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Batch experiments were conducted to elucidate the adsorption of Pb(II) and three types of widely used
surfactants (sodium dodecylbenzene sulfonate (SDBS), octyl-phenol-ethoxylate (TX-100), and benzalko-
nium chloride (BKC)) from aqueous solutions by using oxidized multiwall carbon nanotubes (OMWCNTs).
The effect of each kind of surfactant on the adsorption of Pb(II) and vice versa were studied in detail. The
results indicated that the pH values affected the adsorption of Pb(II), TX-100 and BKC to OMWCNTs dra-
MWCNTs
dsorption
b(II)
urfactants
H

matically, whereas the adsorption of SDBS was almost pH-independent at pH < 9 and then decreased
with increasing pH at pH > 9. The adsorption of Pb(II) was enhanced obviously by the presence of SDBS,
but slightly inhibited by the presence of BKC. The adsorption of Pb(II) can be well described by Langmuir
model. The adsorption process in the Pb–surfactant–OMWCNT ternary system was attributed to elec-
trostatic, hydrophobic and �–� interactions. XPS analysis showed that the adsorption mechanism was
mainly due to chemical interaction between Pb(II) and the surface functional groups of OMWCNTs and

the surfactants.

. Introduction

Surfactants have complex effects on the behavior of other con-
aminants by solubilization, catalysis [1], interfere in the removal
rocesses of insoluble/soluble substances [2–4], and also can

mprove the dispersion of nanoparticles [3]. To date many publi-
ations have studied the dispersion effect of OMWCNTs caused by
urfactant [5,6] and the adsorption isotherm appears on particles
harged oppositely to the surfactant, or, in the case of nonionic sur-
actants, on particles with hydrogen bonding sites on the surface
7]. Surfactants have many uses in chemical industry, but can also
orm large foam masses, impact on aquatic organisms, causes seri-
us pollution problems with considerable amounts released to the
nvironment.

Lead is toxic for living species at some concentrations and it is a
erious public health issue worldwide. Long-term drink of water at
igh lead level will cause anemia, headache, chills, diarrhea and poi-
oning leading to the dysfunction of kidneys, reproductive system,

iver, brain and central nervous system [8]. When the surfactants
nd lead coexist in the environment, it is possibly much more detri-
ental to living species because of the multiple toxicities of lead,

urfactants and the complexation compounds of them.
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Due to the extremely porous and hollow structure, high spe-
cific surface area, and light mass density, CNTs [9] can be used
as adsorbents for pollutant preconcentration for environmental
remediation purposes. CNTs are found efficient for the removal of
toxic substances such as organic contaminants [10–13] and vari-
ous metal ions [14–19]. With increasing production and application
of CNTs, it is necessary to understand the interaction between
CNTs and heavy metal ions in the presence of surfactants. How-
ever, few studies have been conducted to systematically investigate
the adsorption mechanisms of heavy metal ions to CNTs in the
presence of surfactants [20–22], compared with the extensive stud-
ies on the adsorption of ether heavy metal ions or surfactants
to CNTs. The coexistence of heavy metal ions and surfactants in
the industrial wastewater further makes this an emergent topic. It
should be realized that the presence of heavy metal ions affects
the adsorption of surfactants from wastewaters, and vice versa.
Thereby, it is very important to study the adsorption behaviors of
heavy metal ions in the presence of different surfactants. How-
ever, to the best of our knowledge, no literature is available to
understand the role of different surfactants on the adsorption of
Pb(II) on CNTs. Recently we studied the adsorption of copper(II)
on CNTs in the absence/presence of humic or fulvic acids [23] and

ionizable aromatic compounds on as-prepared and oxidized CNTs
[24]. In this paper, we reported the effect of three normal types
of surfactants (sodium dodecylbenzene sulfonate (SDBS), octyl-
phenol-ethoxylate (TX-100), and benzalkonium chloride (BKC))
on the adsorption of Pb(II) by using oxidized multiwall carbon

dx.doi.org/10.1016/j.cej.2010.11.018
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anotubes (OMWCNTs). A possible adsorption mechanism is also
roposed.

. Materials and methods

.1. Preparation and oxidation of MWCNTs

MWCNTs, with outer diameter of 10–30 nm and length of about
0 �m, were prepared by using chemical vapor deposition (CVD)
f acetylene 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 nanoparticles. The as-grown
WCNTs were oxidized by using 3 mol/L HNO3 to remove the

emispherical caps and to generate functional groups on the nan-
tubes. The mixture of 3 g MWCNTs and 400 mL 3 mol/L HNO3 was
ltrasonically stirred for 24 h. The suspension was filtrated and then
insed with deionized water until the pH of the suspension reached
bout 6, and dried at 80 ◦C. Thus prepared OMWCNTs were calcined
t 450 ◦C for 24 h to remove the amorphous carbon, and used in
he following experiments. Using N2-BET method, the specific sur-
ace area of the OMWCNTs was 197 m2/g. The point of zero charge,
Hpzc, i.e., the pH above which the total surface of the OMWCNTs

s negatively charged, was measured at pH ∼5. [18]

.2. Preparation of Pb(II) stock solution

Analytical-grade lead nitrate was employed to prepare a stock
olution containing 4.83 mmol/L of Pb(II) by dissolving Pb(NO3)2,
hich was further diluted with deionized water to the required

b(II) concentrations in the adsorption experiments.

.3. Surfactants

Three types of surfactants (i.e., SDBS with a purity of
5%, TX-100 with a purity of 95%, and BKC with a purity
f 95%) were purchased from Shanghai Chemical Reagent
o., Ltd. (China). Their average molecular weights are 348.48,
46.86, and 368.04 g/mol, respectively. Their chemical formu-

as are CH3(CH2)11C6H4SO3
−Na+, C8H17C6H4O(CH2CH2O)10H, and

6H5CH2N+(CH3)2(CH2)13CH3Cl−, respectively. The critical micelle
oncentration (CMC) at 298 K are 1.41 mmol/L [3], 0.27 mmol/L [3],
nd 2.0 mmol/L [25,26], respectively. The stock solution contain-
ng 10 mmol/L of surfactant was further diluted with deionized

ater to the required surfactant concentrations in the adsorption
easurements.

.4. Batch experiments

The adsorption of Pb(II) and surfactants on OMWCNTs was
nvestigated by using batch technique in 10 mL polyethylene cen-
rifuge tube. The concentration of OMWCNTs stock suspension
s 3.0 g/L and NaCl is 0.1 M. Certain amount of stock suspension
f OMWCNTs and NaCl were pre-equilibrated for 24 h, and then
b(II) stock solution was added to achieve the desired concen-
rations of the different components. For example, to obtain the
ample (initial Pb(II) concentration = 0.0483 mmol/L, initial sur-
actant concentration = 0.83 mmol/L, adsorbent dosage = 0.75 g/L,
= 0.01 mol/L NaCl), 1.5 mL 3.0 g/L OMWCNTs solution, 0.6 mL 0.1 M
aCl solution and 2.4 mL deionized water were added and pre-
quilibrated for 24 h, and then 1.0 mL Pb(II) stock solution was

dded. The system was adjusted to the desired pH by adding
egligible volumes of 0.01 or 0.1 mol/L HCl or NaOH. After the sus-
ensions were sonicated with a sonicator for 0.5 h at 128 W and
haken for 2 days, the solid and liquid phases were separated by
ltracentrifugation at 18,000 rpm for 30 min and filtration by using
ournal 166 (2011) 551–558

0.45 �m membrane filter. The adsorbed amounts of Pb(II) was cal-
culated from the difference between the initial concentration and
the equilibrium one. The concentration of Pb(II) was analyzed by
spectrophotometry at wavelength of 616 nm by using Pb CAP-III
complex.

To investigate the adsorption of SDBS, TX-100 and BKC on
OMWCNTs, experiments were carried out as follows: OMWCNTs
and NaCl were pre-equilibrated for 24 h, then SDBS, TX-100 or BKC
were added and the pH was adjusted as in the Pb(II) adsorption
process. Samples were sonicated with a sonicator for 0.5 h at 128 W
and then gently shaken for 2 days. The SDBS, TX-100 and BKC con-
centrations in supernatant were determined at 260.8 nm, 277.0 nm,
and 262.0 nm with ultraviolet–visible (UV–vis) spectrophotometry,
respectively. Duplicate batches were examined to prepare adsorp-
tion curves and the relative errors of the data were about 5%.

2.5. Spectroscopic analysis

For the XPS analysis, the samples were equilibrated for 2 days
and then filtrated and washed with blank electrolyte to remove
unbound SDBS, TX-100 or BKC and Pb(II), and then the samples
were dried at 60 ◦C. XPS data were obtained with an ESCALab220i-
XL electron spectrometer from VG Scientific using 300 W Al K�
radiation. The pressure in the analysis chamber was maintained
below 3 × 10−9 mbar. The XPS photoelectron binding energies (BE)
of the adventitious carbon species, i.e., the C 1s line at 284.8 eV, was
used to correct the observed BE for surface charging [27].

3. Results and discussion

3.1. Effect of pH

The adsorption percentage of Pb(II) from aqueous solution on
OMWCNTs as a function of pH in the presence of different surfac-
tants are shown in Fig. 1a. The adsorption percentage is calculated
using the following equation:

Removal% = C0 − Ce

C0
× 100% (1)

where C0 (mol/L) is the initial Pb(II) concentration, Ce (mol/L)
is the concentration in supernatant after ultrafiltration. As can
be seen from Fig. 1a, the adsorption of Pb(II) to OMWCNTs is
strongly dependent on pH values. The adsorption percentage of
Pb(II) increases very quickly from about 17% to 85% at pH range
of 4–7, maintains level with increasing pH values at pH 7–10, and
then decreases steeply to about 30% at pH > 12 in the absence of sur-
factants. In the presence of SDBS, the adsorption of Pb(II) increases
from 63% to 95% at pH ranging from 4 to 7, maintains the high
level with increasing pH values at pH range of 7–11, and then
decreases slowly down to 75% at pH > 12. The presence of TX-100
slightly increases the adsorption of Pb(II) at pH < 7 as compared to
the adsorption of Pb(II) on bare OMWCNTs. It is interesting to note
that the influence of SDBS on Pb(II) adsorption is much higher than
that of TX-100 or BKC, which may be interpreted by the formation
of complex compounds between divalent cation ions (Pb2+) and the
anionic surfactant (DBS−).

It is known that Pb(II) ions present in the forms of Pb2+, Pb(OH)+,
Pb(OH)2

0, and Pb(OH)3
− at different pH values (table of equilib-

rium constants and figure of distribution of Pb(II) species as a
function of pH are listed in Supplementary Material) [28–30]. At
pH < 6, the predominant species is Pb2+ and the adsorption of Pb2+
is mainly accomplished by adsorption reaction. Therefore, the low
Pb2+ adsorption that takes place at low pH can be attributed partly
to the competition between H+ and Pb2+ ions on the surface sites
[31]. In the pH range of 7–10, the adsorption of Pb(II) remains con-
stant and reaches maximum. The main species of Pb(II) at pH 7–10
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ig. 1. Effect of pH on the adsorption of Pb(II) to OMWCNTs as a function of pH (a),
nd absence of Pb(II) ions as a function of pH (b). Initial Pb(II) concentration = 0.0
= 0.01 mol/L NaCl, T = 25 ± 1 ◦C.

re Pb(OH)+ and Pb(OH)2
0. Thus the adsorption of Pb(II) is possi-

ly accomplished by simultaneous precipitation of Pb(OH)2
0 and

dsorption of Pb(OH)+. The Pb(OH)3
− species are predominated

radually at pH > 10; therefore, the decrease in Pb(II) adsorption
o OMWCNTs at pH 10–12 can be attributed to the electrostatic
epulsion. The negative charged Pb(OH)3

− is difficult to be adsorbed
n the negatively charged surface of OMWCNTs at high pH val-
es [32]. The precipitation curve of Pb(II) at the concentration of
.83 × 10−5 mol/L is also shown in Fig. 1a. The precipitation con-
tant of Pb(OH)2(s) is 1.2 × 10−15. It is clear that Pb(II) begins to
orm precipitation at pH 8.7 if no Pb(II) is adsorbed on OMWCNTs.
owever, >80% Pb(II) is adsorbed on OMWCNTs at pH 7, it is impos-

ible to form precipitation because of the very low concentration
f Pb(II) remained in solution. The high adsorption of Pb(II) on the
urfaces of OMWCNTs can result in the high concentration of Pb(II)
t local areas and can form precipitates on the surfaces of OMWC-
Ts. Therefore, the abrupt adsorption of Pb(II) on OMWCNTs at
H 6–7 is not only attributed to the precipitation of Pb(OH)2 but

lso to the surface complexation of Pb(II) with functional groups
n OMWCNTs. The species of Pb(II) in solution at different pH val-
es determine the adsorption of Pb(II) from aqueous solution to
MWCNTs. From the results, one can see that the best pH range for

he removal of Pb(II) from solution by using OMWCNTs is 7–10.

ig. 2. Effect of surfactant concentrations on the adsorption of Pb(II) to OMWCNTs (a), in
b(II) in the absence of surfactants; Effect of Pb(II) concentrations on the adsorption of sur
osage = 0.75 g/L, pH = 4.1± 0.1, I = 0.01 mol/L NaCl, T = 25 ± 1 ◦C.
ffect of pH on the adsorption of different surfactants to OMWCNTs in the presence
mol/L, initial surfactant concentration = 0.83 mmol/L, adsorbent dosage = 0.75 g/L,

The adsorption percentage of different surfactants to OMWC-
NTs as a function of pH in the presence/absence of Pb(II) is shown
in Fig. 1b. The adsorption of SDBS maintains level at low pH and
decreases slightly at pH > 9. The adsorption of TX-100 decreases
with increasing pH values from 3 to 12, whereas that of BKC
increases with increasing pH values. The negative charged density
of OMWCNTs increases with increasing pH values [17,19], which
reinforce the electrostatic attraction between OMWCNTs and BKC
with positive charge, the electrostatic repulsion between OMWC-
NTs and negatively charged head-group of SDBS. The main surface
species on OMWCNTs are –COOH and –OH groups. At low pH,
they can form hydrogen bindings with oxyethyl groups of TX-100
[16], while at high pH, the –COOH groups will become –COO−

through losing its H+, reducing the number of hydrogen bindings.
The decrease in adsorption of TX-100 can therefore be explainable
on this basis.

3.2. Effect of surfactants on Pb(II) adsorption
Fig. 2a shows the adsorption percentage of Pb(II) from aqueous
solution to OMWCNTs as a function of initial surfactant concentra-
tions at pH 4.1 ± 0.1 and in 0.01 M NaCl solutions. The adsorption
of Pb(II) increases from ∼17% to ∼22% with increasing TX-100

itial Pb(II) concentration = 0.0483 mmol/L, The dash line represents the sorption of
factants to OMWCNTs (b), initial surfactant concentration = 0.83 mmol/L. Adsorbent
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oncentration from 0 to ∼2.0 mmol/L, and then maintains level
ith increasing TX-100. Whereas the adsorption of Pb(II) decreases

lightly from ∼17% to ∼13% with increasing BKC concentration
rom 0 to ∼2.0 mmol/L, and then maintains level with increas-
ng BKC concentrations in the OMWCNTs suspension. However,
he presence of SDBS enhances Pb(II) adsorption dramatically. The
dsorption of Pb(II) increases to maximum (∼80%) at SDBS concen-
ration about 2.0 mmol/L, then decreases to ∼45% when the SDBS
oncentration increases to 4.0 mmol/L.

The main effect of SDBS on Pb(II) adsorption is possibly
ttributed to the formation of complex compound Pb(DBS)2
etween divalent cation and the anionic surfactant (DBS−) [33].
he adsorption percentage of Pb(II) increases sharply to maxi-
um at the initial concentration of SDBS about 2.0 mmol/L and

hen decreases to about 45% when SDBS concentration increases to
.0 mmol/L. SDBS begins to form aggregation [30] if the concentra-
ion is higher than the CMC (1.41 mmol/L) [3]. At the CMC of SDBS,
he micelles begin to form in aqueous solutions, and the complex
ompound of Pb(DBS)2 decrease with increasing SDBS concentra-
ion, which is primarily due to the counterion binding of Pb(II) into
ny micelles. Another minor possible interaction is attributed to
he formation of cation-SDBS complex compounds on the accessi-
le sorption sites on OMWCNTs surfaces. The coating of OMWCNTs
y SDBS may lead to the modification of the surfaces and the partial
omplexation of Pb(II) with SDBS adsorbed on OMWCNTs increases
b(II) sorption [34,35].

Surfactants can form admicelles, hemimicelles or micelles and
ffect the adsorption of other adsorbate on solid surface [36]. When
he surfactant concentration is 0.83 mmol/L, BKC or SDBS may form
dmicelle (or hemimicelles) on OMWCNT surfaces. There is com-
etition between the adsorption of BKC admicelles and Pb(II). The
egative charged SDBS admicelles, on the other hand, promote the
dsorption of Pb(II). However, the concentration of TX-100 is far
bove its CMC (0.27 mmol/L), and can form much more micelles
n aqueous solution. Therefore its adsorption on OMWCNTs can be
ffected deeply by pH and Pb(II).

.3. Effect of Pb(II) on surfactants adsorption

Fig. 2b shows the adsorption of different surfactants to OMWC-
Ts as a function of initial Pb(II) concentrations at pH 4.1 ± 0.1 in
.01 M NaCl solutions. The adsorption percentage of SDBS and TX-
00 from solution to OMWCNTs increases from ∼15% to ∼30%, and
rom ∼38% to ∼47%, respectively, with initial Pb(II) concentrations
ncreasing from 0 to 10.8 mmol/L. However, the adsorption of BKC
ecreases slightly with initial Pb(II) concentrations increasing from
to 10.8 mmol/L. The effects of Pb(II) concentrations on the adsorp-

ion of surfactant to OMWCNTs are attributed to the complex and
lectrostatic interactions among surfactants, Pb(II) and functional
roups of OMWCNTs, and will be discussed in detail in the section
f the adsorption mechanism.
.4. Sorption isotherms

The sorption isotherms of Pb(II) in the presence of different
urfactants on OMWCNTs at pH 4.1 ± 0.1 and in 0.01 M NaCl solu-

able 1
arameter of sorption models for Pb(II) on OMWCNTs.

System Langmuir model

a (mmol/g) b (L/mmol)

OMWCNTs + Pb 0.0211 30.56
OMWCNTs + TX-100 + Pb 0.0414 65.34
OMWCNTs + BKC + Pb 0.0158 38.29
OMWCNTs + SDBS + Pb 0.3231 14.46
Fig. 3. Sorption isotherms of Pb(II) to OMWCNTs. Adsorbent dosage = 0.75 g/L,
initial surfactant concentration = 0.83 mmol/L, pH = 4.1 ± 0.1, I = 0.01 mol/L NaCl,
T = 25 ± 1 ◦C. Solid line: Langmuir model, dash line: Freundlich model.

tions are shown in Fig. 3. In order to gain a better understanding
of the mechanism and to quantify the sorption data, Langmuir
(Cs = abCe/(1 + bCe)) and Freundlich (Cs = KfCe

1/n) isotherm models
[28,37] are conducted to simulate the sorption of Pb(II) on OMWC-
NTs. Herein, a is the maximum sorption capacity; b is the Langmuir
sorption constant; and Kf and 1/n are the Freundlich constants. The
Langmuir and Freundlich constants obtained by fitting the sorp-
tion equilibrium data are listed in Table 1. The values of correlation
coefficient (R2) derived from Langmuir model are much closer to
1 than those derived from Freundlich model, which indicates that
the sorption of Pb(II) on OMWCNTs is simulated better by Langmuir
model than by Freundlich model. One can see that the sorption
percentages of Pb(II) on OMWCNTs under the same Pb(II) initial
concentration are in the following sequence: SDBS > TX-100 > No
surfactants > BKC, indicating that the surfactant can alter the sur-
face property of OMWCNTs and thus can influence the sorption of
Pb(II) on OMWCNT surface.

3.5. Schematic adsorption mechanism

3.5.1. Pb(II)–SDBS–OMWCNTs system
Based on the results mentioned above, the schematic possible

adsorption mechanisms of Pb(II) and surfactants to OMWCNTs are
shown in Fig. 4. It is commonly believed that the chemical inter-
action and electrostatic attraction between Pb(II) and the surface
functional groups of OMWCNTs are the major adsorption mecha-
nisms (part c in Fig. 4). The adsorption of metal ions on OMWCNTs is
mainly attributed to surface complexation, ion exchange and elec-
trostatic attraction [18,19,38]. In the presence of SDBS, OMWCNT
surface becomes hydrophilic due to SDB-group of the surfactants

oriented toward the bulk solution, which can provide more func-
tional sites to bond metal ions at OMWCNT surface [39]. A small
quantity of SDBS molecules adsorbed on the surfaces of OMWC-
NTs causes the interaction between the anionic head groups and
the positive charged cation ions, and thereby promotes the sorp-

Freundlich model

R2 Kf (mmol/g) 1/n R2

0.9899 0.0527 0.49 0.9629
0.9848 0.0994 0.39 0.9694
0.9564 0.0367 0.44 0.9027
0.9853 1.1040 0.70 0.9945
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Fig. 4. Diagram of the possible mechanisms for adsorption of Pb(II) and surfactants on OMWCNTs.

Table 2
Measured binding energies (BE) and full widths at half maximum (FWHM) of XPS analysis.

Sample Signal Peak BE (eV) FWHM (eV)

OMWCNTs–Pb O 1s C–O 533.1 1.76
O–C O 531.7 1.56
Pb–O 530.9 1.56

Pb 4f Pb–R
(R functional groups)

138.80 1.29
143.68 1.26

OMWCNTs–SDBS–Pb O 1s C–O 533.1 1.97
O–C O 531.7 0.94
Pb–O 530.9 1.14
O–S O 532.0 1.29

Pb 4f Pb–R
(R functional groups)

138.85 1.40
143.74 1.24

OMWCNTs–TX-100–Pb O 1s C–O 533.1 1.59
O–C O 531.8 1.49
Pb–O 531.0 1.19
Pb–R
(R functional groups)

138.78 1.31
143.73 1.26

OMWCNTs–BKC–Pb O 1s C–O 533.0 1.8
O–C O 532.2 2.3
Pb–O 530.9 1.4

Pb 4f Pb–R
(R functional groups)

138.70 1.32
143.61 1.18
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ion of Pb(II) to OMWCNTs slightly (part a in Fig. 4). The adsorption
f Pb(II) on the surfaces of OMWCNTs increases with increasing
DBS concentrations, which results in the increasing of the coor-
ination sites of Pb(II) with DBS− groups. Thereby, the adsorption
f SDBS increases with increasing Pb(II) concentrations (part b in
ig. 4).

.5.2. Pb(II)–TX-100–OMWCNTs system

A number of the possible mechanisms that may be responsi-

le for enhanced adsorption of TX-100 in the presence of Pb(II) are
iscussed: (i) Surface complex formation of Pb(II) on the surfaces
f OMWCNTs changes the properties of OMWCNTs, which further
ffects the adsorption of TX-100 on the negatively charged sur-

ig. 5. XPS wide-scan (a), Pb 2p (b), and O 1s high-resolution spectra of OMWCNTs–Pb (c
ournal 166 (2011) 551–558

faces of OMWCNTs. The surface charge has a marked influence on
the adsorption of TX-100 from the solution phase. The increasing
negative surface charge decreases the adsorption of TX-100 and
increases the adsorption of Pb(II) on OMWCNTs. When Pb(II) is
adsorbed on OMWCNTs, the surface charge of OMWCNTs is less
negative; thus, more TX-100 is adsorbed on OMWCNTs. (ii) Cationic
Pb(II) and TX-100 are likely to form complexes, and these com-
plexes may facilitate the adsorption of TX-100 on the surfaces of

OMWCNTs. The strong donor sites of TX-100 may be the oxygen
atoms of the ether groups in the molecule of TX-100 (part d in
Fig. 4), which is an effective target of Pb–TX-100 complexes. When
compared with TX-100, the Pb(II)–TX-100 complex is less nega-
tively charged, which decreases the repulsive electrostatic forces

), MWCNTs–SDBS–Pb (d), MWCNTs–TX-100–Pb (e), and MWCNTs–BKC–Pb (f).
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etween TX-100 and the negatively charged OMWCNTs, facilitating
he adsorption of TX-100 on OMWCNTs.

From the part d in Fig. 4, it can be seen that not only func-
ional groups of OMWCNTs but also some oxygen atoms of TX-100
dsorbed on the surfaces of OMWCNTs participate in chemi-
omplexation with Pb(II), which increases slightly the adsorption
f Pb(II) from aqueous solutions.

.5.3. Pb(II)–BKC–OMWCNTs system
The competitive adsorption is the possible mechanism of Pb(II)

nd BKC adsorption on OMWCNTs. As mentioned above, the for-
ation of surface complexes of Pb(II) results in the surface of
MWCNTs less negative, which subsequently has a lower affin-

ty for the adsorption of cationic surfactant BKC through cation
xchange. BKC may interact with functional groups on the sur-
aces of OMWCNTs and then is adsorbed on OMWCNTs (part e in
ig. 4). The adsorption of BKC also makes the surfaces of OMWC-
Ts less negative and inhibits slightly the adsorption of Pb(II) on
KC bound OMWCNTs. The negative charged density of OMWC-
Ts increases with increasing pH values [14], which reinforce the
lectrostatic attraction between negative charged OMWCNTs and
ositive charged BKC. It is an interaction of reciprocal inhibition

n the adsorption of BKC and Pb(II) from the aqueous solutions to
MWCNTs.

.6. XPS analysis

In order to get the information of Pb(II) adsorption on OMWC-
Ts at molecular level, a complementary description of the systems
ave been obtained by XPS analysis to identify the Pb(II) species
dsorbed on OMWCNTs and SDBS, TX-100, BKC bound OMWC-
Ts. Typical XPS survey spectra are shown in Fig. 5a. Peaks are
resent for the expected components of OMWCNTs and two small
ut clear peaks appear at BE typical for Pb 4f. The peaks suggest
he most significant amount of Pb(II) adsorbed on OMWCNTs. The
dsorbed Pb(II) can be readily identified by the Pb 4f7/2 and Pb 4f5/2
PS lines (Fig. 5b). Photoelectron energies are sensitive to the local
inding environments. Compared to others, a shift (about 0.5 eV)
an be clearly seen in the Pb–SDBS–OMWCNT system, which is
ttributed to the binding of Pb ions on the surfaces of OMWCNTs
hrough the functional groups of SDBS adsorbed on OMWCNTs.
s regarded the Pb 4f peak (Fig. 5b), only divalent states of Pb
omponents and the associated satellites are detected in these
pectra [28]: a signal located at a BE of 138.8 eV (with a satel-
ite at 143.7 eV with respect to the main signal in Table 2 may
e due to the formation of Pb–O bond between Pb(II) and func-
ion groups R (R represents the functional groups of –CO, –COO,
SO3).

The Pb 4f7/2 peak at 138.8 eV in the Pb–OMWCNTs system can be
ttributed to the reaction of Pb with functional groups on the sur-
aces of OMWCNTs. While in the Pb–SDBS–OMWCNTs system, the
hift of BE of Pb(II) to higher energy sides indicates that the inter-
ctions of Pb–SDBS–OMWCNTs are stronger than those of others.
hese shifts in both Pb 4f BE are also probably indicative of the par-
ial of Pb(II) ions binding on the surfaces of OMWCNTs through the
unctional groups of SDBS adsorbed on OMWCNTs. These data help
o explain the increase in the adsorption of Pb(II) on SDBS bound
MWCNTs. The coating of OMWCNTs by TX-100 and BKC leads to

he modification of the surfaces and almost no contribution to Pb(II)
dsorption.

Fig. 5c–f shows the high resolution O 1s spectra of

b–OMWCNTs and Pb–SDBS–OMWCNTs. The O 1s spectrum of
b–OMWCNTs (Fig. 5c) is resolved into three individual com-
onent peaks: O–C O (531.7 eV), C–O group (533.1 eV) and
dsorbed Pb–O (530.9 eV) group [28,40]. The O 1 s spectrum of
b–SDBS–OMWCNTs (Fig. 5d) is resolved into four individual com-

[
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ponent peaks: the groups of O–C O (531.7 eV), C–O (533.1 eV) and
adsorbed O–Pb (530.9 eV) do not change, while the group of O–S O
(532.0 eV) appears due to the introduction of SDBS. While in the
presence of TX-100 and BKC, the O 1s spectra (Fig. 5e and f) are also
resolved into three individual component peaks, and the intensity
of each peak is different from the Pb–OMWCNTs. The group of O–Pb
indicates that Pb adsorbed on the surfaces of OMWCNTs is proba-
bly in the form of Pb–R (R represents functional groups of –CO,
–COO). These species also indicate that the functional groups are
introduced in the oxidation of OMWCNTs. The results are greatly
in agreement with the earlier references of the XPS studies of Pb2+

adsorbed on OMWCNTs [28,41].

4. Conclusions

The adsorption of different surfactants on OMWCNTs plays
an important role in Pb(II) adsorption process. The relationship
between the adsorption property and the surface functional groups
prove to be helpful for understanding the adsorption behavior of
surfactants and Pb(II), and could be valuable for the treatment
of heavy metal ions and surfactants polluted water. Surfactants
and heavy metal ions can be removed and enriched by OMWC-
NTs simultaneously. These results will contribute to understand
the adsorption behavior of OMWCNTs and other functionalized car-
bon materials with heavy metal ions and surfactants in the natural
environmental systems.
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