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ABSTRACT

The biosorption of Cu(II) and Pb(II) ions from aqueous solutions using a new sorbent,
watermelon seed hulls (WSH), has been studied. The effect of pH (2–6), biosorbent dose
(0.1–1.0 g), initial metal ion concentration (10–500mgL�1), contact time (5–270min), and
temperature (293–333K) was investigated. Equilibrium adsorption isotherms and kinetics
were also investigated based on metals adsorption tests. The experimental data were
analyzed by the Langmuir and Freundlich models of adsorption, and the results fitted well
to the Langmuir isotherm. The kinetic data have been analyzed using pseudo-first-order,
pseudo-second-order, and intraparticle diffusion equations. The experimental data fit very
well with the pseudo-first-order kinetic model. The data obtained from adsorption isotherms
at different temperatures were used to calculate some thermodynamic quantities, such as free
energy (DGo), standard enthalpy (DHo), and standard entropy (DSo), were evaluated. The
adsorption of these two metals on the WSH was found to be spontaneous and endothermic
process in nature. Desorption experiments were carried out using various acid solutions with
a view to regenerate the spent adsorbent and to recover the both adsorbed metal ions.
According to the experimental results, WSH seems to be an effective, low-cost and
alternative adsorbent precursor for the removal of Cu(II) and Pb(II) ions from aqueous
solutions.
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1. Introduction

Heavy metal pollution has become a serious
problem with the rapid increase in global industrial
activities. The pollution of water by toxic heavy
metals is considered as a threat due to their immense
toxicity and their nonbiodegradability. These heavy
metal ions can be accumulated through the food chain

even at lower concentration, leading to a threat to
aquatic life as well as to animal, plant life, and human
health. Toxic heavy metals are derived mainly from
lead, mercury, cadmium, chromium, copper, arsenic
species constitute a severe health threat [1–3].

Copper is widely used in electrical wiring, plumb-
ing, gear wheel, selenium rectifier and roofing indus-
tries, due to its excellent physical and mechanical
properties such as electrical and thermal conductivity,
good corrosion resistance, ease of fabrication and*Corresponding author.
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installation. The potential sources of copper in indus-
trial effluents include metal cleaning and plating
baths, pulp, paper board mills, wood pulp production,
and the fertilizer industry. [4]. Trace amounts of
copper are essential to human and many other living
species. However, the intake of excessively large doses
of Cu(II) by humans may lead to severe mucosal
irritation, a central nervous system irritation, possible
necrotic changes in the liver and kidney, etc., and the
recommended maximum acceptable concentration
of Cu(II) in drinking water by the World Health
Organization (WHO) is 1.5mgL�1 [5,6]. Lead is one of
the toxic heavy metals and an important contaminant
in aquatic environments. Lead is used as an industrial
raw material for automobile batteries, printing
processes, pigments, fuels, photographic materials,
matches and explosives [7]. The presence of low
concentrations of lead in drinking water may cause
diseases such as anemia, encephalopathy, hepatitis,
and nephritic syndrome. Severe exposure to lead has
been associated with sterility, abortion, stillbirths and
neo-natal deaths [8]. Based on its toxicity, the US
Environmental Protection Agency (EPA) has set the
maximum permissible limit for lead ions in drinking
water as 0.05mgL�1 [9,10].

There is a continuous need for new separation
techniques that selectively remove the metal ions from
dilute wastewaters and industrial process streams.
The main techniques utilized to remove heavy metal
ions from aqueous streams include ion-exchange,
reverse osmosis, precipitation, and adsorption. How-
ever, these technologies are most suitable in situations
where the concentrations of the heavy metal ions are
relatively high [11]. They are either ineffective or
expensive when heavy metals are present in the waste
water at low concentrations, or when very low con-
centrations of heavy metals in the treated water are
required. Adsorption is an alternative technology and
is highly effective, cheap and easy method among the
physicochemical treatment processes. Biosorption is a
low-cost technology which utilizes the ability of
biological materials to accumulate heavy metals from
aqueous solutions by either metabolically mediated or
purely physicochemical pathways of uptake [12]. In
recent years, there has been considerable interest in
the use of biological materials, including algae, bacte-
ria, fungi, agricultural by-products, and residues as
adsorbents to remove toxic metals from aqueous solu-
tion by adsorption. Among these materials, agricul-
tural by-products and biomass are relatively cheap
and exhibit very high adsorption capacities [13]. Some
of them are rice bran [14], peanut hull [15], oil shale
wastes [16], water hyacinth roots [17], maple wood saw-
dust [18], black carrot residues [19], hazelnut and

almond shell [20], pomegranate peel [21], tobacco stems
[22].

The objective of the present work is to investigate
the biosorption potential of watermelon seed hulls
(WSH) for the removal of Cu(II) and Pb(II) ions from
aqueous solution. The study is novel since no litera-
ture citations are available where WSH has been used
for removing heavy metals from aqueous solution.
Watermelon cultivation is spread over a wide area in
the world. Turkey is the second watermelon producer
country in the world with 4 million tons after China.
Approximately, 5% of the world production of water-
melon is performed in Turkey. Watermelon is a sweet,
juicy, healing and refreshing fruit. Seeds are used as
snack in Turkey. WSH are thrown as a waste to the
environment. In this work, we are investigating the
potential of WSH as an alternative low-cost heavy
metal biosorbent. Fourier transformer infrared
spectroscopy (FTIR) and scanning electron microscopy
(SEM) analysis were carried out to understand the
surface and functional group of WSH. The batch
method was used. Parameters such as pH, biosorbent
dosage, contact time, initial Cu(II) and Pb(II) concen-
tration, temperature were studied.

2. Materials and methods

2.1. Equipment

The pH measurements were made using a pH
meter (model Hanna pH 211). The concentrations of
lead and copper solutions were analyzed using a
flame atomic absorption spectrophotometry (model
Perkin Elmer AAnalyst 400). The instrument was set
at wavelength of 324.7 and 283.3 nm for copper and
lead, respectively. Before analysis, the samples were
centrifuged (model Hettich centrifuge EBA 20). The
surface morphology of WSH was obtained using scan-
ning electron microscope (SEM) (model Leica S360).
Analysis on the functional groups of WSH that might
be involved in metal adsorption was performed using
Fourier transform infrared spectrophotometer
(PerkinElmer FT-IR system 100 model) in the range of
400–4,000 cm�1.

2.2. Biosorbent

The raw WSH was collected from Ergani,
Diyarbakır, East-South Anatolia region, Turkey and it
was used as an adsorbent. This agricultural waste was
thoroughly rinsed with water to remove dust and
soluble material. Then, it was allowed to dry at room
temperature. The above dried waste was grounded
and sieved to the 500lm particle size and stored in
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glass bottles for further use. No other chemical or
physical treatments were used prior to biosorption
experiments.

2.3. Metal solutions

Synthetic stock solutions of heavy metals were pre-
pared by dissolving analytical grade Cu(II) sulfate
pentahydrate, CuSO4 � 5H2O and Pb(II) nitrate, Pb
(NO3) (from Merck company) in distilled water to
obtain 1,000mgL�1 of metal solutions. Desired test
solutions of heavy metal ions were prepared using
appropriate subsequent dilutions from stock solutions.

2.4. Batch biosorption experiments

In this study, batch kinetic and equilibrium studies
were carried out to characterize the biosorption ability
of WSH in a shaking water bath (J.P. Selecta). All
experiments were carried out with the biosorbent
material in 50mL of metal solution to evaluate the
optimum values of the experimental parameters. The
biosorbent dose was 0.1 g, and the initial metal con-
centrations were 100mgL�1. After each biosorption
experiment, the samples were centrifuged for
biosorbent solution separation and the remaining
metal concentration in the supernatant was measured
by atomic absorption spectrometer (Perkin Elmer AA
Analyst 400).

The effect of pH on the metal biosorption was
studied over the pH range from pH 2 to pH 6. The
pHs of metal solutions were adjusted by using either
0.1M HCl or 0.1M NaOH. The effect of initial metal
concentrations was conducted by different concentra-
tions of metals ranging from 10 to 500mg L�1 with
0.1 g WSH at 150 rpm shaking rate and pH 5. The
effect of biosorbent dose was carried out with differ-
ent biosorbent dose mass ranging from 0.1 to 1.0 g
with metal solutions (100mgL�1and pH 5) at 150 rpm.

Biosorption kinetic experiments were studied at
the optimum conditions of initial solution pH, initial
metal concentration and biosorbent dose at different
temperatures (293, 313 and 333K). For the purpose of
studying the biosorption isotherm, 0.1 g of biosorbents
was kept in contact with 50mL metal solutions of dif-
ferent initial concentrations until equilibrium was
reached at different temperatures. Each experiment
was carried out in duplicate, and the average values
are given. The amount of biosorption, q (mgg�1), was
calculated by:

q ¼ ðCi � CeÞV
W

ð1Þ

where Ci and Ce are the initial and equilibrium
concentrations of metal ions (mgL�1), respectively. V
is the volume of the solution (L) and W is the amount
of biosorbent used (g). The bioremoval efficiency (R%)
can be calculated as follows:

Rð%Þ ¼ Ci � Ce

Ci

� 100 ð2Þ

Desorption studies were carried out with 0.1M of
different desorbing agents such as HCl, HNO3,
CH3COOH, and C6H8O7. The desorption efficiency
was calculated by using the following equation:

Deserption ð%Þ ¼ qd
qa

� 100 ð3Þ

where qd is the amount of metal ion desorbed
(mgL�1), qa is the amount of metal ion adsorbed
(mgL�1).

3. Results and discussion

3.1. Biosorbent characterization

3.1.1. SEM analysis

Scanning electron microscopy (SEM) analysis
technique was used to observe the surface physical
morphology of the biosorbent. The textural structure
examination of WSH before and after metal ion bio-
sorption can be observed from the SEM photographs
at 500 magnifications (Fig. 1(a–c)). The WSH exhibits
an uneven and rough surface with pores and cavities.
This indicates that there is a good possibility for metal
ions to be adsorbed onto the surface.

3.1.2. FTIR analysis

The type of binding groups present on the WSH
was identified by Fourier transform infrared spectros-
copy (FTIR). The FTIR spectra of native and metal
sorbed WSH are shown in Fig. 2. In the spectra of
native WSH, the band observed at 3335 cm�1 present
bonded –OH group on the surface. This band presents
significant wave number changes; 16.54 and
15.79 cm�1 variations, after Cu(II) and Pb(II) sorption,
respectively. Aliphatic C–H group is represented by
the peak at 2924.58 cm�1. After Cu(II) and Pb(II) bio-
sorption, 0.66 and 4.43 cm�1 variations are observed,
respectively. New bands appeared on the WSH
surface at 1986 cm�1 and 2124.28 cm�1 after metal
sorption. These bands can be assigned to aliphatic C-
H groups. The peak located at 1,740 cm�1 disappeared
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after Cu(II) sorption and shifted to 1737.13 cm�1

(2.87 cm�1 variation) after Pb(II) sorption. This peak is
the indicative of the C=O stretching of aliphatic acids.

The peak at 1631.51 cm�1 presents fingerprint region
of C=O, C–O and O–H groups and this peak shifted
to 1646.08 cm�1 (14.57 cm�1 variation) after Cu(II)
sorption and shifted to 1646.37 cm�1 (14.86 cm�1 varia-
tion) after Pb(II) sorption. The peak at 1,509 cm�1 is
indicative of an amino group. The variations are
3 cm�1 and 0.59 cm�1 after metal sorption. The peak at
1420.67 cm�1 indicates the presence of carboxylic
groups. This peak shifted to 1418.46 cm�1 (2.21 cm�1

variation) after Cu(II) sorption and disappeared after
Pb(II) sorption. The peak at 1262.88 cm�1 indicates the
presence of the C-N from amine. An important varia-
tion (31.86 cm�1) was observed in the wavelength of
this peak after Pb(II) sorption. The band appeared at
1022.47 cm�1 indicated the presence of amino group
and shifted to 1023.16 cm�1 (0.69 cm�1variation) and
1039.39 cm�1 (7.92 cm�1 variation) after metal sorption.

3.2. Effect of physical/chemical parameters

3.2.1. pH

The effect of pH on the biosorption of Cu(II) and
Pb(II) ions onto WSH was studied at pH values
between 2 and 6. As can be seen from Fig. 3, the
solution pH affects the percent removal efficiency (R
%) and biosorption capacity, q. The results indicate
that the maximum uptake of Cu(II) and Pb(II) ions
takes place at pH 5. The adsorption was found to
increase from 2.52mgg�1 (5.04%) to 15.86mgg�1

(31.72%) for Cu(II) ions and from 7.15mgg�1 (14.2%)
to 26.45mgg�1 (52.9%) for Pb(II) ions when pH
increased from 2 to 5. The low level of metal ion
uptake by the biosorbent at lower pH values could be
attributed to the increased concentration of hydrogen
(H+) ions which compete along with Cu(II) and Pb(II)
ions for binding sites on the biomass. As the pH is
lowered, the overall surface charge on the biosorbent
become positive, which will inhibit the approach of
positively charged metal cations. Similar trend was
observed with the adsorption of Cu(II), Pb(II), and Zn
(II) ions by valonia tannin resin [23]. At higher pH
values than 5, metal precipitation appeared, therefore,
pH 5 was selected to be the optimum pH for further
studies.

3.2.2. Biosorbent dose

The effect of biosorbent dose ranging from 0.1 to
1.0 g on metal ions biosorption is presented in Fig. 4.
The Cu(II) removal percentage increased from 15.52%
to 68% and Pb(II) removal percantage increased from
52.4% to 97.82% as the WSH dose was increased from
0.1 to 1.0 g/50mL and then remained almost constant.

Fig. 1. SEM micrographs of (a) WSH, (b) Cu(II)-loaded
WSH, and c) Pb(II)-loaded WSH.
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Increasing the biosorbent dose provided greater
surface area and availability of more active sites, thus
leading to the enhancement of metal ion uptake.
Similar trend was observed with the biosorption of Pb

(II) from aqueous solutions by Moringa oleifera bark
[24]. On the other hand, the amount of adsorbed
metal ion per gram (q, mg g�1) decreases from 15.52 to
3.40mgg�1 for Cu(II) ions and decreases from 26.20 to
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Fig. 2. FTIR spectrum of (a) WSH, (b) Cu(II)-loaded WSH, and (c) Pb(II)-loaded WSH.

Fig. 3. Effect of (a) pH (biosorbent dose: 0.1 g/50mL,
particle size: 500lm, shaking rate: 150 rpm, C0: 100mg L�1,
temperature 293K).

Fig. 4. Effect of (b) initial metal ion concentration (pH: 5,
biosorbent dose: 0.1 g /50mL, particle size: 500 lm,
shaking rate: 150 rpm, temperature 293K).
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4.89mgg�1 for Pb(II) with increasing biosorbent dose
from 0.1 to 1.0 g. This may be due to the concentration
gradient between the sorbent and the sorbate. A simi-
lar result was reported for the biosorption of cad-
mium, lead, and nickel ions from aqueous solutions
by chemically modified brown algae [25]. Considering
q values, biosorbent dose of 0.1 g was found to be the
optimum dosage for all other batch experiments for
both metal ion/WSH systems.

3.2.3. Initial metal concentration

The effect of initial metal ion concentration on the
Cu(II) and Pb(II) biosorption by WSH was investi-
gated at the ranges of 5–210mg L�1 and the results
are shown in Fig. 5. The value of q increased from
1.88 to 14.98mgg�1 for Cu(II) ions and from 4.96 to
26.02mgg�1 for Pb(II) ions with increasing of the ini-
tial metal concentration. This may be due to a high
driving force for mass transfer. On the other hand, the
Cu(II) removal percentage decreased from 75% to
14.68% and the Pb(II) removal percentage decreased
from 99.2% to 26.06% with increasing initial concen-
tration of metal ions from 5 to 210mg L�1. At the
lower metal ion concentrations, the removal percent-
ages were higher due to a larger surface area of the
sorbent being available for the adsorption of metal
ions. When the concentration of the metal ions solu-
tion became higher, the removal percentages were
lower because the available sites of the adsorption

became less. A similar result was reported for the bio-
sorption of Cu(II) ions from aqueous solution by
adsorption using cashew nut shell as biosorbent[26].
Initial concentrations higher than 80mg L�1 for Cu(II)
and higher than 100mg L�1 for Pb(II) ions, biosorp-
tion capacities (q, mgg�1) remained almost constant
and reached to surface saturation with the ions, and
hence, 80mg L�1 and 100mg L�1 were found to be
the optimum initial concentrations for the kinetic
experiments of Cu(II) and Pb(II) ions, respectively.

3.2.4. Contact time and temperature

Fig. 6(a) and (b) present the biosorption of the
metal ions at different temperatures as a function of
contact time at optimum initial concentrations, biosor-
bent dosage, and pH. As seen in the figures, the
adsorption capacities of Cu(II) and Pb(II) ions
increased as temperature increasing from 293 to 333K.
The amount of Cu(II) sorbed at equilibrium was
23mgg�1 at 293K and 35mgg�1 at 333K. The amount
of Pb(II) sorbed at equilibrium was 48mgg�1 at 293K
and 70mgg�1 at 333K. The increase in adsorption in
line with temperature may be the result of the
increase in the number of active surface sites available
for adsorption on the adsorbent surface. In addition, it
is observed from the figure that the equilibrium time
for maximum Cu(II) uptake is 60min and for Pb(II)
uptake is 80min. After these equilibrium periods, the
amount of metal ions adsorbed does not show time-
dependent change and continuous curves are
obtained. This may be due to the saturation of the
biosorbent surface with metal ions at these levels.

3.3. Biosorption kinetics

Kinetic data were fitted using pseudo-first-order,
pseudo-second-order and intraparticle diffusion
models.

The linear form of pseudo-first-order equation is
given as [27]:

logðqe � qtÞ ¼ log qe � kads;1
2:303

t ð4Þ

where qe (mg g�1) is the amount of adsorbate
adsorbed at equilibrium, qt (mg g�1) is the amount of
adsorbate adsorbed at time t and kads,1 (min�1) is the
rate constant of pseudo-first-order adsorption. If the
pseudo-first-order kinetics is applicable, a plot of log
(qe � qt) vs. t should provide a linear relationship
Eq. (4) from which kads,1 and predicted qe can be
determined from the slope and intercept of the plot,

Fig. 5. biosorbent dose (C0: 100mg L�1, pH: 5, shaking
rate: 150 rpm, temperature 293K, particle size: 500 lm).
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respectively (Fig. 7(a) and (b) and Fig. 8(a) and (b)).
The parameters of the pseudo-first-order model are
summarized in Table 1.

The pseudo-second-order kinetics is given as [28]:

t

qt
¼ 1

kads;2q2e
þ t

qe
ð5Þ

where kads,2 (g mg�1 min�1) is the rate constant of
pseudo-second-order adsorption. The plots of t/qt vs. t
should give a linear relationship Eq. (5) from which
kads,2 and predicted qe can be determined from the
intercept and slope of the plot respectively. The kads,2
and qe determined from the model are presented in
Table 1 with the correlation coefficients. As can be seen
from the table, the biosorption of Cu(II) and Pb(II) onto
WSH biomass followed pseudo-first-order kinetics.

The intraparticle diffusion model is given as [29]:

qt ¼ kidt
1=2 þ C ð6Þ

Fig. 6. (a) Effect of temperature and contact time on
biosorption of Cu(II) (C0: 120mg L�1, biosorbent dose
0.1 g/50mL, particle size: 500lm, pH: 5, shaking rate:
150 rpm,) (b) Effect of temperature and contact time on
biosorption of Pb(II) (C0: 200mg L�1, biosorbent dose
0.1 g/50mL, particle size: 500lm, pH: 5, shaking rate:
150 rpm).

Fig. 7. Pseudo-first-order plots of (a) Cu(II) (b) Pb(II)
biosorption onto WSH.
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where C is the intercept, and kid is the intraparticle
diffusion rate constant (mg g�1 min�0.5). For the
intraparticle diffusion model, the plots of qt vs. t1/2

Eq. (6) at the different temperatures are presented in
Fig. 8(a) and (b). The intraparticle diffusion model
plots may present a multilinearity indicating that two
or more steps take place. The first sharper portion is
the external surface adsorption or instantaneous
adsorption stage. The second portion is the gradual
adsorption stage, where intraparticle diffusion is rate-
controlled. The third portion is the final equilibrium
stage where intraparticle diffusion starts to slow down
due to extremely low adsorbate concentrations in the
solution. As can be seen from Fig. 8(a) and (b), the
biosorption of both metal ions onto WSH take place
into three steps and the plots do not pass through the
origin, showing that the intraparticle diffusion is not
the rate-determining step. The values of kid related to
the biosorption of Cu(II) and Pb(II) sorption onto
WSH are given in Table 1.

3.4. Biosorption isotherm

The equilibrium data obtained for the biosorption
of Cu(II) and Pb(II) ions onto WSH were analyzed by
using the Freundlich and Langmuir isotherm models
Fig. 9.

The Langmuir model essentially Table 2 describes
Table 3 the monolayer type of adsorption. The linear
form of the Langmuir equation is given as [30]:

Ce

qe
¼ 1

qmb
þ Ce

qm
ð7Þ

where Ce is the equilibrium concentration of the adsor-
bate (mg L�1), qe is the amount of adsorbate adsorbed
at equilibrium (mg g�1), qm is the theoretical maxi-
mum adsorption capacity (mg g�1), b is the Langmuir
isotherm constant related to the energy of adsorptionFig. 8. Intraparticle diffusion model of (a) Cu(II) and (b)

Pb(II) biosorption onto WSH.

Table 1
Kinetic parameters for biosorption of Cu(II) and Pb(II) ions by WSH at different temperatures

Adsorbate T
(K)

qe,exp
(mg g�1)

First-order kinetic model Second-order kinetic model Intraparticle diffusion
model

qe,cal
(mg g�1)

kads,1
(1min�1)

R2 qe,cal
(mg g�1)

kads,2�103

(g(mgmin) �1)
R2 kid

(mg g�1min�1/2)
R2

Cu(II) 293 10.5 7.33 0.0193 0.9896 9.07 3.02 0.9641 0.5879 0.9970

313 15.4 15.81 0.0339 0.9914 11.84 5.58 0.9772 1.5380 0.9865

333 20.5 21.90 0.0744 0.9909 26.11 2.64 0.9628 3.3041 0.9972

Pb(II) 293 17.5 17.45 0.0495 0.9831 22.57 2.11 0.9832 2.6244 0.9980

313 20.6 20.04 0.0539 0.9925 25.77 2.24 0.9908 3.1821 0.9842

333 25.5 23.52 0.0456 0.9894 30.03 2.00 0.9790 3.6284 0.9926
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(L mg�1). The values of b and qm can be determined
from the slope and intercept of the linear plot of Ce/qe
vs. Ce Eq. (7) (Figs. 9(a) and (b), Table 2).

In order to describe whether the adsorption
process is favorable or unfavorable, a dimensionless
constant separation factor RL is defined by the follow-
ing equation:

RL ¼ 1

1þ bC0

ð8Þ

where b is the Langmuir isotherm constant (L mg�1)
and Co is the initial concentration (mg L�1). The RL

value reflects the type of the isotherm to be either
favorable (0 <RL< 1), unfavorable (RL> 1), linear
(RL= 1) or irreversible (RL= 0).

The Freundlich model is also an empirical
equation which is used to estimate the adsorption
intensity of the sorbent towards the adsorbate and its
linear form is given by the equation [31]:

log qe ¼ logKF þ 1

n

� �
logCe ð9Þ

where KF is the Freundlich adsorption constant related
to adsorption capacity of the adsorbent [(mg/g)(L/
mg)1/n], 1/n is the adsorption intensity. The values of
KF and 1/n were calculated from the intercept and
slope of the plot of log qe vs. Eq. (9).

Table 2 shows the values of Freundlich and
Langmuir parameters. Considering the correlation
coefficients, the experimental data for the equilibrium
adsorption of Cu(II) and Pb(II) ions on the WSH bio-
sorbent were best described by the Langmuir isotherm
model indicating monolayer biosorption process on
the homogeneous surfaces. From Table 2, the values
of RL were in the range of 0.0470–0.0850 for Cu(II)
ions and in the range of 0.0674–0.0366 for Pb(II) ions,
indicating that the biosorptions of the metal ions onto
WSH were favorable. The values of qm increased from

Fig. 9. The linear plots of Langmuir isotherm model for
the biosorption of a) Cu(II) and b) Pb(II) ions onto WSH.

Table 2
Isotherm parameters for biosorption of Cu(II) and Pb(II) ions by WSH at different temperatures

Adsorbate T (K) Langmuir Freundlich

qm (mg g�1) b (L mg�1) RL R2 KF 1/n R2

[(mg/g)
(L/mg)1/n]

Cu(II) 293 27.03 0.1346 0.0850 0.9642 3.5059 0.5835 0.8237

313 31.15 0.2357 0.0504 0.9388 6.5720 0.4826 0.6400

333 33.90 0.2534 0.0470 0.9721 7.9433 0.4257 0.6582

Pb(II) 293 24.15 0.1383 0.0674 0.9967 5.9965 0.3454 0.7361

313 39.53 0.1791 0.0529 0.9962 6.7873 0.4203 0.8796

333 42.19 0.2632 0.0366 0.9966 9.1117 0.3666 0.8729
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27.03 to 33.90mgg�1 for Cu(II) ions and from 24.15 to
42.19mgg�1 for Pb(II) ions as the temperature
increased from 293 to 333K confirming the endother-
mic nature of the process.

Table 3 lists a comparison of maximum adsorption
capacities of Cu(II) and Pb(II) ions onto different
adsorbents. The qm values of WSH for Cu(II) and Pb
(II) ions are found to be comparable with those of
some other adsorbents.

3.5. Biosorption thermodynamics

In order to describe the thermodynamic behavior
of the biosorption of Cu(II) and Pb(II) ions onto WSH,
thermodynamic parameters including the change in
free energy (DG˚) the enthalpy (DH˚) and the entropy
(DS˚) were calculated from the following equations:

�G
� ¼ �RT lnK ð10Þ

lnK ¼ ��H
�

RT
þ�S

�

R
ð11Þ

where K is obtained from the Langmuir isotherm
equation that equals to qmb (L mg�1), R and T are gas
constant (8.314 Jmol�1 K�1) and absolute temperature
(Kelvin), respectively. The values of free energy
change of the biosorption process can be calculated

using K at all temperatures Eq. (10). The values of
DH˚ and DS˚ can be determined from the slope and
intercept of the linear plot of InK vs. 1/T Eq. (11)
(Fig. 10). The results are given in Table 4. As seen, the
biosorption process of Cu(II) and Pb(II) ions onto
WSH gave positive values for DH˚ and DS˚. The posi-
tive DH˚ values indicate that the biosorption process
was endothermic for both metal ions. Besides the
positive DS˚ values indicated the increased random-
ness at the solid-solution interface during the biosorp-
tion of the metal ions onto WSH. The increasing of
randomness may be attributed to the affinities of
WSH for Cu(II) and Pb(II) ions. In addition, the posi-
tive DS˚ values may be due to some structural
changes in the adsorbate and adsorbents during the
adsorption process from aqueous solution onto the
adsorbents. The negative DG˚ values at different

Table 3
Comparison of adsorption capacities of Cu(II) and Pb(II)
ions onto WSH with various low-cost biosorbents

Adsorbent Adsorption
capacities
(mg g-1)

References

Cu (II) Pb (II)

Black carrot residues 8.88 – [19]

Hazelnut shell – 28.18 [20]

Almond shell – 8.08 [20]

Pomegranate peel 1.32 13.87 [21]

Newspaper pulp 30.00 – [32]

Crab shell – 19.83 [33]

Tree fern – 40.00 [34]

Fish bones 150.70 – [35]

Tabacco dust 36.00 – [36]

Coffee husks 7.50 [37]

Cocoa shells – 6.23 [38]

Apple residue – 17.76 [39]

Pleurotus cornucopiae 25.25 – [40]

Fontinalis antipyretica – 68.00 [41]

Acacia raddiana 82.63 – [42]

WSH 33.90 42.19 this study

Fig. 10. Thermodynamic parameters for the biosorption of
Cu(II) and Pb(II) ions onto WSH.

Table 4
Thermodynamic parameters for biosorption of Cu(II) and
Pb(II) ions onto WSH

Adsorbate T (K) DGo

(kJ mol�1)
DHo

(kJ mol�1)
DSo

(J mol�1K�1)

Cu(II) 293 �3.1461 17.66 71.57

313 �5.1879

333 �5.9541

Pb(II) 293 �2.9378 24.47 93.72

313 �5.0932

333 �6.6648
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temperatures showed that the biosorption of the metal
ions spontaneous and feasible. The values of DG˚ were
found to decrease from—3.15 to—5.95 kJmol�1 K for
Cu(II) ions and from—2.94 to—6.66 kJmol�1 K�1 for
Pb(II) ions as the temperature increased from 293K to
333K. The decrease in the negative value of DG˚ with
an increase in temperature indicates that the biosorp-
tion process of the metal ions onto WSH became more
favorable at higher temperatures.

3.11. Desorption studies

In order to make the sorption process more
economical, it is important recover the metal ions to
reuse. The Cu(II) and Pb(II) ions desorption efficiency
with 0.1M solutions of different desorbing agents
(HCl, HNO3, CH3COOH, and C6H8O7) was investi-
gated and the results are shown in Fig. 11. According
to the results, the desorption efficiency of Cu(II) was
36.84% with HNO3, 33.33% with HCl, 32.53% with
C6H8O7 and 24.39% with CH3COOH. The desorption
efficiency of Pb(II) was 93.88% with HNO3, 92.12%
with HCl, 83.76% with C6H8O7 and 69.29% with
CH3COOH. It was observed that the desorption per-
centages of both metal ions with distilled water were
too low. Desorption of metal ions with strong acid
solutions (HNO3, HCl) attributing it to proton
exchange agents on desorbing mineral acids that have
the capability to dislodge high valence metal ions
from the biomass. It can be concluded that adsorption
of Cu(II) and Pb(II) ions onto WSH is via
ion-exchange process.

4. Conclusions

In this study, batch adsorption experiments for the
removal of Cu(II) and Pb(II) ions from aqueous solu-
tions were carried out using WSH as an economic
adsorbent.

The biosorption conditions were optimized. The
optimum pH was 5, biosorbent dose was 0.1 g/50mL,
and initial Cu(II) concentration was 80mg L�1 and
initial Pb(II) concentration was 100mg L�1. The
equilibrium time for the biosorption of Cu(II) ions
was 60min and for Pb(II) ions was 80min. Kinetic
studies were carried out at the optimum removal con-
ditions at different temperatures. The biosorption of
metal ions onto the WSH followed pseudo-first-order
kinetic model and intraparticle diffusion model
indicate the multilinearity of the sorption process;
diffusion was not only the rate-limiting step. Equilib-
rium data indicated favorable adsorption (RL values
were between 0 and 1) and fitted well to the
Langmuir model indicating homogeneous adsorption
giving maximum adsorption capacities were
33.90mgg�1 for Cu(II) ions and 42.19mgg�1 for Pb(II)
ions at 333K. Thermodynamic parameters indicated
that Cu(II) and Pb(II) biosorption onto WSH was
spontaneous and endothermic in nature. The positive
DSo values showed the affinity of the WSH for Cu(II)
and Pb(II) ions. Desorption of metal ions from WSH
surface was more effective using the strong acids
(HNO3 and HCl) and this indicates that the biosorp-
tion of Cu(II) and Pb(II) ions are by ion exchange.

In conclusion, the results revealed that WSH, an
eco-friendly waste material, is a promising and
renewable low-cost adsorbent for the removal of
heavy metals from aqueous solutions.
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