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a b s t r a c t

The adsorption kinetics, isotherms and thermodynamic of atrazine on multiwalled carbon nanotubes
(MWCNTs) containing 0.85%, 2.16%, and 7.07% oxygen was studied. Kinetic analyses were performed
using pseudo-first-order, pseudo-second-order and intraparticle diffusion models. The regression results
showed that the pseudo-second-order law fit the adsorption kinetics. The calculated thermodynamic
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parameters indicated that adsorption of atrazine on MWCNTs was spontaneous and exothermic. Stan-
dard free energy (�G0) became less negative when the oxygen content of MWCNTs increased from 0.85%
to 7.07% which is consistent with the low adsorption affinity of MWCNTs for atrazine.

© 2009 Elsevier B.V. All rights reserved.
inetics
hermodynamics

. Introduction

Atrazine [2-chloro-4-ethylamino-6-isopropylamino-s-triazine]
as been widely used as a pre- and post-emergent herbicide to
ontrol broad leaf weeds in field crops, orchards and non-cropped
reas [1]. Due to its widespread use, long-term persistence in soil,
reater leaching potential and relatively high solubility in water,
trazine is frequently detected in ground, surface and drinking
aters [2,3]. Although atrazine is toxic to animals [4] and humans

5] and its use has been banned in European Union countries
ince 2003 [6], this chlorotriazine herbicide still remains in use
n China. While the European Union legislation allows a very low
oncentration of atrazine in drinking water (0.1 ppb), this limit is
et to 3 ppb in China [6,7]. Atrazine contamination of surface and
ubsurface waters has heightened public concern over its environ-
ental impact. Recently, atrazine is recognized as an endocrine

isruptor for mammals [8] and aquatic life [9]. The sorption and

esorption processes play an important role in determining the

ate of atrazine in the environment. Despite the extensive infor-
ation available on atrazine adsorption on and desorption from

oil, activated carbon and minerals [10–12], very little is known

∗ Corresponding author. Tel.: +86 10 62923560; fax: +86 10 62923563.
E-mail addresses: xiaoquan@rcees.ac.cn, xq shan1@yahoo.com (X.-Q. Shan).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.04.034
about the adsorption of atrazine onto surface modified carbon
nanotubes.

Depending on the layers involved carbon nanotubes (CNTs) have
been referred to singlewalled (SWCNTs) or multiwalled carbon nan-
otubes (MWCNTs). CNTs have been considered useful in pollution
prevention strategies and are known to have widespread applica-
tions as environmental adsorbents and high flux membranes [13],
and are also potentially important for in situ environmental reme-
diation due to their unique properties and high reactivity [14].
Investigations dealing with the sorption of organic contaminants,
such as dioxin [15], 1,2-dichlorobenzene [16], trihalomethanes
[17], PAHs [18] and o-xylene, p-xylene [19] and reactive dyes
[20] on CNTs suggest that CNTs may also be suitable candi-
dates for the pre-concentration and solidification of pollutants
from large volumes of wastewater. Strong adsorptive interaction
between CNTs and polycyclic aromatic hydrocarbons were ascribed
to �–� electron–donor–acceptor (EDA) interactions between aro-
matic molecules (electron acceptors) and the highly polarizable
graphene sheets (electron donors) of CNTs [18,21]. In addition,
hydrophobic effect, dispersion and weak dipolar forces as well

as micropore diffusion are also considered to be responsible for
adsorption [18,19,22].

The adsorption of organic contaminants on MWCNTs has been
studied extensively [14–22]. The adsorption of atrazine on MWC-
NTs was reported by Yan et al. [23] and Chen et al. [24]. They found

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:xiaoquan@rcees.ac.cn
mailto:xq_shan1@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2009.04.034
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Table 1
Selected structural properties of MWCNTs.

Carbons Outer diameter
(nm)

Inner diameter
(nm)

Carbon content
(%)

Oxygen content
atom (%)

Surface area
(m2 g−1)

Mesopore volume
(cm3 g−1)

Micropore volume
(cm3 g−1)

MWCNTs-O (0.85%) 10–20 5–10 99 0.85 167 0.619 0.016
M 2.1
M 7.0
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perature, the supernatants were sampled, and analyzed. Blank
experiments were performed using the same procedure but with-
out MWCNTs in order to check the potential sorption of atrazine
to the glass centrifuge tubes or the membrane filters. Prelimi-
WCNTs-O (2.16%) 10–20 5–10 97
WCNTs-O (7.07%) 10–20 5–10 92

hat the adsorption of atrazine was exothermic and diminished
y Cu2+, Pb2+ and Cd2+. However, very little is known about the
inetic of atrazine adsorption on the surface oxidized MWCNTs.
nderstanding of adsorption kinetics, thermodynamics and equi-

ibrium is also critical for the design and operation of adsorption
quipment.

In view of the foregoing the objective of this study was to inves-
igate atrazine adsorption kinetic, thermodynamics and isotherms
n oxidized MWCNTs. The adsorption rates were evaluated with the
seudo-first-order, pseudo-second-order and intraparticle diffu-
ion model and Polanyi-Manes equation. The effects of temperature
n the adsorption isotherms were determined and the thermody-
amic parameters of the changes of free energy (�G0), enthalpy
�H0) and entropy (�S0) during adsorption at various tempera-
ures were calculated.

. Materials and methods

.1. Materials

Atrazine (97.4% purity) was purchased from Sigma–Aldrich
hemical Co. and used directly without further purification.
trazine has a log Kow of 2.74, log Koc of 1.95–2.71, water solubil-

ty of 28 mg L−1 (20 ◦C) and pKa of 1.7 [25]. All other chemicals used
n this study were of analytical reagent grade or better.

MWCNTs were purchased from Chengdu Organic Chemistry
o. Ltd., Chinese Academy of Sciences. The MWCNTs were syn-
hesized from the CH4/H2 mixture by chemical vapor deposition

ethod at 700 ◦C using Ni particles as a catalyst. The MWCNTs with
uter diameters of 10–20 nm and designated as MWCNTs-O (0.85%),
WCNTs-O (2.16%) and MWCNTs-O (7.07%) had surface area of 167,

85 and 178 m2 g−1, and surface oxygen contents of 0.85%, 2.16% and
.07%, respectively. Preliminary experiments indicated that MWC-
Ts were free of any residual native (or post-production adsorbed)
trazine.

.2. Characterization of MWCNTs

The surface area and pore volume were measured by nitrogen
as adsorption and desorption at 77 K with ASAP2000 (Micromerit-
cs Instrument Corporation). They were calculated by multi-point
ET, BJH, and DR methods. The micropore volume was mea-
ured by carbon dioxide sorption with Quantachrome instruments
2.2 and calculated with DFT method. The oxygen content was
etermined by X-ray photoelectron spectroscopy (ESCALab220i-
L electron spectrometer from VG Scientific) using 300 W Al
� radiation under the base pressure about 3 × 10−9 mbar. The
tructural properties of MWCNTs are shown in Table 1. The
aman measurements (Renishaw RM2000) of MWCNTs were car-
ied out at room temperature using a 632.8 nm output from a
e–Ne laser as the excitation wavelength in backer scattering

onfiguration. The functional groups on the surface of MWC-
Ts were determined by a Fourier transform infrared (FTIR)

pectroscopy equipped with deuterated triglycine (DTGS) and
ercury–cadmium–telluride (MCT) detectors (NEXUS 670 FTIR,
icolet).
6 178 0.629 0.015
7 185 0.756 0.024

2.3. Sorption kinetics

The sorption kinetics experiments were performed in 40 mL
glass centrifuge tubes sealed with Teflon-lined screw-caps. Five
milligrams of MWCNTs were introduced to 25 mL of 0.01 M NaNO3
and 0.1 g L−1 NaN3 with the initial atrazine concentration of
4.2 mg L−1. The suspensions were shaken at 100 rpm for cer-
tain time intervals at pH 6 ± 0.1 by dropwise addition of 0.1 M
HNO3 or 0.1 M NaOH in a shaker (HZQ-F160, Beijing, China) at
293.5 ± 0.5 K. The supernatant were filtered through a 0.45 �m
cellulose acetate membrane filter, and analyzed. The quantity of
atrazine adsorbed at time t, qt [mg g−1], was deduced from the mass
balance between initial concentration and concentration at time t
in solution.

2.4. Sorption isotherms

A batch technique was utilized for all sorption experiments
with 5 mg MWCNTs and 25 mL of background solution of 0.01 or
0.1 M NaNO3 in deionized water containing 0.1 g L−1 NaN3 as a bio-
cide in 40 mL of glass vials sealed with Teflon-lined screw-caps.
Reactors were filled with MWCNTs and initial aqueous solution
were mixed completely by shaking at 100 rpm at a given tem-
perature (288.5 ± 0.5, 298.5 ± 0.5 or 308.5 ± 0.5 K) in a shaker
for 2 days. The pH value of the background solution containing
1–8 mg L−1 atrazine varied from 6 to 7. The suspensions were
adjusted by dropwise addition of 0.1 M HNO3 or 0.1 M NaOH
to pH 6 at the beginning of adsorption in order to eliminate
the influence of different pH on the adsorption. The preliminary
experimental results showed that the pH of the equilibration sus-
pensions remained unchanged during the adsorption processes.
After centrifugation at 2000 × g for 20 min under controlled tem-
Fig. 1. Raman spectra of MWCNTs.
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Fig. 2. FTIR spectra of MWCNTs: (a) MWCNTs-O (0.

ary experimental results indicated that such losses were <3%
f the initial concentrations of atrazine. Therefore the adsorbed
mounts of atrazine by MWCNTs were directly calculated from
ass differences between the initial and final equilibrium concen-

rations.

.5. Analysis

Atrazine in supernatant was determined by high performance
iquid chromatograph (HPLC, Agilent 1200) equipped with an auto-
njector and photodiode array UV–vis absorption detector and an
xtended polar selectivity reversed-phase column (15 cm × 4.6 mm
.d.). The absorption wavelength was 222 nm. The mobile phase
as 60/40 (volume ratio) methanol/water, and the flow rate was

.7 mL min−1. Concentrations of pesticide adsorbed on MWCNTs
ersus those in aqueous solution were used to construct isotherms
ith the adsorbed mass calculated by the difference between the

nitial and the equilibrium solute concentration in aqueous solu-
ion.

able 2
oefficients of kinetic model regression (atrazine concentration of 4.2 mg L−1, pH 6).

seudo-first-order model qe, measured (mg g−1) k1 (h−1)

arbon
MWCNTs-O (0.85%) 17.35 0.8757
MWCNTs-O (2.16%) 16.65 0.4732
MWCNTs-O (7.07%) 10.50 0.4415

seudo-second-order model qe, measured (mg g−1) k2 (h−1

arbon
MWCNTs-O (0.85%) 17.35 0.925
MWCNTs-O (2.16%) 16.65 0.635
MWCNTs-O (7.07%) 10.50 1.178

ntraparticle diffusion model ki (mg g−1 h1/2)

arbon
MWCNTs-O (0.85%) 5.551
MWCNTs-O (2.16%) 1.633
MWCNTs-O (7.07%) 1.862

.D. mean standard deviation, equal to

(√(∑
(qe,measured − qe,calculated)2

)
/(n − 1)

)
× 1
(b) MWCNTs-O (2.16%), and (c) MWCNTs-O (7.07%).

3. Results and discussion

3.1. Characterizations of MWCNTs

The Raman spectra of MWCNTs shown in Fig. 1 are com-
posed of two characteristic peaks for the nanotubes. The G band
near 1580 cm−1 is related to the graphite E2g symmetry of the
interlayer mode, which reflects the structural intensity of the sp2-
hybridized carbon atoms of the nanotubes. The D band at 1350 cm−1

is due to defected sites in the hexagonal framework of carbon
nanotube walls, and will be enhanced by chemical modification
on the sidewalls [26]. The extent of defect in carbon nanotubes
can be evaluated with a ratio of intensity of D band to G band
(ID/IG). In Fig. 2, the ID/IG ratio is in descending order MWCNTs-O

(0.85%) > MWCNTs-O (2.16%) > MWCNTs-O (7.07%) thereby indicat-
ing that the surface properties of MWCNTs were improved after
oxidation [27,28].

The N2 adsorption and desorption isotherms for the specific
surface area measurement present a type IV nitrogen adsorption

qe, calculated (mg g−1) R2 S.D. (%)

9.37 0.993 25.56
3.06 0.993 51.34
3.22 0.930 45.36

) qe, calculated (mg g−1) R2 S.D. (%)

17.283 1 6.53
16.697 1 0.52
10.408 1 0.79

c (mg g−1) R2 S.D. (%)

7.011 0.955 0.34
13.11 0.982 0.03
6.378 0.955 0.32

00, where n is the number of data points.
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sotherm with a hysteresis loop. This is typical of a mesoporous
aterial where desorption requires definitively higher energy than

dsorption according to the IUPAC classification (data not shown)
29]. In all cases due to a capillary condensation, a considerable
ncrease of the adsorption of N2 occurred above P/P0 = 0.8. Hystere-
is loop was observed with RP above 0.8 for the three MWCNTs.

The FTIR spectra of MWCNTs were obtained in KBr pellet
0.2%) and resolution of 4 cm−1 at 21 scans min−1 are expressed
n transmittance in 3800–700 cm−1 range (Fig. 2). The important
bsorption bands at frequency values that justify the exis-
ence of the corresponding functional groups (bonds) were: O–H
3598 cm−1 in Fig. 2b, and 3432 cm−1 in Fig. 2c; stretch vibration),

O (1722 cm−1 in Fig. 2b and 1717 cm−1 in Fig. 2c, stretch vibra-
ion), and C–O (1202, 1096, and 1047 cm−1 in Fig. 2b, and 1088 and
047 cm−1 in Fig. 2c; stretch vibration). These functional groups are
ydrophilic thus making the CNTs disperse in water more easily.

.2. Adsorption kinetics

Adsorption kinetic is one of the most important characters
hich govern the solute uptake rate and represents the adsorption

fficiency of the adsorbent and therefore, determines its potential
pplications. According to Fig. 3, atrazine adsorption rates increased
ramatically in the first 1 h, and reached apparent equilibrium grad-
ally within 3 h. The amount of adsorbed atrazine by MWCNTs-O
0.85%), MWCNTs-O (2.16%) and MWCNTs-O (7.07%) was found to
e 17.35, 16.65 and 10.50 mg g−1, respectively (Table 2). Since MWC-
Ts have no porous structure-like activated carbon, the adsorbate
ill likely move from the exterior surface to the inner surface of

he pores on adsorbents to achieve equilibrium [16]. To analyze the
dsorption rate of atrazine onto different MWCNTs, the pseudo-
rst-order Eq. (1) and second-order models Eq. (2) [30,31] were
valuated based on the experimental data:

n(qe − qt) = ln qe − k1t (1)

t

qt
= 1

k2q2
e

+ 1
qe

t (2)

here qe [mg g−1] and qt [mg g−1]are the concentrations of atrazine
dsorbed on MWCNTs at equilibrium and at various time t, k1 [h−1]
s the rate constant of Eq. (1) for the adsorption, k2 [g mg−1 h−1]
s the rate constant of Eq. (2) for adsorption. The values of qe and
1 can be calculated from the intercept and the slope of the linear

lot of ln (qe − qt) versus t for Eq. (1). Furthermore, the slope and

ntercept of the linear plot of t/q against t yielded the values of 1/qe

nd 1/k2q2
e for Eq. (2).

The linear regression of sorption kinetics is shown in Fig. 4a and b
nd Table 2. The R2 value of Eq. (2) is near 1 which is larger than that

Fig. 3. Sorption kinetics of atrazine on MWCNTs.
Fig. 4. Linear regressions of kinetics plot: (a) pseudo-first-order model, (b) pseudo-
second-order model, and (c) intraparticle diffusion model.

of Eq. (1), and the standard deviations of Eq. (2) were significantly
smaller than those of Eq. (1). Moreover, the qe, measured values were
close to those qe, calculated values from Eq. (2) but not from Eq. (1)
(Table 2). In general our data indicates that the adsorption kinetics
of atrazine by MWCNTs can be better described in Eq. (2).

Generally, intraparticle diffusion mechanism is one of the most
limiting factors which control the adsorption kinetics [32]. Hence,
the intraparticle diffusion model was utilized to determine the rate-
limiting step of the adsorption process:

qt = kit
1/2 + c (3)
where c [mg g−1 h1/2] is the intercept and ki is the intraparticle dif-
fusion rate constant, which can be evaluated from the slope of the
linear plot of qt versus t1/2 [33]. If the regression of qt versus t1/2 is
linear and passes through the origin, then intraparticle diffusion is
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ig. 5. Sorption isotherms of atrazine adsorption onto MWCNTs at 298 K with ion
trength of 0.01 and 0.1 M NaNO3, respectively, and PMM fittings.

he sole rate-limiting step [34,35]. In our study although the regres-
ion was linear, the plot did not pass through the origin (Fig. 4c)
hereby suggesting that intraparticle diffusion was related to the
dsorption but not as a sole rate-controlling step.

.3. Sorption isotherms

The sorption isotherms of atrazine at different ionic strength at
emperature of 298.5 K are shown in Fig. 5. The results also show
hat the ionic strength has little effect on the sorption of atrazine by

WCNTs. The experimental data fit well by Polanyi-Manes models
PMM):

e = Q 0 exp a
(

εsw

Vs

)b

(4)

sw = RT ln
(

Cs

Ce

)
(5)

here Q0 [mg g−1] is adsorption capacity, εsw [kJ mol−1] is the effec-
ive adsorption potential; Vs [cm3 mol−1] is molar volume of solute;
[(cm3)b+1 (kg J)−b] and b are fitting parameters; R [8.314 × 10−3 kJ
mol K)−1] is the universal gas constant, T [K] is the absolute tem-
erature, Cs [mg L−1] is aqueous water solubility and Ce [mg L−1] is
quilibrium solution concentration.

The PMM is widely employed for adsorption surfaces with
eterogeneous energy distribution. The surface of CNTs generally

Fig. 6. Plots of ln qe/Ce versus qe at various tempe
s Materials 169 (2009) 912–918

consists of two energy states of carbon (i.e., graphite-like and dis-
ordered carbons) [36]. The PMM theory was developed to describe
physical adsorption to microporous adsorbents. It involves a pore
filling mechanism and the concept of a variable adsorption poten-
tial in response to pore filling. This theory would appear to be
applicable in this case since MWCNTs form bundles in aqueous
media and the spaces between the tubes within the bundles can
be regarded as pores. Our data suggest that the PMM should be
the recommended model for the adsorption of atrazine by MWC-
NTs as compared with other nonlinear models, such as Freundlich,
Langmuir, dual-Langmuir and dual mode models [23,24].

The PMM fitting parameter of Q0 (Table 3) and qe, measured
(Table 2) indicated that the adsorption capacities of three MWC-
NTs followed a descending order: MWCNTs-O (0.85%) > MWCNTs-O
(2.16%) > MWCNTs-O (7.07%). This suggests that the adsorption
capacity decreased when the surface oxygen contents of the MWC-
NTs increased. The mechanism responsible for this was ascribed to
a more negatively charged MWCNT surface due to deprotonation of
carboxylic groups at the equilibrium solution pH 6. At this pH the
adsorption of water is more energetically favorable relative to the
sorption of atrazine.

3.4. Thermodynamic analysis

The effect of temperature on the sorption of atrazine is shown
in Fig. 6. An increase in temperature resulted in a corresponding
decrease in the sorption of atrazine. This observation indicates that
the uptake of atrazine on CNTs is an exothermic process. The stan-
dard free energy change, �G0, was evaluated using the following
equation:

�G0 = −RT ln K0 (6)

where R [8.314 J K−1 mol−1] is the universal gas constant and T is
the temperature in Kelvin. K0 can be evaluated using a method
described by Niwas et al. [37]:

K0 = as

ae
= vsCs

veCe
(7)

where as and ae are the activities of the adsorbed solute and the
solute in solution at equilibrium, respectively, while vs and ve rep-

resent the activity coefficients of the adsorbed solute and the solute
present in solution, Cs [mg g−1] and Ce [mg g−1] is the amount of
atrazine adsorbed and atrazine in solution at equilibrium, respec-
tively. When the concentration of the solute in solution approaches
zero, the activity coefficient will approach unity and subsequently

ratures with ion strength of 0.01 M NaNO3.
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Table 3
Results of PMM fit to adsorption isotherms of atrazine on MWCNTs at 298 K.

I.S. Q0 a b R2 MWSE

MWCNTs-O (0.85%) 0.01 61.10 ± 15.94 −25.95 ± 9.56 0.94 ± 0.18 0.9944 0.003
0.1 60.31 ± 14.46 −29.89 ± 11.14 1.00 ± 0.18 0.9944 0.06

MWCNTs-O (2.16%) 0.01 36.62 ± 3.30 −89.69 ± 42.10 1.48 ± 0.19 0.9944 0.003
0.1 33.28 ± 3.30 −108.65 ± 54.41 1.58 ± 0.20 0.9944 0.02

MWCNTs-O (7.07%) 0.01 25.62 ± 9.73 −110.34 ± 30.14 1.42 ± 0.44 0.9944 0.002
0.1 24.04 ± 7.68 −159.92 ± 47.99 1.56 ± 0.45 0.9944 0.002

I.S. mean ionic strength; MWSE mean weighted square error, equal to (1/v)
∑

((qe,measured − qe,calculated)/qe,measured)2, where v is the amount of freedom, v = n − 3.

Table 4
Thermodynamic parameters on the adsorption of atrazine by MWCNTs.

Carbons ln K0 �G0 (kJ mol−1) �H0 (kJ mol−1) �S0 (J mol−1)

288 K 298 K 308 K 288 K 298 K 308 K 288 K 298 K 308 K

M 2.14
M 1.47
M 7.68
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[

WCNTs-O (0.85%) 5.47 4.9 4.47 −13.1 −1
WCNTs-O (2.16%) 5.07 4.63 4.3 −12.14 −1
WCNTs-O (7.07%) 3.76 3.1 2.75 −9 −

0 can be evaluated by plotting ln(Cs/Ce) against Cs and extrapolat-
ng to zero (Fig. 6). Subsequently, the intercept with the Y-axis gives
he value of ln K0.

The average standard enthalpy change (�H0) is obtained from
an’t Hoof equation:

n K0(T3) − ln K0(T1) = −�H0

R

(
1
T3

− 1
T1

)
(8)

here T3 and T1 are two different temperatures. The standard
ntropy change (�S0) can be obtained by

S0 = �G0 − �H0

T
(9)

he thermodynamic parameters are listed in Table 4. The �G0 val-
es were negative for atrazine at all three temperatures thereby

mplying that the adsorption of atrazine by MWCNTs was spon-
aneous and thermodynamically favorable. The observed negative

H0 suggested an exothermic sorption, which was supported by
he observation that sorption of atrazine onto MWCNTs decreased
ith increase in temperature (Fig. 6). All the �H0 values, −36.87,
28.39, and −37.24 kJ mol−1, were less than 40 kJ mol−1 thereby

mplying that the sorption of atrazine onto MWCNTs is mainly
physisorption process [38,39]. The negative �S0 indicated

ecreased randomness at the solid–liquid interface during sorption
f atrazine. Furthermore, a more negative �G0 implied a greater
riving force of sorption, resulting in a higher sorption capacity.
hen the oxygen content of MWCNTs increased from 0.85% to

.07%, �G0 became less negative. This suggests that the functional
roups of MWCNTs caused the adsorption to become more diffi-
ult, i.e., the functional groups decreased the sorption affinity of
WCNTs for atrazine (Tables 2 and 3).

. Conclusion

The adsorption of atrazine on three MWCNTs with different sur-
ace oxygen contents was studied using a batch technique. The
dsorption isotherms of atrazine on MWCNTs were well described
y PMM. The experimental results and fitting parameter of Q0

ndicated that the adsorption affinity decreased when the surface
xygen content increased despite similar outer diameter, surface
rea, mesoporosity and microporosity (Table 1). The calculated

hermodynamic parameters indicated that adsorption of atrazine
n MWCNTs was exothermic and spontaneous. �G0 became less
egative when the oxygen content of MWCNTs increased from
.85% to 7.07%, thereby indicating that the sorption affinity of MWC-
Ts for atrazine was decreased. The high adsorption capacity of

[

[

[

−11.45 −36.87 −82.56 −85.88 −88.29
−11.01 −28.39 −56.44 −58.76 −60.35
−7.04 −37.24 −98.06 −102.65 −104.86

MWCNTs implies that MWCNTs are a promising potential adsorbent
for wastewater treatment. It has been reported that CNTs function-
alized with hydrophilic –OH and –COOH groups exhibited superior
sorption for low molecular weight and polar compounds [18]. It has
been also proposed that functionalized MWCNTs may provide an
optimized approach for removal of target specific micropollutants
[40]. However, our results revealed that the introduction of oxygen-
containing functional groups decreased the adsorption capacity of
MWCNTs for atrazine. Obviously, more studies for the removal of
other organic pollutants by functionalized MWCNTs are warranted.
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