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Abstract

Pollution due to the presence of nickel is of great importance because of its toxic nature and non-biodegradability. Nickel is
one of the most common heavy metals used in the industry. The purpose of the study is to investigate the efficiency of modi-
fied multi-walled carbon nanotubes (MWCNTSs) on the adsorptive removal of nickel (II) from its aqueous environment and
also to survey the applicability of the linear and nonlinear adsorption kinetic models on the process. The effects of process
parameters including pH (4, 5, 7, and 10), MWCNT dosage (2.5, 5, 10, and 12 mg/L), initial nickel (IT) ion concentration
(25, 50, 100, and 125 mg/L) and contact time (5, 10, 25, and 40 min) on the removal efficiency of nickel using MWCNTs
were studied, and their optimum conditions were also determined. Maximum nickel removal efficiency of 82% was observed
at the optimum conditions of pH 10, MWCNT dosage of 10mg/L, initial nickel concentration of 100 mg/L and contact time
of 10 min. The experimental data fitted best into the linear Ho (I) kinetic models than the other linear models. The rate-
determining step of the process was found to be chemisorption. The correlation coefficient R? values obtained for the linear
and nonlinear models revealed that the nonlinear Ho adsorption kinetic provided a better explanation of the adsorption kinetic
data of nickel removal by MWCNTs.
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Introduction

Heavy metals are persistent in the environment and have led
to many problems (Zhang et al. 2010). They enter into the
aquatic ecosystems and can accumulate in tissues and organs
of aquatic organisms which are being eventually introduced
into the food chain (Agarwal et al. 2016). Nickel is one of the
most common heavy metals; it is applied in many industrial
processes including steel manufacturing and electroplating
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industries (Zhang et al. 2010; Agarwal et al. 2016; Aregawi
and Mengistie 2013). Low quantities of nickel are required
to make red cells in the human body. However, nickel is
toxic when present at high concentrations. Nickel is usually
introduced into the environment through industrial wastes
which do not cause problems in the short term but can, in
the long run, decrease body weight, and cause damage to
the heart and liver (Agarwal et al. 2016; Samadi et al. 2013).
The World Health Organization (WHO) has announced that
the standard permissible level of nickel in drinking water
should be less than 0.02 mg/L (Ajmal et al. 2000). In most
cases, nickel can be found in industrial wastes, battery fac-
tories, silver refineries, and even leachate from landfill sites
(Zhang et al. 2010). Its half-life is about 11 h. The most toxic
form of nickel that is often found in factories is carbonic
compounds (Samadi et al. 2013). Therefore, its reduction in
industrial wastewater is very necessary.

There are several methods for removing heavy met-
als including methods of combinatorial neutralization,
adsorption, and reduction by ultrasonic waves (Ajmal et al.
2000; Agarwal et al. 2016). Recently, the application of
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nanotechnology in the purification of pollutants has been
further developed in light of the ease and cost-effectiveness
of their use compared to the conventional physical meth-
ods (Kashitarash Esfahani et al. 2012; Stafiej and Pyrzyn-
ska 2008). Although the nanotubes porosity is remarkably
small, nanotube membranes have shown that due to the
smooth interior surface of the nanotubes, the flow rate is
more than or equal to the ones that possess larger porosity
(Stafiej and Pyrzynska 2008). Nanotubes are hollow circular
structures made up of carbon atoms which can be arranged
in single-wall or multi-wall formations and have metal-like
conductivity properties (Agarwal et al. 2016; Samadi et al.
2013). The multi-walled carbon nanotubes (MWCNTSs) have
a very high surface area, high permeability, good thermal
and mechanical stability (Agarwal et al. 2016). Different
nano-materials have been used to remove all types of pol-
lutants from the water, but the MWCNTSs have been utilized
due to their unique characteristics including high specific
surface, small size, simplicity of the process of producing
these nanotubes, and health and environmental importance
(Stafiej and Pyrzynska 2008). These materials are durable
and resistant to heat, and cleaning and reusing them is easy.
The MWCNTs membranes can remove almost all types of
water contaminants; these contaminations include bacteria,
organic compounds, and turbidity (Li et al. 2007; Heidari
et al. 2016).

The aim of this study is to investigate the applicability of
multi-walled carbon nanotubes on the removal of nickel(II)
ions from its aqueous solution and also, to investigate the
effects of different environmental factors such as pH, MWC-
NTs dosage (mg/L), initial concentration of nickel (mg/L),
and time of treatment (min) on the adsorption process.
Finally, the kinetic (linear and nonlinear) adsorption mod-
els were applied to study the mechanism of the adsorption
process and the rate determining step.

Materials and methods
Materials

The MWCNTs were purchased from the Oil Industry
Research Institute, Iran. The MWCNTs have been produced
by chemical vapor deposition (CVD), modified with H,O,.
Nickel chloride salt (NiCl,»4H,0, 99.9% purity) was used to
make a standard Ni(I) stock solution. 1 N hydrochloric acid
(HCI) and sodium hydroxide (NaOH) were used to adjust the
pH of the solutions to the desired pH. All chemicals were
purchased from Merck (Germany). All materials were used
without further purification.
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Characterization of the adsorbent

The specific surface of the MWCNTs was measured using
the Brunauer—Emmett-Teller method (BET) (Gemini 2357,
Micrometrics Instrument Corporation, USA). In order to deter-
mine the exact diameter of MWCNTS, some information about
the morphology of absorbent surface was provided by means
of a scanning electron microscopy, SEM (HITACHI Model
S-3000H). The physical specifications of the MWCNTs are
presented in Table 1.

Batch adsorption experiments

A stock solution of Ni(Il) ion was prepared in accordance with
the standard methods (APHA and WPCF 2005). A stock solu-
tion of the nickel (with a concentration of 1000 mg/L) was
prepared by dissolving 4.06 g of nickel salt (NiCl,-6H,0)]
in 1 L of double-distilled water. The prepared solutions were
stored at 4°C until usage. Subsequently, other required work-
ing concentrations (25, 50, 100, and 125 mg/L) were prepared
from the stock solution by dilution with double-distilled water.
The effects of pH (4, 5, 7, and 10), MWCNTs dose (2.5, 5,
10, and 12 mg/L), contact time (5, 10, 25, 40 min), and ini-
tial nickel concentration (25, 50, 100, and 125 mg/L) on the
adsorption of Ni(II) using MWCNTs were investigated. All
adsorption experiments were performed at room temperature.
A 100 mL solution of known concentration was poured into
250-mL Erlenmeyer flask, the pH was adjusted to the desired
pH by drop-wise addition, and a known dosage of adsorbent
was added. The flask and its contents were placed in a shaker
of 180 rpm and mixed till the desired time of treatment. Then,
the mixture was filtered using a filter paper (Whatman No.
40) to remove the adsorbent. The filtrate was tested for the
residual nickel using an atomic absorption spectroscopy
(AAS) machine (Shelton, USA) using the flame absorption
method at 232 nm. The removal efficiency, %R and the sorp-
tion capacity of MWCNTs, ¢, under the studied parameters
were calculated based on the following formulas (Ahmadi and
Kord Mostafapour 2017a, b, c, d, Ahmadi et al. 2017, 2018;
Rahdar et al. 2018a):

(Co-Cr)

0

%R = x 100 (1

Table 1 The physical specifications of MWCNTSs

Parameter Unit Amount
Appearance - Black powder
External diameter nm 20-30
Length um 10-30

Purity carbon % 95

Specific surface area m¥/g 270

Density g/em® 2.1
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where €, and C; are the initial and final concentrations
(mg/L). g, is the adsorption capacity (mg/g). C, is the equi-
librium concentration of nickel (mg/L). M is the weight of
adsorbent (g), and V is the volume of the solution (L).

Results and discussion

The specific surface area is one of the parameters deter-
mining the adsorbing capability of an adsorbent substance.
When the specific surface area of an adsorbent substance is
high, there will be higher level of contact between the adsor-
bent and adsorbate (Igwegbe et al. 2018; Banerjee and Chat-
topadhyaya 2017). The BET surface area of MWCNTSs was
obtained as 270 m%/g. In general, the adsorption capability
of the MWCNTs is credited to their rich surface area (Abdel-
Ghani et al. 2015). The SEM of MWCNTs showed that the
external diameter of MWCNTS is in 10-30 nm (nanoscale)
range. The adsorbent, MWCNTSs possess cylindrical shapes,
curved, elongated, and tangled in nature (Abdel-Ghani et al.
2015; Sheng et al. 2010; Salam et al. 2011).

The effect of initial pH

The effect of pH (4, 5, 7 and 10) on the removal of nickel
(Ni(II)) on MWCNTs was studied at a contact time of 5 min,
MWCNTSs concentration of 5 mg/L, and initial Ni(II) ion
concentration of 50 mg/L (Fig. 1). The removal efficiency
of Ni(II) ions increased from 5 to 71% by increasing the pH
from 4 to 10, and the amount of Ni(II) adsorbed on MWC-
NTs, g, also increased from 1 to 14.2 mg/g. The removal
of nickel was not favorable at the acidic pH range but at
the alkaline pH. Therefore, the optimal pH for Ni(II) ions
adsorption was 10. This is due to the fact that the surface
of the MWCNTs is negatively charged at alkali pH and the
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Fig. 1 Effect of initial pH on Ni(II) adsorption onto MWCNTSs. (Time
5 min, dosage 5 mg/L, nickel concentration 50 mg/L)

Ni(Il) ions are positively charged; thus, electrostatic attrac-
tion is increased between them which led to the increase in
the removal efficiency. This result is consistent with other
studies (Zhang et al. 2010; Samadi et al. 2013; Stafiej and
Pyrzynska 2008).

The effect of adsorbent dosage

Figure 2 shows the effect of MWCNTs dosage (2.5, 5, 10,
and 12 mg/L) on the removal of Ni(II) at the optimum pH
of 10, contact time of 5 min, and initial Ni(II) concentration
of 50 mg/L. As the MWCNTs dosage was increased from
2.5 to 10 mg/L, the removal efficiency increased from 70 to
82.5%. On the other hand, increasing the adsorbent concen-
tration from 2.5 to 12 mg/L decreased the amount of Ni(II)
ions adsorbed on MWCNTs from 14 to 3.2 mg/g. The rate
of removal significantly depends on the number of adsorp-
tion active sites available and by increasing the dosage of
MWCNT to an appropriate level (Zhang et al. 2017; Samadi
et al. 2013; Stafiej and Pyrzynska 2008). In fact, the number
of available adsorption sites will increase by increasing the
MWCNTs adsorbent dosage which will result in increased
nickel uptake (Ajmal et al. 2000). The removal of nickel
decreased as the MWCNTs concentration was increased
beyond the optimum; this may be due to the overlapping of
the adsorption sites and overcrowding of the adsorbent (Are-
gawi and Mengistie 2013). The decrease in the adsorption
capacity, ¢,, is because the adsorption active sites remain
unsaturated during the adsorption process (Singh and Rattan
2011; Filipovié-Kovacevi¢ et al. 2000).

The effect of contact time and the initial Ni(ll) ion
concentration

Figure 3 shows the removal of Ni(Il) at different con-
tact times (5, 10, 25, and 40 min) and initial Ni(II)
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Fig.2 Effect of adsorbent dosage on Ni(Il) adsorption onto MWC-
NTs. (Time 5 min, optimum pH 10, initial nickel concentration:
50 mg/L)
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Fig.3 Effect of Ni(II) ion concentration on nickel adsorption onto
MWCNTs. (Optimum MWCNTSs dosage 10 mg/L; optimum pH 10)

concentrations (25, 50, 100, and 125 mg/L) at optimum
pH of 10 and optimum MWCNTs dosage of 10 mg/L.
Maximum efficiency of Ni(II) removal was obtained at
the time of 10 min for all concentrations. After this time,
the removal efficiency declined. The study of the effect of
the initial Ni(IT) concentration of 25-125 mg/L revealed
that the adsorption efficiency of the metal decreased with
increasing initial concentration from 100 to 125 mg/L.
The highest removal efficiency (82%) was observed for
the concentration of 100 mg/L which was obtained as
the optimum concentration at the time of 10 min. This
is because, during the adsorption process, the surface of
the adsorbent was easily saturated by the adsorbate mol-
ecules with higher dye concentration (Zhang and Wang
2015). But when the concentration was increased from
25 to 100 mg/L, the removal efficiency increased because
the increase in the amount of Ni(II) ions resulted in the
increase in collision between the ions and the active sites
on the adsorbent (Zhang et al. 2017). As the contact time
increases, the adsorption efficiency decreases. Initially,
the adsorption process was rapid and became slow until
the saturation phase was reached, which lasted for 10 min
(Zhang et al. 2010, Ajmal et al. 2000). The efficiency was
reduced after 10 min due to the occurrence of the desen-
sitization phenomenon (Stafiej and Pyrzynska 2008). A
similar trend was obtained by Akpomie et al. (2015) for
the effect of contact time on the removal of Ni(II) ions
using montmorillonite. The removal efficiency was stud-
ied at contact time of 20 to 300 min at concentration of
100 mg/L, pH 6.0, adsorbent dose of 0.1 g, temperature
of 300 K, and particle size of 100 pm; but after a time of
200 min, the removal of Ni(II) ions declined.
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The adsorption kinetics study

Adsorption kinetics are defined as the uptake of adsorp-
tion with time. It is also applied to determine the control-
ling mechanism of adsorption processes including chemi-
cal reaction and mass transfer (Kumar et al. 2010). The
adsorption kinetics experiment was carried out using the
optimum MWCNTs dosage of 10 mg/L and optimum pH of
10 at different concentrations (25, 50, 100, and 125 mg/L)
and times (5, 10, 25, and 40 min) at room temperature. The
kinetic data were fitted into the Ho’s pseudo-second-order
and Lagergren’s pseudo-first-order kinetic models. They
were applied in two forms of linear and nonlinear equa-
tions (Han et al. 2009; Ho 2006). The linear and nonlinear
forms of the kinetic equations are shown in Table 2. Root-
mean-square error (RMSE), as well as the R? statistics,
was used to evaluate the nonlinear models. Smaller values
of RMSE indicate higher fit by the model. The RMSE
equation is given by Eq. 3 (Han et al. 2009):

1 14
RMSE = | — (¢, - 4.)° 3)
P25

where g, is the value that is calculated from the model fit,
q. 1s calculated from the test elements, and p is the number
of test elements.

The Lagergren and Ho linear models fitting to the
adsorption kinetic data are also shown in Figs. 5, 6, 7 and
8. The calculated parameters of Lagergren and Ho adsorp-
tion kinetics for the linear and nonlinear model are shown
in Tables 3 and 4, respectively. The results indicated that
the Ho(I) linear models fitted into the kinetic data than
the Ho(II) and Ho(III) linear models with a correlation
coefficient, R of 0.996 at the optimum concentration
of 100 mg/L. Therefore, it seems that using the differ-
ent forms of the linear Ho equations was not necessary.
Also, Ho(I) provided better R? value than Lagergren linear
model which suggests that the rate determining step of
the process is chemisorption (Ahmadi and Igwegbe 2018;
Igwegbe et al. 2016; Al-Ghouti et al. 2005).

Figures 4 and 9 show the Lagergren and Ho nonlin-
ear models for Ni(II) adsorption on MWCNTs. As seen in
Table 4, the nonlinear Ho model had the least RMSE and
the highest R* which implies its best fit to the measured
data compared to the nonlinear Lagergren model. This also
indicates that the nonlinear Ho model provided a better
explanation of the adsorption of Ni(II) ions on MWCNTs.
Generally, the results indicated that the nonlinear method
of regression analysis provided better results based on fit-
ting the experimental data with Ho model which was also
proved by other authors (Ho and McKay 2002; Rahdar
et al. 2018b).
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Fig.4 Fitting of the Lagergren linear model with the adsorption
kinetic data

Table 2 The equations of kinetics used in the study

Equation (linear) Equation (nonlinear)

Lagergren _ %) = _ ko, g=q(1—exp(- k)
Log W)= log (qe) 5303 e
Ho L L K
9t kg ( )
1 _ ( ) %
4 kq? a (II) q,=1+2.K1
=g - (L)%

4 = e (ch ) ! (1)

120
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Fig.5 Fitting of the Ho(I) linear model with the adsorption kinetic
data

Conclusions

In this study, the adsorption of nickel (Ni(II)) onto multi-
walled carbon nanotubes (MWCNTSs) has been investi-
gated. The effect of pH, MWCNTs dosage, initial con-
centration of Ni(II), and contact time on the removal
efficiency of Ni(Il) ions was studied. The experimental
kinetic adsorption data of Ni(I) removal by MWCNTs
were fitted into the linear and nonlinear Kinetic models
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= 15 4 .
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Fig. 6 Fitting of the Ho(Il) linear model with the adsorption kinetic
data
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Fig. 7 Fitting of the Ho(III) linear model with the adsorption kinetic
data
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Fig. 8 Fitting of the nonlinear Lagergren model with the adsorption
kinetic data

(Ho’s pseudo-second order and Lagergren’s pseudo-first
order). The results of this study indicate that the nanoma-
terial can remove Ni(Il) in a very short time. Optimum
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Table 3 The linear adsorption

C /L L. Ho(I Ho(II Ho(III
kinetic model constants ome/L) " g ey Lagergren o o(th) oIty
estimated for the removal of k, qe R? K, qe R? K, ¢ R? K, g¢. R?
Ni(II) on MWCNTs
25 0.82 0.006 5.1 0463 043 037 0967 075 04 093 52 1.87 0.524
50 3 0.006 3.4 0.768 0.12 275 0953 022 275 096 47 357 0.723
100 7 0.045 1.57 0.757 0.083 7.22 0996 0.23 396 096 0.5 8.03 0.764
125 812 0.02 2317 0.652 0.185 9.68 0977 0.07 7.1 086 027 94 0.78
Table 4, The.nor.llinear Ni(II) ion con- Lagergren Ho
adsorption kinetic model :
centration 2 >
constants calculated for the e exp K, q. R RMSE K, q. R RMSE
removal of Ni(II) on MWCNTs
25 0.82 0.068 1 0.44 0.34 0.01 0.58 0.57 0.28
50 3 0.62 2.47 0.27 0.76 0.001 2.9 0.6 0.34
100 7 0.008 5.7 0.6 1.7 0.007 8.3 0.95 0.8
125 8.125 0.06 6.66 0.57 1.9 0.008 9.88 0.9 0.4
Open Access This article is distributed under the terms of the Crea-
40 — + -25mglL tive Commons Attribution 4.0 International License (http://creativeco
351 @ = &= 50 mg/L mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
100 mg/L . . . . . . .
. cee@ee 125 mg/L tion, and reproduction in any medium, provided you give appropriate
30 1 . credit to the original author(s) and the source, provide a link to the
o 251 ". Creative Commons license, and indicate if changes were made.
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data

conditions for the most efficient operation of the MWCNTSs
on Ni(II) removal were achieved at pH of 10, MWCNTs
dose of 10 mg/L, concentration of 100 mg/L, and the con-
tact time of 10 min which gave a removal efficiency of
82%. The Ho nonlinear model provided a better explana-
tion about adsorption kinetic of Ni(II) removal by MWC-
NTs. The rate determining step of the adsorption process
was found to be chemisorption.
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