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Abstract In this study, the efficiency of nickel oxide/carbon nanotube (NiO/CNT) nanocomposite to remove Pb2?
from aqueous solution is investigated. NiO/CNT
nanocomposite was prepared using the direct coprecipitation method in an aqueous media in the presence of CNTs.
Samples were characterized using simultaneous thermal
analysis (STA), X-ray diffraction (XRD), filed emission
scanning electron microscopy (FESEM), and Brunauer–
Emmett–Teller (BET). To optimize the adsorption of Pb2?
ions on NiO/CNT nanocomposite, the effects of different
parameters including pH, contact time, initial concentration
of Pb2?, and adsorbent mass—were also investigated. The
optimum Pb2? removal efficiency on NiO/CNT
nanocomposite is achieved under experimental conditions
of pH 7, contact time of 10 min, initial Pb2? concentration
of 20 ppm, and adsorbent mass of 0.1 g. The experimental
data showed that the Pb2? ions adsorption of NiO/CNT
nanocomposite was through a Freundlich isotherm model
rather than a Langmuir model. The kinetic data of
adsorption of Pb2? ions on the adsorbent was perfectly
shown by a pseudo-second-order equation, to indicate their
chemical adsorption. Thermodynamic parameters such as
DG°, DH°, and DS° were also measured; the obtained
values showed that the adsorption was basically spontaneous and endothermic.
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Introduction
Water, which is one of the main elements in the environment, is highly exposed to contamination. Among water
pollutants, heavy metal cations, including Pb2?, Cd2?,
Cr3?, Cr6?, Co2?, Cu2?, Fe3?, Ni2? and Zn2?, are extremely toxic and non-biodegradable. These are commonly
discharged into water sources and environment via either
natural or industrial wastes. Today, elimination of water
sources from such cations is among the main challenges
faced by researchers and environmentalists. The accumulation of these metal cations in living organisms causes
many physiological disorders [1]. The permitted level of
Pb2? in drinking water is 0.01 mg L-1 [2]. The exposure
of human body organs to high concentrations of Pb2? can
result in anaemia, mental disorder, and renal and liver
diseases.
Several different methods have been introduced and
used for heavy metal removal [3], i.e. chemical precipitation, ion exchange, reverse osmosis, membrane-based
processes, evaporation, solvent extraction, and adsorption.
The efficiency of some of these methods is reduced due to
major drawbacks including low removal efficiency and
causing side effects that lead to new environmental issues.
In recent years, metal oxide nanoparticles especially
metal oxide/CNT nanocomposites have attracted a good
deal of persistent interest because of their unique chemical,
physical, electrical, and thermal properties [4–6]. These
materials are widely used in several areas, including
chemistry, physics, material science, biology, medicine,
and environment [7, 8].
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Metal oxide nanoparticle and metal oxide/CNT
nanocomposite adsorbents have been applied for the
removal of heavy metals from aqueous solutions. These
adsorbents are economically more affordable and also
more environment-friendly [9–12].
The amount of heavy metal uptake is directly associated
with the total amount of active sites available on the
adsorbent; a decrease in metallic nanoparticle dimensions
increases their surface-to-volume ratio and consequently
increases the active surface area for adsorption. In this
regard, the utilization of appropriate substrate material in
the synthesis procedure of metal oxide nanoparticles can
prevent agglomeration, decrease the diameter of nanoparticles, and change the cluster-like morphology of
nanoparticles to a powdered morphology. Therefore, the
obtained nanocomposite with larger specific surface area
and higher adsorption capacity can be employed as a
suitable adsorbent for heavy metal removal.
Due to high surface-to-volume ratio, CNTs are considered as great substrates for the nucleation and growth
of nanoparticles with control over diameter distribution
[13–16]. One of the main challenges encountered when
CNTs are used as the support material for nanoparticle
synthesis is the hydrophobicity of their surface. In this
regard, surface functionalization of CNTs for the generation of covalent bonds and further attachment of oxide
nanoparticles seems to be of great significance [17–19].
The functionalization of CNTs is commonly performed
using the chemical oxidation process introducing functional groups such as –COOH, C–O, C=O, and –OH on
the surface of CNTs; such groups act as active surface
sites for metal attachment [20, 21]. NiO nanostructure can
be synthesized through various methods such as co-precipitation [22], sol gel [23], hydrothermal [24], spray
pyrolysis method [25], and chemical precipitation [26]. In
this study, NiO/CNT nanocomposite was synthesized by
chemical precipitation method, which was simple and cost
efficient.
NiO/CNT nanocomposite was applied as an adsorbent to
remove Pb2? from aqueous solution. However, pH, contact
time, adsorbent dosage, and initial concentration of Pb2?
were the parameters, the effects of which on adsorption
uptake have been investigated.

SSA = 264 m2 g-1, 95%), and sulphuric (95–97%), nitric
(60%), and hydrochloric (37%) acids were applied without
further purification.
To synthesize NiO/CNT nanocomposite, the surface
of CNTs was functionalized as follows: initially, the
desired amount of CNTs was added to the mixture of
sulphuric/nitric/hydrochloric acids (6 M) and ultrasonicated for 30 min. The obtained mixture was stirred for
2 h at temperature of 80 °C and was then filtered and
washed with deionized water until the pH reached 7.
Finally, the functionalized CNTs were dried in an oven
at 120 °C.
For NiO/CNT nanocomposite preparation with 1:1
weight ratio, 3.2 g of NiCl26H2O was dissolved in
50 ml of deionized water containing 1 g of functionalized CNTs. This was then ultrasonicated for 10 min and
magnetically stirred for 15 min at 80 °C. The addition of
1.1 g of NaOH to the mixture and stirring for 30 min
completed
the
precipitation
of
Ni(OH)2/CNTs
nanocomposite. The obtained black mixture was filtered,
washed with absolute ethanol and deionized water, dried
at 120 °C for 24 h, and finally calcinated at 300 °C for
2 h in static air.

Methods of analysis
To determine the optimum calcination temperature of
NiO/CNT nanocomposite powder, simultaneous thermal
analysis (STA 1500) was applied in a static air atmospheric (10 °C min-1). The residual concentration of
Pb2? ions in aqueous media was analysed with the aid of
Buck Scientifics 210 VGP flame atomic adsorption
spectroscopy. The crystallinity of samples was determined
using Xpertpr Pananalytical X-ray diffraction apparatus
(Holland) with Cu(Ka) source and wavelength of
k = 1.5405 Å. The morphology of powders was recorded
using Field Emission Scanning Electron Microscopy on a
Mira3-XMU system. The BET specific surface area and
porosity were determined using nitrogen adsorption–desorption porosimetry (77 K) by a porosimeter (Bel Japan,
Inc.).

Adsorption studies

Experiment
Materials
Lead nitrate [Pb(NO3)2, 99.5%], nickel chloride hexa-hydrate (NiCl26H2O, 98%), sodium hydroxide (NaOH,
99%), CNTs (MWCNTs, US4309, 20 \ d \ 30 nm,
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In this section, 1000 ppm of Pb2? stock solution was initially provided through dissolving the desired volume of
(Pb(NO3)2) in deionized water; the corresponding concentrations were then obtained from the dilution of the
stock solution. For batch adsorption experiments, 0.1 g of
NiO/CNT was added to 50 ml of 20 ppm solution of Pb2?
and then stirred. After adsorption, the nanocomposite was
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Fig. 1 STA curves of Ni(OH)2/
CNT in air

taken from the solution and the residual Pb2? concentration
was measured using flame atomic adsorption spectroscopy.
The effects of the different parameters namely pH, initial
Pb2? concentration, adsorbent dosage, and contact time on
the amount of adsorption were investigated through the
removal percentage (R) of Pb2? by the equation mentioned
below:
%R ¼

C0  Ce
 100;
C0

here, C0 and Ce are the initial and equilibrium concentrations of Pb2? (mg L-1).

Result and discussion
NiO/CNT characterization
To study the temperature-dependent behaviour of
nanocomposite, STA was performed on Ni(OH)2/CNT
synthesized precursor in static air. According to the
obtained spectra (Fig. 1), in the temperature range of 40–
800 °C, three endothermic reactions occur in Ni(OH)2/
CNT. In the range of 40–400 °C, two stages of weight loss
in the sample are observed. These can be attributed to two
reactions in the initial stage at 40–200 °C, attributing to

Fig. 2 FESEM of a pure NiO
and b NiO/CNT nanocomposite
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Fig. 4 BET plot of NiO/CNT nanocomposite

Fig. 3 XRD pattern
nanocomposite

of

a

Ni(OH)2/CNT

and

NiO/CNT

b

surface moisture evaporation and the second one at 200–
400 °C is the result of water release and the formation of
NiO chemical structure with the following reactions:
Ni(OH)2  6H2 O ! Ni(OH)2 þ 6H2 O,
Ni(OH)2 ! NiO þ H2 O:

100

100
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Fig. 5 a Effect of pH, b contact
time, c adsorbent mass and
d initial concentration on Pb2?
removal by NiO/CNT
nanocomposite

The slow decrease in weight at a temperature above
300 °C is related to the removal of small amounts of
hydroxyl-groups remaining during the development of the
NiO phase [27].
The weight percentage of the sample at 400 °C was
86%, which is related to the NiO/CNT nanocomposite. At
800 °C, the weight percentage of the sample reached 43%,
due to the oxidation of CNTs into CO2 [28]. Following the
specifications of STA, 300 °C was considered as the
reaction temperature in the study.
The morphologies of NiO/CNT and pure NiO were
analysed using FESEM images, as shown in Fig. 2. It can
be seen in Fig. 2a that NiO nano-crystallites are aggregated, forming clusters with larger grains. The formation of
this agglomerated structure has unfavourable impacts on
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Fig. 6 a Langmuir,
b Freundlich adsorption
isotherm, c pseudo-first-order,
d pseudo-second-order kinetic
models and e Van’t Hoff plot
for Pb2? removal on NiO/CNT
nanocomposite

277

0.06

1.3
1.2

0.04

1.1

0.02

1

0
0
1

1.5

2

0.9
-0.4 -0.2 0

0

0.2 0.4 0.6 0.8

1

1.2

logCe
1.1

(d)

0.9
2

4

6

8

10
t/qt

Ln(qe-qt)

1
1/Ce

(c)

0
-1

0.5

(b)

-2

0.7
0.5
0.3

-3

0.1

-4
t(min)

1

3

5

7
t(min)

9

11

4

(e)
LnKd

3
2
1
0
3

the physical and chemical features of nanoparticles. The
utilization of CNTs as the support material for the growth
of nanoparticles reduces the agglomeration and changes the
powder morphology from a cluster-like to a filamentous
structure (Fig. 2b). It is observed that the nanoparticles on
the surface of CNTs possess smaller dimensions in comparison with pure NiO nanoparticles [27].
Figure 3 indicates the X-ray diffraction pattern of
Ni(OH)2/CNT and NiO/CNT nanocomposites. Characteristic peaks at 2h = 37.3°, 43.4°, 62.9° and 75.4° are
assigned to (111), (200), (220), and (311) crystallographic
orientations in NiO nanoparticles, respectively (Fig. 3a),
the strong diffraction peak at 2h = 26° reflected from
(002) lattice plane in CNTs [29]. The peaks of Ni(OH)2/
CNT cannot be seen at NiO/CNT, which is due to the
crystallization and change in the structure of crystal. The
size of NiO/CNT nanoparticles was calculated using the
kk
Scherrer equation D ¼ b cos
h. The main reflection peak of
the XRD pattern at 2h = 43° can be attributed to (200)
plane. The size of NiO/CNT nano-crystallites was 18.5 nm.

3.2
3.4
1000/T(K)

3.6

N2 adsorption–desorption isotherms was utilized to assess
the specific surface area, mean pore diameter and the total
volume of NiO/CNT nanocomposite. The specific surface
area of NiO/CNT nanocomposite was measured by the Brunauer–Emmett–Teller (BET) method (Fig. 4). The specific
surface area, mean pore diameter and the total pore volume of
NiO/CNT nanocomposite were determined to be 90 m2 g-1,
4.16 nm and 9.26 9 10-2 cm3 g-1, respectively.
Effect of pH
The pH is among the most remarkable parameters that
should be controlled in metal ions adsorption process of
aqueous solutions. To evaluate the effect of pH, the initial
pH varied from 3 to 8 in the solution. It was observed
(Fig. 5a) that the rate of removal of Pb2? increased rapidly,
from about 9–94% as pH increased from 3 to 6, and then
remained constant following the increase of pH value from
7 to 8. Based on the authors’ best knowledge, lead species
are available in Pb2? and Pb(OH)? forms at pH 3–8 [30].
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Table 1 Langmuir, Freunlich
parameters and correlation
coefficients of Pb2? adsorption
onto NiO/CNT





Langmuir

1
qe

qm (mg g-1)

KL (L mg-1)

24.63

1.14

¼

1
q m KL

Table 2 The equilibrium capacities of Pb(II) on various adsorbents
Adsorbents

qmax (mg g-1)

References

MWCNTs

1

[35]

MWCNTs

4

[36]

Activated carbon

13.05

[37]

MWCNTs

15.6

[35]

Oxidized MWCNTs

2.06

[38]

Oxidized N-doped MWCNTs

29

[39]

MWCNT-f

14.56

[40]

Tiol/CNT

65.52

[41]

SiO2/MWCNT

13

[42]

Iron oxid/MWCNT

12

[43]

Al2O3/CNTs
PAAM/MWCNTs

67.5
29.71

[44]
[45]

Zeolites: chabazite

6

[46]

NiO/CNTs

24.63

This study

When the pH value is low (\6), the predominant lead
specie is Pb2? and Pb2? is removed by sorption reaction.
Therefore, the lower adsorption percentage of Pb2? on
NiO/CNT at lower pH values partly depends on the competition between H? and Pb2? on the surface sites Pb2?
removal rate, which is maximized in pH values 6 to 8 and
then remains constant. In this range, the main species are
Pb2? and Pb(OH)?; hence, Pb2? removal is regulated by
the sorption of Pb2? and Pb(OH)?. According to the results
of the current study, to eliminate Pb2? from the solution by
NiO/CNT, pH 7 is the most optimum value for the
employed system.
Effect of contact time
The contact time and its effect on Pb2? elimination rate
using NiO/CNT is depicted in Fig. 5b. The highest amount
of adsorption approximately 100%, was achieved after
10 min of adsorption at pH 7. Therefore, a period of
10 min was considered as the optimum contact time for
Pb2? adsorption on the NiO/CNT nanocomposite.
Effect of adsorbent mass
Figure 5c illustrates the effect of adsorbent mass on the
removal rate for a 20 ppm solution of Pb2? by NiO/CNT
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þ

 
1
Ce

Freundlich

logqe ¼ log KF þ 1n logCe

R2

KF (L mg-1)

1/n

R2

0.9279

11.39

0.3493

0.9502

þ q1m

nanocomposite and CNTs. In both adsorbents, the percentage of adsorbed lead increased as the mass of adsorbent was increased over the range of 0.02–0.1 g. A removal
rate of approximately 100% was obtained when 0.1 g of
NiO/CNT nanocomposite was drowned in 50 mL of the
20 ppm Pb2? solution, compared to 43% removal when
0.1 g of CNTs was used. Based on the given results, it is
obvious that the mechanism of nanocomposite adsorption
towards Pb2? may be attributed to three factors: the van der
Waals interaction between the hexagonally arrayed carbon
atoms in the graphite sheets of the CNTs and the positively
charged lead ions, the electrostatic attraction between the
negatively charged adsorbent surface of the CNT and Pb2?
cations, and the electrostatic attraction between Pb2? and
the electron pairs on the oxygen atoms of nickel oxide [30].
Effect of Pb21 initial concentration
Figure 5d indicates the variation in removal rate in the
initial concentration of Pb2?. It is evident that the initial
concentration increase of Pb2? from 20 to 100 ppm reduces the removal efficiency from almost 100–10%. At lower
initial concentrations of Pb2?, an adequate number of
active sites are available for adsorption, leading to a higher
adsorption capacity. It is also noteworthy that at higher
initial concentrations, the number of metal ions is higher
compared with active adsorption sites; therefore, the
removal efficiency decreases [31].
Adsorption isotherms
Adsorption isotherms represent the amount of adsorbed
metal ion per unit mass of the adsorbent. Among all the
isotherm models, the Langmuir and Freundlich models are
the most popular ones describing adsorption in these systems [32–34]. The equilibrium adsorption capacity (qe) is
calculated using:
qe ¼

C0  Ce
V;
m

here qe is the adsorbed Pb2? amount (mg g-1), m is the
composite mass (g), and V is the solution volume (L).
Figure 6a, b, respectively, illustrate Langmuir and Freundlich isotherms for Pb2? adsorption on NiO/CNT
nanocomposite with the obtained parameters summarized
in Table 1. According to the data shown in Table 1, both
the Langmuir and Freundlich models are appropriate for
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Table 3 Adsorption kinetic parameters of Pb2? adsorption onto NiO/CNT
Psedo-first-order Ln(qe - qt) = Lnqe - k1t

Psedo-second-order

t
qt

¼ k21q2 þ q1e t

Experimental data

e

k1 (min-1)

qe,cal (g mg-1 min-1)

R2

k2 (g mg-1 min-1)

qe,cal (mg g-1)

R2

qe,exp (mg g-1)

0.46

16.54

0.9787

0.189

10.55

0.9997

10

Table 4 Values of
thermodynamic parameters of
adsorption of Pb2? onto NiO/
CNT

LnKd ¼ DSR  DH
RT





DG° (temperature, K)

DS°

DH°

DG ¼ RT ln Kd

224.26

61.55

2.80 (288)

interpreting the obtained experimental data; however, the
Freundlich model, with a higher correlation coefficient
(R2), showed higher compatibility with the data, compared
with the Langmuir model.
To get the synthesized absorbent efficiency approved, its
maximum amount of absorption was compared with other
adsorbents. As shown in Table 2, the maximum absorption
capacity obtained in this study is significant compared to
other adsorbents [35–46], which indicates the efficiency of
the synthetic adsorbent.
Adsorption kinetics
One of the most important features of designing an
adsorption system is the prediction of the adsorption rate,
i.e., how fast the adsorption is taking place, which is
controlled by adsorption kinetics. The adsorption kinetics
depends on the adsorbent physical and chemical properties;
it also affects the adsorption mechanism. To evaluate the
adsorption mechanism, adsorption kinetic constants,
Lagergren pseudo first-order and Ho, pseudo second-order
rate equations can be used [47].
The obtained results are summarized in Fig. 6c, d, and
Table 3. According to Table 3, the pseudo second-order
model, with higher values of correlation coefficient (R2)
and closer values of calculated adsorption capacity (qe,cal)
to experimental one (qe,exp) is a better model to describe the
adsorption capacity of ions on NiO/CNT nanocomposite.
This indicates that the adsorption of Pb2? onto NiO/CNT
may be the chemisorption involving valence forces through
the exchange or sharing of electrons between adsorbate and
adsorbent [48].
Adsorption thermodynamics
Another feature of any adsorption process with high significance is the determination of thermodynamic parameters, including changes in Gibbs free energy (DG°,
KJ mol-1), enthalpy (DH°, KJ mol-1), and entropy (DS°,

Kd ¼ Cqee
-5.52 (298)

-7.89 (308)

-9.57 (318)

J mol-1 K-1). Adsorption thermodynamics were evaluated
at different temperatures (288, 298, 308, and 318 K). The
results are depicted in Fig. 6e. To measure the thermodynamic parameters and Kd values, Van’t Hoff equation was
applied [49].
The results of calculation are shown in Table 4. The
negative values of DG° indicate that the adsorption was a
spontaneous reaction. The DH° and DS° positive values are
attributed to the endothermic nature of adsorption and the
increase in the randomness at the solid/liquid interface
during the adsorption of Pb2? on NiO/CNT nanocomposite, respectively.

Conclusion
In this study, NiO/CNT nanocomposite was utilized as an
adsorbent to remove Pb2? from an aqueous solution. The
NiO/CNT nanocomposite powder was prepared using
direct coprecipitation process in the aqueous media. The
results indicate that the optimum efficiency for Pb2?
removal is achieved under experimental conditions of pH
7, contact time of 10 min, and the initial Pb2? concentration of 20 ppm. Moreover, increasing the initial concentration of Pb2? and reducing the adsorbent dosage
diminishes the removal efficiency. Therefore, NiO/CNT
nanocomposite can be considered as a useful adsorbent for
the elimination of aqueous solutions from Pb2?. In addition, results obtained from Pb2? adsorption on NiO/CNT
nanocomposite follow the pseudo second-order rate equation and Freundlich isotherm.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
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