
Nanocomposite of carbon nanotubes/silica nanoparticles and their use for
adsorption of Pb(II): from surface properties to sorption mechanism

Tawfik A. Saleh

Department of Chemistry, King Fahd University of Petroleum & Minerals, Dhahran, Saudi Arabia, Tel. +966 3 860 1734;
Fax: +966 3 860 4288; emails: tawfik@kfupm.edu.sa, tawfikas@hotmail.com

Received 23 January 2015; Accepted 28 March 2015

ABSTRACT

This paper demonstrates the synthesis of multi-wall carbon nanotubes and silica nanocom-
posite (CNT/SiO2). Successful realization of MWCNT/SiO2 nanostructure was observed by
scanning electron microscopy, energy dispersive X-ray spectroscopy, Fourier transform
infrared spectroscopy and high-resolution transmission electron microscopy studies. The as-
prepared nanocomposite was evaluated as an adsorbent to remove lead, Pb(II), from aque-
ous solutions. The resulting MWCNT/SiO2 manifests propitious adsorption performance
(~95%) over silica nanoparticles (~50%) and CNTs (~45%). Lagergren’s pseudo-first order,
pseudo-second order and intraparticle diffusion models were used to analyse the kinetic
data obtained at different initial Pb(II) concentrations. The adsorption kinetic data were
described well by the pseudo-second order model with R2 of 0.99. The activation energy
(Ea) of the adsorption process was calculated as 15.8 kJ mol−1. Adsorption data were
described well by the Langmuir and Temkin models. The positive values of both ΔH˚ (29.4
kJ/mol) and ΔS˚ (116.8 J/mol K) obtained suggest an endothermic reaction and in increase
in randomness at the solid–liquid interface during the adsorption of Pb(II) on the nanocom-
posite. The negative ΔG˚ values indicate a spontaneous adsorption process. Elemental dis-
persive X-ray analysis and mapping confirmed the adsorption of Pb(II) on the
nanocomposite surface. The work also highlights the recyclability of the nanocomposite
with high efficiencies and supports its potential for environmental applications. It is antici-
pated that the results bear broad potential in the sorption domain for the design of efficient
and reusable adsorbent.
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1. Introduction

Heavy metals are released into the surface and
groundwater because of various activities such as elec-
troplating, and pigment and paint manufacturing.
Because of their toxicity and tendency to bioaccumula-
tion, the removal of metals from industrial effluents

before discharge into the environment is required to
mitigate any impact on plants, animals and humans
[1]. Lead is one of the most toxic metals that are
widely used in various industries, such as battery and
glass manufacturing; metal plating and finishing;
printing and tanning [2]. The permissible levels of
lead in drinking and wastewater are 0.005 and
0.05 mg/L, respectively [3].
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Several conventional methods, such as chemical
precipitation as hydroxides, carbonates or sulphides
and subsequent liquid–solid separation, sorption,
membrane processes, reverse osmosis, electrolytic
recovery and liquid–liquid extraction, are used for the
removal of pollutants [4,5]. However, these technolo-
gies are either expensive for the treatment and dis-
posal of the secondary toxic sludge or ineffective
when the toxic metal is present in wastewaters at low
concentrations [6]. Alternatively, adsorption is one of
the preferred methods for the treatment of wastewater
because of its efficiency and simplicity. A successful
adsorption process depends on the adsorption perfor-
mance of the adsorbents.

Various conventional adsorbents such as activated
carbon have been reported for the removal of metal
from wastewaters [6,7]. Other materials, such as clay,
metal hydroxides, metal oxides, bentonite and zeolites,
have been reported for the removal of metal ions such
as lead [4,8,9]. Silica gel, silica nanoparticles, functional-
ized silica, carbonated tricalcium silicate and silica gel
containing sulphur, nitrogen and oxygen as adsorb cen-
tres have been reported for heavy metal ions adsorption
from aqueous/ethanolic solutions [10–12].

Carbon nanotubes (CNTs) have attracted attention
due to their chemical and mechanical stability and
large specific surface area [13]. Oxidized CNTs with
H2O2, KMnO4, and HNO3 have been reported to show
adsorption capability, and high adsorption efficiency
for sorption of heavy metals such as lead, cadmium
and uranium [14]. Oxidized CNTs show enhanced
adsorption capacities due to the functional groups
introduced by oxidation compared with the as-grown
CNTs [15].

The application of nanomaterials for the adsorption
of pollutants has arisen as an interesting area of
research due to their higher surface area and greater
active sites for interaction with pollutants. However,
the agglomeration of the nanoparticles is considered
as a major drawback. Composite fabrication is
expected to reduce their agglomeration. CNTs bonded
fused-silica fibre has been reported for solid phase
micro extraction with gas chromatographic analysis of
phenols in contaminated water [16]. CNT reinforced
fused silica composites have been reported with
enhanced properties such as optical, electrical and
mechanical properties [17].

Inconsideration of the success associated with the
previously published work, attempts have been made
in our laboratory to combine the high adsorption
capacity of MWCNT with active structural silica by
synthesis of multi-wall CNT and silica (MWCNT/
SiO2) nanocomposite. Then, it was characterized and
its sorption performance was then tested for sorption

of Pb(II) from aqueous solutions. The effects of several
operating parameters such as initial Pb(II) concentra-
tion, contact time, pH, and temperature were investi-
gated. Kinetic, isotherm and thermodynamic studies
were performed.

2. Materials and methods

2.1. Chemicals and materials

Hydrochloric acid, sulphuric acid, nitric acid, etha-
nol, ethylene glycol, lead nitrate, sodium meta silicate
and other chemicals used were obtained from Sigma-
Aldrich. The glassware was cleaned by soaking in
10% HNO3 and rinsing with deionized water.
MWCNTs were purchased from Cheap.Tubes.com,
with the following specifications: >95% purity; 30–
50 nm outer diameter; 5–10 nm inside diameter; 10–
20 μm length; 60 m2/g average specific surface area;
>100 S/cm electrical conductivity; 0.28 g/cm3 bulk
density; ~2.1 g/cm3 true density. The lead ions stock
solution (1,000 mg/l) Pb(II) was prepared from lead
nitrate (Sigma, purity 99.99%).

2.2. MWCNT functionalization with oxygen containing
groups

The pristine MWCNTs were mixed with a solution
of concentrated H2SO4 and HNO3 (3:1). The mixture
was sonicated for almost 1 h to break down the large
aggregates, and helps to disperse the nanotubes. The
mixture was refluxed for 8 h at 80˚C under stirring.
Oxidized-MWCNTs (o-MWCNTs) were extracted and
rinsed with deionized water until the pH was approxi-
mately 6, then dried at 100˚C.

2.3. Synthesis of MWCNT/SiO2

For the synthesis of MWCNT/SiO2, typically 1 g of
o-MWCNTs were dispersed in 100 mL deionized
water and 50 mL ethylene glycol(1,2-Ethanediol) by
ultrasonic vibration for 180 min. Then 0.5 M solution
of sodium meta silicate was slowly added, at the rate
of 1 mL per 2 min, into the dispersed o-MWCNTs
under continuous vigorous stirring at room tempera-
ture. The slow addition was necessary to obtain good
dispersion of silica onto the surface of nanotubes and
to allow for its interaction with the active sites on the
nanotubes. The resulting mixture was refluxed at
120˚C under vigorous stirring for 10 h. The composite
was allowed to cool. It was then filtered and washed
with distilled water and dried at 100˚C. The composite
was calcined for 3 h at 320˚C [18,19]. The steps of the
MWCNT/SiO2 composite preparation are illustrated

T.A. Saleh / Desalination and Water Treatment 57 (2016) 10730–10744 10731



in Fig. 1. The prepared material was characterized
using the scanning electron microscope (SEM), ele-
mental dispersive X-ray (EDX) with elemental map-
ping, transmission electron microscopy (TEM) and
Fourier transform infrared spectroscopy (FT-IR).

2.4. Adsorption tests

The adsorption behaviour of MWCNT/SiO2

nanocomposite was investigated for the removal of Pb
(II) from aqueous solutions by batch tests. A predeter-
mined amount, 30 mg, of the adsorbent was added
into 20 mL of Pb(II) solution in a plastic container.
The containers were placed in a bath shaker at a speed
of 150 rpm until the equilibrium was reached. The
effect of the temperature was investigated by adjusting
the temperature of the bath. The pH value of the med-
ium was adjusted by 2 M hydrochloric acid or sodium
hydroxide solutions. Experimental parameters such as
effects of pH, initial Pb(II) concentration, contact time
and temperature were investigated. The lead-loaded
MWCNT/SiO2 was characterized by SEM/EDX and
mapping.

The percentage of removed metal ions in the solu-
tion was computed using the following equation:

% Removal ¼ C0 � Ce

C0
� 100 (1)

The amounts of metal adsorbed per unit mass of
adsorbent at equilibrium (qe, mg/g) and at any time t
(qt, mg/g) (adsorption capacity) were calculated from
the following equations:

qt ¼ ðC0 � CeÞ � V

m
(2)

qt ¼ ðC0 � CtÞ � V

m
(3)

where C0 (mg/L) is the initial metal concentration, Ce

and Ct (mg/L) are the metal concentrations at the
equilibrium liquid phase and at any time t, V(L) is the
volume of the solution, and m (g) is the mass of adsor-
bent. The calculated values are based on the results
obtained from triplicate determination.

Fig. 1. Schematic illustration of MWCNT/SiO2 nanocomposite preparation.
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3. Results and discussion

3.1. Characterization of MWCNT/SiO2

SEM and TEM studies: the morphology of the as-
synthesized MWCNT/SiO2 was investigated by field
emission scanning electron microscopy (FESEM) and
high resolution transmission electron microscopy. The
SEM image of MWCNT/SiO2 nanocomposite is pre-
sented in Fig. 2(a) while Fig. 2(b) depicts the HR-SEM
image, which clearly indicates silica nanoparticles
(nodes) presented on the surface of the nanotubes, see
Fig. 2(c), enlarged part of HRSEM. The nodes can be
schematically illustrated as shown in Fig. 2(c), where
the silica interact with the nanotube via oxygen atoms;
–C–O–Si–O–. TEM image, Fig. 2(d), reveals the pres-
ence of silica nanoparticles (nodes) on the surface of
the nanotubes. The TEM image illustrates the good
dispersion of silica nanoparticles on the nanotubes. As
shown in the TEM image, the particle size is about
8 nm. This shows that the nanostructure is confirmed.

3.1.1. Brunauer Emmett Teller (BET) surface area
analysis

BET surface area analysis was performed using
Micromeritics ASAP 2020, and results were interpreted
based on the adsorption–desorption of N2 at 77 K for
the CNTs and MWCNT/SiO2. The BET surface area
values obtained for the raw CNTs and MWCNT/SiO2

were 167.8 and 257.9 m2/g, respectively.
EDX studies: EDX spectrum of MWCNT/SiO2

composite is presented in Fig. 2(e). The inset SEM
image depicts the areas from which the EDX spectra
were taken. The table inset in Fig. 2(e) depicts the ele-
mental analysis, which indicates the presence of car-
bon, oxygen and silicon elements of 87.85, 10.82,
1.31 wt.%, respectively. Compared with EDX of
MWCNT reported earlier [15], the oxygen % in
MWCNT/SiO2 composite is high, due to the large
number of oxygen on the silica surface.

FT-IR studies: Fig. 3 presents the FT-IR spectra of
SiO2, MWCNT and MWCNT/SiO2. The IR spectrum
of the pristine MWCNT indicates the characteristic
features of the oxygen containing groups; hydroxyl
and carboxylic groups. The band at 1,720 cm−1is
assigned to the stretching vibration of C=O in carboxyl
group. The band at 1,650 cm−1is assigned to the car-
bonyl functional group. Spectra shows that a band at
1,580 cm−1corresponds to stretching vibrations of iso-
lated C=C double bonds [18]. A strong band in the C–
O stretching region is observed at about 1,180 cm−1

(broadband 1,100–1,300 cm−1). Bands at 2,990 and
2,880 cm−1 are due to asymmetric and symmetric

stretching of CH and indicative of the presence of ali-
phatic –CH2 groups.

The IR spectrum of SiO2 depicted in Fig. 3 shows
the characteristic adsorption bands of silicon dioxide,
the Si–O–Si asymmetric and symmetric stretching
vibration at 1,080 and almost 800 cm−1, respectively,
and the O–Si–O symmetric bending vibration at
470 cm−1 [20].

The IR spectrum, Fig. 3, of MWCNT/SiO2 was
obtained to further understand the formation of
MWCNT/SiO2. The band at around 470 cm−1is
assigned to Si–O bond. This absorption band reveals
the vibrational properties of Si–O bond (υSi−O), which
is obviously caused by the existence of silica on nan-
otube surface. We can clearly observe that the peaks
located between 1,580 and 1,720 cm−1 decrease in
intensity with the introduction of silica onto nan-
otubes. Those at around 1,630 cm−1 are C=O of
stretching vibrational mode. As can be observed, this
band has shifted to a lower frequency, which confirms
the existence of a close interaction between silica and
nanotubes and thus possibly the forming of a chemical
bond between silica and nanotubes. It can be pro-
posed that hydrogen bonding occurs with surface
hydroxyl functionalities of the silica with carboxylic
acid groups, i.e. Si–OH…O=C(OH)—nanotube, fol-
lowed by removal of the H2O molecule.

Therefore, carboxylic groups on the nanotubes and
hydroxylic groups of the silica interact with each other
via esterification. The three possible structures are
monodentate (i), bidentate bridging (ii) and bidentate
chelating (iii). During the hydrothermal process, the
ester bonds and a –C–O–Si bonds are formed and a
number of hydroxyl groups on silica surface can be
generated. It was observed that silica nanoparticles
(nodes) attached on the nanotubes did not fall off even
after washing and sonication for 2 d, as confirmed by
TEM image, indicating strong interaction between sil-
ica and nanotubes.

Thus, directed by the SEM, TEM, EDX, elemental
mapping and FTIR studies, we univocally conclude
the successful realization of MWCNT/SiO2 nanostruc-
ture. Therefore, it can be proposed that carboxylic
groups on the nanotubes and hydroxylic groups of the
silica interact with each other via esterification. The
three possible structures are monodentate (i), biden-
tate bridging (ii) and bidentate chelating (iii) proposed
in Fig. 4. During the hydrothermal process, the ester
bonds and a –C–O–Si bonds are formed and a number
of hydroxyl groups on silica surface can be generated.
It was practically observed that silica nanoparticles
(nodes) attached on the nanotubes did not fall off even
after washing and sonication for a long time, 2 d, as it
was then confirmed by TEM image, which also
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Fig. 2. FESEM image (a), HR-SEM image (b), enlarged part of HRSEM with a representative scheme of the nodes of silica
on carbon nanotubes (c), TEM image (d) and EDX analysis (e) of MWCNT/SiO2.
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indicates possible strong interaction between silica
and nanotubes.

3.2. Sorption evaluation for lead(II) removal

Heavy metal wastewater poses a pervasive threat
to the environment. In this context, to explore the
worth of the MWCNT/SiO2, we have performed the
sorption tests using the aqueous solution of lead(II).
Comparison: A comparison study was conducted to
evaluate the adsorption performance of MWCNT/
SiO2 compared with MWCNTs and silica nanoparti-
cles, Fig. 5. Silica nanoparticles were prepared by
sol–gel process reported by Rao et al. [21]. Briefly,

tetraethyl orthosilicate was added into ethanol while
sonicating. After 20 min, 28% ammonium hydroxide
was added to promote the condensation reaction. The
mixture was kept under sonication for 1 h to get a
white turbid suspension. The maximum adsorption
percentage was observed on MWCNT/SiO2 (~95%)
followed by silica nanoparticles (~50%) and MWCNTs
(~45%). This may be due to the availability of large
adsorption sites on the composite compared to silica
and pristine nanotubes. It should be mentioned that
the optimum MWCNT: SiO2 ratio was found to be 5%
MWCNT. This mixture was observed to have the
higher adsorption.

pH Effect on Pb(II) adsorption: The pH value of ini-
tial solution of Pb(II) is considered as an important
parameter in the adsorption process that significantly
affects the surface charge, the protonation degree of
the adsorbent and the conversion of lead species. Pb
(II) speciation is related to the pH value of the solu-
tion [22]. The pH of the initial solutions was varied
between 2.0 and 7.0. A solution of pH >7 was not
examined to avoid metal ion precipitation. Adsorption
of Pb(II) on MWCNT/SiO2 as a function of pH is
shown in Fig. 6(a), which indicates the maximum per-
centage removal achieved at a range of pH 5–7, which
is consistent with the previous studies [23].

pHpzc of MWCNT/SiO2 and lead speciation are
used to explain the pH effect. According to the lead
speciation diagram [24], the Pb(II) exists in various
forms; Pb2+ at pH value ≤7, Pb(OH)+ at pH value
≥ 7 ≤ 9, Pb(OH)2at pH value between 9 and 11 and

Fig. 3. FT-IR spectrum of SiO2, MWCNT and MWCNT/
SiO2.

Fig. 4. The possible structures between carbon nanotubes-carboxylate and silica.
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PbðOHÞ�3 at pH values ≥11. The point of zero charge
of the MWCNT/SiO2 was determined to be 4,
Fig. 6(b). Thus, at pH ≤ 4, the surface of the nanocom-
posite is relatively positive due to protonation, so the
interaction or adsorption of Pb2+ at pH value ≤4 is
hindered by the repulsion as H+ competes with Pb2+.
However, solutions of pH value >4, the surface of the
nanocomposite is negative due to deprotonation, and
the lead is in form of Pb2+ so the adsorption of Pb2+ at
this pH range is enhanced by interaction between the
negative charged adsorbent surfaces and the diposi-
tive lead ions. Thus, at pH of a range between 5 and
7, the lead species is Pb2+ and the removal of Pb is
accomplished by sorption. According to the lead
speciation, lead is in Pb(OH)+ form at pH value
≥ 7 ≤ 9, thus lead removal can be accomplished by
concomitant precipitation of Pb(OH)2 and sorption of
Pb(OH)+. Therefore, to ensure a quantitative sorption
and avoid metal ion hydrolysis at higher pH, a pH of
6 was chosen as optimum.

Effect of contact time and initial concentration: The
effect of contact time on the adsorption of Pb(II) was
investigated for an initial concentration of 5, 10 and
30 ppm in batch experimental mode. The contact time
experiments were performed at room temperature
≈22˚C. The effect of contact time on the adsorption of
Pb(II) onto MWCNT/SiO2 is shown in Fig. 6(c). The
fast adsorption of Pb(II) ions at the initial stages can
be explained by availability of the uncovered surface
and active sites on the nanocomposite. The adsorption
increased with increasing contact time till equilibrium
was attained. The removal percentage of Pb(II)
increases continuously until the contact time reaches
50, 90 and 100 min for the concentration of 5, 10 and
30 ppm, respectively. Increasing the contact time
beyond these limits has no considerable enhancement

on the adsorption percentage since the systems
reached the equilibrium.

The amount of Pb(II) adsorbed on the nanocom-
posite, qe (mg/g), increased with increasing the initial
concentration. At equilibrium, the amount of Pb(II)
adsorbed onto MWCNT/SiO2 increased from approxi-
mately 2.7 to 10.5 mg/g, and the percentage removal
was decreased from 90 to 70% with the increase in the
initial concentration from 5 to 30 ppm.

At low concentrations, the ratio of available surface
to initial Pb(II) concentration was larger than the ratio
at high initial concentrations. The percentage removal
then depended upon the initial concentration. The
results indicate that the percentage adsorption
decreased by increasing the initial concentration.

Fig. 5. Comparison between MWCNTs, silica nanoparticles
and MWCNT/SiO2 for the adsorption of Pb(II) under the
same experimental conditions.

Fig. 6. Effect of pH on the adsorption of Pb(II) ions (a);
point of zero net proton charge (b); the variation of adsorp-
tion qt with adsorption time for adsorption of Pb(II) on
MWCNT/SiO2 for different initial feed concentration (c).
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3.3. Adsorption kinetic study

The adsorption kinetics are useful for adsorption
studies to predict the rate at which Pb(II) is removed
from aqueous solutions and provide valuable data for
understanding the mechanism of sorption and the
reaction pathways. Two kinetic models (Lagergren’s
pseudo-first order and pseudo-second order) were
employed to investigate the mechanisms of Pb(II)
adsorption on MWCNT/SiO2. The conformity between
experimental results and the model predicted values
can be expressed by the correlation coefficients (R2).
Relatively high correlation coefficients indicated that
the model successfully describes the kinetics of the
adsorption.

Lagergren’s pseudo-first order: The equation for
pseudo-first order kinetics is presented as follows [25]:

ln ðqe � qtÞ ¼ ln qe � k1t (4)

where qt and qe are the amounts of Pb(II) (mg/g)
adsorbed at time t and at equilibrium, respectively. k1
is the rate constant of the pseudo-first order adsorp-
tion process (min−1). The values of k1 and adsorption
density qe are calculated from the slope and intercept
of plots of ln (qe − qt) vs. t (Fig. 7(a)) and presented in
Table 1. Comparing the experimental observed equi-
librium adsorption (qe,exp) and that calculated theoreti-
cally (qe,cal), it is clear that there is no agreement
between the values. The correlation coefficients (R2)
for the pseudo-first order model obtained at 5, 10 and
30 ppm were low, showing poor linearity. This
assumed that the adsorption of Pb(II) deviated from
the Lagergren’s pseudo-first order kinetic model,
which indicates that this model is not useful for
explaining the adsorption mechanism of Pb(II) on the
nanocomposite.

The pseudo-second order kinetic model is
expressed by the following adsorption kinetic rate
equation [26]:

dqt
dt

¼ k2ðqe � qtÞ2 (5)

where k2 is the rate constant of the pseudo-second
order adsorption (g/mg min), qe and qt are the
adsorbed amount (capacity) of Pb(II) at equilibrium
and time t, respectively. The value of k2 often depends
on the applied operating conditions, such as initial
metal concentration, pH of solution, temperature and
agitation rate. For the boundary conditions applied
from t = 0 to t = t and qt = 0 to qt = qe, the Eq. (4) after
the integration becomes:

1

qe � qt
¼ 1

qe
þ k2t (6)

Eq. (5) represents the integrated rate law for pseudo-
second order and can be expressed in the linear form
as:

t

qt
¼ 1

k2q2e
þ t

qe
(7)

where k2, the rate constant (g/mg min), is obtained by
a plot of t/qt against t (Fig. 7(b)). All the kinetic
parameters are listed in Table 1. The initial adsorption
rate: h = k2q

2
e (mg/g min).

The results obtained from the correlation coeffi-
cients (R2 > 0.99) for all concentrations indicates that
the adsorption process follows the pseudo-second
order kinetic model, and Pb(II) ions were adsorbed on
the surface of MWCNT/SiO2 via chemical interaction.
This is supported by the close agreement of the equi-
librium adsorption capacities (qe,cal) derived from Eq.
(7) with the experimentally observed data (qe,exp).
Other workers in adsorption of Pb(II) also observed
similar phenomena [4].

The intraparticle diffusion model: The commonly
used model to identify the mechanism involved in the
adsorption is the intraparticle diffusion technique. In
an agitated batch adsorption system, there is a possi-
bility of intraparticle pore diffusion of adsorbate ions,
which can be the rate-limiting step. A plot of qt vs. t

0.5

should be a straight line when the mechanism of the
adsorption follows the intraparticle diffusion process.
However, if the data exhibit multi-linear plots, two or
more steps govern the process. There are two or more
consecutive steps involved in the adsorption of an
adsorbate by adsorbent. In step one (called surface
diffusion) the sorbate molecules are transported from
the solutions to the external surfaces of the adsorbent.
In step two (called intraparticle or pore-diffusion), the
sorbate molecule moves into the interior of sorbent
particles. The third step involved the adsorption of the
sorbate molecule onto the interior sites of the sorbent.
The intraparticle diffusion coefficient, kid, can be deter-
mined by fitting the experimental data in the intra-
particle diffusion model [27] expressed as:

qt ¼ kidt
1=2 þ C (8)

where kid is the intraparticle diffusion rate constant
(mg/g min½), and C is the intercept (mg/g).
According to this model, the linearity of the plot indi-
cates that intraparticle diffusion is involved in the
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adsorption process. When the line passes through the
origin then intraparticle diffusion is the rate-control-
ling step. When the plot does not pass through the
origin then it indicates some degree of boundary layer
control and the intraparticle diffusion is not the only
rate-limiting step, but also other kinetic models may
control the rate of adsorption.

Experimental data for the adsorption of Pb(II) onto
MWCNT/SiO2 were examined by the intraparticle
diffusion model to identify the mechanism involved in
the adsorption process. Fig. 7(c) revealed that the plot
of qt vs. t1/2 were multi-linear, indicating that more
than one step is involved in the adsorption process
[28]. It is observed that there are three linear portions,

Fig. 7. Lagergren first-order (a), pseudo-second order (b), intraparticle diffusion (c), kinetic plots for Pb(II) adsorption;
Langmuir (d), Freundlich (e) and Temkin (f) adsorption isotherms.
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which elucidate the adsorption stages: external mass
transfer at initial period followed by intraparticle
diffusion of Pb(II) on MWCNT/SiO2; adsorption on
the interior sites. The slope of the second linear por-
tion, the rate of intraparticle diffusion (kid), increases
with increasing initial concentration. The intraparticle
diffusion constant values are shown in Table 1.

3.4. Adsorption isotherms

Langmuir isotherm model: introduced a concept of
forming a monolayer surface phase (a monomolecular
adsorption) on energetically homogeneous surfaces of
the adsorbent. Thus, the Langmuir equation describes
relatively well physical or chemical adsorption on
solid surfaces with one type of adsorption active
centre [29]. This is called ideal localized monolayer
model.

The linear Langmuir equation is given by:

Ce

qe
¼ 1

KLqm
þ Ce

qm
(9)

where KL is Langmuir equilibrium constant (litres/
milligrams) related to the affinity of adsorption sites,
and qm (mg/g) is the maximum theoretical monolayer
adsorption capacity, Ce is the equilibrium concentra-
tion (mg/L = ppm) of Pb(II) in solution and qe is the
amount of Pb(II) ions adsorbed (mg/g) at equilibrium.
Fig. 7(d) depicts the plot of Ce/qe vs. Ce.

The values of Langmuir constants qm and KL were
computed from the slope and intercept of the plot,

and are given in Table 2 along with correlation coeffi-
cient (R2). From the data of this research work, the
adsorption capacity qm was determined by linear
Langmuir equation to be 13 mg/g of Pb(II) on
MWCNT/SiO2, KL of 0.4 L/mg, the R2 value of 0.99
proving that the sorption data fitted well to the Lang-
muir Isotherm model.

The characteristic parameter of Langmuir isotherm
can be illustrated in terms of dimensionless equilib-
rium parameter RL, also known as separation factor,
defined by Weber and Chakkravorti [27]:

RL ¼ 1

1þ KLCo
(10)

where Co is the initial solute concentration. The value
RL gives an indication of the type of the isotherm and
the nature of the adsorption process. It indicates the
adsorption nature to be either unfavourable (RL > 1),
linear (RL = 1), favourable (0 < RL < 1) and irreversible
(RL is zero). From the data calculated in Table 2, the
RL of 0.3 indicates that the adsorption nature is
favourable.

The maximum monolayer adsorption capacities
from Langmuir isotherm of MWCNT/SiO2 for the
removal of Pb(II) was compared with those of other
adsorbents reported in the literature. It is clear from
Table 3 that the adsorption capacity of MWCNT/SiO2

was comparable to the previously reported capacities.
Freundlich Isotherm Model: The Freundlich model is

used to describe the adsorption characteristics for the
heterogeneous surface [27]. Freundlich equations were
derived as the overall adsorption isotherms for

Table 1
Kinetic constant parameters obtained for Pb(II) adsorption on the surface of MWCNT/SiO2; the comparison between the
experimental adsorption capacity (qexp) and the calculated ones (qcal); the linear correlation coefficient values

Ci

(mg/L)
qe,exp
(mg/g)

Lagergren’s
pseudo-first order Pseudo-second order Intraparticle diffusion model

k1 (min−1) qe,cal (mg/g) R2 k2 (g/mg min) qe, cal (mg/g) R2 kid (mg/g min) C (mg/g) R2

5 2.4 0.034 1.85 0.97 0.048 2.68 0.99 0.42 2.62 0.98
10 4.8 0.037 5.28 0.94 0.004 5.2 0.99 0.77 4.88 0.98
30 10.5 0.023 10.5 0.94 0.0018 11.3 0.99 1.04 7.33 0.99

Table 2
Langmuir, Freundlich and Temkin isotherms constant for Pb(II) adsorption on the surface of MWCNT/SiO2

Langmuir isotherm Freundlich isotherm Temkin isotherm

qm (mg/g) KL (L/mg) RL R2 1/n n KF (mg/g) R2 KT (L/g) bT (kJ/mol) R2

13.23 0.4 0.3 0.99 0.57 1.75 3.16 0.98 5.08 1.213 0.99
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adsorption on heterogeneous solid surfaces, and the
interactions between the adsorbed molecules were
taken into account. The model of heterogeneous solids
assumes a definite distribution of adsorption sites on
the surface. The following empirical equation is used:

qe ¼ KFC
1
n
e (11)

where KF (mg/g) is the Freundlich isotherm constant
indicating adsorption capacity and n is adsorption
intensity while 1/n is a function of the strength of the
adsorption, Ce is the equilibrium concentration of
adsorbate (mg/L) and qe is the amount of metal
adsorbed per gram of the adsorbent at equilibrium
(mg/g). The logarithmic form of the Freundlich model
is defined by the following equation:

ln qe ¼ ln KF þ 1

n
ln Ce (12)

From the slope and intercept of the straight portion of
the linear plot ln qe vs. ln Ce, Fig. 7(e), KF and n were
calculated, Table 2. The n value gives an indication of
the favourability of the adsorption process. The values
of n > 1 represent favourable adsorption condition. If
n = 1, then the partition between the two phases are
independent of the concentration. The value of 1/
n < 1 indicates a normal adsorption while 1/n > 1
indicates a cooperative adsorption. Here, in this study
the value of 1/n is 0.6, indicating a favourable adsorp-
tion process of Pb(II) on MWCNT/SiO2. The value of
R2 is 0.98 and KF is 3 mg/g.

Temkin Isotherm Model: It takes explicitly into the
account the adsorbent–adsorbate interactions. The
Temkin model assumes that the adsorption energy
(the heat of adsorption of all the molecules in a layer)
decreases linearly with the surface coverage due to

adsorbent–adsorbate interactions. It also assumes that
the adsorption is characterized by a uniform distribu-
tion of the bonding energies up to some maximum
binding energy. The linear form of the Temkin iso-
therm model is expressed by:

qe ¼ RT

bT
ln KT þ RT

bT
ln Ce (13)

where bT is the Temkin isotherm constant related to
the heat of sorption (joule per mole), KT is the Temkin
isotherm equilibrium binding constant (L/g) which is
equal to the maximum binding energy (L/g), R is gas
constant (8.314 × 10−3 kJ/mol K) and T is the absolute
temperature [39].

B ¼ RT

bT
(14)

B is considered as a constant related to the heat of
sorption (J/mol). The plot of qe vs. ln Ce is illustrated
in Fig. 7(f). The isotherm constants were determined
from the slope and intercept. The linear plot for Tem-
kin adsorption isotherm fits quite well with correlation
coefficient R2 of 0.99. Thus, the adsorption of Pb(II) on
MWCNT/SiO2 is a chemisorption process [40].

3.5. Thermodynamic parameters

The thermodynamic parameters such as ΔG˚ (stan-
dard free energy), ΔH˚ (enthalpy change) and ΔS˚ (en-
tropy change) have been estimated to determine the
feasibility and nature of the adsorption process. The
experimental data obtained at different temperatures
were used for calculating the thermodynamic parame-
ters. The values of ΔH˚ and ΔS˚ were calculated from
the slopes and intercepts of the plots of ln Kc vs. 1/T,
for adsorption of Pb(II) on MWCNT/SiO2, by using
the following linear Van’t Hoff equation.

ln Kc ¼ DS0

R
� DH0

RT
(15)

Table 3
Comparing the adsorption capacity of MWCNT/SiO2 with
the adsorption capacity of different adsorbents for Pb(II)

Adsorbents capacity (mg/g) Refs.

Commercial silica 3.9 [30]
Initial MWCNTs 4 [31]
Zeolites: chabazite 6.0 [32]
Zeolites: clinoptilolite 1.6 [33]
Manganese oxide-coated zeolite 1.117 [34]
Activated carbon 6.68 [35]
Rolling mill scale 2.74 [36]
Periwinkle shell carbon 0.0558 [37]
Baggase fly ash 2.5 [38]
MWCNT/SiO2 nanocomposite 13 This work

Table 4
Thermodynamic parameters for the adsorption of Pb(II) on
MWCNT/SiO2 at different temperatures

T (K) ΔG˚ (kJ/mol) ΔH˚ (kJ/mol) ΔS˚ (kJ/mol K)

295 −5.02 29.4 0.1168
315 −7.36
335 −9.71

10740 T.A. Saleh / Desalination and Water Treatment 57 (2016) 10730–10744



Fig. 8. (a) EDX spectrum and the corresponding SEM image of lead-loaded MWCNT/SiO2, the inset presents the FESEM
image, the table shows the elemental analysis of the sample; (b) elemental mapping image of lead-loaded MWCNT/SiO2.
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The ΔG˚ (free energy change) was calculated from the
following equation:

DGo ¼ DHo � TDSo (16)

where R (8.314 kJ/mol K) is the gas constant, T (K) is
the absolute temperature and Kc (L/mg) is the stan-
dard thermodynamic equilibrium constant defined by
qe/Ce.

The decrease in ΔG˚ value with increasing tem-
perature reveals that adsorption of the ion on the
adsorbent becomes favourable at higher temperature.
The positive standard enthalpy change ΔH˚ of
29 kJ/mol suggests the adsorption of Pb(II) by
MWCNT/SiO2 is endothermic, i.e. supported by the
increasing adsorption of Pb(II) with the increase in
temperature. The positive standard entropy change
(116.8 J mol−1 K−1), Table 4, reflects the affinity of the

nanocomposite towards Pb(II). It also reveals the
increase in randomness at solid solution interface dur-
ing the fixation of Pb(II) on the active sites.

Adsorption activation energy: The adsorption activa-
tion energy is computed from the rate constant (k2)
obtained from the pseudo-second order kinetic model
using the Arrhenius equation expressed as:

ln k2 ¼ �Ea

R

1

T

� �
þ constant (17)

where k2 is the pseudo-second order rate constant in
g/mg h, Ea is the activation energy (kJ/mol), R is the
universal gas constant (8.314 J/mol K) and T is the
solution temperature (K). The constant in the equation
is considered to be ln A, where A is the Arrhenius
temperature independent factor. The magnitude of Ea

gives an indication of a type of adsorption; physical or
chemical process. The physisorption process is readily
reversible, equilibrium is attained rapidly and thus
energy requirements are small, ranging between 5 and
40 kJ/mol. The chemisorption mechanism is specific
and involves stronger forces and thus requires large
activation energy ranging from 40 to 800 kJ/mol [41].
In this study, the calculated value of apparent activa-
tion energy Ea was 15.8 kJ/mol assuming the adsorp-
tion has a low potential barrier and is assigned to a
physical sorption.

SEM/EDX analysis after adsorption: Energy disper-
sive X-ray (EDX) analysis was conducted to examine
the adsorption of Pb(II) on MWCNT/SiO2. The EDX
spectrum recorded for Pb(II)-loaded MWCNT/SiO2

gives the characteristic peaks for Pb(II) at 2.34 and
10.55 keV in addition to the peaks of carbon at 0.277,
oxygen at 0.525 and silica at 1.74. This confirms the

Fig. 9. Adsorption/desorption and repeated cycles by
MWCNT/SiO2.

Table 5
Comparison of Pb(II) concentrations in wastewater sample before and after the treatment with the nanocomposite

Metal Original sample (μg L−1)

After treatment (μg L−1)
Original sample spiked with Pb2+ ions and then treated with
the nanocomposite under optimum conditions

0 2,000 (μg L−1) 10,000 (μg L−1)

Cd 0.48 <MDL <MDL 0.058
Co 0.262 <MDL <MDL <MDL
Cu 28.14 1.20 1.84 1.12
Zn 10.4 0.018 0.241 1.58
As 7.14 <MDL <MDL <MDL
Mo 11.72 5.64 5.68 5.85
Sb <0.031 <MDL <MDL <MDL
Pb 0.852 <MDL 0.274 34.65

MDL: the method detection limit.
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binding of Pb(II) to the surface of MWCNT/SiO2. A
SEM at 20 kV was used to examine the surface mor-
phologies of Pb(II)-loaded MWCNT/SiO2. The mor-
phology of the Pb(II)-loaded MWCNT/SiO2 is shown
in the corresponding SEM image in Fig. 8. The FESEM
indicates the intact with the nanocomposite structure.

The table (inset, Fig. 8(a)) indicates the apparent
concentration or the uncorrected concentration and the
element weight per cent for all the elements present in
the sample after adsorption, resulting in a total of
100 wt.%. Fig. 8(b) depicts information on the map-
ping analysis of elements of MWCNT/SiO2 loaded
with lead ions energy. The analysis indicates the
coexistence of Si, C, O and lead elements. The dis-
tribution of all the elements seems to be homoge-
neous.

3.6. Desorption studies (reusability)

Reusability of the adsorbent is important in eco-
nomic development because disposal of the exhausted
adsorbent loaded with heavy metal ions creates envi-
ronmental problems. Thus, regeneration must produce
a small volume of metal concentrate suitable for metal
recovery without damaging the adsorbent capacity. In
our work, to obtain the reusability of the MWCNT/
SiO2, the adsorption followed by desorption cycle was
repeated five times with the same adsorbent. The
MWCNT/SiO2 showed high recovery with approxi-
mately stable efficiency, Fig. 9. This shows that the
MWCNT/SiO2 is highly effective for the adsorption of
Pb(II) ions from aqueous solutions.

3.7. Treatment of real wastewater samples

The industrial wastewater was used to study the
effect of real water matrix and to evaluate practical
application of MWCNT/SiO2. The samples were
spiked with 0.0, 2.0 and 10 ppm Pb(II), and then trea-
ted with MWCNT/SiO2 under the optimum condi-
tions. The results given in Table 5 indicates that the
removal efficiencies of Pb(II) are hardly influenced by
the real wastewater matrix. This indicates the high effi-
ciency and capability of MWCNT/SiO2 to be regarded
as a potential adsorbent for high efficient and renew-
able adsorbent for Pb(II) ions from aqueous solutions.

4. Conclusions

The results obtained confirm that MWCNT/SiO2

nanocomposite was successfully prepared and can
remove Pb(II) ion from aqueous solutions. The
optimum pH value for Pb(II) removal was 5–6. The

contact time has an effect upon Pb2+ adsorption. The
linearity of the plots t/qt vs. t implies the adsorption
followed by the pseudo-second order rate kinetics
with adsorption capacity of 13 mg/g. Fitting the data
to Langmuir, Freundlich and Temkin models shows
that the Langmuir and Temkin models give a better
correlation coefficient with R2 of 0.99. The finding con-
firms that intraparticle diffusion is involved in the
adsorption process though it is not the sole rate-con-
trolling step; and some other mechanisms may play
an important role. Thermodynamic parameters were
evaluated; the negative values of ΔG˚ indicate the
spontaneity and the positive values of ΔH˚
(29.4 kJ/mol) showed the endothermic nature of Pb(II)
sorption on the nanocomposite. The material showed
efficient stability and regeneration. Therefore, the
nanocomposite could be considered as a potential
adsorbent of high efficiency for Pb(II) removal.
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