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1. INTRODUCTION

Recently, increasing interest has been focused on the removal
of heavy-metal ions from drinking water because of their toxicity
to our health. Among all of the heavy-metal ions, lead has been
identified as one of the most toxic heavy metals because of its
detrimental effects on the human nervous system, blood circula-
tion system, kidneys, and reproductive system.1,2 Adsorption has
been recognized as a promising technology for the purification of
water with trace levels of heavy-metal ions because of its advan-
tages of cost-effectiveness, simple operation and environmental
friendliness.

Carbon nanotubes (CNTs) with outer diameters in the range
of 1�100 nm have attracted special interest in multidisciplinary
studies and have shown promising applications. Because of their
relatively large specific area and hollow and layered structures,
CNTs have been used as adsorption materials for the removal of
organic and inorganic contaminants.1,3�15 However, one of the
major obstacles for the development of CNT-based adsorbents is
their insolubility and fewer surface functional groups. At present,
the chemical modification methods are most common. In these
processes, CNTs are normally refluxed or sonicated in a strong
acid, such as HNO3 and/or H2SO4, to introduce oxygen-containing
functional groups, such as �CdO, �C�OH, and �COOH, to

their surfaces. CNTs oxidized by strong acid have been reported
for the removal of Pb2+ in water.1,11�15 However, the harsh
conditions of inherent strong acid may introduce wall damage,
decreasing their stability and even cleaving them into shorter
pieces.16,17 Especially, these wet chemical modification processes
themselves are not environmentally friendly or time-consuming.

In recent years, plasma surface functionalization has gained
lots of attention because it is a solvent-free, time-efficient, ver-
satile, and environmentally friendly procedure for surface mod-
ification. The plasma technique has been shown to be effective in
the facial modification of CNTs.16,18�20 We have used the
plasma-functionalized multiwalled CNTs (MWCNTs) as a sub-
strate for the deposition of platinum nanoparticles.17 It has been
shown that plasma surface modification treatment does not cause
a large amount of structural damage to the MWCNTs.17

Recently, Charlier et al.21 and Zanolli et al.22 have used O2-
plasma-treated MWCNTs for gas-sensing applications. However,
to the best of our knowledge, the application ofO2-plasma-oxidized
MWCNTs in the removal of heavy-metal ions from solutions is not
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available. In this study, MWCNTs were oxidized by O2 plasma to
increase the oxygen-containing functional groups on their surfaces,
thus improving the adsorption performance for lead(II) in water.
The effects of the plasma oxidation time, contact time, and tem-
perature on the adsorption of lead(II) onto O2-plasma-oxidized
MWCNTs were studied. In the adsorption kinetics study, the
adsorptions of lead(II) by raw-MWCNTs, O2-plasma-oxidized
MWCNTs, and coconut shell activated carbon (AC) were com-
pared. The effects of the pH value on the adsorption/desorption
of lead(II) onto/from MWCNTs were also studied. The main
possible mechanisms of O2-plasma oxidation and adsorption of
lead(II) onto O2-plasma-oxidized MWCNTs were proposed.

2. EXPERIMENTAL SECTION

Chemicals. All chemicals used in this study were of analytical grade.
Stock solutions of 1000 mg/L lead(II) were prepared from Pb(NO3)2 in
deionized water. The stock solution was further diluted with deionized
water to the required lead(II) concentrations in the adsorption experi-
ments. Adjustment of the pH was undertaken using 0.1 M HNO3 and
0.1 M NaOH. Coconut shell AC with a diameter of 20�40 mesh was
purchased from Hefei Chenming Activated Carbon Corp. (Hefei,
China). Deionized water was used throughout the work. MWCNTs
were obtained from Chengdu Institute of Organic Chemistry of the
Chinese Academy of Sciences. The MWCNTs are assigned to raw-
MWCNTs. The purity of the raw-MWCNTs is about 95%, with a 0.23%
and 0.93% content of iron and nickel catalysts, respectively. The
amorphous carbon content is about 4%.
O2-PlasmaOxidation ofMWCNTs.The apparatus forO2-plasma

oxidation was depicted in our previous paper.17 A plasma generator
induced by a radio-frequency inductively coupled plasma was used in this
study. Prior to ignition of the O2 plasma, the pressure in the reactor was
evacuated to 2.0 Pa. PureO2 gas was then introduced into the reactor via a
needle valve. Plasma ignition occurred at 5 Pa with a frequency of 13.56
MHz and a supplied power of 50 W. MWCNTs were oxidized by O2

plasma for different times (3, 10, and 30 min) under continuous stirring.
The O2-plasma-oxidized MWCNTs are assigned to po-MWCNTs.
Adsorption and Regeneration Experiments. Adsorption

kinetics was carried out to achieve the equilibrium time. In adsorption
kinetics study, raw-MWCNTs and po-MWCNTs were compared with
coconut shell AC. Experiments were carried out at 293 K using a 500 mL
conical flask containing 300 mg of adsorbents and 200 mL of a lead(II)
solution with an initial concentration of 9 or 17 mg/L at pH = 5.0. The
conical flasks were sealed with glass stoppers, and these samples were
placed on a shaker for stirring. At predetermined time intervals, stirring
was interrupted while 4 mL of supernatant solutions were pipetted from
the conical flask, and samples were filtered using 0.45 μm membrane
filters. The final lead(II) concentrations remaining in the solution were
analyzed.

The other adsorption experiments were conducted in polyethylene
centrifuge tubes by using the batch technique. The pH values were
adjusted with a negligible amount of 0.1 M HNO3 or NaOH. Except
when the pH effect was studied, all adsorption experiments were carried
out at an initial pH of 5.0.

The adsorption capacity of the adsorbents for lead(II) was calculated
according to the following equation:

qe ¼ ðC0 � CeÞV
m

ð1Þ

where C0 and Ce represent the initial and equilibrium metal ion
concentrations (mg/L), respectively. V is the volume of the metal ion
solution (mL), and m is the amount of adsorbent (mg).

To evaluate the regeneration capacity, po-MWCNTs of adsorption
equilibrium at an initial lead(II) concentration of 134 mg/L were dried
at 353 K for 6 h and then were dispersed into deionized water with
different pH values (from 2 to 5.5). These samples were mounted on the
shaker for 3 h of stirring. The lead(II) concentrations were remeasured,
and the regeneration results were then obtained. These adsorption/
desorption processes were repeated three times to ascertain the desorp-
tion capability of po-MWCNTs.

All of the experimental data were the averages of triplicate determina-
tions. The relative errors of the data were about 5%.
Characterization. The scanning electron microscopy images were

taken by using a field-emission scanning electron microscope (JEOL
JSM-6700F, 10 kV). The transmission electron microscopy (TEM)
investigations were carried out on a JEOL JEM-2000EX microscope
operating at 100 keV. X-ray diffraction (XRD) was performed on a
D/MaxIIIA X-ray diffractometer (Rigaku Co., Japan), using Cu KR
(λKR1

= 1.5418 Å) as the radiation source. Nitrogen adsorption has been
used to characterize MWCNTs and oxidized MWCNTs used in the
adsorption of heavy-metal ions.11,12 The specific surface area and pore-
size distribution (PSD), which have some effects on heavy-metal
adsorption, can be obtained using nitrogen adsorption. It has been
demonstrated that physical adsorption, which is dependent on the
specific surface area, is not the main adsorption mechanism for heavy-
metal-ion adsorption onto the oxidized MWCNTs.12 The nitrogen
adsorption and desorption isotherms at 77 K were measured with a
Micromeritics ASAP 2020 M analyzer. The Brunauer�Emmett�
Teller (BET) equation was used to obtain the specific surface areas
and adsorption average pore widths (Wp). For MWCNTs, the pores
are those inner cavities in the mesopore range and aggregated pores.
The amount of nitrogen adsorbed at relative pressures near unity (P/
P0 = 0.99) was employed to determine the total pore volume (Vt). The
t-plot theory was used to calculate the micropore surface area (Smi),
external surface area (Se), and micropore volume (Vmi). The t-plot
method is attributed to Lippens and de Boer.23 They proposed the
plotting of the nitrogen-adsorbed volume (Va) at different P/P0 values
as a function of the layer thickness (t). Microporous solids yield linear
plots that intercept the Va ordinate at a finite value at t = 0 (P/P0 = 0).
This linear plot can be used to calculate the external surface area of the
solid, and the slope of the line drawn from the origin to the monolayer
point can be used to calculate the surface area of the micropores and
the external surface. Density functional theory (DFT)was employed to
analyze the successive PSD curves. DFT provides a microscopic
treatment of sorption phenomena in micro- and mesopores on a
molecular level, i.e., based on statistical mechanics. Complex mathe-
matical modeling of gas�solid and gas�gas (gas�liquid) interactions
plus geometrical considerations (pore geometry) leads to realistic
density profiles for the confined fluid as a function of the temperature
and pressure. From these density profiles, the amount adsorbed can be
derived. Gas�solid interactions are calibrated against real isotherm
data of nonporous material, and gas�gas�liquid interactions are
calibrated against physical data, e.g., boiling points. For pore-size
analysis, a kernel is created that consists of up to 100 theoretical,
individual pore isotherms.24 Electron spin resonance (ESR) spectra
were recorded by a JES-RE1X (JEOL) spectrometer with X-band and
100 kHz field modulation. Raman spectroscopy was carried out on a
Lab RamHR Raman spectrometer excited at 514.5 nm by an argon-ion
laser. X-ray photoelectron spectroscopy (XPS) analyses of the samples
were conducted on a VG ESCALAB MKII spectrometer using an Mg
KR X-ray source (1253.6 eV, 120 W) at a constant analyzer. The
energy scale was internally calibrated by referencing the binding energy
(Eb) of the C 1s peak at 284.60 eV for contaminated carbon. The metal
concentration was determined in the liquid phase using an inductively
coupled plasma atomic emission spectrometer (Jarrell-Ash model
ICAP 9000).
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3. RESULTS AND DISCUSSION

Characterization. Parts a and b of Figure 1 show the TEM
images of the raw-MWCNTs and typical O2-plasma-oxidized
MWCNTs, respectively. It is seen that both raw-MWCNTs and
po-MWCNTs have an outer diameter of 10�30 nm. TEM
images confirm that the microstructures and the diameter
distribution of the nanotubes were without obvious change after
the O2-plasma oxidation. This indicates that the ion bombard-
ment of the O2-plasma treatment in this study is moderate. From
Figure 1a,b, we can see that before plasma treatment the caps of
MWCNTs are not open, while after plasma treatment, the caps of
MWCNTs are partially opened (see the red circles in Figure 1b).
Additionally, high-resolution TEM (the insets in Figure 1a,b)
was used to observe the detailed structural information of raw-
MWCNTs and po-MWCNTs. From the inset of Figure 1a, we
can see that there are some disordered or amorphous carbon
layers outside the nanotubes, as indicated by the white arrow.
After O2-plasma oxidation, the amorphous carbon layer was
removed and the multilayer structure of MWCNTs remains
intact although there were some defects on the outermost walls,
as indicated by the white arrow, which can be seen from the inset
of Figure 1b. Figure 1c shows the XRD patterns of the raw-
MWCNTs and typical O2-plasma-oxidized MWCNTs. The
most intense peaks of MWCNTs correspond to the (002) and
(100) reflections.14 Because the ratio of peak 100 to peak 002
(I100/I002) is dependent on the planar order of CNTs,25 the
changes of the values of I100/I002 were investigated. The results
show that I100/I002 of the two samples are both close to 0.3,
suggesting that the po-MWCNTs still have the same cylinder
wall structure as the raw-MWCNTs, and the interplanar spacing
of CNTs remains the same after O2-plasma oxidation. In addi-
tion, the formation of oxygen-containing functional groups

during plasma oxidation and their interaction with water caused
the nanotubes to produce stable suspensions. No aggregation
appeared to occur in the suspension of po-MWCNTs even after
20 h of settling time (the inset in Figure 1c).
Figure 2a shows the nitrogen adsorption isotherms measured

at 77 K for the raw-MWCNTs and po-MWCNTs. The inset of
Figure 2a was the magnified part (0.05 < P/P0 < 0.35) of the
isotherms. The PSDs of raw-MWCNTs and po-MWCNTs are
shown in Figure 2b. It can be seen that the pores of both raw-
MWCNTs and po-MWCNTs are in the micropore range (the
inset in Figure 2b). Table S1 in the Supporting Information
shows the changes in the microstructural properties of the
MWCNTs such as the specific surface area and microspore
volume. It is found that, compared with the raw-MWCNTs,
the specific surface area of the po-MWCNTs increased by
19.68% and themicropore volume and the average pore diameter
decreased after O2-plasma oxidation. All of these may be due to
the removal of impurities, the partial opening of some caps of
MWCNTs, and the increase of functional groups and surface
defects on the surface of MWCNTs introduced by O2-plasma
oxidation.
The change of the ESR spectra of MWCNTs after O2-plasma

oxidation is shown in Figure 3a. It is apparent that the spectral
intensity increases after plasma oxidation. As the plasma oxida-
tion time increases, the peak intensity increases. This augmenta-
tion is related to the increase in unpaired electrons and free
radicals created on the surface of MWCNTs after plasma
oxidation.26,27 Figure 3b shows the Raman spectra of MWCNTs
before and after O2 oxidation as a function of the oxidation time.
In the Raman spectra, the G band of MWCNTs is close to the
highly oriented pyrolytic graphite, which exhibits a single peak at
approximately 1578 cm�1 related to the E2g tangential mode, and
the D band of MWCNTs exhibits a single peak at approximately
1351 cm�1 related to the disorder-induced feature.28 The ratio of
the D-band intensity (ID) to the G-band intensity (IG) represents

Figure 1. TEM images of (a) raw-MWCNTs and (b) po-MWCNTs
after oxidation for 30 min. (c) XRD patterns of raw-MWCNTs and
po-MWCNTs. The insets of parts a and b show the high-resolution
TEM images of raw-MWCNTs and po-MWCNTs, and the inset of part
c shows a comparison of the dispersion properties of raw-MWCNTs
(left) and po-MWCNTs (right) in deionized water after settling for 20 h.
Unless otherwise stated, po-MWCNTs were designated as MWCNTs
oxidized by plasma for 30 min.

Figure 2. (a) BET nitrogen adsorption isotherms and (b) PSDs of raw-
MWCNTs and po-MWCNTs.
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the disorder level of MWCNTs.28 The smaller ratio of ID/IG
indicates that the MWCNTs possess fewer defects in the
carbon structure or reduced amorphous carbons remaining on
the surface of the MWCNTs. The ID/IG ratios of MWCNTs
oxidized by O2 plasma at different oxidation times are shown
in Table S2 in the Supporting Information. It can be seen that
the ratio of ID/IG decreased from 0.9774 to 0.9471 after 3 min
of oxidation and then increased to 1.0895 after 30 min of
oxidation. This may be the result of the removal of some
amorphous carbon materials and other impurities after 3 min
of oxidation.29 Further oxidation may introduce some defects
on the surface of the nanotubes, which is consistent with TEM
studies.30

XPS is usually considered to be a powerful technique for
identifying groups attached to the surface of MWCNTs. In
Figure 4a, the XPS survey spectra reveal the presence of carbon
and oxygen on the raw-MWCNTs and po-MWCNTs, and the
oxygen atomic percentage can reach from 0.94% to 11.57% when
oxidized by plasma for 30 min (Figure 4c,d). This indicates that
the oxygen-containing functional groups were effectively grafted
onto MWCNTs by O2-plasma oxidation.18,25,30 The C 1s spec-
trum (Figure 4b) of po-MWCNTs can be deconvoluted into four
Gaussian peaks centered at 284.5( 0.2, 285.0( 0.2, 286.6( 0.2,
and 289.9 ( 0.2 eV.20,30 Here, the main peak at about 284.5 eV
originates from the graphitelike sp2 carbon, which indicates the
graphite level. The peak at about 285.0 eV is assigned to the
diamondlike sp3 carbon, which indicates the disorder level. The
peaks at about 286.6 and 289.9 eV correspond to carbonyl
(or ether) and carboxyl (or ester) signals, respectively. The O
1s spectrum (Figure 4c) of po-MWCNTs peaks were deconvo-
luted into twoGaussian peaks: the peak at 531.8( 0.2 eV and the
peak at 533.2 ( 0.2 corresponding to CdO and O—CdO
species,31 respectively. The results of O 1s are consistent with
those of C 1s. Table S2 in the Supporting Information sum-
marizes the atomic percentages of carbon and oxygen, different
chemical states of C 1s and its relative percentage, and the oxygen
atom percentage after XPS peak fitting and quantitative analysis.

From Table S2 in the Supporting Information, we can see that
the relative percentages of sp2 and sp3 carbon decreased after O2-
plasma oxidation, suggesting that there is an increase in the
average number of bonds between carbon and oxygen.25 In
addition, as shown in Table S2 in the Supporting Information,
the relative percentage of oxygen increased when the plasma
oxidation time increased. The fractions of both carbonyl (CdO)
and carboxyl (�COOH) functional groups increased with an
increase in the plasma oxidation time. Moreover, these oxygen-
containing functional groups caused a rise in the negative charge
on the carbon surface, and the oxygen atoms in the functional
groups donate a single pair of electrons to metal ions, which
consequently increased their cation-exchange capacity.32

On the basis of the above analysis, a possible mechanism for
O2-plasma oxidation of MWCNTs was proposed. The proposed
O2-plasma-oxidation mechanism of MWCNTs is shown in
Figure S1 in the Supporting Information. First, some of the caps,
which are the most reactive parts of MWCNTs, are opened, and
the amorphous carbon layer is removed. Second, the unsaturated
bonds of sp2 CdC in CNTs are most active and susceptible to
plasma attack.33 Because of dissociation of O2 molecules during
plasma discharge processes, electrons and UV and reactive
species such as O, O+, O2+, O2

+, and O2
2+ may be generated.19

So, the O2-plasma oxidation of MWCNTs not only introduces
�C• free radicals but also leads to reaction with some of them,
producing oxidized carbon species (CdO and O—CdO). The
concentrations of the oxygen-containing groups may increase
upon subsequent atmospheric exposure to air (O2 and H2O)
because the �C• free radical can react with O2 and H2O. In
addition, it has been demonstrated that the presence of a defect
site at the CNT surface results in an overall increase in the
interaction strength such as binding energies and charge transfer
between the tube and various molecules. So, the O2 mole-
cule lands on the CNTs and then dissociates barrierless into
two O molecules, which subsequently bind on the defect site
of the nanotube.34 As a result, after O2-plasma oxidation,
oxygen-containing groups (CdO andO—CdO) are generated.
Except for the above-mentioned reaction mechanisms, other
reaction mechanisms might also have been in play during the
plasma oxidation process because the active plasma particles may

Figure 3. (a) ESR spectra and (b) Raman spectra of po-MWCNTs with
different oxidation times.

Figure 4. (a) XPS wide scan of po-MWCNTs with different oxidation
times. (b�d) High-resolution C 1s and O 1s spectra of po-MWCNTs,
respectively. (d) High-resolution O 1s spectrum of raw-MWCNTs.
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induce radicals on different chemical bonds on the surfaces of the
MWCNTs.33 Here, we just took the radicals generated on the
unsaturated bonds of sp2 CdC as an example and illustrated the
possible reactions on the surfaces of the MWCNTs.
Effect of the Plasma Oxidation Time on Adsorption. The

dependences of lead(II) adsorption by the MWCNTs on the
plasma oxidation time are presented in Figure 5. Compared with
raw-MWCNTs, the plasma oxidation treatment had an evident
impact on the adsorption capacity ofMWCNTs for lead(II). The
removal percentage of lead(II) increased after plasma oxidation.
This can be attributed to the increase of the specific surface area,
surface defects, and oxygen-containing functional groups, the
removal of some caps of MWCNTs and amorphous carbon, and
the improvement in dispersion in water after plasma oxidation.
The mechanisms of metal-ion adsorption onto MWCNTs
are very complicated and can be attributable to electrostatic
attraction, adsorption�precipitation, and chemical interaction
between the metal ions and the surface functional groups of
MWCNTs.32 However, it is commonly believed that the major
sorption mechanism of heavy-metal ions onto carbon adsorbents
is the chemical interaction between the heavy-metal ions and the
surface functional groups of adsorbents and the improvement of
adsorbability is mainly attributed to the change in the surface
chemical structure rather than the surface physical struc-
ture.7,13,32,35 In addition, it is noted that the amount of lead(II)
adsorbed onto po-MWNCTs increased with the oxidation time.
As demonstrated in the XPS measurement, the fraction of
oxygen-containing functional groups increased with an increase
of the plasma oxidation time. Thus, the MWCNTs oxidized for
30 min have the best adsorbability. In the following adsorption
studies, the time of plasma oxidation was fixed at 30 min.
Adsorption Kinetics. Adsorption kinetics, which demon-

strates the solute uptake rate, is one of the most important
charactersistics. It represents the adsorption efficiency of adsor-
bents and therefore determines their potential applications. In
order to better understand the dynamics of adsorption, the
adsorption kinetics was investigated. The effect of the contact
time on the removal of lead ions by raw-MWCNT and po-
MWCNTs is depicted in Figure 6a. In both adsorbents, a rather
fast adsorption of lead(II) occurred and then its equilibrium
value was reached. The po-MWCNTs have higher adsorption
capacity and faster adsorption efficiency toward lead(II) com-
pared with raw-MWCNTs. The removal percentage of lead(II)
was strongly dependent on the initial lead(II) concentrations.
For raw-MWCNTs, the equilibrium was reached within 90 min
for both concentrations of lead(II) used in this study, while for
po-MWCNTs, the equilibriumwas reached within 40min. In the

following adsorption studies, a contact time of 3 h was selected
for the rest of the batch experiments to make sure that equilibria
were reached for adsorption of lead(II) onto MWCNTs.
Figure 6b shows the effect of the contact time on lead(II) absorp-
tion for different initial lead(II) concentrations onto coconut
shell AC. Obviously, it can be seen that it took above 6 and 12 h
to reach equilibrium at lead(II) concentrations of 9 and 17 mg/L
onto coconut shell AC, respectively.
To investigate the adsorption kinetics of lead(II) with these

adsorbents, two kinetic models (pseudo-first-order and pseudo-
second-order) were tested against the experimental data. The
pseudo-first-order and pseudo-second-order models are pre-
sented as follows:8,10

logðqe � qtÞ ¼ log qe � k1
2:303

t ð2Þ

t
qt

¼ 1
k2qe2

+
1
qe
t ð3Þ

where qe and qt are the amounts of lead(II) adsorbed at
equilibrium and at time t, respectively. k1 is the rate constant of
the pseudo-first-order adsorption process (1/min)8,10 and k2 is
the rate constant of the pseudo-second-order model of adsorp-
tion (g/mg/min).2,8,10 For the pseudo-first-order model, the
values of k1 and qe were calculated from the slope and intercept of
plots of log(qe � qt) versus t. For the pseudo-second-order
model, the values of k2 and qe can be obtained by a plot of t/qt
against t. Because the correlation coefficient values for the
pseudo-first-order model are all below 0.85, the kinetic para-
meters and the fitting curves of the pseudo-first-order model are
not shown here. The pseudo-second-order kinetic plots for the
adsorption of lead(II) onto MWCNTs and coconut shell AC are
shown in parts a and b of Figure 7, respectively. The correlation
coefficient values for the pseudo-second-order model are all

Figure 5. Effect of different plasma oxidation times on the adsorption of
lead(II) onto MWCNTs (initial Clead(II) = 17 mg/L, pH = 5, m/V =
1.5 g/L, T = 293 K, and stirring time = 6 h).

Figure 6. Effect of the contact time on the lead(II) absorption rate for
different initial lead(II) concentrations onto (a) raw-/po-MWCNTs
and (b) coconut shell AC (pH = 5.0, m/V = 1.5 g/L, and T = 293 K).
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above 0.99 (Table S3 in the Supporting Information), suggesting
that the pseudo-second-order model best represents the adsorp-
tion kinetics in our adsorbent systems. Moreover, from Table S3
in the Supporting Information, we can see that the q values
(qe,cal) calculated from the pseudo-second-order model are
consistent with the experimental q values (qe,exp). Table S3 in
the Supporting Information also shows the kinetic parameters for
adsorption of lead(II) by raw-MWCNTs, po-MWCNTs, and
coconut shell AC. The adsorption capacity of po-MWCNTs is
comparable to coconut shell AC; however, the time to reach
equilibrium for lead(II) adsorption onto po-MWCNTs was much
shorter than that onto coconut shell AC. In other words, po-
MWCNTs have higher adsorption efficiencies than that of coconut
shell AC. Because the adsorption efficiency is one of
the considerations for potential water purification plant applications,
the po-MWCNTs are more suitable for a continuous-flow system.
Effect of the pH on Adsorption. The pH is one of the

most important factors that affect the hydrolysis, complexation,
and precipitation of lead(II) and the sites of dissociation of
MWCNTs.10 In this study, the adsorption experiments have
been conducted in the initial pH range of 2.0�9.0. The results are
shown in Figure 8. The adsorption performances of lead(II) onto
raw-MWCNTs have also been shown for comparison purposes.
The removal of lead(II) by raw-MWCNTs and po-MWCNTs
was highly dependent on the pH value. It is obvious that, at any
pH value, the adsorption percentage of lead(II) onto po-
MWCNTs was higher than that onto raw-MWCNTs. With
increasing pH values, the adsorption percentage first increased
and then changed negligibly for both adsorbents. The pH is a
significant factor for determining the existing form of the metallic
species in aqueous solution. It is known that lead species are
mainly present in the forms of Pb2+, Pb(OH)+, and Pb(OH)2 at
pH < 9.14,36 At pH < 6, the predominant lead species is Pb2+, and
the removal of Pb2+ was mainly attributed to the adsorption
reaction. Pb2+ adsorption that took place at low pH can be
attributed mainly to the competition between H+ and Pb2+ ions
on the surface sites.14,36 At pH = 6�7, the main lead species are

Pb2+ and Pb(OH)+, and the electrostatic attraction between the
negatively charged MWCNT surface and the positively charged
Pb2+ and Pb(OH)+ may be responsible for the removal of
lead(II).2,36 In the case of high pH values (7�9), the removal
of lead remained constant and reached a maximum. Because the
main species at pH = 7�9 are Pb2+, Pb(OH)+, and Pb(OH)2, the
removal of lead was possibly accomplished by the simultaneous
precipitation of Pb(OH)2 and the adsorption of Pb2+ and
Pb(OH)+.14,36

Adsorption Isotherms. Figure 9 shows the adsorption iso-
therms of lead(II) on raw-MWCNTs and po-MWCNTs at 293,
308, and 323 K. Two empirical equations, the Langmuir and
Freundlich isotherm models, were used to analyze the experi-
mental data. The Langmuir isotherm assumes a surface with
homogeneous binding sites, equivalent adsorption energies, and
no interaction between adsorbed species. Therefore, the adsorp-
tion saturates and no further adsorption occurs. Meanwhile, the
Freundlich isotherm is based on an exponential distribution of
adsorption sites and energies. It is derived to model multilayer
adsorption and adsorption onto heterogeneous surfaces. The
mathematical expressions of the Langmuir and Freundlich iso-
therm models are37,38

Ce

qe
¼ 1

qmKL
+
Ce

qm
ð4Þ

ln qe ¼ 1
n
ln Ce + ln KF ð5Þ

where qm and KL are Langmuir constants representing the
maximum adsorption capacity of adsorbents (mg/g) and the

Figure 7. Pseudo-second-order kinetic plots for the adsorption of
lead(II) onto (a) raw-/po-MWCNTs and (b) coconut shell AC.

Figure 8. Effect of the pH on lead(II) adsorption onto raw-MWCNTs
and po-MWCNTs (initial Clead(II) = 17 mg/L, m/V = 1.5 g/L, and
T = 293 K).

Figure 9. Lead(II) adsorption isotherms onto raw-MWCNTs and
po-MWCNTs at various temperatures (pH = 5.0 and m/V = 1.5 g/L).
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energy of adsorption, respectively. KF and n are Freundlich
constants related to the adsorption capacity and adsorption
intensity, respectively.
For the Langmuir isothermmodel, the values of qm andKL can

be calculated from the slope and intercept of plots ofCe/qe versus
Ce. For the Freundlich isotherm model, the values of n and KF

can be obtained by a plot of lnqe against ln Ce. The parameters of
the Langmuir and Freundlich models were calculated (Table S4
in the Supporting Information), and the curve-fitting results are
shown in Figure 10a,b. From the correlation coefficients, it can be
seen that the adsorption data fit the Langmuir isotherm model
better than the Freundlich isotherm model. From Table S4 in
the Supporting Information, the maximum adsorption capacity
qm increases with the temperature for both raw-MWCNTs and
po-MWCNTs. At the same temperature, qm of lead(II) with
po-MWCNTs is much higher than that with raw-MWCNTs, which
illustrates that the adsorption capacity ofMWCNTs for lead(II) can
be enhanced withO2-plasma oxidation. In addition, the values ofKL

for po-MWCNTs are larger than those for raw-MWCNTs at the
same temperature, suggesting that po-MWCNTs have a higher
affinity for lead(II) than raw-MWCNTs.38 Optimization of the
operation parameters of plasma oxidation such as the plasma power
and gas pressure is ongoing in order to introduce more oxygen-
containing functional groups onto MWCNTs without changing
their bulk properties.
Adsorption Thermodynamics. Because the thermodynamic

parameters are actually helpful in the practical application of the
process, adsorption thermodynamics were studied. The lead(II)
adsorption capacity increases with an increase of the tempera-
ture, indicating that the adsorption of lead(II) onto MWCNTs is
an endothermic reaction. This can be explained by the fact that
the increase of the temperature results in a rise in the diffusion
rate of metal ions across the boundary layers and within the pores
of MWCNTs because of decreasing solution viscosity.32

Thermodynamic parameters were calculated from variation of
the thermodynamic equilibrium constant K0 with a change in the
temperature. K0 is defined as follows:1,2

K0 ¼ aS
ae

¼ vS
ve

CS

Ce
ð6Þ

where aS is the activity of adsorbed lead(II), ae is the activity of
lead(II) in solution at equilibrium, νS is the activity coefficient of
adsorbed lead(II), νe is the activity coefficient of lead(II) in
solution, CS is the amount of lead(II) adsorbed by per mass of
MWCNTs (mmol/g), and Ce is the concentration of lead(II) in
solution at equilibrium (mmol/mL).
As the lead(II) concentration in the solution decreases and

approaches zero, K0 can be calculated by plotting ln(CS/Ce)
versus CS (Figure 11) and extrapolating CS to zero. The values of
K0 can be obtained from the intercept of the plot. The Gibbs
energy (ΔG�) of adsorption is calculated from the equation1,2

ΔG� ¼ � RT ln K0 ð7Þ
where R is the ideal gas constant (8.3145 J/mol/K) and T (K) is
the absolute temperature.
The average change of the standard enthalpyΔH� is obtained

from the van’t Hoff equation:

ln K0ðT3Þ � ln K0ðT1Þ ¼ �ΔH�

R
1
T3

� 1
T1

� �
ð8Þ

where T3 and T1 are two different temperatures. The standard
entropy change

ΔS� ¼ � ΔG� �ΔH�

T
ð9Þ

The calculated values of thermodynamic parameters are listed
in Table S5 in the Supporting Information. The negative Gibbs
free-energy values (ΔG�) confirm that adsorption is spontaneous
under ambient conditions.1,2,32 The values of ΔG� at higher
temperature are more negative than those at lower temperature,
indicating the more efficient adsorption at higher temperature.
The positive values of ΔH� for lead(II) suggest an endothermic
nature of adsorption. The positive values for ΔS� may be due to
the release of water molecules produced by an ion-exchange
reaction between the metal ions and the surface functional
groups of MWCNTs, reflecting the affinity of MWCNTs for
Pb2+ ions and an increase in the randomness at the solid�solution
interface during the adsorption process.1,32

Proposed Removal Mechanism. In order to investigate the
existing form of lead(II) on po-MWCNTs and the interaction

Figure 10. Linearized (a) Langmuir and (b) Freundlich isotherms for
lead(II) adsorption by raw-MWCNTs and po-MWCNTs at various
temperatures.

Figure 11. Plots of ln CS/Ce as a function of CS for raw-MWCNTs and
po-MWCNTs at various temperatures.
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between lead(II) and oxygen-containing functional groups, XPS of
raw-MWCNTs and po-MWCNTs and C 1s, O 1s, and Pb 4f high-
resolution XPS data of po-MWCNTs after lead(II) adsorption (pH
= 5, initial Clead(II) = 134 mg/L, and T = 293 K) are shown in
Figure 12. Compared with raw-MWCNTs, there are two obvious
peaks of Pb 4f in the wide-scan spectra of po-MWCNTs
(Figure 12a). The high-resolution C 1s spectra of po-MWCNTs
change little before and after lead(II) adsorption and can also be
resolved into four individual component peaks located at 284.6,
285.0, 286.8, and 289.9 eV, which represent graphitelike sp2 carbon,
diamondlike sp3 carbon, and carbon in carbonyl (or ether) groups
and carboxyl (or ester) groups, respectively (Figure 12b). The
high-resolution O 1s spectra of po-MWCNTs after adsorption of
lead(II) have been resolved into two individual component peaks
located at 531.6 and 533.4 eV, which can be assigned to the
oxygen atoms in the CdO (531.6 eV) groups and O�CdO
(533.4 eV) groups, respectively (Figure 12c). The high-resolu-
tion Pb 4f spectrum can be fitted to two peaks, which appear at
139.0 eV (assigned to Pb 4f7/2) and at 143.9 eV (assigned to
Pb 4f5/2), respectively (Figure 12d). The Pb 4f7/2 peak at about
139.0 eV can be attributed to (MWCNT�COO)2Pb and
MWCNT�COOPb+, which were formed through the reaction
of Pb2+ with functional groups on the surface of po-
MWCNTs.13,14 So, the lead(II) adsorbed onto the surfaces of
po-MWCNTs is mainly in the form of (MWCNT�COO)2Pb
and MWCNT�COOPb+. The possible adsorption reactions
may be as follows:

ðMWCNT�COOHÞ2 + Pb2+ f ðMWCNT�COOÞ2Pb + 2H+

ð10Þ

MWCNT�COOH + Pb2+ f MWCNT�COOPb+ + H+

ð11Þ

It is worth saying that the above adsorption reactions are
not the only reactions of lead(II) with MWCNTs; however,
the complex and ion-exchange reactions between MWCNT�
COOH and Pb2+ are the chief adsorption reactions in this study.

Desorption Study. Reversibility, which decides the cost of
adsorption to some extent, is very important for the practical
application of an adsorbent. An advanced adsorbent should
possess both higher adsorption capacity and better desorption
property. Figure 13 shows the lead(II) desorption percentages
with regard to solutions at various pH values. It is apparent that
the lead(II) desorption percentage increased with a decrease of
the pH value of the solution. The percentage of desorption
increased sharply at pH = 4.0 and eventually reached about 93%
at pH = 2.0. The above results show that the lead(II) adsorbed by
po-MWCNTs can be easily desorbed and the po-MWCNTs can
be employed repeatedly in heavy-metal water purification.
Furthermore, the regeneration process also indicates that ion
exchange is one of the main adsorption mechanisms.

4. CONCLUSIONS

We have developed a mild surface functionalization process to
oxidize MWCNTs for the adsorption of lead(II) in drinking water.
Compared with the acid oxidation method, the O2-plasma-oxidation
technique is a time-efficient and environmentally friendly method.
The bulk structure of MWCNTs was not destroyed after O2-plasma
oxidation. In addition, the specific surface area of MWCNTs was
increased and oxygen-containing functional groups were successfully
grafted onto MWCNTs. The O2-plasma-oxidized MWCNTs were
easily dispersed in water. The adsorption capacity of MWCNTs was
greatly enhanced after O2-plasma oxidation, which was mainly due to
the introduction of oxygen-containing functional groups. The adsorp-
tion capacity of plasma-oxidized MWCNTs for lead(II) is compar-
able to that of coconut shell AC; however, the kinetic properties of
plasma-oxidizedMWCNTs are far better than those of coconut shell
AC. The kinetic adsorption process can be well described by the
pseudo-second-order model for the adsorbents in this study. The
removal of lead(II) by MWCNTs is highly dependent on the pH
value. The thermodynamic parameters indicate that the interaction of
lead(II) adsorbed by MWCNTs is endothermic and spontaneous.
The predominantmechanism for lead(II) adsorbed ontoO2-plasma-
oxidizedMWCNTs is the reaction of lead(II) with functional groups
on the surface of po-MWCNTs. Lead(II) can be easily desorbed
from plasma-oxidized MWCNTs by adjusting the solution pH
values; thus, the O2-plasma-oxidized MWCNTs exhibit promis-
ing application potentials as an adsorbent in water purification.
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