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Abstract. Hierarchical mesoporous NiO nanoflakes (NiOs) have been synthesized in high yield via a simple, economical and environmentally friendly hydrothermal route. The as-prepared NiOs were characterized by powder
X-ray diffraction (PXRD), scanning electronic microscopy (SEM), transmission electron microscopy (TEM), selected
area electron diffraction patterns (SAED), X-ray energy dispersive spectroscopy (EDS) and nitrogen adsorption–
desorption techniques (Brunauer–Emmett–Teller, BET). Adsorption of heavy metal ions onto the as-prepared sample from aqueous solutions was investigated using differential pulse anodic stripping voltametry (DPASV) technique
and discussed. The product possesses a BET surface area of 69.27 m2 g−1 . It is found that NiOs exhibited the excellent performance for the removal of Hg(II), Pb(II) and Cd(II) from aqueous solution. The equilibrium adsorption
data of Hg(II), Pb(II) and Cd(II) on the as-prepared NiOs were analyzed by Langmuir and Freundlich models, suggesting that the Langmuir model provides the better correlation of the experimental data. The adsorption capacities
for removal of Hg(II), Pb(II) and Cd(II) were determined using the Langmuir equation and found to be 1324.5,
1428.9 and 1428.5 mg g−1 , respectively. Adsorption kinetics of all the metal ions followed pseudo second-order
model. Moreover, NiOs can be recycled by simple acid treatment, which could retain the high removal efficiency in
three successive cycles. This study suggests that nanoflakes could be explored as a new adsorbent with high efficiency
and recyclability for removing heavy metal ions from aqueous solution.
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Introduction

Heavy metal ions, such as Pb(II), Cd(II) and Hg(II), are
highly toxic water pollutants, which can have serious side
effects and toxicities with a few being lethal and carcinogenic when their concentrations are higher than permissible
limits. Therefore, their efficient removal from water is of
great importance.1–3 Adsorption is one of the most effective and simplest approaches that has been developed for this
purpose.4,5
In recent years, hierarchical structures with hollow interiors
are of special research interest in the fields of catalysis, adsorption, chemical reactors, sensors, photonic crystals
and drug delivery, due to their lower density, higher specific surface area and better permeation compared with the
solid and/or bulk counterparts.6–9 The controlled synthesis of
hierarchically nanoporous materials such as ZnO,10 NiO,11
TiO2 ,12 WO3 13 and Al2 O3 14 has led to higher adsorption and
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catalytic efficiency. Hierarchical mesoporous metal oxide
nanomaterials for heavy metal ions removal has attracted
much attention because of their low cost, environmentally
benign nature and excellent adsorption properties.15,16
In particular, hierarchical nickel oxides that are composed of nanometre-sized building blocks with the total
size in the micrometre scale have many advantages in
catalyst, battery electrodes,17 gas sensors, electrochemical films, photo electronic devices18 and adsorption. Their
nanometre-sized building blocks provide high surface area
and active sites for adsorption and the overall micrometresized structure provides desirable mechanical strength and
easy recovery.19 However, it is still a great challenge
to develop simple, environmentally friendly and versatile methods for the synthesis of hierarchically structured metal oxides with designed chemical components
and textures, which could greatly facilitate their future
applications.
Recently the preparation of metal oxide nanoparticles
by hydrothermal method possesses ion-exchange properties,
high specific surface area and pore volume; it may offer

271

272

K Yogesh Kumar et al

2.

Materials and methods

2.1 Reagents
All the reagents used in the experiments were of analytical
grade and purchased from Fisher Scientific India Pvt Ltd,
(Mumbai, India). Stock solution (1000 mg l−1 ) of Hg(II),
Pb(II) and Cd(II) was prepared by dissolving stoichiometric
amount of HgCl2 , Pb(NO3 )2 and Cd(NO)3 ·4H2 O, in deionized water and further diluted to the desired concentrations
for the experiments.
2.2 Instruments
Metal ion concentrations were analysed by DPASV using an
electrochemical work station (CHI 660D). The three electrode system consisted of a glassy carbon (Ø = 3 mm)
as working electrode, saturated calomel as reference electrode and platinum wire as auxillary electrode. Powder X-ray
diffraction (PXRD) patterns were obtained on a Bruker D2
Phaser XRD system. Scanning electron microscope (SEM)
(JEOL JSM 840A) images were obtained and coupled
with energy dispersive X-ray analyser (EDX). Transmission electron microscope (TEM) and selected area electron
diffraction (SAED) patterns were recorded by using Philips
CM-200 instrument. Finally, the BET surface area, total pore
volume and average pore size of the NiOs were measured
using ASAP 2010 micrometrics instrument by Brunauer–
Emmett–Teller (BET) method.
2.3 Preparation of hierarchical nickel oxide nanoflakes
NiOs were synthesized via the hydrothermal method in the
presence of Triton X-100. Experimental details are described
as follows: 20 ml of 0.2 mol l−1 NaOH solution was slowly
added into a 20 ml of 0.1 mol l−1 Ni(NO3 )2 ·6H2 O solution containing 0.004 mol l−1 of Triton X-100 with constant stirring. After vigorous stirring for 3 h, the mixture
was autoclaved at 200◦ C for 5 h. After cooling the reaction
system to room temperature gradually, the white precipitate
was filtered from the solution and washed thoroughly with
deionized water and absolute alcohol several times and then
dried in an oven at 50◦ C for 12 h.

2.4 Adsorption experiments
The adsorption experiments of Hg(II), Pb(II) and Cd(II) on
NiOs were conducted in batch method, which permit the
complete evaluation of parameters that influence the process of adsorption. In this method, a series of 250 ml of
Erlenmeyer flasks were filled with 100 ml of metal ion solution of varying concentrations (100–400 mg l−1 ). Then an
equal amount of NiOs (250 mg l−1 ) was added into each
flask and subjected to agitation using incubator shaker at 200
r.p.m., until equilibrium was reached (90 min). The resultant
solutions were centrifuged and the supernatant liquids were
determined for Hg(II), Pb(II) and Cd(II) ions. For all the
experimental studies, the reaction temperature was kept constant at 303 K, and pH of the solution maintained unaltered
unless and otherwise mentioned. The amount of adsorbate
adsorbed at equilibrium condition qe (mg g−1 ) was calculated
by the following equation:
qe =

(C0 − Ce )
V,
W

(1)

where C0 and Ce are the initial and equilibrium concentrations (mg l−1 ), respectively. V is the volume of solution (L)
and W is the mass of adsorbent used (g).
Effect of pH on the adsorption capacity of metal ion was
evaluated by agitating 200 mg l−1 metal ion solution with
250 mg l−1 of NiOs for predetermined equilibrium time at
pH ranging from 4.0 to 8.0. The pH of metal ion solution
was adjusted by using 0.5 M HCl or 0.5 M NaOH. Similarly, the effect of adsorbent dosage (250, 500, 750, 1000 and
1250 mg l−1 ) was also studied in batch experiments. The
removal efficiency is calculated by the following equation:
R (%) =

(C0 − Ce )
× 100,
C0

(2)

where Ct (mg l−1 ) is the equilibrium concentration of metal
ion.
(200)
20000

Intensity (a.u.)

a special environment for the removal of heavy metal ions
through the cation exchange mechanism.20 Therefore, it may
be an important task to explore the potential applications
of NiOs for the removal of heavy metal ions from aqueous
solution.
This study is the first report on the morphology evolution and formation mechanisms of hierarchical NiOs as well
as their adsorption performance for the removal of Hg(II),
Pb(II) and Cd(II) from aqueous solution. Our results provide
new insights into morphology control and enhancement of
adsorption capacity of hierarchically porous NiOs.
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Figure 1.

Typical PXRD pattern of NiOs.
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3.

Results and discussion

3.1 Characterization of NiOs
The purity and crystallinity of the as-synthesized NiOs were
examined by using PXRD as shown in figure 1. The peak
positions appearing at 2θ is 37.2, 43.2, 62.8, 75.39 and
79.11, which can be readily indexed as (111), (200), (220),
(311) and (104) crystal planes of the NiOs, respectively. All
these diffraction peaks can be perfectly indexed to the facecentered cubic (FCC) crystalline structure of NiOs not only
in peak position, but also in their relative intensity of the
characteristic peaks, which is in accordance with that of the
standard spectrum (JCPDS, No. 78-0643). It can be seen
from figure 1 that the diffraction peaks are broad due to the
small size effect and incomplete inner structure of the particle and the average crystallite size, calculated by Scherrer
formula, was found to be less than 8 nm. The average particle
size and lattice parameters are summarized in table 1.
The morphology of the prepared sample was observed by
SEM. Figure 2 shows a general SEM image of the sample,
which confirms its hierarchical structure consisting of a large

number of quasi uniform flaked rice-like architectures. Highmagnification SEM images reveal that the flake-like architectures are built from many flexible and densely interlaced
bead-like structures. As the architectures are self-assembled
from these nano beads, the porous structure could be induced
by inter aggregation of the building blocks.
TEM was used to further investigate the microstructure
of the as-synthesized NiOs. It revealed the formation of
nanoflakes as shown in figure 3. It shows the presence of
a large number of NiOs particles with uniform size around
10–20 nm and well dispersed in the bulk material.
Figure 3b shows the corresponding SAED pattern. The
SAED pattern consists of five diffraction rings with different
radii and one centre. Counting from the centre 1st, 2nd, 3rd,
Table 1.
Adsorbent

NiOs

Parameters derived from PXRD of NiOs.
2θ

hkl

Size

Structure

37.26
43.29
62.89

(111)
(200)
(200)

5.92
4.25
5.67

Face centered

(a)

(b)

(c)

Figure 2. SEM micrographs of CuOs: (a) low magnified, (b) high magnified and (c) digital image.
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(a)

(b)

Figure 3. (a) Typical TEM micrograph of NiOs and (b) SAED patterns of NiOs.
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Schematic representation of growth mechanism of NiOs.
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Figure 4. Nitrogen adsorption–desorption isotherms of NiOs.

4th and 5th rings correspond to (111), (200), (220), (311)
and (222) planes, respectively.21 Tropism of the particles at
random and small particles cause the widening of diffraction
rings that are made up of many diffraction spots, which indicates that the nanoparticles are polycrystalline structure. The
SAED pattern also confirms that the NiOs are FCC structure
in crystallography, which is consistent with the above X-ray
results.
N2 adsorption–desorption isotherms and pore size distribution analysis of the synthesized NiOs are shown in figure 4.
Isotherms of prepared NiOs are of IV type, which indicates
the presence of mesopores. The hysteresis loop of the sample
is of H4 type. Type H4 loops feature both parallel and almost
horizontal branches. This occurrence has been attributed to
adsorption and desorption in narrow slit-like pores.22 Using
the BET method, the surface area of the sample was calculated to be 69.27 m2 g−1 , and their total pore volume was
0.023 cm3 g−1 . The pore size distribution from BJH method

3.2 Formation and growth mechanism
To understand the reason why the flake-like structure of the
NiOs phase can be formed during the synthesis process, a
formation mechanism from aggregation growth to surface
growth in the solution can be summarized as follows: as
shown in figure 5, the initial precipitations provide numerous Ni(OH)2 nucleation centres.23 Because of the anisotropy
of α-Ni(OH)2 crystals, the growing point of each crystal is
located at certain directions, so nanoflakes will be formed.
These α-Ni(OH)2 nanoflakes consist of lots of interbedded
water, which are distributed at certain directions. When the
sizes of these flakes become larger, their tendency to aggregate is increased. As a result, the microsphere of nanoflake
aggregation will be formed due to the strong hydrogen bond
of H2 O. With the reaction going on, new NiO nanoflakes will
grow up around the nucleation centres at the surface of the
microsphere.
(3)
(4)
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(6)
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The possible main reactions involved in the growth are illustrated in the above equations. For equation (4), the product is not necessarily Ni(OH)4 2− , but could also be in the
form of Ni(OH)+ , Ni(OH)2 or Ni(OH)3− , depending on the
parameters, such as the concentration of Ni2+ and the pH
value.24
When Triton X-100, a non-ionic surfactant, was added
into the solution, the active molecule of surfactant was
adsorbed on specific crystal plane of NiO nanocrystals. This
was because the adsorption energy of surfactant on different crystal planes was significantly different. Different types
and different amounts of surfactants not only affected interaction between crystal phase and solution phase, but also
played a decisive role in determining the shape of crystal
and the growth habit of the various crystal planes. The crystal planes with fast growth rate gradually disappeared and
the crystal plane with slow growth was preserved finally.
The selective adsorption of surfactant on the crystal surface
promoted the difference of growth rate on different crystal planes and, therefore, accelerated the growth of particles, resulting in the formation of nanoparticles with certain
morphology.25
3.3 Adsorption studies
3.3a Effect of initial concentration: The metal adsorption is particularly dependent on initial heavy metal ion
concentration. At low concentration values, metals are
absorbed by specific sites, while with increasing metal concentration the specific sites are saturated and exchange
sites are filled.26 To study the effect of initial concentration on removal of Hg(II), Pb(II) and Cd(II) by NiOs,
a series of different concentration solutions from 100
to 400 mg l−1 were used. The results are presented in
figure 6. It is shown that the adsorption capacity increases,
while Hg(II), Pb(II) and Cd(II) removal percentage decreases
with increasing initial concentration from 100 to 400 mg l−1 .
At the beginning of initial concentration (100 mg l−1 ), the
removal percentage is very high (99.8, 99.8 and 97.9%,
respectively) and the adsorption capacity increases linearly.
This can be explained by the fact that the adsorption is
not saturated at low initial concentration. When the initial
concentration increases continually, the removal percentage
decreases gradually. There is only 35% removal for initial
concentration 400 mg l−1 . At the same time, the adsorption
capacity increases until it tends to be a constant with the
increasing initial concentration. The constant is the maximum of adsorption capacity that can be calculated by the
adsorption isotherm models. At a higher initial concentration, the ratio of initial number of Hg(II), Pb(II) and Cd(II)
ions to the available adsorption surface area is higher, as a
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Figure 6. Effect of contact time on adsorption of Hg(II), Pb(II)
and Cd(II) on NiOs at different initial concentrations.

result, adsorption percentage is less and adsorption capacity
increases until it is saturated. This might be the major mechanism of the effect of the initial Hg(II), Pb(II) and Cd(II)
concentration on the adsorption process.
3.3b Effect of pH: The pH of the aqueous solution is an
important controlling parameter in the adsorption and ion
exchange processes, and heavy metal ions removal typically
increases with increasing pH values. Chemically, the solution pH influences metal speciation. Hg(II), Pb(II) and Cd(II)
adsorption show maximum removal in the pH range 6–7.
At pH range 1–4, the adsorption is very low and rapidly
increases between pH 6 and 7 (figure 7). This phenomenon
can be explained by the surface charge of the adsorbent and
the H+ ions present in solution. At low pH, the cations compete with H+ ions in the solution for the active site and,
therefore, show lower adsorption.27 Hence, high pH values
result in a higher cation attraction, which is on account of
the absorbent having a higher negative charge and also due
to the leaching of the NiOs. This variation may be caused
by the change of nickel speciation. Ni(II) species are present
in the forms of Ni2+ , Ni(OH)+ , Ni2 (OH)2 2+ and Ni(OH)2 at
different pH values.28 The equilibrium equations are listed
below:

(7)

(8)
(9)
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Figure 9. Freundlich adsorption isotherms for Hg(II), Pb(II) and
Cd(II) on NiOs.

3.4a Langmuir isotherm: The Langmuir equation assumes that, once an adsorbate molecule occupies a site, no further adsorption can take place at that site. The Langmuir
equation is expressed as follows:


KL Ce
,
(10)
qe =
1 + aL Ce

3.0

log Qe

50

isotherms for Hg(II), Pb(II) and Cd(II), respectively, on
NiOs.
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Figure 7. Variation in removal efficiency of Hg(II), Pb(II) and
Cd(II) on NiOs as a function of pH.
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Figure 8. Langmuir adsorption isotherms for Hg(II), Pb(II) and
Cd(II) on NiOs.

To prevent precipitation, experiments were carried out at
pH < 8 to ensure the solubility of metal ions.29 At high pH,
precipitation usually occurred with the metallic ions attached
to hydroxide ions and, therefore, the separation may not be
due to adsorption.30

3.4 Adsorption isotherms
Adsorption capacity at different aqueous equilibrium concentration can be illustrated by the adsorption isotherms.
Figures 8 and 9 show Langamuir and Freundlich adsorption

where qe is the solid phase equilibrium concentration
(mg g−1 ), Ce the liquid phase equilibrium concentration
(mg g−1 ), KL the Langmuir constant (l g−1 ), aL the Langmuir constant (l mg−1 ). The square of the correlation coefficient (R 2 ) values indicates that the Langmuir isotherm fitted
the experimental data well. The maximum adsorption capacities are 1324.5, 1428.9 and 1428.5 mg g−1 for Hg(II),
Pb(II) and Cd(II), respectively. These three values are likely
the highest among the adsorption data reported in the literature and are significantly higher than those of many reported
hierarchical nanostructures as shown in table 2. Conformation of the experimental data into Langmuir isotherm model
indicates the homogeneous nature of sample surface, i.e.,
each metal ion/adsorbent adsorption has equal adsorption
activation energy and demonstrates the formation of monolayer coverage of heavy metal ion on the outer surface of
adsorbent.31
Essential characteristics of the Langmuir isotherm parameters can be used to predict the affinity between the sorbate
and sorbent using separation factor or dimensionless equilibrium parameter, ‘RL ’, expressed as in the following equation:
RL =

1
.
1 + aL Ce

(11)
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Table 2. Adsorption isotherm model parameters for the adsorption of Hg(II), Pb(II) and
Cd(II) on NiOs.
Langmuir
Metal ion
Hg(II)
Pb(II)
Cd(II)

Q0 (mg

g−1 )

1324.5
1428.9
1428.5

KL (l

mg−1 )

0.09
0.01
0.11

Freundlich
R2

Kf (mg

0.96
0.97
0.99

g−1 )

389.0
356.4
301.9

n

R2

3.58
3.41
3.01

0.98
0.99
0.99

Metal ions concentration = 200 mg l−1 , adsorbent dose = 250 mg l−1 , pH = not adjusted,
temperature = 303 K.

The values of RL indicate the shape of isotherms to be
either unfavourable (RL > 1), linear (RL = 1), favourable
(0 < RL < 1) or irreversible (RL = 0). RL was found to be in
the range of 0–1, which indicates the favourable adsorption.

qe = Kf Ce1/n ,

1
log Ce + log Kf .
n

1.5

1.0

0.5

(12)

where qe (mg g−1 ) is the equilibrium value for removal of
adsorbate per unit weight of adsorbent, Ce (mg l−1 ) is the
equilibrium concentration of metal ion in solution, Kf and n
are Freundlich isotherm constants, which are related to the
adsorption capacity (or the bonding energy) and intensity of
the sorbent, respectively.32 The equation may be linearized
by taking the logarithm on both sides:
log qe =

Hg
2+
Pb
2+
Cd

2.0

log(qe−qt)

3.4b Freundlich isotherm: The Freundlich isotherm is an
empirical equation used for non-ideal adsorption on heterogeneous surfaces as well as multilayer adsorption. This is
derived by assuming an exponentially decaying adsorption
site energy distribution, which can be expressed as:

2+

2.5

(13)

Therefore, a plot of ln qe vs. ln Ce enables the constant Kf
and exponent 1/n to be determined. The Freundlich isotherm
describes reversible adsorption and is not restricted to the
formation of the monolayer. The Freundlich equation predicts that the metal ion concentration on the adsorbent will
increase so long as there is an increase in the metal ion concentration in the liquid. It is clear from table 2 that the values
of the Freundlich exponent n were greater than 1 value;
n > 1 represents favourable adsorption condition. The
result shows that Freundlich isotherm can fit the equilibrium data for adsorption of metal ion on the as-prepared
NiOs.
3.5 Adsorption kinetics
Rapid interaction of the metal ions to be removed with the
adsorbent is desirable and beneficial for practical adsorption applications. The kinetic results of Hg(II), Pb(II) and
Cd(II) ions adsorption on NiOs, at optimum concentration of
200 mg l−1 , are shown in figures 10 and 11. The amount of
adsorption increased rapidly in the first 15 min, contributing
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Figure 10. Pseudo-first-order kinetic plots for the adsorption of
Hg(II), Pb(II) and Cd(II) on NiOs.

to about 80% of the ultimate adsorption amount, and then
augmented slowly. The adsorption equilibrium was achieved
within about 90 min in this case.
3.5a Pseudo-first-order kinetic model: The pseudo-firstorder kinetic model can be expressed by:
log(qe − qt ) = log qe −

k1
t,
2.303

(14)

where qe and qt are the amounts of adsorbate adsorbed
(mg g−1 ) at equilibrium and at contact time t (min),
respectively, and k1 is the pseudo-first-order rate constant
(1 min−1 ). The first-order rate constant k1 can be obtained
from the slope of the plot ln(qe − qt ) vs. t (figure 10). It is
clear that the pseudo-first-order kinetic curves do not give a
good fit to the experimental kinetic data, and this disagreement is corroborated by low R 2 value in table 3. As a result,
it suggests that the adsorption of Hg(II), Pb(II) and Cd(II)
onto NiOs does not follow the pseudo-first-order model.
Furthermore, the estimated values of qe , calculated from the
equation, differed from the experimental values, which show
that the model is not appropriate to describe the adsorption
process.33
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3.5b Pseudo-second-order kinetic model: The pseudosecond-order kinetic model has often been used to fit
the experimental kinetic adsorption data and determine
whether an adsorption process is dominated by the chemical
adsorption phenomenon. The linearized pseudo-secondorder kinetic equation usually takes the following form:
t
1
1
=
+
t,
2
qt
k2 qe
qe

(15)

where k2 is the rate constant of pseudo-second-order adsorption (g mg−1 min−1 ). The pseudo-second-order rate constants were determined experimentally by plotting t/qt
against t (figure 11). A number of experiments that fitted
using pseudo-second-order model are given in table 3.
It is observed that the adsorption kinetic data of Hg(II),
Pb(II) and Cd(II) ions on NiOs are indeed well represented

0.12

2+

Hg
2+
Pb
2+
Cd

0.10

t/qt

0.08

0.06

by the pseudo-second-order kinetic model, with the correlation coefficients almost in unity (0.99). This tendency
comes as an indication that the rate-limiting steps in adsorption of heavy metals are chemisorptions involving valence
forces through the sharing or exchange of electrons between
adsorbent and adsorbate. The maximum adsorption capacity
obtained from the pseudo-second-order kinetic model is
very close to that obtained from the Langmuir model
earlier.34

3.5c Intraparticle diffusion model: A detailed understanding of adsorption mechanisms facilitates the determination of the rate-limiting step. This information can then
be used to optimize the design of adsorbents and adsorption
conditions. The overall rate of adsorption can be described
by the following three steps: (1) film or surface diffusion
where the sorbate is transported from the bulk solution to
the external surface of sorbent, (2) intraparticle or pore
diffusion, where sorbate molecules move into the interior of
sorbent particles and (3) adsorption on the interior sites of
the sorbent. As the adsorption step is very rapid, it is assumed
that it does not influence the overall kinetics. The overall rate
of adsorption process, therefore, will be controlled by either
surface diffusion or intraparticle diffusion.35 The intraparticle diffusion model proposed by Weber and Morris is applied
to study the adsorption process, which is written as:
Qt = kid t 1/2 + C,

0.04

0.02

0

20

40
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80

100

(16)

where kid is the intraparticle diffusion rate constant (mg g−1
min−1/2 ) and C is the intercept. According to this model,
a plot of Qt vs. t0.5 should be linear if intraparticle diffusion is involved in the adsorption process and, if the plot
passes through the origin, then intraparticle diffusion is the

Time (min)
760

Figure 11. Pseudo-second-order kinetic plots for the adsorption
of Hg(II), Pb(II) and Cd(II) on NiOs.

740
720
700

Table 3. Kinetic parameters for the adsorption of Hg(II), Pb(II)
and Cd(II) on NiOs.

680

2+

Hg
2+
Pb
2+
Cd

660
640

First-order

620

Parameters
g−1 )

qe , cal (mg
k1 (1 min−1 )
R2
qe , exp (mg g−1 )
Second-order qe , cal (mg g−1 )
k2 (1 min−1 )
R2
qe , exp (mg g−1 )

Hg(II)

Pb(II)

Cd(II)

1224.6
0.06
0.87
755.8
862.0
0.07
0.99
755.8

762.9
0.05
0.79
747.2
892.8
0.07
0.98
747.2

1208.3
0.06
0.81
751.1
900.9
0.06
0.99
751.1

Metal ions concentration = 200 mg l−1 , adsorbent dose = 250 mg l−1 ,
pH = not adjusted, temperature = 303 K.
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Figure 12. Intraparticle diffusion model fitting of the adsorption
kinetics Hg(II), Pb(II) and Cd(II) on NiOs.
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sole rate-limiting step. It has also been suggested that, in
instances when Qt vs. t0.5 is multilinear, two or more steps
govern the adsorption process. Given the multilinearity of
this plot for adsorption of Hg(II), Pb(II) and Cd(II) ions on
NiOs, this suggests that adsorption occurred in three phases
(figure 12). The initial steeper section represents surface or
film diffusion, the second linear section represents a gradual
adsorption stage, where intraparticle or pore diffusion is ratelimiting, and the third section is final equilibrium stage. As
the plot did not pass through the origin, intraparticle diffusion
was not the only rate-limiting step. Thus, there were three
processes controlling the adsorption rate, but only one was
rate-limiting in any particular time range.
3.6 Thermodynamic studies
Table 4 amply demonstrates the sensitivity of the adsorption
process towards temperature and it is observed that in all
cases, adsorption increases with increase in temperature.36
The free energy change (G0 ), enthalpy (H 0 ) and entropy
(S 0 ) were determined at 30, 40 and 50◦ C. Thermodynamic
parameters were calculated by using the following equations:
KC =

Ca
,
Cb

(17)

G0 = −RT ln KC ,

(18)

H 0
S 0
−
,
(19)
R
RT
where KC is the distribution coefficient for the adsorption, Cb the equilibrium concentration in solution (p.p.m.),
Ca the solid phase concentration at equilibrium. H 0 the
enthalpy change, S 0 the entropy change, G0 is the Gibb’s
free energy change, R the gas constant and T the absolute
temperature.
ln KC =

The values of KC increases as the temperature is increased,
indicating the endothermic nature of the process of removal
(figure 13). The positive value of S 0 suggests that the process of adsorption is spontaneous and thermodynamically
favourable. The positive entropy change also illustrates the
increased randomness at the solid/solution interface. The
increase in the entropy after the adsorption is presumably due
to the release of aqua molecules after the metal ion being
entrapped onto the surface of NiOs. It is noted that values
of G0 decreases when temperature increases. This reveals
that a greater adsorption can be obtained at higher temperature: a possible explanation is that the metal ions are well
hydrated and will require breaking of the hydration sheath so
as to proceed for adsorption; this in turn requires high energy.
High temperature hence favours the dehydration process and
ultimately the adsorption phenomenon too.
3.7 EDX analysis
Figure 14 shows the EDX spectra of NiOs before and after
loading with Hg(II), Pb(II) and Cd(II) ions, respectively.
Spectra clearly show the peak for the presence of nickel and
oxygen as major constituents before adsorption. Comparing
the spectra of the NiOs loaded with Hg(II), Pb(II) and Cd(II)
ions with that of unloaded one, the mercury, lead and cadmium peaks could be observed. It was suggested that heavy
metals had been adsorbed on the surface of NiOs successfully. Moreover, before and after adsorption no characteristic
peaks were observed for any impurities.
3.8 Regeneration and reusability
In many applications, reuse of the adsorbent through regeneration of its adsorption properties is an economic necessity.
With rising prices of raw materials and wastewater treatment
processes, the attractiveness of product recovery processes

Table 4. Thermodynamic parameters for the adsorption of
Hg(II), Pb(II) and Cd(II) on NiOs.
4.7

S 0
(J kmol−1 )

H 0
(kJ mol−1 )

2+

Hg
2+
Pb
2+
Cd

4.6
4.5

Hg(II)
30◦ C
40◦ C
50◦ C

−10.6
−11.2
−12.6

Pb(II)
30◦ C
40◦ C
50◦ C

−10.1
−10.9
−11.9

Cd(II)
30◦ C
40◦ C
50◦ C

−10.3
−11.4
−12.1

99.9

−20.3

ln KC

Temperature

G0
(kJ mol−1 )

4.4
4.3
4.2

89.5

−17.4

4.1
4.0

90.2

−17.4

Metal ions concentration = 200 mg l−1 , adsorbent dose =
250 mg l−1 , pH = not adjusted.

0.00300

0.00305

0.00310

0.00315

0.00320

−1

1/T (K )

Figure 13. Effect of temperature on adsorption of Hg(II), Pb(II)
and Cd(II) on NiOs.
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(a)

(b)

(d)

(c)

Figure 14. EDX patterns of NiOs: (a) before adsorption, (b) after adsorption of Hg(II), (c) after adsorption of Pb(II)
and (d) after adsorption of Cd(II).

are reported in the form of monolayer adsorption capacity.
The experimental data of the present investigation are comparable with the reported values. The value of the maximum
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has increased significantly. For the regeneration process, the
objectives are to restore the adsorption capacity of exhausted
adsorbent. The adsorption of heavy metal ions on NiOs are
highly pH dependent, and hence, desorption of these metals
can be easily achieved by pH modulation of the solutions.37
To evaluate the regeneration performance of the NiOs,
Hg(II), Pb(II) and Cd(II) loaded NiOs were treated with
0.1 M HCl solution (pH  2) and shaken in digitally controlled water bath shaker for a period of 1 h. The
removal percentage after the first and second usage were up
to 43.5, 45.2 and 47.8%, respectively, for Hg(II), Pb(II) and
Cd(II) as shown in figure 15. The above-mentioned results
confirmed the possibility of fast recovery of the NiO by
reducing pH, which should be of significance to practical
applications.
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Figure 15. Effect of NiOs regeneration on removal efficiency of
Hg(II), Pb(II) and Cd(II) adsorption.
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Table 5. Comparison of monolayer maximum capacities of some adsorbents for Hg(II),
Pb(II) and Cd(II) from aqueous solutions.

Adsorbents
Activated carbon from
wall net shell
Lentinus edodes pellets
Lewatit Monoplus TP-214
ZnO nanoparticles
NiOs
Activated carbon
Manganese oxide
-coated zeolite
Manganese oxidecoated carbon nanotubes
NiO nanoparticles
NiOs
ZnO
ZnO nanoparticles
Carbon aerogel
NiO nanoparticles
NiOs

Adsorbate

Adsorption capacity
(mg g−1 )

References

Hg(II)

151.5

Acharya et al38

Hg(II)
Hg(II)
Hg(II)
Hg(II)
Pb(II)
Pb(II)

403.3
456.0
714.0
1324.5
43.85
60.09

Zou et al39
Wang et al40
Sheela et al41
Present study
Zabihi et al42
Gulay et al43

Pb(II)

78.74

Pb (II)
Pb (II)
Cd(II)
Cd(II)
Cd(II)
Cd(II)
Cd(II)

909.0
1428.9
147.25
384.0
400.8
625.0
1428.5

adsorption capacity for Hg(II), Pb(II) and Cd(II) calculated
from the Langmuir isotherm in this study is much higher than
that of those reported in the literature.

3.10 Real sample analysis
To investigate and extend the application towards the
feasibility of the NiOs in actual ground water, Cd(II)
contaminated ground water was sampled from Peenya industrial area and used to test the Cd(II) removal performance.
The Cd(II) concentration was found to be 0.004, which is
slightly higher than the maximum contamination level of
drinking water regulated by WHO is found to be 0.003
p.p.m.10 The Cd(II) removal efficiency was tested by adding
250 mg NiOs into 1000 ml contaminated groundwater. The
DPASV results demonstrated that the Cd(II) removal efficiency could reach more than 97%. These results confirmed
that NiOs generally exhibited a high efficiency of Cd(II) and
other heavy metal ion removal in groundwater.

4.

Conclusion

In summary, NiOs have been synthesized via a low-cost
hydrothermal method in a mixed solution of nickel nitrate,
sodium hydroxide and Triton X-100 as capping agent. The
results of various characterizations showed the formation
of hierarchical nanoflakes. Adsorption of Hg(II), Pb(II) and
Cd(II) was dependent on metal ion concentration, adsorbent
dose, contact time, pH and temperature. The Langmuir

Jeriffa et al44
Sheela et al45
Present study
Sheela et al41
Chunhua et al46
Meena et al47
Sheela et al45
Present study

and Freundlich adsorption isotherm models were used for
the mathematical explanation of the adsorption equilibrium of Pb(II) and Cd(II) ions. The adsorption capacities
for removal of Hg(II), Pb(II) and Cd(II) were determined
using the Langmuir equation and found to be 1324.5, 1428.9
and 1428.5 mg g−1 , respectively. These three values are
likely the highest among the adsorption data reported in
the literature and are significantly higher than those of
many reported hierarchical nanostructures. Kinetic studies
demonstrated that the mechanism for adsorption of Hg(II),
Pb(II) and Cd(II) followed the pseudo-second-order rate
model, which provided the best fit for the experimental data.
Intraparticle diffusion model suggested that adsorption of
Hg(II), Pb(II) and Cd(II) ions on NiOs occurred in three
phases. The thermodynamic studies revealed that the adsorption of Hg(II), Pb(II) and Cd(II) on NiOs is endothermic and
spontaneous in nature. Based on the above results, it can be
concluded that NiOs are excellent adsorbents for waste water
cleanup.
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