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a b s t r a c t

Multi-walled carbon nanotubes (MWNTs), which are considered to be promising candidates for the
adsorption of toxic organics, are released into aqueous environment with their increasing production
and application. In this study, the adsorption behaviors of five structurally related ionizable organic
contaminants namely perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA), perfluorooctane-
sulfonamide (PFOSA), 2,4-dichlorophenoxyacetic acid (2,4-D) and 4-n-nonylphenol (4-NP) onto MWNTs
with different oxygen contents (3.84–22.85%) were investigated. The adsorption kinetics was investigated
and simulated with pseudo-second-order model. The adsorption isotherms were found to be fitted with
Freundlich model and influenced by both the properties of organic chemicals and the oxygen contents
onizable organic contaminant of MWNTs. As adsorption capacity decreases dramatically with the increasing of oxygen contents, the
MWNTs with the lowest oxygen contents possess the highest adsorption capacity among four MWNTs.
For the MWNTs with the oxygen contents of 3.84%, the adsorption affinity related with hydrophobic
interaction and �-electron polarizability decreased in the order of 4-NP > PFOSA > PFOS > 2,4-D > PFOA.
Furthermore, the adsorption characters of five contaminants were affected by solution pH and solute pKa

considering electrostatic repulse force and hydrogen bonding, which showed the adsorption of MWNTs
nt is m
with lower oxygen conte

. Introduction

Multi-walled carbon nanotubes (MWNTs) possess splendid
otential applications in energy storage [1], environmental reme-
iation [2] and medical delivery [3] due to their unusual
ne-dimensional hollow nanostructures and unique chemical and
hysical characteristics. The rapid growth in commercial applica-
ion of MWNTs leads to their increasing production rates. So far,
xcept for preparation in laboratory, MWNTs have also been found
rom common fuel-gas-air combustion, propane-air kitchen stove
op burners as well as methane-air-flame exhausts [4]. Therefore,

WNTs are ubiquitous in natural environment, and their impacts
n human health and environmental risk have received more and
ore attention.
The strong adsorption affinity of carbon nanotubes (CNTs)

owards organic contaminants [5], such as dioxin [6], tri-

alomethanes [7], aromatic organic chemicals [8,9], antibiotics [10]
nd organic pesticides [11] was approved. Also, the influence of
ifferent purification and oxidation methods of CNTs with HNO3,
NO3/H2SO4, H2O2 or KMnO4 etc. was explored since these treat-

∗ Corresponding author. Tel.: +86 411 84706140; fax: +86 411 84706263.
E-mail address: quanxie@dlut.edu.cn (X. Quan).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.11.012
uch sensitive to solution chemistry.
© 2010 Elsevier B.V. All rights reserved.

ments could prepare stable dispersed mixtures, which are needed
in many fields including medicine delivery agents or polymer
composites [3,12]. The influence of MWNT surface oxidation on
the adsorption of several typical hydrophobic organic chemicals
(HOCs) and radioactive metals has been reported [13–16]. Ioniz-
able organic contaminants with higher water solubility disperse
widely in aqueous solution, and are likely to transfer in natural
environment, but few studies have discussed the adsorption char-
acters of ionizable organic chemicals on different oxidized MWNTs,
especially those of aliphatic compounds bearing sulfonic, carboxyl
or sulfonamide functional groups [9,17].

In this work, the adsorption of five ionizable contami-
nants including perfluorooctane sulfonate (PFOS), perfluorooc-
tanoic acid (PFOA), perfluorooctanesulfonamide (PFOSA), 2,4-
dichlorophenoxyacetic acid (2,4-D) and 4-n-nonylphenol (4-NP)
onto MWNTs with different oxygen contents was studied. PFOS
and PFOA were widely used in many fields such as surfactants,
lubricants, pesticides, firefighting foams, food packaging and other
consumer products due to its unique characters of chemical stabil-

ity, high surface activity, thermal resistance, hydrophobicity and
olephobicity, and PFOS has been listed as one of the prominent
persistent organic pollutants (POPs). In recent years, reports on
the environmental persistence and potential bioaccumulation of
perfluorochemicals (PFCs), and the global distribution of these

dx.doi.org/10.1016/j.jhazmat.2010.11.012
http://www.sciencedirect.com/science/journal/03043894
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ompounds in biota [18,19] and humans [20] have drawn con-
iderable attention. The adsorption of PFCs on sediments [21],
eolite and sludge [22], activated carbon [23,24], resin [24] has
een studied, but still no report about the adsorption of PFCs on
NTs. PFOSA, a precursor of PFOS, was selected as comparison to
xplore the effect of oxidation of MWNTs and aqueous solution
nvironment towards adsorption. 2,4-D was an anionic ionizable
erbicides which was widely used on crops to control broad-leaf
eeds. Despite its relatively short half life in soils [25], it is fre-

uently detected in waters and posed a threat on surface and
round water contamination in the region of intensive agriculture
ue to its weak adsorption by soils [26]. 4-NP as an intermedi-
te in anaerobic degradation of nonylphenol ethoxylates, occurs
idespread in the environment, and is recognized as an envi-

onmental endocrine disrupting chemical [27]. The solubility and
artition behavior of 4-NP could be affected by different media
ince it behaves as a weak acid and may be ionizable under neutral
o alkaline conditions.

The target of this study is to examine the adsorption properties
f ionizable organic chemicals on MWNTs, investigate the influence
f MWNT surface oxidation and structure characters of contami-
ants (aromatic compounds, aliphatic compounds, hydrophobicity
nd polarity, etc.) towards the adsorption, discuss the possible
nteraction mechanisms controlling adsorption, and understand
he environmental fate and health risk of MWNTs and ionizable
rganic chemicals in natural environment.

. Materials and methods

.1. Materials

The pristine multi-walled carbon nanotubes (MWNTs) pro-
uced by a chemical vapor deposition method using nickel or cobalt
s catalysts were purchased from Chengdu Organic Chemicals Co.
td., Chinese Academy of Sciences (out diameters <8 nm, inner
iameters <5 nm, length 10–30 �m). Before adsorption experi-
ent, the MWNTs were heated at 350 ◦C for 30 min to remove

morphous carbon, and purified with hydrochloride acid (HCl)
ccording to Datsyuk’s method [28]. Approximately 0.5 g of MWNTs
ere transferred into 200 mL 36.5% HCl and refluxed for 24 h at

oom temperature. The oxidation of MWNTs was performed by
hree different methods: (a) 0.5 g of MWNTs were added into
00 mL concentrated HNO3 and H2SO4 (1:3) and refluxed for 24 h
t room temperature [29]. (b) 0.5 g of MWNTs were added into
00 mL aqueous solution with 70% sodium hypochlorite solution,
hich was heated to 85 ◦C and kept for 3 h [30]. (c) 2 g pristine
WNTs were put into 500 mL of HNO3–H2SO4 (1:3), and sonicated

or 16 h at room temperature to obtain the stable suspension. The
WNTs were collected by filtration from above reaction solution,

hen washed with Milli Q water and filtered through 0.22 �m fiber
lter for several times until pH of the filtrate was nearly neutral. The
esulted MWNTs were dried at 105 ◦C for 24 h and stored in des-
ccator. Above purified and oxidized MWNTs were labeled as M–O
3.84%), M–O (10.08%), M–O (18.01%) and M–O (22.85%) according
o their oxygen contents, respectively. The physicochemical char-
cters of these MWNTs are listed in Table 1. The specific surface
rea (SBET) and total pore volume (Vtotal) of MWNTs were calculated
rom the adsorption–desorption isotherms of N2 at 77 K by multi-
oint BET and BJH methods, respectively. The length of MWNTs
as measured with transmission electron microscope (TEM). Ele-
ental compositions were obtained from an elementar vario EL III
nalysensysteme.
The model compounds included perfluorooctane sulfonate

PFOS, 98%, Sigma–Aldrich, Matrix Scientific, Columbia), perflu-
rooctanoic acid (PFOA, 96%, Acros Organic, New Jersey, USA),
erfluorooctanesulfonamide (PFOSA, 98%, J&K Chemical. Ltd.), 2,4-
aterials 186 (2011) 407–415

dichlorophenoxyacetic acid (2,4-D, 95%, TCI, Tokyo, Japan) and
4-n-nonylphenol (4-NP, 98%, Alfa Aesar). Their typical physico-
chemical properties are listed in Table 2. Acetonitrile (99.8% HPLC
grade) was obtained from Fisher Scientific (USA). Milli Q water was
used for HPLC–MS analysis, standard stock solution with differ-
ent concentrations were prepared by dissolving solid standards in
methanol, and stored in 4 ◦C.

2.2. Adsorption experiments

Adsorption experiments of 2,4-D and 4-NP were conducted in
50 mL quartz vessels with 30 mL adsorption solution. As for PFOS,
PFOA and PFOSA, the recovery of controls from polystyrene (PS)
tubes was reported to be higher than glass vials and polypropy-
lene (PP) tubes [21], accordingly, all adsorption experiments of
PFOS, PFOA and PFOSA were conducted in 15 mL PS centrifuge
tubes containing 12 mL solution, and the vessels avoid touching
with the materials of polytetrafluoroethylene. Background solution
containing 0.5 mM CaCl2 and 200 mg/L NaN3 was mixed with about
1 mg MWNTs. The batch adsorption experiments were conducted
at 200 rpm on an orbital shaker at fixed temperature of 20 ± 1 ◦C.
The concentration of solution was in the range of 50 �g/L to 50 mg/L
expect for 4-NP (10 �g/L to 5 mg/L), since the water solubility of
4-NP is lower than 10 mg/L. The volume ratio of methanol in solu-
tion of each vial was controlled to be less than 0.1% to minimize
cosolvent effect. The vials were sealed and placed in the shaker
for 7 days (kinetics experiments indicated that apparent equilib-
rium was reached before 7 days). After adsorption equilibrium,
the solid and aqueous phases were separated by centrifugation
(1500 rpm for quartz tubes, and 3500 rpm for PS tubes). Then,
0.2 mL supernatant was added to 0.2 mL methanol for quantitative
analysis.

The pH was adjusted with HCl or NaOH. The final pH of the
solution after adsorption equilibrium was nearly the same as
before. Experimental uncertainty was conducted in the vials with-
out MWNTs. The results showed that the total uncertainty of glass
tubes and PS tubes was in the range of 98.9 ± 8.4% and 104.0 ± 7.2%,
respectively. So it is feasible to calculate the adsorbed contaminants
directly by mass loss.

2.3. Chemical analysis

The concentrations of PFOS, PFOA, PFOSA and 2,4-D were deter-
mined by LC–MS (LC–MS 2010A, Shimadzu Co., Japan). The part of
LC was consisted of a SIL-10ADvp automatic injector (sample injec-
tor volume 2 �L), a DGU-12AM degasser, two LC-10ADvp pumps,
a CTO-10Avp column oven (40 ◦C), a protecting column (Shimpack
GVP-ODS Guard Column 5 mm × 2.0 mm) and an Agilent column
(Zorbax eclipse plus C18 2.1 mm × 150 mm, 5 �m). The flow rate
was controlled at 0.2 mL/min with a mobile phase of 10 mM ammo-
nium acetate in water (A) and acetonitrile (B). The gradient program
was conducted to elute the components of the samples. Negative
electrospray ionization (ESI) model was employed to obtain the
mass spectra information. The selected ion monitoring (SIM) model
was employed to quantify the analytes (m/z = 499.05 for PFOS,
m/z = 413.05 for PFOA, m/z = 497.90 for PFOSA and m/z = 219.80 for
2,4-D). The instrumental parameters were set at the following lev-
els: the rate of nebulize gas (nitrogen) 1.5 L/min, the rate of drying
gas (nitrogen) 5 L/min, probe bias −3.5 kV, CDL voltage 35 V, CDL
temperature 250 ◦C, the block temperature 200 ◦C, and the detector
voltage −1.6 kV.
Waters 2695 high-performance liquid chromatography (HPLC)
with waters 2475 fluorescence detector (Waters company, USA)
was utilized to determine the concentration of 4-NP equipped with
a SunFire ODS reverse-phase column (150 mm × 4.6 mm, 5.0 �m).
The mobile phase was acetonitrile/water (80:20, v/v) with the flow
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Table 1
Selected physical and chemical parameters of MWNTs.

Adsorbent SBET (m2/g) Vtotal (cm3/g) Length (�m) N (%) C (%) H (%) O (%)

10–30 0.24 95.76 0.15 3.84
<3.0 0.16 89.40 0.35 10.07
<0.5 0.03 81.24 0.72 18.00
<0.3 0.19 76.13 0.82 22.85
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M–O (3.84%) 562.5 0.780
M–O (10.08%) 519.7 0.568
M–O (18.01%) 383.9 0.333
M–O (22.85%) 142.5 0.131

ate of 1.0 mL/min, and the Ex/Em wavelength was 228 nm and
05 nm, respectively.

.4. Zeta potential

The zeta potential (�) of MWNTs at different pH was measured
ith zetasizer nano ZS equipment (Malvern instrument company,
SA). MWNTs treated with different methods were dispersed in
.5 mM CaCl2 solution for 24 h and the pH of suspension was
djusted by HCl (0.5 M and 6 M) and NaOH (0.05 M and 0.5 M). The
eta potentials were measured according to the method reported
y Chen et al. [37]. In aqueous media, zeta potential was affected
y many factors, such as pH, conductivity of solution, concentra-
ion of sample and other additive ingredients. The pH is one of the

ost important factors affecting the zeta potential, and the point
here the zeta potential equal to zero, is called the isoelectric point

pHiep).

. Results and discussion

.1. Characterization of MWNTs

The element analysis showed that the components of carbon
ecrease along with the increasing of hydrogen and oxygen com-

onents in different MWNTs prepared by four treatment methods.
he FTIR spectra (Fig. 1) confirmed the existence of the carboxyl
1700 and 1580 cm−1), lactonic (1210 and 1700 cm−1) and phe-
olic groups (3430 cm−1) after oxidation, and there is no obvious
ifference of the FTIR spectra between M–O (3.84%) and pristine

able 2
elected physicochemical properties of model chemicals.

Chemicals Mol. formula Structure
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F
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2,4-D C8H6Cl2O3
OCH2

Cl

Cl C

O

OH

4-NP C15H24O
Fig. 1. Infrared spectra of pristine, purified and oxidized MWNTs.

MWNTs, which indicated purification with HCl only remove amor-
phous carbon and metal catalyst without the oxidation of MWNTs
[28]. TEM analysis (Fig. 2) displayed that the length of MWNTs is
shorten along with the amounts of oxygen increased, which is con-
sistent with Cho et al.’s report [13]. Raman spectroscopy (Fig. 3) of

MWNTs was also conducted. A strong peak at ∼1584 cm−1 (G band)
stands for the formation of graphitized structure, and the peak at
∼1330 cm−1 is the D band relative to the C–C stretching vibrations.
As shown in Table 3, the intensity ratios of D band and G band (ID/IG)
of MWNTs with different oxygen contents exhibit no distinct dif-

MW (g/mol) pKa Solubility (mg/L)

O

O- K+

O

538.15 −3.27 [31] 570 [31]

OH 414.20 −0.5 [32] 3400 [33]

O

NH2 499.14 6.52 [34] –

221.04 2.87 [35] 618.9 [36]

OH 220.35 10.7 [27] 5.4–8.0 [27]
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Fig. 2. TEM images of M–O (3.84%) (a), M–O (10.08%

T
I

Fig. 3. Raman spectra of pristine, purified and oxidized MWNTs.

able 3
ntensity ratio of D band and G band (ID/IG) of MWNTs with different oxygen contents.

Adsorbent

MWNTs–pristine M–O (3.84%)

ID/IG 0.34 0.80
) (b), M–O (18.01%) (c) and M–O (22.85%) (d).

ference but higher than pristine MWNTs. Therefore the adsorption
equilibrium was expected to be mainly affected by surface areas
and functional groups of MWNTs, which was also approved by the
adsorption of naphthalene and other synthetic organic toxics on
carbon nanotubes [9,13,14].

The nitrogen adsorption and desorption isotherms and the pore
volume data (Table 1) revealed the surface areas and total pore vol-
ume decrease as the amounts of oxygen increase, which suggests
the oxygen-containing functional groups occupy part of adsorp-
tion sites [38]. The same trend was also observed by Cho et al. [39]
and Salam and Burk [40]. The results in Fig. 4 show zeta poten-
tial decreases with the amounts of oxygen increasing. The pHiep of
M–O (3.84%) and M–O (10.08%) was measured to be 3.76 and 2.13,
respectively. For M–O (18.01%) and M–O (22.8%), � < 0 was found in
the range of pH 1.8–11.0, which means oxygen-containing groups
change the charge characters of MWNT surfaces.
3.2. Adsorption kinetics

According to the batch experiment condition, the adsorption
kinetics experiments of PFOA, 2,4-D, PFOS, PFOSA (50 mg/L) and 4-

M–O (10.08%) M–O (18.01%) M–O (22.85%)

0.87 0.72 0.88
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Fig. 4. Zeta potential of MWNTs as a function of solution pH.

P (5 mg/L) on M–O (3.84%) were conducted at pH 5.0 ± 0.3. Change
f the adsorbed contaminants amounts with the contact time is
iven in Fig. 5. As shown in Fig. 5, fast initial adsorption from liq-
id to the MWNTs was observed within the first 1.5 h for the five
ompounds, which suggests a rapid initial transfer of toxics into the
ear surface boundary layers of MWNTs. This process is followed
y a slow diffusion from external sites to internal sites of MWNTs.
inally, the adsorption equilibrium was reached in 3 h (for PFOSA,
-NP), 10 h (for PFOA, PFOS) and 50 h for 2,4-D.

The pseudo-second-order model was used to simulate the

xperimental data. This model is depicted by Eq. (1) [24]:

t

qt
= 1

k2q2
e

+ 1
qe

t = 1
�0

+ 1
qe

t (1)

Fig. 5. Adsorption kinetics of five compounds on M–O (3.84%).
Fig. 6. Adsorption isotherms of five compounds on M–O (3.84%) modeling with
Freundlich equation and Langmuir equation.

where qe and qt (mmol/g) are the amount of contaminants adsorbed
on the adsorbents at equilibrium and time t (h), respectively. k2 is
the adsorption rate constant (g/mmol/h). �0 is the initial adsorp-
tion rate (mmol/h/g). The related model parameters are listed in
Table 4. It was found that the pseudo-second-order model fits
well with correlation coefficient (R2) up to 0.997–0.999 for the five
contaminants, indicating the chemical adsorption is involved and
adsorption capacity is proportional to the number of active sites
of MWNTs [24]. Compared with granular activated carbon (GAC)
and resin, the initial adsorption rates for PFOA and PFOS are higher
and the corresponding adsorption equilibrium is also more rapid
on MWNTs [24]. As for 2,4-D, the equilibrium time on MWNTs is
similar to that on GAC and the qe on MWNTs is 2.2 times of that on
GAC [41].

3.3. Adsorption isotherms and comparison of pollutant
adsorption characters

Since the surface area is one of the major factors influencing
the adsorption capacity, M–O (3.84%) was selected as adsorbent to
compare the adsorption characters towards five contaminants. The
adsorption batch experiments were conducted at pH of 5.0 ± 0.3.
The adsorption isotherms are shown in Fig. 6. All isotherms exhib-
ited non-linear characters and were described with Freundlich
model and Langmuir model, which was expressed respectively as:

qe = KF Ce
n (2)
qe = bqmCe

1 + bCe
(3)

where Ce and qe are the concentration of contaminants in water and
adsorbent when the adsorption equilibrium was reached, respec-
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Table 4
Kinetics parameters of pseudo-second-order model for five compounds adsorption on M–O (3.84%).

Adsorbate C (mg/L) Pseudo-second-order parameter

qe (mmol/g) �0 (mmol/h/g) k2 (g/mmol/h) R2

PFOA 50 0.30 0.35 3.94 0.998
2,4-D 50 0.83 0.27 0.39 0.997

t
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PFOS 50 0.75
PFOSA 50 1.18
4-NP 5 0.66

ively. KF and n are Freundlich constants related to adsorption
apacity and adsorption intensity of the adsorbents. The qm is the
aximum adsorption capacity, and b is the adsorption equilib-

ium constant of Langmuir model. The parameters of two models
re listed in Table 5. The correlation coefficient R2 in Freundlich
odel is higher than that of Langmuir model of each compound.

o, Frendlich model is more suitable to simulate the adsorption
sotherms. The n values varied from 0.36 (PFOS) to 0.49 (PFOSA)
s expected for a non-linear fitting. The KF value showed that
he adsorption capacities of chemicals on the M–O (3.84%) are in
ccordance with the orders of 4-NP > PFOSA > PFOS > 2,4-D > PFOA.
mong the five contaminants, PFOS, PFOA and PFOSA are typi-
al PFCs. As comparison, 4-NP as the structure analog of PFOA
y its characteristic long carbon chain and 2,4-D is an aromatic
cid versus aliphatic acid of PFOA. It is interesting to compare the
dsorption behaviors of these compounds with similar functional
roups.

PFOSA, PFOS and PFOA belong to aliphatic hydrocarbons, the
ong carbon chains are strongly hydrophobic. Therefore, hydropho-
ic interaction is expected to play important role on the adsorption
f these PFCs [24]. Also, according to Vincent and Glenwood’s
xperiments [42], increasing alkyl length improves the hydropho-
icity of chemicals. From this point, it is reasonable for the stronger
dsorption affinity of PFOS than PFOA on M–O (3.84%). Since 4-
P and 2,4-D are polar aromatics, the � electron polarizability is
ssumed to make contributions to their adsorption on the MWNTs
8,30]. It is known that MWNTs are more affinitive to the hydropho-
ic compounds [36]. The octanol–water partition coefficient (Kow),
s the ratio of a chemical’s concentration in octanol phase to its
oncentration in the aqueous of a two-phase octanol/water sys-
em, is an important parameter which is often used to describe the
ydrophobicity of contaminants. It was known that Kow of 4-NP
Kow = 4.48) is greater than that of 2,4-D (Kow = 2.81) [43], accord-
ngly, 4-NP exhibited superior adsorption capacity than that of
,4-D. So the hydrophobic mechanism is also assumed to exert

mportant function in the adsorption process of 4-NP except for
-electron polarizability. From another aspect, even lack of the

olubility data of PFOSA, the solubility of compounds in Table 2
ssentially showed an inverse order with that of adsorption capac-

ties. It was found that 4-NP with the lowest solubility among five
ontaminants in water exhibits highest adsorption on MWNTs and
FOA with the highest solubility among five contaminants exhibits
owest adsorption on MWNTs. These results also approved that the
ydrophobic interaction makes contribution to the adsorption.

able 5
dsorption equilibrium constants of Freundlich model and Langmuir model for contamin

Adsorbate Langmuir constants

qm (mmol/g) b (L/mmol) R2

PFOA 0.32 ± 0.01 69.5 ± 12.6 0.97
2,4-D 0.79 ± 0.05 39.6 ± 9.6 0.96
PFOS 0.71 ± 0.09 103.1 ± 42.9 0.96
PFOSA 1.37 ± 0.07 803.6 ± 135.4 0.99
4-NP 0.83 ± 0.13 5481.0 ± 2211.5 0.96
1.64 2.91 0.998
100 71.8 0.999

16.7 38.3 0.999

3.4. Effect of MWNT properties on adsorption

Fig. 7 described the effect of oxygen contents of MWNTs on
five chemicals adsorption. The single-concentration point adsorp-
tion coefficient (Kd), used to describe the relative proportion of
the adsorbate distributed to the solid phase and in solution when
adsorption balance was reached, was calculated at the concentra-
tion of 1 mg/L for 4-NP for its low solubility and 50 mg/L for the
other chemicals to compare their adsorption capacities. Accord-
ing to our results, Kd deceases in the order of M–O (3.84%) > M–O
(10.08%) > M–O (18.01%) > M–O (22.85%). The results support the
assumption that oxidized MWNTs are more hydrophilic than pris-
tine MWNTs, and less surface area is accessible to contaminants
because of the water adsorbed on MWNTs surface (through H bond-
ing of oxygen) which blocks contaminants approach [38]. In fact,
naphthalene, phenanthrene, biphenyl and 2-phenylphenol adsorp-
tion on CNTs also proved this trend [13,14].

The adsorption was also found to be influenced by pH values
of aqueous solution. This effect was showed clearly by adsorption
on M–O (3.84%) as shown in Fig. 7, but gradually weakened as the
oxygen content increases in MWNTs. As a result, no obvious pH-
dependence of Kd value is observed for adsorption on M–O (18.01%)
and M–O (22.8%). Zeta potential analysis (Fig. 4) indicated that the
surface charges of M–O (18.01%) and M–O (22.85%) are negative in
the range of pH 1.8–11.0. Accordingly, the hydroxy and carboxylic
groups of MWNTs are deprotonated, which results in the invariabil-
ity of adsorption capacities. Similar properties were also observed
for bisphenol A adsorption on MWNTs purified by mixed HNO3 and
H2SO4 [44].

3.5. Effect of contaminant solution character on adsorption

The MWNTs with lower surface oxidation contents are more
structurally well-defined and chemically homogeneous and sen-
sitive to the environmental conditions [13]. Fig. 7 shows that the
structure properties of contaminants were related to the adsorp-
tion capacities. The dissociation of organic acid (4-NP, PFOS, 2,4-D
and PFOA) and organic bases (PFOSA) mainly depends on the solu-
tion pH. As for organic acid, when pH > pKa, the chemical surface

with negative charges is resulted from the acid deprotonation. By
contrast, when pH < pKa, it is surrounded by positive charges and
remains as neutral molecules [38]. Yang et al. [9] adopted the Eqs.
(4) and (5) to describe the relationships between the fractions of
dissociated acid species (f I

A) or basic species (f I
B) and the values of

ants adsorption on M–O (3.84%).

Freundlich constants

KF (mmol(1−n) Ln/g) n R2

0 0.67 ± 0.08 0.36 ± 0.04 0.982
4 1.48 ± 0.15 0.38 ± 0.02 0.994
0 2.07 ± 0.11 0.39 ± 0.01 0.998
4 15.38 ± 2.47 0.49 ± 0.03 0.994
0 19.37 ± 9.7 0.46 ± 0.08 0.974
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Fig. 7. Kd as a function of pH for five chemicals a

H and pKa.

cid : f I
A = (1 + 10pKa−pH)−1 (4)

ase : f I
B = (1 + 10pH−pKa )−1 (5)

The adsorption capacities of PFOA decreased on M–O (3.84%)
nd M–O (10.08%) with the increasing pH. In the range of pH
.8–11.0, PFOA (pKa = −0.5) exists as deprotonated form. The
lectrostatic repulse force becomes stronger with the increasing
egative charge of M–O (3.84%) surface, which results in the weak
dsorption. PFOS (Fig. 7(b)) displayed the similar trend with PFOA.
or PFOSA (pKa = 6.52), when pH < pKa, protonation occurs on the
mino group, and the decreased protonation leads to the increased
dsorption, but when pH > pKa, PFOSA exists as neutral molecule in
ater, at the same time negative charges of CNTs increase as well,
herefore the electrostatic repulse force between M–O (3.84%) and
ong carbon chain with fluoride atom increases. This may be the
eason for decreased adsorption capacity. The adsorption behavior
f 2,4-D (pKa = 2.87) is similar with that of PFOA when pH > pKa, and
o obvious change was found when pH is below pKa in the range of
tion on MWNTs with different oxygen contents.

our experiments. For 4-NP (pKa = 10.7), no dissociated species exists
below pH 10.7 according to Eq. (1), it is possible that the increasing
hydrogen bonding interaction between the –OH group of 4-NP and
the O-containing groups of MWNTs induce the stronger adsorption.

3.6. Implication

According to our results, the adsorption capacity (KF) of PFOA,
PFOS and 2,4-D on purified MWNTs is higher than the adsorption
on activated carbons (AC), resin, zeolite and sludge [23,24,41,45].
Rapid adsorption equilibrium of 4-NP on MWNTs than on terrestrial
soils was also reported [27]. Although the price of CNTs is higher
than AC at present, the regeneration and repeated availability of
CNTs could be realized after several recycles of water treatment
[46]. Therefore, CNTs would be a potential adsorbent used in water

treatment, especially, the price of which will decrease in future with
its increasing commercial production [13,47].

On the other hand, the transportation and transformation of
toxics as well as the environmental behaviors of CNTs can be
affected by the structural characters of compounds, oxygen con-
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ents of CNTs and water quality parameters on the basis of high
dsorption capacity of contaminants on CNTs. For example, the
istribution of contaminants between aqueous solution and solid
ould be changed once adsorbed by CNTs, and the health risk of
NTs also increases after the adsorption of organic toxics. In sum-
ary, it is very valuable to explore the adsorption behaviors of

ontaminants on CNTs.

. Conclusions

The adsorption of five ionizable organic contaminants including
FOS, PFOA, PFOSA, 2,4-D and 4-NP onto MWNTs with differ-
nt oxidation contents was investigated. The pseudo-second-order
odel well described the adsorption kinetics, and the adsorption

sotherms were fitted with Freundlich model for the five con-
aminants. For the same contaminant, MWNTs with more oxygen
ontents lead to lower adsorption capacity since less surface areas
re accessible to contaminants due to the blockage of absorbed
ater. The model constant KF of contaminants adsorption on M–O

3.84%) listed by an inverse order of the compounds solubility as 4-
P > PFOSA > PFOS > 2,4-D > PFOA, showed that MWNTs are inclined

o adsorb hydrophobic organic chemicals. Based on these results,
he hydrophobic interactions are assumed to play important role on
he adsorption of PFOA, PFOS and PFOSA, while � electron polariz-
bility as well as hydrophobic mechanism dominate the adsorption
f 4-NP and 2,4-D. The adsorption is also affected by solution pH and
olute pKa. This influence is weakened gradually with the increas-
ng oxidation contents of MWNTs, and becomes negligible when
xidation concentrations reached to 18.01%. In summary, our study
hows that surface oxidation and solution chemistry have dramatic
nfluence on the adsorption of ionizable pollutants onto MWNTs.
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