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ABSTRACT

Raphanus sativus peels (RSP) biomass for the adsorptive removal of Cadmium (II) has been
studied. The effect of different experimental parameter like pH, temperature, contact time,
and initial concentration has been reported. The equilibrium adsorption data were subjected
to different adsorption isotherms (Langmuir, Freundlich, Dubinin-Radushkevich, Temkin,
Flory-Huggins isotherm, and Brunauer, Emmet and Teller isotherms), for kinetic studies
pseudo-first-order, pseudo-second-order, Banghams’s model, and intraparticle diffusion
kinetic models were applied. The experimental results indicated that the adsorption of Cd(II)
followed monolayer adsorption model and pseudo-second-order kinetics. The change in ther-
modynamic parameters like free energy (DG˚), enthalpy (DH˚), and entropy (DS˚) was also
evaluated. It was found that the RSP exhibits good adsorption capacity for Cadmium (II)
from aqueous solution.

Keywords: Raphanus sativus; Bioadsorbent; Kinetics; Thermodynamics; Equilibrium; Cadmium
(II)

1. Introduction

The environment sustainability is a serious public
health issue due to a long list of pollutants from a
number of sources. Among these the heavy metals are
in the worst case due to their toxicity, bioaccumula-
tion, and persistent nature. Cadmium is a toxic metal
from the nonessential category of metals for life, it
causes hypertension, bone lesions, and lungs malfunc-
tion. Cadmium ions can replace Zn(II) ions in some
metalloenzymes, thereby affecting the enzyme activity

[1]. It is incorporated into the safe aquifer from a
number of anthropogenic sources including mining
activities, pigments developments, electroplating,
alloys making, and batteries processing industries [2].
It has the ability to block essential functional groups
of biomolecules, replacing essential metals, and
destroying the integrity of biomembranes [3].

Developing technically simple and economically
efficient methods of industrial waste purification is
one of the challenges of the twenty-first century [4].
Many chemical methods such as chemical precipita-
tion [5], electroflotation [6], ion exchange [7], and
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reverse osmosis [8] have been used for the removal of
heavy metals. However, these processes are economi-
cally nonfeasible especially in developing countries.
The adsorption process has been found to be economi-
cally appealing for the removal of heavy metals with
better removal efficiency from wastewater [9]. The
first step is the optimization of these adsorption meth-
ods to suite in terms of its selectivity and demand of
particular industrial wastewater contaminants. In the
light of cost and benefit analysis, different types of
biomasses or adsorbents of natural origin have been
studied for the last two decades and adsorption char-
acteristics of many of them have been thoroughly
investigated [10,11].

Biosorption is an innovative technology for heavy
metal removal from industrial wastewater; it is used
as an alternative to conventional methods such as
chemical precipitation, ion exchange, and chelation by
synthetic resins, membrane filtration, and adsorption
onto activated carbon. The agroindustrial wastes seem
to be the most promising due to its low cost and large
abundance in nature.

Algerian Cork with maximum adsorption capacity
9.65mg/g [12], Castor Hull 6.98mg/g [13], Tea
industry waste 11.26mg/g [14], Olive cake 10.56mg/g
[15], Citrus Peels 43.12mg/g (0.40mmol/g) [16], Pinus
halepensis sawdust 7.35mg/g [17], Activated sludge bio-
mass 0.358mmol/g, (38.62mg/g) [18], Enteromorpa com-
pressa 9.50mg/g [19], Nostoc commune 126.32mg/g [20],
Oak bar char 5.40mg/g [21], Rhizopus arrhizus 26.8mg/
g [22], pretreated Phanerochaete chrysosporium 15.2mg/g
[23], Ulva lactuca 29.2mg/g [24], P. chrysosporium
23.0mg/g [25], and Amanita rubescens 27.3mg/g [26]
have been reported in literature.

Agricultural by-products are mainly made up of
lignin and cellulose, and are rich in different kinds of
functional groups such as alcohols, aldehydes,
ketones, carboxylic, phenols, and ethers. These groups
have the ability to bind heavy metals by forming
complexes with ionic species in solution via donation
of an electron pair by the functional group on the
biosorbent. Raphanus sativus peel (RSP) is a new
adsorbent to be explored from the adsorption point of
view. In the literature, there were reports on the
bioaccumulation of Cd(II) onto RSP [27] but to the
best of our knowledge no reports were found regard-
ing its use as a bioadsorbent for Cadmium (II).

2. Material and methods

2.1. Preparation of RSP bioadsorbent

R. sativus were obtained from the local market of
Multan, Pakistan. It was washed with deionized water
to remove any particles of dirt or dust on its surface.

The peels were taken off, cut into small pieces, and
placed in the sun for one day to dry. The petridishes
containing sun-dried peels were placed in an electric
oven at 100˚C for another 24 h to make them moisture
free. The dried peels biomass was ground in electric
grinder into fine particle size. The particle-size frac-
tionation was done by sieving to obtain particles with
average diameter of 0.1–0.3mm.

2.2. Adsorption studies

Cadmium nitrate (Cd(NO3)2·4H2O, >99.9%), was
obtained from Merck (Germany) was used as adsor-
bate and RSP was used as adsorbent. A stock solution
of cadmium (100mgL�1) was prepared by dissolving
Cd(NO3)2·4H2O in doubly distilled water. The solu-
tions of different concentrations i.e. 0.3, 0.5, 1.0, 3.0,
5.0, and 10.0mgL�1 were prepared by successive dilu-
tions with the same solvent. These were used as stan-
dards to make calibration curve using Flame Atomic
Absorption Spectrophotometer (FAAS). A weighed
amount of 0.1 g of RSP was added in a flask containing
20mL of Cd(II) solution of known concentration and
was shaken in a thermostat shaker at a rate of 100
strokes min�1 at a temperature of 333K for 120min.
The pH of the solution was 7.0. After shaking, the
solution was filtered through a Millipore filter paper of
0.45lm, with the aid of a suction pump, collected in a
vial and feed to the FAAS analysis.

The amount of Cd(II) adsorbed onto RSP was
calculated using the following equation.

qe ¼ ðC0 � CeÞV
m

ð1Þ

where C0 is the initial Cd(II) concentration (mgL�1), Ce

is the equilibrium concentration (mgL�1), V is the vol-
ume of the solution (L), and m is the mass (g) of RSP.

2.3. Kinetics of Cd(II) adsorption

For the optimization of the shaking time, 20mL of
aqueous solution (10mg L�1) of Cd(II) was taken into
conical flasks and the fixed amount of RSP (0.1 g) was
added. The labeled flasks were taken out after differ-
ent time interval from the shaker, filtered, and placed
in a vial to be further studied on FAAS. It has been
observed that adsorption of Cd(II) increased with
increasing the shaking time and attained a constant
value at equilibrium after a specific time. The opti-
mum shaking time was found to be 120min which
was used for all further adsorption studies.
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3. Results and discussion

3.1. FTIR results of RSP biomass

Fourier transformed infrared (FTIR) analytical
technique was used to identify the presence of charac-
teristic functional groups on RSP biomass involved in
the adsorption process. The FTIR spectrum is shown
Fig. 1. The following peaks: broad hydroxyl peak at
3,500 cm�1, strong peaks at 1,646–1,650 cm�1 corre-
sponding to the C=O and C=C stretching adsorption
bonds indicating the abundance of these functional
groups on the RSP waste biomass.

3.2. Adsorption isotherms

The adsorption isotherms for Cd(II) removal were
studied at 313, 323, and 333K to study the adsorption
capacity of the RSP with the changes in the medium
temperature.

3.2.1. Freundlich isotherm

The linear form of Freundlich model is given by
Eq. (2):

lnqe ¼ lnKF þ 1

n
lnCe ð2Þ

where qe is the equilibrium amount of Cd(II)
adsorbed (mgg�1), KF is the Freundlich constant
associated with the degree of adsorption [28], and n
is the heterogeneous factor and related to the inten-
sity of adsorption. The value of 1/n equal to unity
indicates the adsorption process is linear, whereas its
value above unity represents the physical adsorption
and below unity refers to chemical adsorption [29].
The closer its value to zero implies that the adsor-
bent surface is more heterogeneous. Fig. 2 shows the
Freundlich isotherms while the parameters KF and n
were calculated from intercept and slopes, respec-
tively, which are given in Table 1. The Freundlich
constant KF value for adsorption of Cd(II) showed
the process to be more favorable.

3.2.2. Langmuir isotherm

The Langmuir adsorption isotherm is given by
Eq. (3).

Ce

qe
¼ 1

KL

þ aL
Ce

KL

ð3Þ

where KL represents the energy of adsorption and aL
shows the binding force between adsorbate and adsor-
bent [11]. Langmuir curve is shown in Fig. 3.
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Fig. 1. FTIR spectrum of RSP biomass.
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The adsorption capacity of RSP can be calculated
by the following Eq. (4) [30]:

qm ¼ KL

aL
ð4Þ

The dimensionless separation factor RL can be
calculated using Eq. (5):

RL ¼ 1

1þ KLCe

ð5Þ

The Langmuir parameters qm, KL, RL, and aL are
given in Table 1.

The RL parameter describes whether the adsorp-
tion process is favorable:

RL > 1 (Unfavorable); RL = 1 (Linear); 0 <RL < 1
(Favorable); RL = 0 (Irreversible).

The RL parameter is less than 1 but greater than 0,
confirming the adsorption process to be favorable.

3.2.3. Temkin isotherm

Temkin equation is based on the assumption that
heat of adsorption of all the molecules in the layer
decreases linearly with coverage due to adsorbate–
adsorbent interactions. According to Temkin, adsorp-
tion is characterized by a uniform distribution of
binding energies up to some maximum value [31].

The linear form of Temkin equation is given as:

qe ¼ BtlnKT þ BtlnCe ð6Þ

where KT is the equilibrium binding constant
corresponding to the maximum binding energy and Bt

is related to the heat of adsorption [32]. The value of
KT and Bt are obtained from the intercept and slope of
the plot of qe vs. lnCe respectively as given in Fig. 4.
and their values are tabulated in Table 1.

Fig. 2. Freundlich isotherm for Cd(II) adsorption onto RSP
at 333K.

Table 1
A comparison among the isotherms constants for Cd(II)
adsorption onto RSP at 313K, 323K, and 333K

Adsorption model 313K 323K 333K

Langmuir

qm (mg/g) 14.406 15.226 15.903

KL (L/g) 6.915 7.151 7.711

aL(L/mg) 0.480 0.470 0.485

RL 0.126 0.123 0.115

R2 0.999 0.999 0.999

Freundlich

n 2.054 2.087 2.215

KF (mg/g) 2.962 3.181 3.555

R2 0.972 0.978 0.987

Temkin

KT (L/g) 35.240 43.145 74.982

Bt (mg/g) 1.720 1.731 1.634

R2 0.956 0.948 0.929

Dubinin-Radushkevich

Xm (mg/g) 7.465 7.535 7.447

KDR 0.027 0.023 0.017

E (kJ/mol) 4.306 4.634 5.444

R2 0.932 0.926 0.915

F-H Model

n �1.298 �1.204 �1.011

KFH 0.080 0.083 0.094

R2 0.992 0.990 0.976

BET model

Xm 54.434 68.466 115.422

c 1.003 1.002 1.001

R2 0.852 0.900 0.953

Fig. 3. Langmuir isotherms for Cd(II) adsorption onto RSP
at 313K.
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3.2.4. Dubinin-Radushkevich (D-R) isotherm

D-R isotherm [33] is applied to the adsorption data
and is used in the following linear form:

lnqe ¼ lnXm � be2 ð7Þ

where Xm represents the maximum sorption capacity
of the R. sativus (mgg�1), b is a constant related to
adsorption energy, and e is Polanyi adsorption poten-
tial [34], the amount of energy required to pull an
adsorbed molecule from its adsorption space to infinity
which can be calculated using the following equation:

� ¼ RTln 1þ 1

Ce

� �
ð8Þ

where R is the universal gas constant in kJmol�1 K�1,
T is the temperature in Kelvin while qe is the equilib-
rium concentration of Cd(II) in solution (mgL�1).
Polanyi theory [35] is based upon the fact that the
adsorption potential is related to an excess of sorption
energy over the condensation energy, it is indepen-
dent of temperature. The plots of ln qe vs. e2 follow
linearity as shown in Fig. 5. The values of b and Xm

calculated from the slopes and intercepts, respectively,
are listed in Table 1.

The values of adsorption energy E [32] can be
computed using the following relationship:

E ¼ 1ffiffiffiffiffiffiffiffiffi�2b
p ð9Þ

3.2.5. Flory-Huggins isotherm (F-H)

The F-H model was selected to account for the
degree of surface coverage characteristics of the adsor-
bate on the adsorbent. The linear form of F-H
equation is represented by:

log
Q

Ci

¼ logKFH þ n logð1�QÞ ð10Þ

where Q is the degree of surface coverage and it can
be calculated by the following equation:

Q ¼ 1� Ce

Ci

ð11Þ

While n is the number of adsorbate molecules
occupying the adsorption sites, KFH is the equilibrium
constant. The n and KFH constants (Table 1) were cal-
culated from the slope and intercept of the curve log
Q/Ci vs. log(1�Q) as shown in Fig. 6.

3.2.6. BET model

The multilayer adsorption can be explained by Ste-
phen Brunauer, Paul Emmet, and Edward Teller (BET
isotherm).

Ce=C0

qeð1� Ce=C0Þ ¼
C

XmaxC
þ C� 1

XmaxC
� Ce

C0

ð12Þ

Fig. 4. Temkin isotherms for Cd(II) adsorption onto RSP.

Fig. 5. D-R isotherms for Cd(II) adsorption onto RSP.

Fig. 6. F-H isotherm for Cd(II) adsorption onto RSP.
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where C0 is the initial and Ce is the equilibrium concen-
tration of the Cd(II), C is a constant related with the
heat of adsorption. Xmax is the maxiumum adsorption
at monolayer coverage and it could be calculated from
the slope and intercept of the plot between Ce/C0 vs.
Ce/C0/qe(1�Ce/C0), its values are given in the Table 1
as calculated from the slope and intercept in Fig. 7.

3.3. Effect of pH

The role of pH during the adsorption of Cd(II) onto
RSP was determined from 2.0 to 9.0 at Cd(II) concen-
tration 10.0 mgL�1, adsorbent dose 0.1 g and Shaking
time 120min at 100 rpm at 333K as given in Fig. 8. The
percent removal increased from 49 to 86% as the pH of
the medium increased from 2.0 to 9.0. Adsorption
capacity of adsorbent, surface charges, and active sites
might be attributed to the adsorption behavior of the
adsorbent at various pH values. The surface of RSP
contains large number of active sites as confirmed by
FTIR analysis. The higher basic pH values of the solu-
tion lead towards precipitation of Cd(II) in the form of
Hydroxides so higher pH was not selected for subse-
quent studies.

3.4. Effect of cadmium (II) concentration

The concentration range of Cd(II) selected was from
1.0 to 100.0mgL�1, the qe value increased from 0.1994
to 15.480mgg�1 and the percentage removal decreased
from 99.7 to 38.7% at 333K as shown in Fig. 9. It is
because of the fact that at lower concentration there is
relatively less competition for the vacant position at the
RSP active surface sites for adsorption between the Cd
(II) ions, while there is more competition at higher con-
centration so the % age removal decreases [36].

3.5. Kinetics of Cd(II) adsorption onto RSP

The dynamics of adsorption of Cd(II) onto RSP
was evaluated by employing the following kinetic
models: pseudo-first-order, pseudo-second-order,
intraparticle diffusion, and Banghams model. In both
pseudo-first-order and pseudo-second-order models,
all the steps of adsorption are lumped together. Over-
all adsorption rate is proportional to the driving force,
concentration gradient, in case of the first order, while
in the case of the second order, it is proportional to
the square of driving force [35].

3.5.1. Pseudo-first-order model

The linear form of pseudo-first-order model is
given by Eq. (13) [11].

lnðqe � qtÞ ¼ lnqe � k1t ð13Þ

where k1, is the first-order rate constant of adsorption,
while qe and qt are the maximum amount adsorbed at
equilibrium and at time t, respectively. The linear
plots of ln(qe – qt) vs. t yield straight lines is given in
Fig. 10.

The values of k1 (min�1) and qe (mgg�1) computed
from the slope and intercept of the pseudo-first-order
linear plots are depicted in Table 2.

Fig. 7. BET isotherms for the Cd(II) adsorption onto RSP.

Fig. 8. Effect of pH on the adsorption of Cd(II) onto RSP.

Fig. 9. Effect of Cd(II) initial concentration on its adsorption
on RSP biomass.
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3.5.2. Pseudo-second-order model

The linear form of pseudo-second-order model is
given by Eq. (14) [37]:

t

qt
¼ 1

k2q2e
þ t

qe
ð14Þ

where k2 (gmg�1min�1) is the rate constant of pseudo-
second-order kinetic equation, it can be calculated from

the intercept of the linear plot of time vs. t/qt, While
the equilibrium adsorption capacity qe can be calcu-
lated from the slope of this linear plot as shown in
Fig. 11.

The calculated (cal) value of k2 (gmg�1min�1) and
qe (mgg�1) are given in the Table 2.

According to correlation coefficient values, the
second-order model is found to be more suitable to
describe the adsorption kinetic data than that of

Fig. 10. Pseudo-first-order plot for Cd(II) adsorption onto
RSP biomass.

Table 2
A comparison among the parameters of kinetic models for the Cd(II) adsorption onto RSP at 5, 10, 25, 50, and 100mg/L
of initial concentration

C0 (mg/L) 5 10 25 50 100

Pseudo-first-order

qe (exp.)/mgg�1 1.488 2.880 6.901 11.516 19.816

qe (cal.)/mgg�1 0.930 1.091 1.621 3.739 3.218

k1 (min�1) 0.025 0.011 0.012 0.002 0.012

R2 0.974 0.965 0.971 0.873 0.980

Pseudo-second-order

qe (cal.)/mgg�1 1.587 2.969 7.147 12.520 23.099

k2 (gmg�1min�1) 0.048 0.025 0.010 0.003 0.001

h (mg g�1min�1) 0.122 0.218 0.501 0.498 0.538

t1/2/min 13.031 13.654 14.280 25.160 42.956

R2 0.999 0.999 0.999 0.998 0.995

Intraparticle diffusion

I (cal.)/mgg�1 0.711 0.711 3.162 3.182 2.471

Kid (gmg�1min�1) 0.060 0.108 0.267 0.603 1.237

R2 0.940 0.939 0.942 0.935 0.9574

Banghams’s model

K0 0.396 0.470 0.591 0.520 0.493

qt 0.600 0.403 0.331 0.340 0.493

R2 0.991 0.982 0.985 0.953 0.957

Fig. 11. Pseudo-second-order plot for Cd(II) adsorption
onto RSP biomass.

4408 M.A. Ashraf et al. / Desalination and Water Treatment 51 (2013) 4402–4412



the first-order model for the Cd(II) on R. sativus.
Furthermore, the calculated equilibrium adsorption
capacity qe (mgg�1) Table 2 is in good agreement with
the experimental values for the second-order model.
On the basis of these evidences, it has been confirmed
that the adsorption process is showing pseudo-second-
order kinetic behavior.

Based on the second-order best fit model, the ini-
tial sorption rate (h) and half adsorption time (t½) are
calculated from Eqs. (16) and (17), respectively, and
listed in Table 2 [38].

h ¼ k2q
2
e ð15Þ

t1=2 ¼ 1

k2qe
ð16Þ

3.5.3. Intraparticle diffusion model

Fick’s second law was used to evaluate the experi-
mental data, to see the possibility of intraparticle dif-
fusion as the rate limiting step, it is given by the Eq.
(17) [34].

qt ¼ kidt1=2 þ I ð17Þ

where kid (mgg�1min�1/2) is the intraparticle
diffusion rate constant and I is the boundary layer
effect (mgg�1). The value of I is directly proportional
to the boundary layer thickness. According to Eq. (17),
the plot of qt vs. t1/2 should be a straight line with a
slope kid and intercept I when the mechanisms follows
the intraparticle diffusion model [39]. Fig. 12. shows
the plot of qt vs. t1/2 for the adsorption and the values
of I and kid are given in Table 2.

According to Ho [40], it is essential for the qt vs.
t1/2 plot to go through the origin if the intraparticle
diffusion is the rate limiting step.

Value of I (Table 2) shows deviation of line
from the origin, which indicates that the surface
adsorption and intraparticle diffusion are simulta-
neously operating during the adsorption of Cd(II)
onto RSP.

3.5.4. Banghams’s model

Kinetic data were also evaluated with Banghams’s
equation [41] to determine the slowest step during the
adsorption.

log log
C0

C0 � qtm

� �� �
¼ logð k0m

2:303V
Þ þ a logðtÞ ð18Þ

where V is the volume of solution (l) and a and k0 are
constants. The Banghams plot shows a nonlinear
curve for Cd(II) onto R. sativus, indicating that the
diffusion of adsorbate into pores of the sorbent in not
the only rate determining step [31,42] and is depicted
in Fig. 13. It seems that film and pore diffusion were
also significantly contributing towards the overall
diffusion mechanism. The values of constant a and k0
are given in Table 2.

The comparison of maximum adsorption capacities
of R. sativus with other bioadsorbents represents its
effectiveness for Cd(II) removal from aqueous
solutions which is illustrated in Table 3.

3.6. Thermodynamics study—effect of temperature

The effect of changes in temperature during the
adsorption of Cd(II) onto RSP was studied to determine

Fig. 12. Intraparticle diffusion plot of Cd(II) on RSP
biomass.

Fig. 13. Banghams’s plots for the adsorption of Cd(II) onto
RSP.
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the nature of the process. The adsorption capacity
increased with temperature from 293 to 333K. This
indicated the endothermic nature of the process. The
values of free energy (DG˚), enthalpy (DH˚), and
entropy (DS˚) were calculated using following
equations and their values are given in Table 4:

DG ¼ �RT ln KD ð19Þ

lnKD ¼ DS�

R
� DH�

RT
ð20Þ

where R is the universal gas constant
(8.3143 Jmol�1 K�1). T is the temperature in Kelvin
scale (K) and KD is the distribution coefficient,
calculated with the following equation:

KD ¼ qe
Ce

ð21Þ

where qe (mgg�1) is the equilibrium Cd(II) concentra-
tion adsorbed onto R. sativus and Ce (mgL�1) is the
equilibrium concentration of Cd(II) in the solution.

The negative value of DG represents the adsorption
process of Cd(II) onto RSP is favorable and spontane-
ous in nature. The positive values of DH show the
endothermic nature of adsorption process and its value
5.844 kJmol�1 indicates the possibility of physical
adsorption [43]. The positive values of DS˚ show the
increased disorder at the solid solution interface
components. The increased adsorption capacity at
higher temperatures was attributed to the enlargement
of pore size and activation of the RSP surface.

3.7. Adsorption mechanism

The biosorption of Cd(II) onto R. sativus is through
the functional groups present on the biomass. The
principal functional groups as confirmed by FTIR
analysis were the carboxylic groups which are
depicted in Fig. 14. At acidic pH range, the carboxylic
groups get protonated which results in lower metal
uptake, because similar charges repel each other.

4. Conclusion

On the basis of experimental results, RSP waste
biomass was capable of adsorbing the Cd(II) from
aqueous solutions. The optimum parameters for
equilibrium study were a contact time of 120min,
pH of 7, and RSP dose of 0.1 g/30mL and a tem-

Table 3
Maximum adsorption capacities of other bioadsorbents for
Cd(II) for aqueous media

Adsorbents qmax (mg/g) References

Algerian cork 9.65 [12]

Tea industry waste 11.26 [14]

Olive cake 10.56 [15]

P. halepensis sawdust 7.35 [17]

Oak bar char 5.40 [21]

R. arrhizus 26.8 [22]

Pretreated P. chrysosporium 15.2 [23]

U. lactuca 29.2 [24]

P. chrysosporium 23.0 [25]

A. rubescens 27.3 [26]

RSP 19.82 Present study

Activated sludge biomass 38.62 [18]

Castor hull 6.98 [13]

Citrus peels 43.12 [16]

E. compressa 9.50 [19]

N. commune 126.32 [20]

Table 4
Thermodynamic constants for Cd(II) adsorption onto RSP at C0 = 10mgL�1

Temp. (K) qe (mgg�1) KD (L/g) DG˚ (kJmol�1) DH˚ (kJmol�1) DS˚ (kJmol�1K�1)

293 2.50 0.67 �0.988 +5.844 +23.416

303 2.54 0.60 �1.272

313 2.57 0.56 �1.520

323 2.59 0.53 �1.717

333 2.61 0.50 �1.930

Fig. 14. Mechanism of Cd(II) adsorption onto RSP biomass.
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perature of 333K. The maximum adsorption capacity
(qmax) was determined to be 19.82mg/g under the
optimum conditions. The adsorption of Cd(II) ions
by RSP followed monolayer adsorption model
(Langmuir isotherm) rather than multilayer sorption
model (Freundlich, BET Isotherms). The kinetic
study showed that sorption by RSP followed a
pseudo-second-order kinetic model. Thermodynamic
parameters like DG˚, DH˚, and DS˚ were also deter-
mined. The values indicated the spontaneous nature
of adsorption. Enthalpy values showed that the
adsorption of Cd(II) was an endothermic process.
The comparison of adsorption capacities of R. sativus
with a number of other adsorbent indicated its
effectiveness for Cd(II) adsorption.
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Serrano, H. Gong, Sorption of arsenic, cadmium, and lead by
chars produced from fast pyrolysis of wood and bark during
bio-oil production, J. Colloid Interface Sci. 310 (2007) 57–73.

[22] E. Fourest, J.C. Roux, Heavy metal biosorption by fungal
mycelia by-products: Mechanisms and influence of pH, Appl.
Microbiol. Biotechnol. 37 (1992) 399–403.

[23] Q. Li, S. Wu, G. Liu, X. Liao, X. Deng, D. Sun, Y. Hu, Y. Huang,
Simultaneous biosorption of cadmium (II) and lead (II) ions by
pretreated biomass of Phanerochaete chrysosporium, Sep. Purif.
Technol. 34 (2004) 135–142.

[24] A. Sari, M. Tuzen, Biosorption of Pb(II) and Cd(II) from aque-
ous solution using green alga (Ulva lactuca) biomass, J. Haz-
ard. Mater. 152 (2008) 302–308.

[25] R. Say, A. Denizli, M.Y. Arica, Biosorption of cadmium (II),
lead (II) and copper (II) with the filamentous fungus Phanero-
chaete chrysosporium, Bioresour. Technol. 76 (2001) 67–70.

[26] A. Sari, M. Tuzen, Kinetic and equilibrium studies of biosorp-
tion of Pb(II) and Cd(II) from aqueous solution by macrofun-
gus (Amanita rubescens) biomass, J. Hazard. Mater. 164 (2009)
1004–1011.

[27] M.A. Kashem, B.R. Sing, S.M.I. Haq, S. Kawai, Fractionation
and mobility of cadmium, lead and zinc in some contaminated
and non-contaminated soils of Japan, J. Soil Sci. Environ.
Manage. 2 (2011) 241–249.

[28] M.J. Iqbal, M.N. Ashiq, Adsorption of dyes from aqueous solu-
tions on activated charcoal, J. Hazard. Mater. 139 (2007) 57–66.

[29] B. Al-Duri, Adsorption modeling and mass transfer, in: G.
McKay (Ed.), Use of Adsorbents for the Removal of Pollu-
tants from Waste Waters, CRC Press, New York, NY, 1996,
pp. 133–173.

M.A. Ashraf et al. / Desalination and Water Treatment 51 (2013) 4402–4412 4411
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