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ABSTRACT

The adsorption of heavy metal ions (Cu2+, Pb2+, Cd2+, Ni2+, and Cr6+) on as-produced and
oxidized multiwalled carbon nanotubes (MWCNTs) was investigated as a function of con-
tact time, pH, and dose used in batch technique. The results indicated that the adsorption
capacity of metals onto oxidized MWCNTs was greater than that on as-produced MWCNTs.
The adsorption on oxidized MWCNTs increased with pH and increased dose. The affinity
order of the studied metals was found to be Pb2+> Cu2+> Cr6+> Cd2+> Ni2+. The adsorption
process achieved equilibrium within 2 h, and experimental data fitted well the pseudo-sec-
ond-order model.
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1. Introduction

Environmental pollution of heavy metals, such as
cadmium, chromium, copper, lead, and nickel, has
received considerable attention worldwide because of
their toxicity on metabolism and intelligence. They can
be readily adsorbed by marine animals and directly
enter the human food chains, thus presenting a high
health risk to consumers [1].

There are many conventional methods that are
being used to remove heavy metal ions including
reduction, precipitation, membrane filtration, ion
exchange, and adsorption. Among these methods, a
promising process for the removal of metal ions from
water and wastewater is adsorption, because of its

simplicity, convenience, and because the employed
adsorbent can be regenerated by the suitable decep-
tion process. Several adsorbents have been studied for
adsorption of metal ions, such as activated carbon
[2,3], fly ash [4,5], peat [6], sewage sludge ash [7], zeo-
lite [8], kaolinite [9], and resins [10].

In recent years, nanotechnology has introduced dif-
ferent types of nanomaterials to the water industry
that can have promising outcomes. Carbon nanotubes
(CNTs) are one of the new nanosorbents that have
been discovered in 1991 by Iijima [11] and recently
found to be able to remove a wide range of contami-
nants and heavy metals, such as Cr3+ [12], Pb2+ [13],
Zn2+ [14], Cd2+ [15], Cu2+ [16], Cr6+ [17], and Ni2+ [18]
from water. CNTs include single-walled CNTs
(SWCNTs) and multiwalled CNTs (MWCNTs)
depending on the amount of layers.
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Because of their structural properties with nanome-
ter-order size and pseudo-graphite layers, MWCNTs
have been expected to be applied for the electrochemi-
cal storage of hydrogen and a promising sorbent of
heavy metal ions and radionuclides [19].

The objectives of the present study are (1) to inves-
tigate the adsorption capacity of as-produced and oxi-
dized multiwalled carbon nanotubes (MWCNTs) for
Cu2+, Cd2+, Pb2+, Ni2+, and Cr6+ metal ions, (2) to
study the effects of contact time, initial pH, and dose
on the adsorption, and (3) to investigate the adsorp-
tion isotherm and kinetics of metals’ adsorption onto
MWCNTs.

2. Materials and methods

2.1. Materials

MWCNTs were purchased from Sigma–Aldrich
(Steinheim, Germany) with outer diameter of 7–15 nm,
length of 0.5–10 μm, and density of ~2.1 g/mL at 25˚C.
The MWCNTs obtained were prepared by electric arc
discharge method. As-produced MWCNTs were oxi-
dized by dispersion into a flask containing concen-
trated nitric acid solution and refluxed at 140˚C for 6
h. The suspension was washed with deionized water
to remove excess oxidant. Then, the oxidized CNTs,
denoted as “MWCNTs-ox”, were dried at 100˚C and
stored for further studies. All the other agents used
were of analytical grade.

2.2. Analytical methods

The phase structures of CNTs were characterized
by powder X-ray diffraction (XRD, Bruker D8 advance
instrument). The instrument was equipped with a cop-
per anode generating (Cu-Kα) radiation (λ = 1.5406 Å).
The size and morphology of the CNTs were eluci-
dated by transmission electron microscopy (TEM)
using JOEL JEM (1230) electron microscope instrument
with resolving resolution of 0.2 nm.

The functional groups of CNTs were identified by
Fourier transform infrared spectroscopy (FT-IR) analy-
sis using FT-IR-6100 (JASCO-Japan) instrument via the
KBr pressed disk method. Gas adsorption analyzer
with Brunauer–Emmett–Teller method (Quantachrome
NOVA Automated gas sorption systems-1.12) was
used for the surface area determination, where N2 gas
was used as adsorbate at 77 K.

The concentration of metals in the solution was
determined according to APHA [20] using atomic
absorption spectrometer (Varian Spectra AAS 220)
with graphite furnace accessory and equipped with
deuterium arc background corrector.

2.3. Batch adsorption experiments

The adsorption behavior of as-produced MWCNT
and MWCNT-ox for metal ions Cu2+, Cd2+, Pb2+, Ni2+,
and Cr6+ was investigated by means of the batch
experiments at room temperature (~25˚C). Batch
adsorption experiments were conducted using differ-
ent doses of as-produced MWCNT and MWCNT-ox
ranging from 0.1 to 4 g/L of solutions containing
heavy metal ions of desired concentrations (20mg/L)
for each metal. The adsorption of metals was investi-
gated in the pH range of 2–8. The solution pH was
adjusted by 0.1M NaOH and 0.1M HNO3. The bottles
were shaken in a rotary shaker at 200 rpm at different
contact times from 5 to 140min.

The equilibrium adsorption capacity, qe (mg/g), of
the metal was calculated using the mass balance,
according to Eq. (1):

qe ¼ ðC0 � CeÞV=m (1)

where V is the sample volume (L), m is the mass of
the adsorbents (g), C0 is the initial metal concentration
(mg/L), and Ce is the equilibrium concentration of the
metal in the solution (mg/L).

2.4. Desorption of metal and reusability of CNTs

In this experiment, desorption of metals from
metal-loaded nanoadsorbents was performed using
5M HNO3 solution. MWCNT-ox-loaded metals was
exposed to 10mL of 5M HNO3 and agitated at
200 rpm for 2 h. After the desorption, the nanoadsor-
bent was separated by filtration and metals’ concentra-
tions were measured. The recovery efficiency, r (%), of
metals from the solid phase was calculated by Eq. (2)
[21]:

rð%Þ ¼ Cdes

Cads
� 100 (2)

where Cdes and Cads are the amount of metal released
into the aqueous solution and the amount of metal
adsorbed onto the nanoadsorbents (mg/L),
respectively.

To test the reusability of the nanoadsorbent, 10 of
50mg/L metals’ solution was mixed with 20mg of
nanoadsorbents for 2 h and then desorbed by the addi-
tion of 10mL of 5M HNO3 with stirring for 2 h. After
each cycle of adsorption–desorption, the adsorbent
was washed thoroughly with distilled water to neu-
trality, dried, and reconditioned for adsorption in the
succeeding cycle.
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3. Results and discussion

3.1. Characterization of MWCNTs

Fig. 1 displays the TEM images of as-produced
MWCNTs and MWCNT-ox. As can be observed,
MWCNT have very smooth surfaces and cylindrical
shapes with an external diameter of 1–7 nm.

The XRD patterns of as-produced MWCNTs and
MWCNT-ox are given in Fig. 2. The most intense
peaks of MWCNTs-ox are at the (26) and (42.4) reflec-
tions, which can be attributed to the hexagonal graph-
ite structures (002), (100). The surface area of
MWCNT-ox is 279.8m2/g with total pore volume of
0.083 cm3/g.

The FT-IR spectra charts for the CNTs are pre-
sented in Fig. 3. For both materials, the bands in the
spectrum at 800–1,400 cm−1 can be attributed to the
stretching vibrations of C–C and –C–H. The broad
band at 3,200–3,600 cm−1 represents hydroxyl and car-
boxylic groups. The signature of C=O functional
groups is evident at 1,650 cm−1 and OH functional
groups appear at 3,500 cm−1.

Oxygen-containing functional groups for as-pro-
duced MWCNT may come from the acid washing to
remove the catalyst when being fabricated. After oxi-
dative treatment with nitric acid the bands are much
more pronounced.

3.2. Adsorption studies

3.2.1. Effect of contact time

The effect of contact time on the removal of metal
ions (Cu2+, Cd2+, Pb2+, Ni2+, and Cr6+) from aqueous
solutions was investigated for both the as-produced
and oxidized MWCNTs for 140min. The initial metals’
concentration was 20mg/L with an adsorbent dose of
2 g/L and shaking speed of 200 rpm.

The sorption capacity of metal ions onto CNTs
increased quickly with contact time and then slowly
reached equilibrium in 120min. As can be seen in

Fig. 4(a) and (b), the adsorption capacities of metals
onto MWCNT-ox are higher than those onto as-pro-
duced MWCNTs.

Li et al. [13] found that the sorption capacity of
Pb2+ onto CNTs increased quickly with contact time
and then slowly reached equilibrium in 50min at an
initial concentration (C0) of 20mg/L. Lu and Liu [22]
reported that the Ni2+ sorption reached equilibrium in
60 and 120min with C0 of 10 and 60mg/L,
respectively. CNTs adsorb metals in the order
Pb2+ > Cu2+ > Cr6+ > Cd2+ >Ni2+. Results obtained by
Lia [16] concluded that CNTs’ adsorption showed
affinity in the order of Pb2+>Cu2+>Cd2+.

3.2.2. Effect of initial pH

The effect of initial pH on the adsorption uptake of
metal ions (Cu2+, Cd2+, Pb2+, Ni2+, and Cr6+) was
investigated for both the as-produced and oxidized
MWCNTs. The solution pH affects the surface charge
of the adsorbent and the degree of ionization and spe-
ciation of the adsorbates.

Fig. 5(a) and (b) shows that as the pH increases,
the adsorption increases for both MWCNTs due to the
increase in the electrostatic attractive forces between
OH− and metal ions. The removal of Pb(II) increases
very quickly from about 66 to 96% at pH 2–6.5.

At pH < 6, the predominant specie is Pb2+ and the
removal of Pb2+ is mainly accomplished by sorption
reaction. Therefore, the low Pb2+ sorption that takes

Fig. 1. TEM images of (a) as-produced MWCNT and (b)
MWCNT-ox.
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Fig. 2. XRD pattern of MWCNT-ox.
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Fig. 3. FT-IR spectra of (a) as-produced MWCNT and (b)
MWCNT-ox.
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place at low pH can be attributed partly to the compe-
tition between H+ and Pb2+ ions on the surface sites
[23].

Cu2+ removal increased to 98% for oxidized
MWCNTs at pH 4. Overall, the dominant form of
Cu (II) at pH 2.0 is Cu2+, and with an increase in pH
from 2.0 to 4.0 other species, including Cu2 (OH)2þ2 ,
Cu (OH)+, Cu2(OH)3+, and Cu3 (OH)2þ4 , are formed.
The adsorption experiments were not conducted at
pHs above for Cu and above 7 for Pb because of Pb
(OH)2 and CuOH)2 precipitation [23].

The removal efficiencies of Cd2+and Ni2+ were
gradually increased to 96 and 95%, respectively, with
the pH increasing from 2 to 7 and 7.5.

The dominant form of Ni is Ni2+, and at pH 4.0
the species Ni(OH)– is formed. At pH above 7.5,
adsorption experiments were not conducted for nickel
as the precipitation of nickel hydroxide was observed.
At pH values below 3, Ni2+ uptake was very weak
due to the competition between Ni2+ and H+ in the
solution. Li et al. [15] showed that the adsorption of
Cd2+is higher in alkaline range. However, in this
region a precipitate of Cd(OH)2 is formed. They con-
cluded that Cd2+ adsorption capacities of CNTs oxi-
dized with HNO3 reach 8.0 mg/g at pH value of 6.0,
while they are only 2.0 mg/g for the as-grown CNTs.
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Fig. 4(a). Effect of contact time on metals adsorption by as-
produced MWCNT (dose: 1 gm/L, initial metal concentra-
tion: 20mg/L, and shaking rate: 200 rpm).
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Fig. 4(b). Effect of contact time on metals adsorption by
MWCNT-ox (dose: 1 gm/L, initial metal concentration:
20mg/L, and shaking rate: 200 rpm).

45

55

65

0 2 4 6 8

A
ds

or
pt

io
n 

(%
)

Adsorbent dose (g/L)

Cu Pb Cd Ni Cr

Fig. 5(a). Effect of pH on metals adsorption by as-pro-
duced MWCNT (contact time: 120min, initial metal con-
centration: 20mg/L, and shaking rate: 200 rpm).
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Fig. 6(b). Effect of adsorbent dose on metals adsorption by
MWCNT-ox (contact time: 120min, initial metal concentra-
tion: 20mg/L, pH: 5.5, and shaking rate: 200 rpm).
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Fig. 6(a). Effect of adsorbent dose on metals adsorption by
as-produced MWCNT (contact time: 120min, initial
metal concentration: 20mg/L, pH: 5.5, and shaking rate:
200 rpm).
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Fig. 5(b). Effect of pH on metals adsorption by MWCNT-
ox (contact time: 120min, initial metal concentration:
20mg/L, pH: 5.5, and shaking rate: 200 rpm).
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Cadmium ions have a higher adsorption affinity to
the nanoadsorbents than the ions of nickel. This
affinity is related to a number of factors, such as
molecular mass, ion charges, ionic radius, hydrated
ionic radius, and hydration energy of the metals.

3.2.3. The effect of adsorbent dose

As the adsorbent dosage increases, the adsorption
sites available for metals are also increased, and con-
sequently better adsorption takes place. The adsor-
bent doses were varied from 0.1 to 4 g/L while all
the other variables, such as contact time and temper-
ature, were kept constant.

The results in Fig. 6(a) and (b) reveal that the
removal of heavy metals increased with increasing
MWCNTs’ dose. The adsorption of all studied metals
reaches equilibrium using 1 g/L of adsorbents.

3.3. Adsorption isotherms

The Langmuir, Freundlich, and Dubinin–Kagan-
er–Radushkevich are the most common isotherm
models that describe the distribution of a metal ion
between a solid and liquid phase.
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Fig. 7(a). The Langmuir isotherm plot for metals adsorp-
tion by as-produced MWCNT (pH: 5.5, contact time:
120min, shaking rate: 200 rpm, and dose: 1 g/L).
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The Langmuir isotherm [24] assumes monolayer
coverage of the adsorption surface and no subsequent
interaction among adsorbed molecules. Therefore, the
adsorption saturates, and no further adsorption can
occur. The expression for the Langmuir isotherm is
listed in Eq. (3):

Ce

qe
¼ 1

bqmax
þ Ce

qmax
(3)

where q is the amount of metal ions sorbed per unit
mass (mg/g), qmax is maximum adsorption capacity at
complete monolayer coverage (mg/g), and b is a
Langmuir constant that relates to the heat of adsorp-
tion (L/mg). The values of qmax and b were deter-
mined by plotting Ce/qe vs. Ce.

Fig. 7(a) and (b) shows the adsorption data of
metal ions on both the as-produced and oxidized
MWCNTs. Results, as listed in Table 1, were fitted to
the Langmuir equation.

The values of qmax obtained from Langmuir model
for metal ions adsorption on MWCNTs-ox are higher
than that from as-produced MWCNTs.

The Freundlich adsorption isotherm [25] suggests
that the adsorption phenomenon occurred on hetero-
geneous surfaces. The isotherm assumes that the
surface sites of the adsorbent have different binding
energies. Eq. (4) describes Freundlich adsorption
isotherm:

qe ¼ kFC
1=n
e (4)

Eq. (4) can be expressed in linear form by Eq. (5):

log qe ¼ log kF þ 1

n
logCe (5)

where qe is the equilibrium adsorption capacity,
(mg/g), Ce is the equilibrium concentration of metals
in the solution (mg/L), kF represents the adsorption
capacity when metal ion equilibrium concentration
equals to1 (mg/g), and n is the degree of depen-
dence of adsorption with equilibrium concentration
and related to the sorption intensity of the
adsorbent.

The Freundlich parameters, kF and 1/n, can be
determined by plotting ln qe vs. ln Ce (Fig. 8(a) and
8(b)).

The values of Freundlich constants, kF and 1/n,
obtained are shown in Table 1. The high R2 values
obtained are shown in the table.

The values of 1/n were observed to be less than
unity for all the adsorbents as shown in Table 1
indicating favorable adsorption [26]. The value of kF
calculated from the Freundlich model is large, which
indicates that MWCNT-ox has a high adsorption
affinity towards metals’ ions.

These results suggest that both Langmuir and
Freundlich isotherms show a good fit to the experi-
mental data with well-matching correlation coefficients
so that both monolayer sorption and heterogeneous
distribution of active sites on the surface of the adsor-
bent occurs. Table 2 compares the adsorption capacity
of some heavy metals on CNTs and other adsorbents
in the literature.

The D–R isotherm model is valid at low concentra-
tion ranges and can be used to describe adsorption on
both homogeneous and heterogeneous surfaces. The
general expression of the D–R [30] isotherm can be
described by Eq. (6):

lnq ¼ ln qmax � be2 (6)

where β is the activity coefficient related to mean sorp-
tion energy (mol2/kJ2) and ε is the Polanyi potential,
which can be calculated from Eq. (7):

e ¼ RT ln 1þ 1

Ce

� �
(7)

where R is the ideal gas constant (8.3145 J/mol K) and
T is the absolute temperature (K).

The slope of the plot of ln q vs. ε2 gives β (mol2/J2)
and the intercept yields the maximum sorption capac-
ity, qmax (mol /g).

Table 2
The adsorption capacity of some heavy metal ions on
CNTs and other adsorbents

Adsorbent
Adsorption
capacity (mg/g) Metal References

As-grown
CNTs

4.83 Cu2+ [27]

H2SO4-
CNTs

14.37

CNTs 97.08 Pb2+ [16]
28.49 Cu2+

10.86 Cd2+

Kaolinite 10.79 Cu2+, (25 ˚C) [28]
Zeolite 14.72 Cu2+ (pH=5,

30 ˚C)
[29]

Fly ash 8.1 Cu2+ [4]

3526 M.R. Lasheen et al. / Desalination and Water Treatment 53 (2015) 3521–3530



E is defined as the free energy change (kJ/mol),
which requires transferring 1mol of ions from solution
to the solid surfaces. The relation is listed in Eq. (8):

E ¼ 1ffiffiffiffiffiffiffiffiffi�2b
p (8)

The plot of ln qe against ε2 for metals adsorption
MWCNTs is shown in Fig. 9(a) and (b), and DKR
parameters are listed in Table 1.

The magnitude of E is useful for estimating the
mechanism of the adsorption reaction. Adsorption is
dominated by chemical ion exchange if E is in the
range of 8–16 kJ/mol, whereas physical forces may
affect the adsorption in the case of E < 8 kJ/mol [31].
The E values obtained from Eq. (9) are 14.9, 14.7, 14.2,
13.8, and 12 kJ/mol for Pb2+, Cu2+, Gr6+, Cd2+, and
Ni 2+, respectively, for adsorption on MWCNT-ox and
decreased to 10.9, 10.3, 10.2, 10, and 9.9 kJ/mol for
adsorption on as-produced MWCNT. Values are in
the adsorption energy range of chemical ion-exchange
reactions. This suggests that metals’ adsorption onto
MWCNTs is attributed to chemical adsorption rather
than physical adsorption.

3.4. Adsorption kinetics

Adsorption kinetics, demonstrating the solute
uptake rate, is one of the most important characters
which represent the adsorption efficiency of the
MWCNTs, and therefore determines their potential
applications.

Adsorption kinetics samples were prepared by
adding 10mg of as-produced and oxidized MWCNTs
into 5mL solution at the effective pH value for each
metal (20mg/L). 120min is enough to achieve the
adsorption equilibrium under our experimental
conditions.

3.4.1. Pseud-first-order kinetics

The pseudo-first-order equation (Lagergren’s
equation) describes adsorption in solid–liquid systems
based on the sorption capacity of solids.

The linear form of pseudo-first-order model can be
expressed by Eq. (9) as [32]:

logðqe � qtÞ ¼ log qe � k1t

2:303
(9)

where qe and qt are the amounts of adsorbed metals
on the adsorbent at equilibrium and at time t,
respectively (mg/g), and k1 is the first-order adsorp-
tion rate constant (min−1).

The linearized forms of the pseudo-first-order
model for the sorption of metals ions onto as-pro-
duced MWCNT and MWCNT-ox are given in
Fig. 10(a) and (b). The calculated results of the first-
order rate equation are given in Table 3. The qe value
acquired by this method contrasted with the
experimental value. So, the reaction cannot be classi-
fied as first order.

3.4.2. Pseudo-second-order kinetics

Second-order kinetic equation was applied to find
a more reliable description of the kinetics. The
pseudo-second-order kinetics can be represented by
the following linear Eq. (10) [33]:

t

qt
¼ 1

K2q2e
þ 1

qe
t (10)

where k2 is the pseudo-second-order rate constant of
adsorption (g/mg min).

Linear plot of t/qt vs. t is achieved according to
Eq. (10) (Fig. 11(a) and (b)). The k and qe values
calculated from the slope and intercept of the plot are
summarized in Table 3.
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Fig. 8(a). The Freundlich isotherm plot for metals adsorp-
tion by as-produced MWCNT (pH: 5.5, contact time:120
min, shaking rate: 200 rpm, and dose: 1 g/L).
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The calculated qe values agreed very well with
the experimental data. Since the correlation
coefficients of the pseudo-second-order equation for
the linear plots are very close to one, the pseudo-
second-order kinetics was a pathway to reach the
equilibrium and the rate-limiting step in adsorption
is chemisorption.

3.4.3. Elovich kinetic model

The Elovich kinetic model [34] is based on
chemisorption phenomena and is expressed by
Eq. (11):

dq

dt
¼ a expð�bqtÞ (11)

To simplify the Elovich equation, Chien and Clayton
[35] assumed αβt >> t, and by applying boundary con-
ditions qt = 0 = at t = 0 and qt = qt and t = t, Eq. (11)
yields Eq. (12).

dq

dt
¼ 1

B
lnðabÞ þ 1

B
lnðtÞ (12)

where α (mg/gmin) is the initial sorption rate and
the parameter β (g/mg) is related to the extent of
surface coverage and activation energy for
chemisorption. The kinetic results will be linear on a
qt vs. ln (t) plot and the constants α and β can
be computed from the slope and intercept of the
graph.

The kinetic constants obtained from the Elovich
equation are listed in Table 3. The correlation
coefficients obtained using the Elovich equation were
lower than those of the pseudo-second-order equa-
tion. So, the Elovich equation might not be sufficient
to describe the mechanism and the adsorption pro-
cess is very fast, probably controlled by chemical
adsorption.

3.5. Desorption of metals and reusability of CNTs

The metals mixture loaded MWCNTs were mixed
with 10mL of 5M HNO3 for 2 h. The desorption effi-
ciency was found to be 95%. Liang et al. [36] reported
that the Cd2+, Mn2+, and Ni2+ ions could be effectively
desorbed from the MWCNTs by a 1.0 mol/L HNO3

solution, and the performance was stable up to 50
adsorption–elution cycles. Chen and Wang [37] found
that Ni2+ desorption was 9% at pH > 5.5, then sharply
increased with decreasing pH of the regeneration solu-
tion and reached 93% at pH < 2.0.
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Fig. 9(b). The DKR isotherm plot for metals adsorption by
MWCNT-ox (pH: 5.5, contact time: 120min, shaking rate:
200 rpm, and amount of adsorbent: 1 g/L).
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To study the reusability of CNTs, sorption/desorp-
tion process was carried out for metal ions for five
cycles. For each cycle, 10mL of 20mg/L metals’ solu-
tion was adsorbed by 20mg MWCNT-ox for 2 h and
then desorbed with 10mL of 5M HNO3 and stirring

for 2 h. The sorption capacity was maintained after the
cycles of sorption/desorption process.

4. Conclusions

MWCNTs have been investigated for the removal
of copper, lead, cadmium, chromium, and nickel ions
from aqueous solutions. The sorption capacities of
metal ions to CNTs follow the order: Pb2+ > Cu2+ >
Cr6+ > Cd2+ >Ni2+. Oxidation of MWCNTs with an
acid solution improved the sorption capacity of metal
ions. Adsorption attained equilibrium at 2 h and was
highly dependent on the solution pH and adsorbent
dose. The adsorption data were well fitted by both the
Langmuir and Freundlich isotherms and the pseudo-
second-order kinetics. Sorption/desorption studies
showed the possibility to reuse CNTs several times for
the sorption of copper, lead, chromium, cadmium,
and nickel ions from aqueous solutions.
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