticle diffusion is taking place.
owever, from the variation trend of constants kf and 1/n in Table 3,
onclusion can also be get that the increase of temperature favors
u(II) ion removal by peanut hull.

Langmuir equation was also fitted to the isotherm data as
hown in Fig. 9. Linear plots are obtained when Ce/qe is plotted
gainst Ce over the entire concentration range of metal ions inves-
igated. The Langmuir model parameters and the statistical fits
f the biosorption data to this equation are given in Table 3. The
angmuir model effectively described the biosorption data with
ll r > 0.99. The biosorption isotherms of Cu(II) exhibit Langmuir
ehavior, which indicate a monolayer biosorption. The increase of
aximum monomolecular capacity (qm) and Langmuir constant (b)
ith increase of temperature reveals that the biosorption is favor-

ble in high temperature and the process is endothermic in nature.
he Table 4 present the comparison of biosorption capacity (mg/g)
f peanut hull biomass from the Langmuir isotherm for Cu(II) with
hat of various biomass reported in literature [1,6,11,13,40–44].

irect comparison of adsorbent capacity is difficult due to the vary-

ng experimental conditions employed in those studies, however,
he biosorption capacity of peanut hull is comparable to many
iomass. If the biomass was chemically modified it would exhibit
ore potential for the retention of heavy metals.

able 4
comparison of copper adsorption capacities for various adsorbents.

dsorbent pH Metal uptake
(mg/g)

Experimental
temperature (◦C)

Refs.

ugar beet pulp 4 31.4 25 [1]
erbaceous 5.5 4.84 21 [6]
ehydrated wheat bran* 5 51.5 60 [11]
heat Shell 5 8.34 25 [13]
heat Straw 4 4.48 23 ± 2 [40]

oybean Straw 4 5.44 23 ± 2 [40]
orn 4 3.78 23 ± 2 [40]
orn Cob 4 2.18 23 ± 2 [40]
alnut hull 5 4.04 30 [41]

ice Bran 5 27.81 40 [41]
heat bran 5 8.62 40 [41]

ocus vesiculosus* 5.5 23.4 22 [42]
leurozium schreberi* 5.5 11.1 22 [42]
etula sp. sawdust 5.5 4.9 22 [42]
rca shell* 4.5 26.88 Room

temperature
[43]

rab shell* 4.5 44.94 Room
temperature

[43]

eanut hull 5.5 21.25 30 Present
study

* The labeled adsorbents were pretreated with certain method.
Fig. 10. D-R isotherm of Cu(II) on peanut hull.

The essential feature of Langmuir model can be expressed in
terms of a dimensionless constant separation factor (RL) given by
following equation:

RL = 1
1 + bC0

(12)

where b is the Langmuir constant (L/mg) and Co is the initial cop-
per concentration (mg/L). It has been established that for favorable
adsorption, 0 < RL < 1; unfavorable adsorption, RL > 1; linear adsorp-
tion, RL = 1; and adsorption process is irreversible if RL = 0. All the
values of RL lie between 0.10 and 0.45 for the initial copper concen-
tration range from 10 to 400 mg/L indicating favorable biosorption
of copper onto peanut hull.

The Dubinin-Radushkevich isotherm is more general than Lang-
muir isotherm since it does not assume a homogeneous surface
or constant biosorption potential. It was applied to distinguish
between the physical and chemical biosorption of Cu(II). By plotting
ln qe vs. ε2 it is possible to generate the value of qm (mol/g) from
the intercept, and the value of ˇ from the slope. Fig. 10 shows the
D-R isotherm for Cu(II) biosorption onto peanut hull.

The constant ˇ gives an idea about the mean free energy E
(kJ/mol) of biosorption per mole of the biosorbate when it is trans-
ferred to the surface of the solid from infinity in the solution and
can be calculated using the relationship [33]:

E = 1√
2ˇ

(13)

The parameter gives information about the type of biosorp-
tion mechanism as chemical ion-exchange or physical biosorption.
According to the literature, the magnitude of E between 8 and
16 kJ/mol corresponds to a chemical ion-exchange process while
the value of E < 8 kJ/mol represents a physical nature process. The
results were found to be higher than 14 kJ/mol for all studied tem-
peratures which indicated that the biosorption process may be a
chemical ion-exchange mechanism.

4.1.4. Thermodynamics of biosorption

(1) Activation parametersFrom the pseudo-second-order rate con-
stant k2 (Table 1), the activation energy Ea for the biosorption
of Cu(II) on peanut hull was determined using the Arrhenius

equation (Eq. (9)). By plotting lgk2 vs. 1/T (see Fig. 11) and from
the slope and the intercept, values of Ea and A can be obtained.
The value of Ea for the biosorption of Cu(II) on peanut hull
was 17.02 kJ/mol. The magnitude of activation energy may give
an idea about the type of adsorption. According to literature
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Fig. 11. Plot of ln k2 vs. 1/T.

Table 5
Thermodynamic parameters for the biosorption of Cu(II) on peanut hull.

T (K) b �G0 (kJ/mol) �H0 (kJ/mol) �S0 (kJ/(mol K))

288 0.1431 −21.85
2
2
3

(

5

e

[

[

[

[

[

[

[

63–70.
93 0.1487 −22.30 4.04 89.9
98 0.1516 −22.75
03 0.1557 −23.20

[44], the process may be an activated chemical biosorption.The
Eyring equation was used to calculate the standard enthalpy of
activation (�H#), entropy of activation (�S#), and free energy
of activation (�G#). The values of �H# and �S# were calculated
from the slope and intercept of a plot of ln (k/T) vs. 1/T (figure
not shown). The free energy of activation (�G#) was obtained
from: �G# = �H# − T�S#. The values of �G# were found to
be (61.24, 62.31, 63.37 and 64.43) kJ/mol at T = (288, 293, 298,
303) K, respectively. The larger positive �G# values suggest that
biosorption reactions require energy to convert reactants into
products. The �G# value determines the rate of the reaction,
rate increases as �G# decreases, and hence the energy require-
ment is fulfilled, the reaction proceeds. The positive value of
�H# (14.57 kJ/mol) confirms the endothermic process, mean-
ing the reaction consume energy. The negative value of �S#

(−212.6 J/(K mol)) indicates that the biosorption leads to order
by combining with peanut hull and was supportive of an inter-
action between the Cu(II) ion and the peanut hull.

2) Thermodynamic parametersThe thermodynamic parameters
include the changes in enthalpy (�H0), entropy (�S0), and
Gibbs free energy (�G0). The values of �H0 and �S0 were deter-
mined from the slopes and intercepts of the plots of lnb versus
1/T (figure not shown) and listed in Table 5.The negative values
of �G0 confirm the feasibility of the process and the sponta-
neous nature of biosorption with a high preference of Cu(II)
on peanut hull. The increase of the absolute value of �G0 as
temperature rises indicate that the affinity of Cu(II) on peanut
hull was higher at high temperature. The value of �H0 is pos-
itive, indicating that the biosorption reaction is endothermic.
The positive value of �S0 also shows the increasing randomness
at the solid/liquid interface during the biosorption of Cu(II) on
peanut hull.
. Conclusions

The study indicated that peanut hull could be used as an
ffective adsorbent material for the treatment of Cu-bearing aque-

[

[
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ous waste stream. Adsorption data indicate the applicability of
pseudo-second-order kinetics. An increasing equilibrium biosorp-
tion capacity with the rise in temperature indicated that the nature
of adsorption is a spontaneous process which is also supported
by the thermodynamic parameters calculated from the Langmuir
isotherm at various temperatures. The activation energy (Ea) and
mean free energy (E) calculated from Arrhenius equation and D-R
isotherm respectively commonly confirm the chemical biosorption
mechanism. Compared to various other sorbents reported in the
literature, the peanut hull in present study shows good promise for
practical applicability due to its easy availability of the material and
easy recovery of metal entrapped by combustion method.

References
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