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bstract

Oxidized multiwalled carbon nanotubes (MWCNTs) were employed as sorbent to study the sorption characteristic of Pb(II) from aqueous
olution as a function of contact time, pH, ionic strength, foreign ions, and oxidized MWCNTs’ contents under ambient conditions using batch
echnique. The results indicate that sorption of Pb(II) on oxidized MWCNTs is strongly dependent on pH values, and independent of ionic strength
nd the type of foreign ions. The removal of Pb(II) to oxidized MWCNTs is rather quickly and the kinetic sorption can be described by a pseudo-
econd-order model very well. Sorption of Pb(II) is mainly dominated by surface complexation rather than ion exchange. The efficient removal
f Pb(II) from aqueous solution is limited at pH 7–10. X-ray photoelectron spectroscopy (XPS) is performed to study the sorption mechanism at

molecular level and thereby to identify the species of the sorption processes. The 3-D relationship of pH, Ceq and q indicates that all the data
f Ceq − q lie in a straight line with slope −V/m and intercept C0V/m for the same initial concentration of Pb(II) and same content of oxidized
WCNTs of each experimental data.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Lead in the natural environment arises from both natural and
nthropogenic sources, and is detrimental to human and living
hings. Long-term drinking water containing high level of lead
ill cause serious disorders, such as anaemia, kidney disease

nd mental retardation [1]. The enrichment and bioavailability
f Pb(II) by plants and crops can transfer Pb(II) from natural
nvironment to human. Metal ions are non-biodegradable, and
herefore must be removed from water to eliminate the potential
angerous to human and environment. Many conventional meth-
ds have been used to remove metal ions from aqueous solutions
ncluding oxidation, reduction, precipitation, membrane filtra-
ion, ion exchange and sorption. Among the above methods, the
romising process for the removal of metal ions from water and

astewater is sorption. Therefore, investigations of new promis-

ng adsorbents with high adsorption capacities and efficiencies
ave been the aims of many researchers [2].

∗ Corresponding author.
E-mail address: xkwang@ipp.ac.cn (X. Wang).
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Since carbon nanotubes (CNTs) were discovered by Iijima
n 1991 [3], they have come under intense multidisciplinary
tudy because of their unique physical and chemical properties
nd their possible applications. CNTs include single-walled car-
on nanotubes (SWCNTs) and multiwalled carbon nanotubes
MWCNTs) dependent on the number of layers comprising
hem. Because of their structure properties with nanometer-order
ize and pseudo-graphite layers, MWCNTs have been expected
o apply for the electrochemical storage of hydrogen [4] and a
romising sorbent of heavy metal ions and radionuclides [5–8].
lthough sorption of lead by carbon nanotubes and clay min-

rals has been studied extensively, the sorption mechanism of
ead by nanotubes is still ambiguous, especially in the presence
f different anion or cation ions.

In this work, the removal of lead by oxidized MWCNTs under
mbient conditions will be investigated. The purposes of this
ork are: (1) to study the kinetic sorption of Pb(II) onto oxi-
ized MWCNTs; (2) to investigate the influence of pH and ionic

trength on the sorption of Pb(II); (3) to compare the different
oreign anion and cation ions on the removal of Pb(II) from
queous solutions to oxidized MWCNTs; (4) to compare the
orption of Pb(II) on oxidized MWCNTs and on raw MWC-

mailto:xkwang@ipp.ac.cn
dx.doi.org/10.1016/j.jhazmat.2007.10.059


4 ous M

N
o

2

2

a
w
w
a
n
b
r
a
i
4
p
t
T
r
i
o
c
c
[

s
d
t

2

c
d
t
o
a
o
o
s
T
t
r
p
w
c

2

c
s
e
t

i
(
b
X
E
s
p
a

e
t
c
5

3

3

o
N
P
(
d
p
i
f
g
t
s
o
c

s
ally curves and have cylindrical shapes with an external diameter
of 20–30 nm. The XRD pattern of oxidized MWCNTs is given in
Fig. 3. The most intense peaks of oxidized MWCNTs correspond
to the (0 0 2) and (1 0 0) reflections.
08 D. Xu et al. / Journal of Hazard

Ts; and (5) to discuss the sorption mechanism of Pb(II) on
xidized MWCNTs’ surfaces.

. Experimental

.1. Materials

All chemicals used in the experiments were purchased in
nalytical purity and used without any purification. MWCNTs,
ith outer diameter of 20–30 nm and length of about 30 �m,
ere prepared by using chemical vapor deposition (CVD) of

cetylene in hydrogen flow at temperature of 760 ◦C using Ni-Fe
anoparticles as catalysts. Fe(NO3)2 and Ni(NO3)2 were treated
y sol–gel process and calcinations to get FeO and NiO and then
educed by H2 to get Fe and Ni. The as-grown MWCNTs were
dded into the solution of 3 M HNO3 to remove the hemispher-
cal caps on the nanotubes. The mixture of 3 g MWCNTs and
00 ml 3 M HNO3 was ultrasonically stirred for 24 h. The sus-
ension was filtrated and then rinsed with deionized water until
he pH of the suspension reached about 6, and dried at 80 ◦C.
hus oxidized MWCNTs were calcined at 450 ◦C for 24 h to

emove the amorphous carbon, and used in the following exper-
ments. Using N2-BET method, the specific surface area of the
xidized MWCNTs was found to be 197 m2/g. The point of zero
harge, pHZPC, i.e., the pH above which the total surface of the
arbon nanotubes is negatively charged, was measured at pH ∼5
9].

Analytical-grade lead nitrate was employed to prepare a stock
olution containing 1000 mg/L of Pb(II), which was further
iluted with deionized water to the required Pb(II) concentra-
ions in the sorption measurements.

.2. Sorption procedures

The sorption experiments were carried out under ambient
onditions by using batch technique. The stock solutions of oxi-
ized MWCNTs and NaClO4 were added in the polyethylene
est tubes and shaken for 2 days to achieve the equilibration
f NaClO4 with oxidized MWCNTs, then Pb(II) solution was
dded in the suspension to achieve the desired concentrations
f Pb(II). The pH values were adjusted with negligible amount
f 0.1 or 0.01 M HClO4 or NaOH. The samples were gently
haken for 36 h and filtered using 0.45 �m membrane filters.
he kinetic sorption data (discussed in Section 3.2) suggested

hat 36 h were enough to achieve the sorption equilibration. The
esults of Pb(II) sorption on the polyethylene test tube wall at
H 6.0 ± 0.2 indicated that little Pb(II) was adsorbed on the tube
all, which suggested that the sorption of Pb(II) on the tube wall

an be negligible.

.3. Analytical methods

The surface functional groups of oxidized MWCNTs were

haracterized by Fourier transform infrared spectra (FTIR). The
ample for the FTIR measurement was mounted on a Bruk-
rEQUINOX55 spectrometer (Nexus) in KBr pellet at room
emperature. The morphology of oxidized MWCNTs was exam-
aterials 154 (2008) 407–416

ned by using field emission scanning electron microscope
SEM, JEOL JSM-6700F). The information about chemical
inding of Pb(II) on the surface of solids was ascertained by
PS. The XPS spectra were recorded on powders with a thermo
SCALAB 250 spectrometer using an AlKa monochromator
ource and a multidetection analyzer, under a 10−8 Pa residual
ressure. Surface charging effects were corrected with C 1s peak
t 284.6 eV as a reference.

The concentration of Pb(II) was analyzed by spectrophotom-
try at wavelength of 616 nm by using Pb CAP III complex. All
he experimental data were the average of duplicate or tripli-
ate determinations. The relative errors of the data were about
%.

. Results and discussion

.1. Characterization of oxidized MWCNTs

Fig. 1 shows the Fourier transform infrared spectrum of
xidized MWCNTs. The FTIR spectrum of the oxidized MWC-
Ts exhibit main peaks at ∼600, 1400, 1650 and 3500 cm−1.
revious report [10] suggested that hydroxyl ( OH), carboxyl
COOH) and carbonyl (>C O) present on the surfaces of oxi-

ized MWCNTs treated with nitric acid or sulfuric acid. The
eak at 1400 cm−1 is associated with O H bending deformation
n carbocylic acids and phenolic groups. The signature of >C O
unctional groups is evident at 1650 cm−1 and OH functional
roups appear at 3500 cm−1. These oxygen-containing func-
ional groups present abundantly on the external and internal
urfaces of oxidized MWCNTs pores, which can provide numer-
us chemical sorption sites and thereby increase the sorption
apacity of oxidized MWCNTs [11].

Fig. 2 shows the SEM micrograph of oxidized MWCNTs
amples. It is clear that the isolated oxidized MWCNTs are usu-
Fig. 1. Fourier transformed infrared spectra of oxidized MWCNTs.
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kinetic adsorption can be described by the pseudo-second-
order rate equation very well. From the value of K′, it also
indicates the adsorption process achieves equilibration very
quickly.
Fig. 2. Scanning electron microscope image of oxidized MWCNTs.

.2. Sorption equilibration time

The removal of Pb(II) from aqueous solution to oxidized
WCNTs at pH 6.4 ± 0.2 as a function of contact time is

hown in Fig. 4A. As can be seen from Fig. 4A, the sorp-
ion of Pb(II) on oxidized MWCNTs is very quickly and 1 h
s enough to achieve the sorption equilibration. After 1 h contact
ime, the removal of Pb(II) from solution to oxidized MWCNTs

aintains level with increasing contact time. In the follow-
ng experiments, 36 h are selected to ascertain the sorption
quilibrium of Pb(II) to oxidized MWCNTs. The fast sorption
elocity indicate that strong chemisorption or strong surface
omplexation contributes to the sorption of Pb(II) on MWCNTs
5].

In order to study the specific rate constant of Pb(II)-

WCNTs system, a pseudo-second-order rate equation was

sed to simulate the kinetic sorption of Pb(II) on oxidized MWC-

Fig. 3. XRD pattern of oxidized MWCNTs.
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Ts [9,12]:

t

qt

= 1

2K′q2
e

+ 1

qe
t (1)

here qt (mg/g) is the amount of Pb(II) adsorbed on oxi-
ized MWCNTs at time t, and qe (mg/g) is the equilibrium
dsorption capacity. K′ (g mg−1 h−1) is the pseudo-second-
rder rate constant of adsorption. The straight-line plots of
/qt versus t (Fig. 4B) indicate that the kinetic sorption
f Pb(II) on oxidized MWCNTs is well described by the
seudo-second-order rate equation. The values of K′ and
e are 5.24 g mg−1 h−1 and 4.09 mg g−1, respectively, which
re calculated from the intercept and slope of Eq. (1). The
orrelation coefficient of the pseudo-second-order rate equa-
ion for the linear plot is 0.9998, which suggests that the
ig. 4. (A) Effect of time on the sorption of Pb(II) to oxidized MWC-
Ts. C[Pb(II)]initial = 4.83 × 10−5 mol/L, pH = 6.4 ± 0.2, I = 0.01 M NaClO4,
/V = 1.0 g/L, T = 293 K. (B) Pseudo-second-order kinetic for the sorp-

ion of Pb(II) to oxidized MWCNTs. C[Pb(II)]initial = 4.83 × 10−5 mol/L,
H = 6.4 ± 0.2, I = 0.01 M NaClO4, m/V = 1.0 g/L, T = 293 K.
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.3. Effect of MWCNTs contents

Removal of Pb(II) on oxidized MWCNTs as a function of
WCNTs content is shown in Fig. 5. One can see that the

emoval percent of Pb(II) increases with increasing oxidized
WCNTs contents in the suspension. With increasing oxidized
WCNTs contents in the suspension, the functional sites at

xidized MWCNTs surfaces which participate in the sorption
f Pb(II) increase and thereby the removal percent of Pb(II)
ncreases reasonably. It is well known that a large amount of
xygen-containing functional groups present at the surfaces
f oxidized MWCNTs. These functional groups provide bind-
ng sites to cooperate with metal ions on MWCNTs’ surfaces,
nd these hydrophilic groups also make MWCNTs to be dis-
ersed more easily in water. The hydrophilic groups at oxidized
WCNTs’ surfaces make metal ions to contact with MWCNTs

ompletely and thereby to be adsorbed on MWCNTs easily.

.4. Effect of ionic strength

Influence of NaClO4 concentration on the sorption of Pb(II)
o oxidized MWCNTs is shown in Fig. 6. One can see that the
orption of Pb(II) on oxidized MWCNTs is independent of ionic
trength in the range of 0.002–0.3 mol/L. The distribution coef-
cient (Kd) is calculated from the initial concentration of Pb(II)

n suspension (C0) and that of Pb(II) in supernatant (Ceq) after
entrifugation according to the following equation:

d = C0 − Ceq

Ceq
· V

m
(2)

here V is the volume of the solution and m is the mass of
WCNTs.
The ionic strength independent sorption suggests that strong
nner-sphere complexes or chemical sorption are the main sorp-
ion mechanism of Pb(II) on oxidized MWCNTs [13]. It is clear
hat the Kd values at pH 6.4 are higher than those at pH 6.1,
hich suggests that sorption of Pb(II) on MWCNTs is strongly

ig. 5. Effect of sorbent content on the sorption of Pb(II) to oxidized MWC-
Ts. C[Pb(II)]]initial = 4.83 × 10−5 mol/L, pH = 6.1 ± 0.1, I = 0.01 M NaClO4,
= 293 K.

t
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s
t

F
l
I

ig. 6. Effect of ionic strength on Pb(II) sorption to oxidized MWC-
Ts. C[Pb(II)]initial = 4.83 × 10−5 mol/L, m/V = 1.0 g/L, T = 293 K. Solid points:
H = 6.4 ± 0.1, open points: pH = 6.1 ± 0.1.

ependent on pH values. The pH dependent and ionic strength
ndependent sorption suggest that the removal of Pb(II) from
olution to oxidized MWCNTs are mainly dominated by surface
omplexation rather than ion exchange. Generally, the sorption
echanism of surface complexation is pH dependent, whereas

on exchange is ionic strength dependent.

.5. Effect of pH and foreign ions

Fig. 7 shows the sorption of Pb(II) on oxidized MWCNTs
n the presence of 0.01 M NaClO4, KClO4, NaCl and NaNO3,
espectively, as a function of pH values. It is clear that the pH
f the solution plays an important role on the sorption charac-
eristics of Pb(II) to oxidized MWCNTs. The removal of Pb(II)

ncreases very quickly from about 10–90% at pH 6–7, maintains
evel with increasing pH values at pH 7–10, and then decreases
teeply at pH 10–12. It is known that lead species present in
he forms of Pb2+, Pb(OH)+, Pb(OH)2

0, Pb(OH)3
− at different

ig. 7. Variation in sorption of Pb(II) to oxidized MWCNTs as a function of equi-
ibrium pH and foreign ions. C[Pb(II)]initial = 4.83 × 10−5 mol/L, m/V = 1.0 g/L,
= 0.01 M, T = 293 K, Ksp = 1.2 × 10−15.
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Table 1
Equilibrium constants (log K) for Pb(II) hydrolysis reactions [28]

Equilibrium log K (I = 0.01 M, T = 298 K)

Pb2+ + OH− = Pb(OH)+ 6.48
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jection on the pH–Ceq plane is just the inverted image of the
projection on the pH–q plane; on the Ceq − q plane, the pro-
b(OH)+ + OH− = Pb(OH)2 11.16
b(OH)2

+ + OH− = Pb(OH)3
− 14.16

H values (Table 1 and Fig. 8). At pH < 6, the predominant lead
pecie is Pb2+ and the removal of Pb2+ is mainly accomplished
y sorption reaction. Therefore, the low Pb2+ sorption that takes
lace at low pH can be attributed partly to the competition
etween H+ and Pb2+ ions on the surface sites [14]. In the range
f pH 7–10, the removal of Pb remains constant and reaches max-
mum. The main species at pH 7–10 are Pb(OH)+ and Pb(OH)0

2
nd thus the removal of Pb is possibly accomplished by simulta-
eous precipitation of Pb(OH)0

2 and sorption of Pb(OH)+. At the
H range of 10–12, the predominant lead species are Pb(OH)0

2
nd Pb(OH)3

−. Therefore, the decrease in Pb(II) sorption to
xidized MWCNTs at pH 10–12 can be attributed in part to com-
etition among OH− and Pb(OH)3

−, the negative Pb(OH)3
− is

ifficult to be adsorbed on the negative surface charged oxidized
WCNTs at high pH values [15]. The precipitation constant of

b(OH)2(s) is 1.2 × 10−15, and the precipitation curve of lead at
he concentration of 4.83 × 10−5 mol/L is also shown in Fig. 7.
t is clear that lead begins to form precipitation at pH 8.7 if no
ead is adsorbed on oxidized MWCNTs. However, ∼90% lead is
dsorbed on oxidized MWCNTs at pH 7, and thereby it is impos-
ible to form precipitation because of the very low concentration
f lead remained in solution. Therefore, the abrupt sorption of
b(II) on oxidized MWCNTs at pH 6–7 is not attributed to the
recipitation of Pb(OH)2. The precipitation of Pb(OH)2 does not
lay any role on the removal of Pb(II) from solution to oxidized
WCNTs at the whole pH ranges. The species of Pb(II) in solu-

ion at different pH values is most important for the removal of

b(II) from aqueous solution to oxidized MWCNTs. From the
esults, it is clear that the best pH values of the system to remove
b(II) from solution by using oxidized MWCNTs are 7–10.

ig. 8. Distribution of Pb(II) species as a function of pH based on the equilibrium
onstants.
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Fig. 7 also shows that the removal of Pb(II) from aqueous
olution to oxidized MWCNTs is not influenced by the back-
round electrolyte foreign cation ions and anion ions. Cations in
olution will compete for interaction with the surface functional
roups of oxidized MWCNTs, and Pb(II) ions have higher affin-
ty to the surfaces of oxidized MWCNTs than the alkali metal
ons, thereby the competition of alkali ions on Pb(II) uptake to
xidized MWCNTs is almost negligible. Although the radii of
ydration of K+ = 2.32 Å and Na+ = 2.76 Å [16] are different, the
ifference in the radii of hydration on the bivalent Pb(II) sorp-
ion is still very weak. The inorganic acid radicals radium order
s Cl− < NO3

− < ClO4
−, the negative charged anion ions may

orm complexes with the oxygen-containing functional groups
n the surfaces of oxidized MWCNTs. However, the effect of
l−, NO3

− and ClO4
− on Pb(II) sorption to oxidized MWC-

Ts is still very weak, which suggests that surface complexes
re formed on the oxidized MWCNTs surfaces. The effect of for-
ign ions on Pb(II) removal from solution to oxidized MWCNTs
an be negligible.

The initial concentration of Pb(II) and solid oxidized MWC-
Ts content (i.e., m/V) are same for all experimental data.
he removal of Pb(II) is different at different pH values. The
mounts of Pb(II) adsorbed on solid (q) and remained in solution
Ceq), respectively, will change with pH changing. To illustrate
he variation and relationship of pH, Ceq, and q, experimental
ata of Pb(II) sorption at pH 5–10 in 0.01 M NaClO4 and in
.01 M KClO4, respectively, are plotted again as 3-D plots of
H, Ceq, and q (Fig. 9). It is well known that ClO4

− does not
orm complexes with Pb(II) in solutions, thereby the presence
f ClO4

− on the effect of Na+ and K+ is negligible. On the
H–q plane, the lines are very similar to that of pH-sorption %
in Fig. 7); On the pH–Ceq plane, the concentration of Pb(II)
emained in solution decreases with increasing pH. The pro-
ection is a straight line containing all experimental data. The
lope and the intercept calculated from Ceq − q line are −1.0 and

ig. 9. 3D-plots of pH, Ceq and q of Pb(II) sorption to oxidized MWC-
Ts. C[Pb(II)]initial = 4.83 × 10−5 mol/L, m/V = 1.0 g/L, T = 293 K. Solid points:
= 0.01 M NaClO4, open points: I = 0.01 M KClO4.
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The Langmuir model was first used to describe the sorption
of gas molecules onto metal surface [19]. However, this model
has been used successfully in many other processes. The form of
Langmuir isotherm can be represented by the following equation
12 D. Xu et al. / Journal of Hazard

.83 × 10−5, which are quite in agreement with the values of
/m = 1.0 (L/g) and C0V/m = 4.83 × 10−5 (mol/g) (i.e., the val-
es calculated from V/m = 1.0 L/g and C0 = 4.83 × 10−5 mol/L).
hus, the complexity of the sorption edge relative to sorption

sotherm is demonstrated. The 3-D plots show the relationship
f pH, Ceq, and q very clearly, i.e., all the data of Ceq − q
ie in a straight line with slope −V/m and intercept C0V/m
or the same initial concentration of Pb(II) and same solid
ontent.

.6. XPS investigation

In order to achieve the molecular level information of Pb(II)
orption on oxidized MWCNTs at different pH values, XPS tech-
ique are performed to identify the local structures of Pb(II)
orption on oxidized MWCNTs. Typical XPS spectra obtained
fter Pb(II) sorption on oxidized MWCNTs at pH 6.05 and 8.86
re shown in Fig. 10a–c. Fig. 10a shows the high resolution XPS

1s spectra. The peak of typical graphitic carbon at 284.7 eV
epresents the C 1s binding energy of the MWCNTs. One can
ee that there is no difference in C 1s spectra of the two samples,
hich suggests that the species of carbon is not influenced by
H values. Fig. 10b shows the high resolution XPS O 1s spec-
ra of the sample around 532.5 eV. With reference to the XPS
tudies of CNTs, the experimental data shows that functional
roups present on the surface of MWCNTs: carboxyl oxygen
O C O(H), 533.6 eV] and carbonyl oxygen C O, 530.7 eV

17]. From Fig. 10b, it can be seen that there is a significant differ-
nce between the oxygen peaks at pH 6.05 and pH 8.86. Pb(II)
orption is accompanied by a change in oxygen binding, pro-
iding evidence that the oxygen-containing functional groups
n the surface of oxidized MWCNTs take part in Pb(II) sorp-
ion. The oxygen peak is shifted by 0.55 eV between pH 8.86
nd 6.05. This shift may be due to that Pb(OH)2 pellets begin
o occur and cover the adsorbent surface at pH 8.86. The char-
cteristic low binding energy XPS feature is present in the Pb
f XPS signal at pH 6.05 and 8.86 (Fig. 10c). This XPS feature
s perhaps associated with a MWCNT-OPb complex at pH 6.05
nd MWCNT-Pb(OH)2 pellet formation at pH 8.86. Fig. 10c
hows that doublets characteristic of Pb at pH 6.05 appear at
39.0 eV (assigned to Pb 4f7/2) and at 143.85 eV (assigned to
b 4f5/2), and doublets characteristic of Pb at pH 8.86 appear at
38.6 eV (assigned to Pb 4f7/2) and at 143.45 eV (assigned to Pb
f5/2), respectively. The peak observed at 139.0 eV agrees with
he 139.0 eV value reported for PbC2O4 and the peak observed at
38.6 eV agrees with the 138.4 eV value reported for Pb(OH)2
18]. This indicates further complexation of Pb onto oxidized

WCNT at pH 6.05 and precipitation of Pb occurs at high pH
alue.

.7. Sorption isotherms

Three models have been adopted in this paper, namely, the

angmuir, Freundlich and D–R equilibrium isotherm models.
he Langmuir and Freundlich isotherms are used most com-
only to describe the sorption characteristics of sorbent in water

nd wastewater treatment.
F
(

aterials 154 (2008) 407–416
ig. 10. XPS spectra for free-dried samples of Pb(II) adsorbed on MWCNTs.
a): C 1s; (b): O 1s; (c): Pb 4f.
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Table 2
The parameters for Langmuir, Freundlich and D–R isotherms

Models Parameters

b (L/mol) qmax (mol/g) R
Langmuir 1.78 × 104 9.92 × 10−6 0.977

kF (mol1−n Ln/g) n R
Freundlich 7.57 × 10−4 0.518 0.996
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20,21]:

= bqmaxC

1 + bC
(3)

Eq. (3) can be expressed in linear form:

C

q
= 1

bqmax
+ C

qmax
(4)

here C is the equilibrium concentration of metal ions remained
n the solution (mol/L); q is the amount of metal ions sorbed on
er weight unit of solid after equilibrium (mol/g); qmax and b
re Langmuir constants related to sorption capacity and sorption
nergy, respectively. qmax, the maximum sorption capacity, is the
mount of sorbate at complete monolayer coverage (mol/g), and
(L/mol) is a constant that relates to the heat of sorption.
The Freundlich isotherm model stipulates that the ratio of

olute adsorbed on solid surface to the solute concentration is
function of the solution concentration. This model allows for

everal kinds of sorption sites on the solid and represents prop-
rly the sorption data at low and intermediate concentrations
n heterogeneous surfaces. The model has the following form
22,23]:

= kFCn (5)

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

ogq = logkF + n logC (6)

here kF (mol1−n Ln/g) represents the sorption capacity when
etal ion equilibrium concentration equals to 1, and n repre-
ents the degree of dependence of sorption with equilibrium
oncentration.

The D–R isotherm model is valid at low concentration ranges
nd can be used to describe sorption on both homogeneous and

D
m
F
h

ig. 11. Langmuir (A), Freundlich (B) and D–R (C) isotherm for Pb(II) sorption on ox
β (mol2/kJ2) qmax (mol/g) R
–R 4.34 × 10−3 5.65 × 10−5 0.995

eterogeneous surfaces [24]. The D–R equation has the general
xpression:

= qmax exp(−βε2) (7)

r in the linear form:

nq = lnqmax − βε2 (8)

here q and qmax are defined above, β is the activity coefficient
elated to mean sorption energy (mol2/kJ2), and ε is the Polanyi
otential, which is equal to:

= RT ln

(
1+1

C

)
(9)

here R is ideal gas constant (8.3145 J mol−1 K−1), T is the
bsolute temperature (K).

Sorption isotherms of Pb(II) on oxidized MWCNTs fitted by
he three models are shown in Fig. 11. The relative values calcu-
ated from the three models are listed in Table 2. Freundlich and

–R models simulate the experimental data better than Lang-
uir model. Some earlier studies also showed that Langmuir,
reundlich and D–R isotherms simulated the sorption data of
eavy metal ions on oxides and minerals well [25,26].

idized MWCNTs. m/V = 1.0 g/L, pH = 5.9 ± 0.1, I = 0.01 M NaClO4, T = 293 K.
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The linear plot of C/q versus C with regression coefficient
= 0.977 is shown in Fig. 11A. From the slope of Fig. 11A, the

orption capacity of oxidized MWCNTs for Pb(II) was calcu-
ated to be 9.92 × 10−6 mol/g under the experimental conditions.

The linear plot of log q versus log C with regression coef-
cient R = 0.996 is shown in Fig. 11B. The large value of kF

ndicates that the sorbent has a high sorption affinity towards
etal ion. The deviation of n from unity indicates a nonlin-

ar sorption that takes place on the heterogeneous surfaces. This
ehavior implies that the sorption energy barrier increases expo-
entially as the fraction of filled sites on the sorbent increases
27].

The linear plot of ln q versus ln2(1 + 1/C) with regression
oefficient R = 0.995 is shown in Fig. 11C. The values of β and
max are evaluated from the slope and intercept, and found to
e 4.34 × 10−3 mol2/kJ2 and 5.65 × 10−5 mol/g. Thus, Lang-
uir and D–R isotherms predict that the sorption capacity of

xidized MWCNTs for Pb(II) ion under the experimental con-
itions is in the range ∼9.92 × 10−6–5.65 × 10−5 mol/g (i.e.,
.06–11.70 mg/g), which is consistent with the result calculated
rom the pseudo-second-order rate equation (i.e., 4.09 mg/g).
t is necessary to note that 10–20% of Pb(II) is adsorbed to
xidized MWCNTs at pH < 6.5 (see Fig. 7). This means that
xidized MWCNTs is not suitable to remove Pb(II) at low pH
alues. However, 90% of Pb(II) is removed from solution to oxi-
ized MWCNTs at pH 7–10 at C(MWCNTs) = 1.0 g/L, which
ndicates that the maximum sorption capacity of oxidized MWC-
Ts to Pb(II) is at least 5–10 times higher than that at pH < 6.5.

onsidering the low oxidized MWCNTs content and the high

emoval percent at pH 7–10, oxidized MWCNTs is considered
s a suitable material for the pre-concentration of Pb(II) ions
rom aqueous solution at pH 7–10.

b
M
N
i

Fig. 13. Schematic diagram of the major mechanism for so
ig. 12. Sorption isotherms of Pb(II) on the oxidized MWCNTs and on the raw
WCNTs. m/V = 1.0 g/L, pH = 5.9 ± 0.1, I = 0.01 M NaClO4, T = 293 K.

It is well known that many oxygen-containing functional
roups are produced after the raw MWCNTs is oxidized with
itric or sulfuric acids, and these functional groups are quite
mportant in the removal of Pb(II) from solution to oxidized

WCNTs. To ascertain whether the oxygen-containing func-
ional groups are important in binding of Pb(II) or not, sorption
f Pb(II) on the raw MWCNTs is also investigated (Fig. 12). It is
ecessary to note that the raw MWCNTs samples are annealed
n argon flow to remove its possible oxygen-containing func-
ional groups, and then used in sorption experiments in glove

ox. It is clear that sorption isotherm of Pb(II) on oxidized
WCNTs is much higher than that of Pb(II) on raw MWC-
Ts, indicating that the sorption of Pb(II) on oxidized MWCNTs

s much stronger than on raw MWCNTs. The results suggest

rption of Pb(II) onto oxidized MWCNTs’ surfaces.
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hat oxidized MWCNTs have higher sorption capacity than raw
WCNTs, and also ascertain that the oxygen-containing func-

ional groups participate in the removal of Pb(II) from solution to
xidized MWCNTs. It is also interesting to notice that the sorp-
ion isotherms are linear, indicating that the sorption of Pb(II)
n oxidized MWCNTs and on raw MWCNTs is far from satura-
ion, and also suggesting that only part of the surface functional
roups participate in the uptake of Pb(II) to MWCNTs.

Fig. 13 shows the schematic diagram of the major mecha-
isms of Pb(II) sorption to oxidized MWCNTs. The functional
roups (such as COOH, OH2

+, COO−, OH, O−, etc) on
he surfaces of oxidized MWCNTs participate in Pb(II) bind-
ng to MWCNTs. Although the oxygen-containing functional
roups are dependent on pH values, the groups are enough to
rovide sorption sites for Pb(II) uptake from solution to oxidized
WCNTs. With increasing contact time of Pb(II) with MWC-
Ts, part of Pb(II) may enter to the inner channel of oxidized
WCNTs to form irreversible sorption fractions [5]. The radii

f Pb(II) is much smaller than the inner-diameter of oxidized
WCNTs, it is possible for Pb(II) to enter the inner channel

f oxidized MWCNTs. The velocity of Pb(II) to enter the inner
hannel of oxidized MWCNTs is much slower than that of Pb(II)
o adsorb on the surface of oxidized MWCNTs [29]. The part of

etal ions adsorbed in the inner channel of oxidized MWCNTs
s ignored in the previous papers about metal ions’ sorption to
arbon nanotubes. This aspect should be taken into account in
uture works.

. Conclusions

From the results of Pb(II) sorption on oxidized MWCNTs
nder our experimental conditions, the following conclusions
an be obtained:

. The sorption of Pb(II) on oxidized MWCNTs achieves the
sorption equilibration rapidly. The kinetic sorption of Pb(II)
on oxidized MWCNTs can be described by a pseudo-second-
order model well.

. Sorption of Pb(II) on oxidized MWCNTs is strongly depen-
dent on pH values but independent of ionic strength and
foreign ions.

. Chemisorption and/or chemical complexation rather than
cation exchange/physical sorption are the main sorption
mechanisms.

. The experimental data of Pb(II) on oxidized MWCNTs fol-
lows the Langmuir, Freundlich and D–R sorption isotherms.

. Oxidized MWCNTs is a promising candidate for pre-
concentration of Pb(II) ions from large volume of solutions
at pH 7–10.

. The 3-D relationship of pH, Ceq and q indicates that all the
data of Ceq − q lie in a straight line with slope −V/m and
intercept C0V/m.
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