
Removal and recovery of Ni(II) ions from synthetic wastewater
using surface modified Strychnos potatorum seeds: experimental
optimization and mechanism

K. Anbalagana, P. Senthil Kumarb,*, K. Sangita Gayatrib, S. Shahul Hameedb,
M. Sindhujab, C. Prabhakaranb, R. Karthikeyanc

aDepartment of Chemical Engineering, SRM University, Chennai 600 033, India
bDepartment of Chemical Engineering, SSN College of Engineering, Chennai 603 110, India
Tel. +91 9884823425; email: senthilchem8582@gmail.com
cDepartment of Chemical Engineering, Anjalai Ammal Mahalingam Engineering College, Kovilvenni 614 403, India

Received 13 May 2013; Accepted 12 August 2013

ABSTRACT

Strychnos potatorum seeds have been utilized for the preparation of adsorbent, surface
modified S. potatorum seeds (SMSP), by sulfuric acid treatment with 1:2 ratios of
precursor to sulfuric acid. The adsorption process depends on the solution pH, adsorbent
dose, contact time, initial Ni(II) ions concentration, and temperature. The adsorption kinet-
ics of Ni(II) ions removal by the SMSP was relatively fast and it reaches the equilibrium
at 30min. The maximum removal of Ni(II) ions was observed at an optimum conditions:
pH of 5.0, adsorbent dose of 5 g/L, contact time of 30min, and at temperature of 30˚C
for an initial Ni(II) ions concentration of 100mg/L. In order to investigate the adsorption
kinetics for the removal of Ni(II) ions by SMSP, pseudo-first-order and pseudo-second-
order kinetic models were studied. It was observed that the pseudo-second-order kinetic
model fits the experimental data better than the pseudo-first-order kinetic model with
good coefficient of determination values. Adsorption mechanism was discussed with
different models such as intraparticle diffusion, Boyd kinetic, and shrinking core models.
It was observed that the adsorption process was controlled by both film and particle
diffusion. The effective diffusivity and diffusivity values were estimated from the Boyd
kinetic and shrinking core models, respectively. Adsorption isotherm data were tested
with the Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich models. It was
observed that the Freundlich model fits the isotherm data better than other isotherm
models with good coefficient of determination values. The Freundlich constant “n” was
found to be of 3.888 g/L which indicates that the adsorption of Ni(II) ions onto the SMSP
followed the physical process. The thermodynamic parameters such as change in free
energy, enthalpy, and entropy were also calculated. It was found that the adsorption
process was spontaneous and exothermic in nature.
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1. Introduction

The pollution of aquatic system has been increased
mainly because of the presence of the heavy metal
ions, particularly, nickel, in the wastewater which is
generated from the electroplating and vegetable fat
producing industries, metal mining, and processing as
well as other industrial, urban, and agricultural activi-
ties. The excess amount of nickel in water causes
adverse health effects such as cancer, skin allergy, and
lung fibrosis to the human beings. According to the
Bureau of Indian Standards, the permissible limit of
nickel in drinking water is 0.02mg/L [1]. Hence, the
removal and recovery of nickel from water and waste-
water is highly important to protect the living envi-
ronment. For the separation of nickel from aqueous
solution, treatment methods like chemical precipita-
tion, coagulation, solvent extraction, reverse osmosis,
distillation, complexations, ion exchange, and adsorp-
tion have been found to be effective [2–4]. However,
these treatment methods have several disadvantages
which include incomplete metal ions removal, higher
amount of reagent and energy requirements, and the
generation of secondary waste i.e. toxic sludge which
requires proper treatment and further disposal
facilities. Generally, at low metal ions concentrations,
the removal of metal ions is more effective by ion
exchange process or adsorption onto activated carbon
process [2]. However, the huge capital and regenera-
tion cost of the activated carbon and also the ion
exchange resins have resulted in the search of new
low-cost adsorbents for the removal of metal ions
from the aqueous solution.

The different low-cost adsorbents that were
already reported for the removal of nickel ions from
the aqueous solutions are as follows: sulfuric acid-
treated cashew nut shell [3], orange peel [5], H3PO4

treated rice bran [6], mango peel [7], modified coir
pith [8], coir pith [8], meranti sawdust [9], barely
straw untreated [10], cashew nut shell [11], tea factory
waste [12], Parthenium hysterophorus L. activated
carbon [13], Irish peat moss [14], corncobs [15],
dye-loaded sawdust [16], dye groundnut shells [16],
Moringa oleifera seeds [17], etc.

The objective of this study is to prepare the surface
modified Strychnos potatorum seeds (SMSP) by sulfuric
acid treatment and to investigate its adsorption
potential towards the removal of Ni(II) ions from the
aqueous solution. The removal of Ni(II) ions from
aqueous solution by the SMSP was measured as a func-
tion of initial solution pH, adsorbent dose, contact time,
initial Ni(II) ions concentration, and temperature. The
adsorption kinetic data were analyzed by the pseudo-
first-order and pseudo-second-order kinetic models.

These kinetic data were further applied to the different
adsorption models such as intraparticle diffusion, Boyd
kinetic, and shrinking core models to check the adsorp-
tion mechanism. The adsorption equilibrium data were
analyzed by the Langmuir, Freundlich, Temkin, and
Dubinin–Radushkevich adsorption isotherm models.
Scanning electron microscopic (SEM) analysis was also
employed to understand the surface morphology of the
prepared SMSP for the removal of Ni(II) ions. The ther-
modynamics of the adsorption process was also
investigated.

2. Experimental

2.1. Materials

NiSO4·6H2O salts was supplied by Merck
Chemicals, India. All the chemicals were of analytical
reagent grade. Ni(II) stock solutions of 500mg/L were
prepared by dissolving measured quantity of salt
(2.239 g) in one liter of double distilled water. The Ni
(II) ions with different concentrations were obtained
by dilution of the stock solutions.

2.2. Preparation of SMSP seeds

Collected S. potatorum seeds (Pudukkottai District,
Tamilnadu, India) were washed several times with
water and allowed to dry in sun light and then
made into powder. About 40 g of dried powdered
seeds was treated with the required quantity of con-
centrated sulfuric acid of 16mol/L (1:2 ratio of pow-
der to acid) to form a mixture and keep the mixture
for about 24 h. The excess acid present in the mixture
was removed by adding double distilled water to the
mixture until the pH of supernatants reached the
constant pH value of 7.0. This wet solid material was
dried at 80˚C till the moisture content was com-
pletely removed from the solid material. Finally, the
dried solid material was grounded and then sieved
to obtain the average particle size of 0.354mm. This
prepared material was called as SMSP seeds and it
was applied for the removal of Ni(II) ions from the
aqueous solution.

2.3. Analysis methods

The surface morphology of the synthesized
adsorbent, SMSP, was characterized by SEM analysis
using a Quanta 200 FEG SEM at an accelerating
voltage of 20 kV, and with a working distance of
50 lm. The concentration of Ni(II) ions in the solution,
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before and after treatment, was analyzed by using
atomic absorption spectrometer (AAS, SL176 Model,
Elico Limited, Chennai, India; Lamp details: Hollow
cathode lamp, analytical lines = 232 nm, operating cur-
rent = 10mA, flame type= air-acetylene). The solution
pH was measured with a pH meter (Li 617 Model,
Elico Limited, Chennai, India).

2.4. Batch adsorption experiments

All batch adsorption experiments were carried
out in an incubation shaker at 180 rpm (Orbital incu-
bation shaker, Royal Testing Equipment, Chennai,
India). The known quantity and quality of Ni(II)
ions solutions were taken in a 100mL stoppered
conical flasks. The pH of the solution was adjusted
using 0.1mol/L HCl or 0.1mol/L NaOH. The mea-
sured quantity of adsorbent is added to the Ni(II)
ions solution in conical flasks. After the adsorption
process, the spent SMSP was separated from the
solutions by using centrifugation operation and the
final concentration of Ni(II) ions in the supernatant
was determined by using an AAS. The percentage
removal of Ni(II) ions was estimated by the follow-
ing equation:

% NiðIIÞ removal ¼ Ci � Cf

Ci

� 100 ð1Þ

where Ci and Cf are the initial and final Ni(II) ion con-
centrations in the solution (mg/L), respectively.

2.4.1. Adsorption kinetics and mechanism

Batch adsorption kinetic studies were performed
by mixing 0.5 g of SMSP with 100mL of Ni(II) ions
solution with the concentrations of 100–500mg/L at a
pH of 5.0 in 100mL stoppered conical flasks. Then,
the conical flasks were kept in an incubation shaker.
The samples were withdrawn at preselected time
intervals ranging from 10 to 60min and the residual
Ni(II) ions concentrations were determined after the
centrifugation operation. The amount of Ni(II) ions
adsorbed onto the SMSP at time t, qt (mg/g), was
estimated by the following equation:

qt ¼ ðCi � CtÞV
m

ð2Þ

where Ct is the concentration of Ni(II) ions in the
solution at time t (mg/L), V is the volume of Ni(II)
ions solution (L), and m is the mass of the adsorbent
(g). The adsorption kinetic data were applied to the
pseudo-first-order [18] and pseudo-second-order [19]
kinetic models to explain the adsorption process. The
kinetic models are given as follows:

Pseudo-first-order kinetic model:

logðqe � qtÞ ¼ log qe � k1
2:303

t ð3Þ

Pseudo-second-order kinetic model:

t

qt
¼ 1

h
þ 1

qe
t ð4Þ

where qe is the adsorption capacity at equilibrium
(mg/g), qt is the adsorption capacity at any time t
(mg/g), k1 is the pseudo-first-order rate constant
(min�1), t is the time (min), k2 is the pseudo-second-
order rate constant (g/mg.min), and h= k2.qe

2, is the
initial adsorption rate (mg/g.min). The adsorption
mechanism was explained by applying the kinetic
data to the different models such as intraparticle
diffusion [20], Boyd kinetic [21], and shrinking core
models [22,23]. The models explaining the adsorption
mechanism are given as follows:

Weber and Morris intraparticle diffusion model:

qt ¼ kpt
1=2 þ C ð5Þ

The Boyd kinetic model:

�0:4977� ln 1� qt
qe

� �
¼ Bt ð6Þ

The effective diffusion coefficient, Di (m
2/s) values

were calculated by using the following equation:

B ¼ p2Di

r2
ð7Þ

kp is the intraparticle diffusion rate constant (mg/
gmin0.5), t is the time (min), C is a constant related to
the thickness of the boundary layer, and r is the radius
of the SMSP. The shrinking core model was success-
fully applied to fluid particle chemical reactions by
Levenspiel [23]. For the film diffusion control, the
extent of the adsorption process as a function of time
is given by the following equation:

X ¼ 3D

drC
a ð8Þ

If the film, diffusion is controlled in the adsorption
process, then the plot of X vs. a yields a straight-line
relationship. If the adsorption process is controlled by
the diffusion through reacted shell (particle diffusion
control), then the model can be represented by the fol-
lowing expression:
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FðXÞ ¼ 1� 3ð1� XÞ
2

3 þ 2ð1� XÞ ¼ 6D

r2Co
a ð9Þ

In case of particle diffusion control, a plot of F(X)
vs. a gives a straight-line relationship and the diffusiv-
ity of the Ni(II) ions in adsorbent can be calculated
from the slope of the plots. It is given as follows:

D ¼ ðSlopeÞC
or2

6
ð10Þ

where

X is the extent of reaction ¼ ðCo � CÞ
ðCo � CeqÞ ð11Þ

a ¼
Z t

0

Cdt ð12Þ

Co is the initial Ni(II) ions concentration (mg/L), Co is
the average Ni(II) ions binding site density of the
SMSP (mg/L), C is the final Ni(II) ions concentration
(mg/L), Ceq is the concentration of Ni(II) ions at
equilibrium (mg/L), D is the diffusion coefficient
(m2/s), and r is the radius of the adsorbent
particles (m).

2.4.2. Adsorption equilibrium study

Adsorption equilibrium study were performed by
mixing 0.5 g of SMSP with 100mL of Ni(II) ions solu-
tion with the different initial Ni(II) ions concentrations
ranging from 100 to 500mg/L at a solution pH of 5.0.
Then the flasks were kept in an incubation shaker at
an equilibrium time and at 30˚C. After the adsorption
process and subsequent separation of spent SMSP, the
final Ni(II) ions concentrations in the supernatant
were measured by using AAS. The adsorption equilib-
rium data were fitted to the different adsorption iso-
therm models such as Langmuir [24], Freundlich [25],
Temkin [26], and Dubinin–Radushkevich [27] models.
The nonlinear form of adsorption isotherm models is
given as follows:

Langmuir adsorption isotherm model is given as
follows:

qe ¼ qmKLCe

1þ KLCe

ð13Þ

and the separation parameter from the Langmuir
model is given as follows:

RL ¼ 1

1þ KLCo

ð14Þ

Freundlich adsorption isotherm model is given as
follows:

qe ¼ KFC
1=n
e ð15Þ

Temkin adsorption isotherm model is given as
follows:

qe ¼ B lnðACeÞ ð16Þ

Dubinin–Radushkevich adsorption isotherm model
is given as follows:

qe ¼ qm;D exp �b RT ln 1þ 1=Ceð Þð Þ2
� �

ð17Þ

where qe is the adsorption capacity at equilibrium
(mg/g), qm is the maximum monolayer adsorption
capacity (mg/g), KL is the Langmuir constant related
to the affinity of Ni(II) ions to the adsorbent (L/mg),
Ce is the concentration of Ni(II) ions solution at
equilibrium (mg/L), KF is the Freundlich constant
((mg/g)(L/mg)(1/n)) related to the bonding energy, n
is a measure of the deviation from linearity of adsorp-
tion (g/L), B=RT/b, is the constant related to the heat
of adsorption, b is the heat of adsorption (kJ/mol), R
is the gas constant (8.314 J/mol.K), T is the tempera-
ture (K), A is the equilibrium binding constant (L/mg)
corresponding to the maximum binding energy, qm,D

is the Dubinin–Radushkevich monolayer adsorption
capacity (mg/g), and b is a constant related to
adsorption energy.

2.4.3. Adsorption thermodynamic study

Adsorption thermodynamic study were performed
by mixing 0.5 g of SMSP with 100mL of Ni(II) ions
solution with the different initial Ni(II) ions concentra-
tions ranging from 100 to 500mg/L at a solution pH of
5.0. Then, the flasks were kept in an incubation shaker
with various temperatures (303–333K) and at an
equilibrium time. After the adsorption process and
subsequent separation of spent SMSP, the final Ni(II)
ions concentrations in the supernatant were measured.
In order to study the thermodynamics of the adsorp-
tion process, the thermodynamic parameters such as
change in free energy (DG˚), change in enthalpy (DH˚),
and change in entropy (DS˚) were calculated from the
following equations:
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�G
� ¼ �RT ln

CAe

Ce

� �
ð18Þ

log
CAe

Ce

� �
¼ DS

�

2:303 R
� DH

�

2:303 RT
ð19Þ

where R is the gas constant (8.314 J/mol/K), T is
the temperature (K), CAe is the amount of Ni(II)
ions adsorbed onto the SMSP per liter of solution at
equilibrium (mg/L), and Ce is the concentration of
Ni(II) ions in the solution at equilibrium (mg/L).

2.5. Batch desorption study

Batch desorption experiments were performed by
mixing 0.5 g of spent SMSP with 100mL of HCl
solutions with the different initial HCl concentra-
tions ranging from 0.2 to 0.35M at an equilibrium
time. Then, the flasks were kept in an incubation
shaker at 30˚C. After the desorption process and
subsequent separation of SMSP, the final Ni(II) ions
concentrations in the supernatant were measured.

3. Results and discussion

3.1. Characterization of adsorbent

The SEM analysis of the SMSP is shown in Fig. 1
which reveals the texture and porosity of the adsor-
bent. The presence of the pores and internal surface
are the important requirement for an effective
adsorbent which is clearly observed in the SEM image
of the SMSP. From the SEM image, it was further
observed that the SMSP possesses irregular shape of
the porous surface. Based on the results observed, it
can be concluded that the SMSP has an adequate
morphology for Ni(II) ion adsorption.

3.2. Effect of operating parameters

The solution pH is an important operating param-
eter in the adsorption process. Metal species in water
is in the forms of M2+, M(OH)+, and M(OH)2(S) [28]. If
the pH value of the solution is up to 5.0 then the
solubility of the M(OH)2(S) is appreciable which
indicates M2+ is the main adsorbate species in the
aqueous solution [28]. If the solution pH is increased
then the solubility of the M(OH)2(S) decreased. At
solution pH 10.0, the solubility of the M(OH)2(S) is
very small. At this higher pH, the main species in the
solution is M(OH)2(S) [29]. To avoid the precipitation
of metal ions at higher pH, all the adsorption experi-
ments were conducted slightly at acidic condition

(pH 5.0). The effect of solution pH on the removal of
Ni(II) ions from its aqueous solution by the SMSP is
shown in Fig. 2. The percentage removal of Ni(II) ions
was found to be increased with an increase in solution
pH from 2.0 to 5.0. The maximum removal of Ni(II)
ions was observed at pH 5.0. At lower pH, the less
removal of Ni(II) ions by SMSP was observed may be
due to the higher concentration of the hydronium ions
and also its high mobility which are preferentially
adsorbed at the SMSP surface than the Ni(II) ions in
the solution. At higher pH, the less number of
hydronium ions in the solution along with the more
negative charge ligands on the SMSP surface resulted
in maximum removal of Ni(II) ions. The pH effect on
the removal of Ni(II) ions by the SMSP can also be
explained with the Fourier Transform Infrared
Spectroscopic analysis. SMSP primarily contains weak
acidic and basic functional groups and carboxyl
groups (�COOH) as discussed in our previous
research work [30]. At a pH higher than 3.0, the
carboxylic groups available in the SMSP was deproto-
nated and which acquires the negative charge over
the adsorbent surface which aids in strong attraction
with positively charged Ni(II) ions. The pH effects on
the removal of Ni(II) ions may also be explained with
the help of point of zero charge (PZC) of the
adsorbent. The surface of the adsorbent is positive
when the pH of the solution was below PZC of the
adsorbent. The increase in pH of the solution above
the PZC of the adsorbent will show a slight increase
in the removal of Ni(II) ions by the SMSP.

The effect of adsorbent dose on the percentage
removal of Ni(II) ions was investigated in the range of

Fig. 1. SEM image of SMSP.
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1–8 g/L, while the solution pH was fixed at 5.0 and
the contact time was fixed at 30min and at 30˚C. The
observed experimental results were shown in Fig. 3.
From Fig. 3, it was observed that the percentage
removal of Ni(II) ions increased with the increase in
adsorbent dose up to a certain value, and then
approximately remained constant above an adsorbent
dosage of 5 g/L. The reason may be due the reduction
in the Ni(II) ions concentrations in the solution or
concentration gradient of Ni(II) ions. The maximum
removal of Ni(II) ions was observed as 99.152% at an
optimum condition.

The proper residence time is needed for the adsorp-
tion process to reach equilibrium for the maximum
removal of Ni(II) ions by the SMSP. With a selected
adsorbent dosage of 5 g/L and a solution pH of 5.0, the
effect of contact time on the removal of Ni(II) ions was
investigated in the range from 10 to 60min at 30˚C. The
result of the present investigation is shown in Fig. 4. It
can be seen from Fig. 4 that the percentage removal of
Ni(II) ions increased with the increase in contact time
and it reaches the maximum value at the time of
30min. The results indicated that the equilibrium time
for Ni(II) ions adsorption on SMSP is about 30min. At
an initial stage, the Ni(II) ions are adsorbed by the exte-
rior surface of the adsorbent, the percentage removal of
Ni(II) ions is fast. When the exterior surface of the
adsorbent reaches the saturation value, the Ni(II) ions
enters into the pores of the adsorbent which is
adsorbed by the interior surface of the adsorbent. This
process takes relatively long contact time.

The effect of initial Ni(II) ions concentration on the
removal of Ni(II) ions from the aqueous solution by
SMSP is shown in Fig. 5. It was observed that the
percentage removal of Ni(II) ions decreased with the
increase in initial Ni(II) ions concentration as is gener-
ally expected in the adsorption equilibrium process.

The percentage removal of Ni(II) ions decreased from
99.152 to 71.57% when the initial Ni(II) ions concentra-
tion increased from 100 to 500mg/L. This may be due
to that the fixed amount of adsorbent dose was used
for the present experimental study. The fixed dose of
adsorbent can able to remove only a particular
amount of Ni(II) ions from the aqueous solution. At
lower Ni(II) ions concentration, the higher removal of
Ni(II) ions was observed which may be due to the
ratio of the number of Ni(II) ions to the number of
active sites is less. At higher Ni(II) ions concentration,
the less removal of Ni(II) ions was observed which
may be due to the ratio of the number of Ni(II) ions
to the number of active sites is high.

The temperature is an important operating
parameter in the adsorption process. In the present
study, the effect of temperature on the percentage
removal of Ni(II) ions was investigated in the range
from 303 to 333K for the various initial Ni(II) ions
concentration and keep the other parameters constant
based on the above experimental studies. The results
of the present experimental studies were shown in
Fig. 6. It was observed from Fig. 6 that the percentage
removal of Ni(II) ions decreased with the increase in
temperature. The reason may be due to that the weak-
ening of bonds between Ni(II) ions and active sites of
the adsorbent at higher temperatures. It was indicated
that the present adsorption system is independent of
the temperature. The maximum removal of Ni(II) ions
was observed at the temperature of 30˚C. The above
results were also showed that the adsorption process
was exothermic in nature.

3.3. Adsorption kinetics

The adsorption kinetic data were applied to the
pseudo-first-order and pseudo-second-order kinetic

Fig. 2. Effect of pH for the adsorption of Ni(II) ions onto
the SMSP [Ni(II) ions concentration = 100mg/L, adsorbent
dose = 0.5 g, volume of sample = 100mL, equilibrium
time= 30min, and temperature 30˚C].

Fig. 3. Effect of adsorbent dose for the adsorption of Ni(II)
ions onto the SMSP [Ni(II) ions concentration = 100mg/L,
pH=5.0, volume of sample = 100mL, equilibrium
time= 30min, and temperature 30˚C].
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models and the results are depicted in Fig. 7(a) and (b).
The adsorption kinetic parameters, experimental qe,
calculated qe, and coefficient of determination (R2) val-
ues were calculated from the Fig. 7(a) and (b) and these
values are listed in Table 1. From Table 1, it was
observed that the R2 values for the pseudo-first-order
model were found to be low and also the difference
between the calculated qe and experimental qe values is
high. Therefore, the adsorption of Ni(II) ions onto the
SMSP does not follow the pseudo-first-order kinetics.
From the Table 1, it was observed that the obtained R2

values for the pseudo-second-order model are high,
which indicates that the applicability of the pseudo-
second-order model is a better option to describe the
adsorption of Ni(II) ions onto the SMSP. The calculated
qe values were found to be close to the experimental qe
values for all the Ni(II) ions studied, which also

confirms the applicability of the pseudo-second-order
model. Therefore, it can be concluded that the
adsorption of Ni(II) ions onto the SMSP follows the
pseudo-second-order kinetic model.

3.4. Adsorption mechanism

The adsorption mechanism i.e. the transport of
Ni(II) ions from the bulk solution to the interior part

Fig. 4. Effect of contact time for the adsorption of Ni(II) ions
onto the SMSP [Ni(II) ions concentration = 100–500mg/L,
adsorbent dose = 0.5 g, pH=5.0, volume of sample = 100mL,
and temperature 30˚C].

Fig. 5. Effect of initial Ni(II) ions concentration for the
adsorption of Ni(II) ions onto the SMSP [Ni(II) ions
concentration=100–500mg/L, adsorbent dose=0.5g, pH=5.0,
volume of sample=100mL, equilibrium time=30min, and
temperature 30˚C].

Fig. 6. Effect of temperature for the adsorption of Ni(II) ions
onto the SMSP [Ni(II) ions concentration = 100–500mg/L,
adsorbent dose = 0.5 g, pH=5.0, volume of sample = 100mL,
and equilibrium time= 30min].

Fig. 7. Adsorption kinetics for the removal of Ni(II) ions
by SMSP [Ni(II) ions concentration = 100mg/L, adsorbent
dose = 0.5 g, pH=5.0, volume of sample = 100mL, and
temperature 30˚C].

K. Anbalagan et al. / Desalination and Water Treatment 53 (2015) 171–182 177



of the pore through the liquid film followed by the
particle diffusion and finally the Ni(II) ions get
adsorbed at the end of the pore in the SMSP. The
influence of film and particle diffusion on the overall
removal of Ni(II) ions by the SMSP was explained by
fitting the adsorption kinetic data to the different
models such as intraparticle diffusion, Boyd kinetic,
and shrinking core models. Fig. 8(a) shows the plot of
qt vs. t1/2 is a straight line which does not pass
through the origin. This shows that the intraparticle
diffusion is not the only rate-limiting step in the
adsorption process. The values of kp, C, and R2 were
calculated from the plots of qt vs. t

1/2 (Fig. 8(a)) and
these values are listed in Table 2. The dual nature of
the curve was observed for the plot of qt vs. t

1/2 and
which indicates that the first linear portion of the plot
is due to the film diffusion and the second linear
portion of the plot is due to the particle diffusion. The
intercept was observed from the plots which indicate
the boundary layer effect on the adsorption process.
The larger value of the intercept indicates the
greater contribution of the surface adsorption in
the rate-limiting step. The actual slowest step in the
adsorption process was further checked by applying
the adsorption kinetic data to the Boyd kinetic model
(Fig. 8(b)). From Fig. 8(b), it was observed that the
plots are linear but did not pass through the origin
which indicates that the adsorption process is
controlled by film diffusion. The effective diffusion
coefficient values were estimated and the values are
listed in Table 2. The influence of the particle
diffusion in the adsorption of Ni(II) ions onto the
SMSP was checked by applying the adsorption kinetic
data to the shrinking core model (Fig. 8(c)). The
results indicates that the particle diffusion may also
influence in the adsorption of Ni(II) ions onto the
SMSP. The diffusivity values were estimated from the
shrinking core model and the values were listed in

Table 1
Pseudo-first-order and pseudo-second-order rate constants of Ni(II) ions onto the SMSP

Kinetic model Parameters Concentration of Ni(II) ions solution (mg/L)

100 200 300 400 500

Pseudo-first-order kinetic equation k1 (min�1) 0.083 0.094 0.101 0.106 0.136

qe, cal (mg/g) 7.745 16.144 25.823 34.674 61.944

R2 0.769 0.803 0.807 0.848 0.908

Pseudo-second-order kinetic equation k2 (g/mg.min) 0.0103 0.0057 0.0038 0.0033 0.0032

qe, cal (mg/g) 21.739 40.667 56.824 67.428 74.074

h (mg/g.min) 4.878 9.434 12.195 15.152 17.544

qe, exp (mg/g) 19.985 37.522 53.352 64.623 71.814

R2 0.996 0.997 0.996 0.996 0.997

Fig. 8. Adsorption mechanism for the removal of Ni(II) ions
by SMSP [Ni(II) ions concentration = 100mg/L, adsorbent
dose = 0.5 g, pH=5.0, volume of sample = 100mL, and
temperature 30˚C].
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Table 2. Based on the above observations, both the
film and particle diffusion control the adsorption of
Ni(II) ions onto the SMSP.

3.5. Adsorption equilibrium study

The effect of initial Ni(II) ions concentration data
was fitted to the two-parameter adsorption isotherm
models such as Langmuir [24], Freundlich [25],
Temkin [26], and Dubinin–Radushkevich [27] models
using MATLAB 7.1, and the graphical representation
of these models are given in Fig. 9. The Langmuir con-
stants, qm (mg/g) and KL (L/mg) with the R2 values,
SSE and RMSE, were estimated from the plot of qe vs.
Ce at 30˚C and are listed in Table 3. The RL values were
found to be in the range of 0.106–0.0232 for an initial
Ni(II) ions concentration in the range of 100–500mg/L.
The RL values were found to be in between 0 and 1
which indicate the favorable adsorption [31]. The Fre-
undlich constants, KF ((mg/g)(L/mg)(1/n)) and n values
with the R2 values, SSE and RMSE, were estimated
from the plot of qe vs. Ce at 30˚C and are listed in
Table 3. The value of n was found to be 3.888 g/L for
the present adsorption system. The observed n value
lies between 1 and 10 which indicates the adsorption is
a physical process [32]. The Temkin isotherm con-
stants, A and B with R2 values, SSE and RMSE, were
calculated from the plot of qe vs. Ce at 30˚C, and these
values were listed in Table 3. The heat of adsorption
(b) values for the present adsorption system was found
to be less than 8 kJ/mol, which indicates a weak inter-
action between the Ni(II) ions and the SMSP. The
adsorption process, as given by the heat of adsorption,
can be expressed as physical adsorption [33]. The
Dubinin–Radushkevich constants, qm, D and bD with R2

values, SSE and RMSE, were estimated from the plot
of qe vs. Ce at 30˚C and these values were listed in
Table 3. The magnitude of E was used to evaluate the
type of adsorption mechanism. The estimated value of

E in the present adsorption system was found to be
below 8 kJ/mol, which indicates the adsorption pro-
cess follows the physical adsorption type [34].

Based on the R2 values, the order of best fit of
adsorption isotherm models studied for Ni(II) ions
removal by SMSP was given as follows: Freundlich>
Temkin>Langmuir >Dubinin–Radushkevich isotherm
models. From the results, it was observed that the
adsorption isotherm data were best fitted to the
Freundlich adsorption isotherm model based on the
high R2 values with low error values than other
adsorption isotherm models. The applicability of
the Freundlich adsorption isotherm model indicates the
multilayer adsorption of Ni(II) ions onto the SMSP. The
comparison of the maximum monolayer adsorption
capacity of the different adsorbents for Ni(II) ions
removal is given in Table 4. It shows that the SMSP
studied in this work has higher adsorption capacity.

Table 2
Results of the mechanism for the adsorption of Ni(II) ions onto the SMSP

Conc. of Ni(II) ions solution
(mg/L)

Adsorption mechanism

Intraparticle diffusion model Boyd kinetic model SCM model

kp
(mg/g.min1/2)

C R2 B Di

(�10�12 m2/s)
R2 D

(�10�9 m2/s)
R2

100 1.199 11.63 0.800 0.084 4.444 0.769 4.344 0.796

200 2.255 21.94 0.789 0.095 5.026 0.803 6.365 0.829

300 3.482 29.41 0.777 0.102 5.396 0.807 6.435 0.807

400 4.125 36.25 0.780 0.106 5.607 0.848 6.246 0.789

500 4.404 41.58 0.792 0.137 7.247 0.908 3.484 0.775

Fig. 9. Adsorption isotherms for the removal of Ni(II) ions
by SMSP [Ni(II) ions concentration = 100–500mg/L,
adsorbent dose = 0.5 g, pH=5.0, volume of sample = 100mL,
equilibrium time= 30min, and temperature 30˚C].
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3.6. Adsorption thermodynamic study

The results of the adsorption thermodynamic
studies were shown in Fig. 10. The thermodynamic
parameters such as change in free energy (DG˚),
change in enthalpy (DH˚), and change in entropy (DS˚)
were estimated from the Eq. (18) and the slope and
intercept of the plot of log Kc vs. 1/T (Fig. 10). The
values of the thermodynamic parameters are listed in
Table 5. The calculated Kc values for the adsorption of
Ni(II) ions onto the SMSP are listed in Table 5. It was
observed from the results that the Kc values decreased
with the increase in temperature which results in the
shift of equilibrium to the left i.e. the desorption of
the adsorbed Ni(II) ions from the spent SMSP is
favored at high temperatures. The negative value of
DG˚ confirms the spontaneous nature and feasibility of
the adsorption process. The DG˚ values were
decreased as the temperature was increased from 303
to 333K, which is an indication of the physical
adsorption process. The negative value of DH˚ con-
firms the exothermic nature of the adsorption process,
while the negative value of DS˚ suggested that the
decrease in Ni(II) ions concentration in solid-liquid
interface indicating thereby the increase in Ni(II) ions
concentration onto the SMSP surface. It also confirms
the decreased randomness at the solid-liquid interface
during the adsorption process.

3.7. Desorption study

Desorption studies give an idea about the adsorp-
tion mechanism based on the recovery of the metal
ions from spent adsorbent. Batch desorption studies
were carried out by chemical regeneration of the spent
SMSP. The results are listed in Table 6. It was observed
from Table 6 that the percentage recovery of Ni(II) ions
increased with the increase in concentration of hydro-
chloric acid (HCl) and it reaches a constant value

Table 3
Adsorption isotherm constants for the removal of Ni(II)
ions by the SMSP

Adsorption
isotherm model

Parameters Values R2

Langmuir qm (mg/g) 74.55 0.8625

KL (L/mg) 0.0843

SSE 240.2

RMSE 8.949

Freundlich KF ((mg/g)
(L/mg)(1/n)))

20.43 0.9905

n (g/L) 3.888

SSE 16.68

RMSE 2.358

Temkin A 5.926 0.9552

B 4.415

b (kJ/mol) 0.571

SSE 78.34

RMSE 5.11

Dubinin–
Radushkevich

qm, D (mg/g) 56.80 0.6288

b ((mol.K/kJ)2) 5.284� 10�8

E (kJ/mol) 3.076

SSE 648.5

RMSE 12.73

Table 4
Comparison of the maximum monolayer adsorption
capacity of the SMSP for Ni(II) ions removal with the
other adsorbents

Adsorbents qm
(mg/g)

References

Sulfuric acid-treated cashew nut
shell

456.3 [3]

Orange peel 158 [5]

H3PO4-treated rice bran 102 [6]

Surface modified Strychnos potatorum
seeds

74.55 This study

Mango peel 39.75 [7]

Modified coir pith 38.9 [8]

Meranti sawdust 35.971 [9]

Barely straw untreated 35.8 [10]

Cashew nut shell 18.868 [11]

Tea factory waste 18.42 [12]

Parthenium hysterophorus L. activated
carbon

17.24 [13]

Irish peat moss 14.50 [14]

Corncobs 13.50 [15]

Dye-loaded sawdust 9.87 [16]

Coir pith 9.5 [8]

Dye groundnut shells 7.49 [16]

Fig. 10. Adsorption thermodynamics for the removal
of Ni(II) ions by SMSP [Ni(II) ions concentration =
100–500mg/L, adsorbent dose = 0.5 g, pH=5.0, volume of
sample = 100mL, and equilibrium time= 30min].
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(approx.) at 0.30M HCl. The desorption results sug-
gested that the interaction between the adsorbent and
adsorbate may be an ion exchange or chemical adsorp-
tion or physical adsorption process or all together. But
a majority of the adsorption process here is an ion
exchange and physical adsorption process, and a little
amount of chemical adsorption is also possible.

4. Conclusion

The SMSP seeds were found to be a potential
adsorbent for the removal of Ni(II) ions from the
aqueous solution. The adsorption process was found
to decrease with the increase in initial ions concentra-
tion and temperature but it was found increased with
the increase in solution pH, adsorbent dose, and
contact time. The optimum conditions for the maxi-
mum removal of Ni(II) ions by the SMSP were found
to be: pH of 5.0, adsorbent dose of 5 g/L, contact time

of 30min, and temperature of 30˚C. The pseudo-
second-order kinetic model was found to be the best
correlated to the adsorption kinetic data for Ni(II) ions
adsorption. The rate of adsorption of Ni(II) ions by
the SMSP process was controlled by both internal and
external diffusion process. The effective diffusivity
values were calculated for the adsorption system at
30˚C: 4.444� 10�12, 5.026� 10�12, 5.396� 10�12,
5.607� 10�12, and 7.247� 10�12m2/s for an initial
Ni(II) ions concentration of 100–500mg/L, respec-
tively. The adsorption isotherm data showed good fit
to the Freundlich model than the Langmuir, Temkin,
and Dubinin–Radushkevich models. Thus, the adsorp-
tion process was multilayer on the heterogeneous
surface of the adsorbent. The maximum Ni(II) ions
adsorption capacity of the SMSP was found to be
74.55mg/g at 30˚C. The thermodynamic studies
indicated that the adsorption process was found to be
feasible, spontaneous, and exothermic in nature.

Table 5
Thermodynamic parameters for the adsorption of Ni(II) ions onto the SMSP

DG˚ (kJ/mol)Conc. of Ni(II) ions solution (mg/L) DH˚ (kJ/mol) DS˚ (J/mol/K)

30˚C 40˚C 50˚C 60˚C

100 �50.797 �128.573 �11.995 �10.283 �9.381 �8.026

200 �17.142 �35.001 �6.611 �6.111 �5.718 �5.590

300 �12.448 �24.125 �5.136 �4.897 �4.635 �4.419

400 �7.536 �13.212 �3.546 �3.378 �3.268 �3.144

500 �5.152 �9.209 �2.326 �2.315 �2.179 �2.059

Conc. of Ni(II) ions solution (mg/L) Kc values

30˚C 40˚C 50˚C 60˚C

100 116.925 52.0223 32.898 18.157

200 13.793 10.468 8.407 7.532

300 7.681 6.564 5.618 4.935

400 4.086 3.662 3.376 3.113

500 2.517 2.434 2.251 2.104

Table 6
Desorption of Ni(II) ions from spent SMSP using HCl

Conc. of Ni(II) ions solution (mg/L) Removal efficiency Percentage recovery of Ni(II) ions

0.2M 0.25M 0.30M 0.35M

100 99.152 70.52 83.75 92.28 93.11

200 93.24 66.29 78.24 85.66 85.87

300 88.48 62.78 73.36 80.14 80.29

400 80.34 54.58 65.32 73.43 73.58

500 71.57 40.35 52.84 60.57 62.41

K. Anbalagan et al. / Desalination and Water Treatment 53 (2015) 171–182 181



Acknowledgments

The authors are grateful for the financial support
from the SSN Trust, Chennai.

References

[1] BIS, Methods of Sampling and Test (Physical and Chemical)
for Water and Waste Water: Part 54 Nickel, IS No. 3025 (Part
54), Price Group Publishers, New Delhi, 2003.

[2] N. Gupta, S.S. Amritphale, N. Chandra, Removal of lead from
aqueous solution by hybrid precursor prepared by rice hull,
J. Hazard. Mater. 163 (2009) 1194–1198.

[3] P.S. Kumar, S. Ramalingam, R.V. Abhinaya, S.D. Kirupha, A.
Murugesan, S. Sivanesan, Adsorption of metal ions onto the
chemically modified agricultural waste, Clean—Water, Air,
Soil 40 (2012) 188–197.

[4] P.S. Kumar, S. Ramalingam, V. Sathyaselvabala, S.D. Kirupha,
A. Murugesan, S. Sivanesan, Removal of Cadmium(II) from
aqueous solution by agricultural waste cashew nut shell,
Korean J. Chem. Eng. 29 (2012) 756–768.

[5] M. Ajmal, R.A.K. Rao, R. Ahmad, J. Ahmad, Adsorption
studies of Citrus reticulate (fruit peel of orange): Removal and
recovery of Ni(II) from electroplating wastewater, J. Hazard.
Mater. 79 (2000) 117–131.

[6] M.N. Zafar, R. Nadeem, M.A. Hanif, Biosorption of nickel
from protonated rice bran, J. Hazard. Mater. 143 (2007)
478–485.

[7] M. Iqbal, A. Saeed, I. Kalim, Characterization of adsorptive
capacity and investigation of mechanism of Cu2+, Ni2+ and
Zn2+ adsorption on mango peel waste from constituted metal
solution and genuine electroplating effluent, Sep. Sci.
Technol. 44 (2009) 3770–3791.

[8] A. Ewecharoen, P. Thiravetyan, W. Nakbanpote, Comparison
of nickel adsorption from electroplating rinse water by coir
pith and modified coir pith, Chem. Eng. J. 137 (2008) 181–188.

[9] M. Rafatullah, O. Sulaiman, R. Hashim, A. Ahmad,
Adsorption of copper (II), chromium (II), nickel (II) and lead
(II) ions from aqueous solutions by meranti sawdust, J.
Hazard. Mater. 170 (2009) 969–977.

[10] A. Thevannan, R. Mungroo, C.H. Niu, Biosorption of nickel
with barley straw, Bioresour. Technol. 101 (2010) 1776–1780.

[11] P.S. Kumar, S. Ramalingam, S.D. Kirupha, A. Murugesan, T.
Vidhyadevi, S. Sivanesan, Adsorption behavior of nickel(II)
onto cashew nut shell: Equilibrium, thermodynamics,
kinetics, mechanism and process design, Chem. Eng. J. 167
(2011) 122–131.

[12] E. Malkoc, Y. Nahoglu, Investigations of Ni(II) removal from
aqueous solutions using tea factory waste, J. Hazard. Mater.
127 (2005) 120–128.

[13] H. Lata, V.K. Garg, R.K. Gupta, Sequestration of nickel from
aqueous solution onto activated carbon prepared from
Parthenium hysterophorus, J. Hazard. Mater. 157 (2008) 503–509.

[14] B.S. Gupta, M. Curran, S. Hasan, T.K. Ghosh, Adsorption
characteristics of Cu and Ni on Irish peat moss, J. Environ.
Manage. 90 (2008) 954–960.

[15] R. Zacaria, Adsorption of several metal ions onto low-cost
biosorbents: Kinetic and equilibrium studies, Environ. Sci.
Technol. 36 (2002) 2067–2073.

[16] S.R. Shukla, R.S. Pai, Adsorption of Cu(II), nickel(II) and Zn
(II) on dye loaded groundnut shells and sawdust, Sep. Purif.
Technol. 43 (2005) 1–8.

[17] T.L. Marques, V.N. Alves, L.M. Coelho, N.M. Coelho,
Removal of Ni(II) ions from aqueous solution using Moringa
oleifera seeds as a biosorbent, Water Sci. Technol. 65 (2012)
1435–1440.

[18] S. Lagergren, About the theory of so-called adsorption of
soluble substances, Kungliga Svenska Vetensk Handl. 24
(1898) 1–39.

[19] Y.S. Ho, G. McKay, Pseudo-second order model for sorption
processes, Proc. Biochem. 34 (1999) 451–465.

[20] W.J. Weber, J.C. Morris, Kinetics of adsorption on carbon
from solution, J. Sanit. Eng. Div. Am. Soc. Civ. Eng. 89 (1963)
31–60.

[21] G.E. Boyd, A.W. Adamson, L.S. Myers, The exchange
adsorption of ions from aqueous solutions by organic zeolites.
II. Kinetics, J. Am. Chem. Soc. 69 (1947) 2836–2848.

[22] F. Veglio, F. Beolchini, A. Gasbarro, Biosorption of toxic
metals: An equilibrium study using free cells of Arthrobacter
sp, Proc. Biochem. 32 (1997) 99–105.

[23] O. Levenspiel, Chemical Reaction Engineering, 3rd ed., John
Wiley & Sons, New York, NY, 1999.

[24] I. Langmuir, The adsorption of gases on plane surfaces of glass,
mica and platinum, J. Am. Chem. Soc. 40 (1918) 1361–1368.

[25] H.M.F. Freundlich, Over the adsorption in solution, J. Phys.
Chem. 57 (1906) 385–471.

[26] M.J. Temkin, V. Pyzhev, Recent modifications to Langmuir
isotherms, Acta Physicochim. URSS 12 (1940) 217–225.

[27] M.M. Dubinin, L.V. Radushkevich, Equation of the
characteristic curve of activated charcoal, Chem. Zent. 1
(1947) 875–890.

[28] V.C. Srivastava, I.D. Mall, I.M. Mishra, Modelling individual
and competitive adsorption of Cadmium (II) and zinc (II)
metal ions from aqueous solution onto bagasse fly ash, Sep.
Sci. Technol. 41 (2006) 2685–2710.

[29] C.F. Baes, E.M. Robert, The Hydrolysis of Cations, Wiley,
New York, NY, 1976.

[30] P.S. Kumar, C. Senthamarai, A. Durgadevi, Adsorption
kinetics, mechanism, isotherm and thermodynamic analysis of
copper ions onto the surface modified agricultural waste, Envi-
ron. Prog. Sustain Energy (in press), doi: 10.1002/ep.11741.

[31] K.R. Eagleton, L.C. Acrivers, T. Vermenlem, Pore and solid
diffusion kinetics in fixed adsorption constant pattern
conditions, Ind. Eng. Chem. Res. 5 (1966) 212–223.

[32] G. McKay, M.S. Otterburn, A.G. Sweetney, The removal of
colour from effluent using various adsorbents, III Silica rate
process, Water Res. 14 (1981) 14–20.

[33] C.I. Pearce, J.R. Lloyd, J.T. Guthrie, The removal of colour
from textile wastewater using whole bacterial cells: A review,
Dyes Pigm. 58 (2003) 179–196.

[34] W. Rieman, H. Walton, Ion Exchange in Analytical
Chemistry, International Series of Monographs in Analytical
Chemistry, Pergamon Press, Oxford,. 38 1970.

182 K. Anbalagan et al. / Desalination and Water Treatment 53 (2015) 171–182




