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a  b  s  t  r  a  c  t

In  this  study,  we  have  demonstrated  the  efficient  removal  of  cationic  dye,  methylene  blue  (MB),  from
aqueous  solution  with  the  one-pot  solvothermal  synthesized  magnetite-loaded  multi-walled  carbon
nanotubes  (M-MWCNTs).  The  as-prepared  M-MWCNTs  were  characterized  by X-ray  diffraction  (XRD),
scanning electron  microscopy  (SEM),  and  Fourier  transform  infrared  (FTIR)  spectroscopy.  The  effects  of
eywords:
agnetite
ulti-walled carbon nanotubes

dsorption

contact time,  initial  dye  concentration,  and  solution  pH  on  the  adsorption  of  MB  onto  M-MWCNTs  were
systematically  studied.  It  was  shown  that  the  MB adsorption  was  pH-dependent.  Adsorption  kinetics
was  best  described  by  the  pseudo-second-order  model.  Equilibrium  data  were  well  fitted  to the  Lang-
muir isotherm  model,  yielding  maximum  monolayer  adsorption  capacity  of  48.06  mg  g−1. FTIR  analysis
suggested  that  the  adsorption  mechanism  was  possibly  attributed  to  the  electrostatic  attraction  and  �–�

een
ethylene blue stacking  interactions  betw

. Introduction

Dyes are one of the most hazardous materials in industrial
ffluents which can cause severe health problems in human
eings, since they exhibit high biotoxicity and potential muta-
enic and carcinogenic effects [1,2]. Therefore, the removal of dye
rom colored effluents has attracted increasing attention. Several
echnologies including biological treatment, adsorption, coagula-
ion/flocculation, chemical oxidation, membrane separation and
on exchange have been developed [3–8]. Among these methods,
dsorption has been considered to be simple, highly efficient, and
ase of operation. A wide range of materials have been reported for
ye removal, including activated carbon, zeolite, clay, polymer, etc.
9–12]. In view of pollutant control at present, it is still indispen-
ible for the development of new adsorbent materials with high
dsorption capacities and removal efficiencies.

Recently, carbon nanotubes (CNTs) have attracted great interest
s a new type of adsorbent for removing environmental pollu-

ants (e.g. small molecules, heavy metal ions, radionuclides, and
rganic chemicals) [13], due to their remarkable features of the
arge specific surface area, hollow and layered structures. However,
ecovery of this kind of adsorbent usually needs the complicated

∗ Corresponding authors at: Chemical Synthesis and Pollution Control Key Labo-
atory of Sichuan Province, China West Normal University, Shida Road 1#, Nanchong
37002, PR China. Tel.: +86 817 2568081; fax: +86 817 2224217.

E-mail address: ah aihong@163.com (L. Ai).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.10.041
 MWCNTs  and  MB.
© 2011 Elsevier B.V. All rights reserved.

and time-consuming filtration and/or centrifugation, thus limiting
the reusability and increasing the regeneration cost. In this regard,
many researchers have focused on combining CNTs and magnetic
oxides to create a promising novel adsorbent that possesses adsorp-
tive and magnetic dual functionalities [14–16],  which opens new
opportunities for the achievement of desirable adsorption capacity
and effective magnetic separation. For example, Luan et al. syn-
thesized CNTs/iron oxide composites by a chemical coprecipitation
method with a high performance for the removal of Pb(II) and Cu(II)
from water [17]. Gong et al. demonstrated chemical coprecipitation
derived MWCNTs/iron oxide composites can efficiently remove
cationic dye from aqueous solution [18]. Mishra and Ramaprabhu
also employed chemical coprecipitation method to synthesize
MWCNTs/magnetite composites for the removal of high concentra-
tion of arsenic and desalination of seawater [19]. However, to the
best of knowledge, there is little report on the adsorption behavior
of the solvothermally synthesized MWCNTs/magnetite compos-
ites.

In the present work, we  have demonstrated a one-pot solvother-
mal  route to prepare the magnetite (Fe3O4)-loaded multi-walled
carbon nanotubes (M-MWCNTs) as an efficient adsorbent for the
removal of cationic dye, methylene blue (MB), from aqueous solu-
tion. The effect of various parameters such as contact time, solution
pH and initial dye concentration on the adsorption of MB onto M-
MWCNTs was  systematically studied. Adsorption isotherm, kinetic

and mechanism were also evaluated. Furthermore, the resulting
M-MWCNTs presented high magnetic sensitivity under an external
magnetic field, providing an easy and efficient way  for the separa-
tion of adsorbent from aqueous solution.

dx.doi.org/10.1016/j.jhazmat.2011.10.041
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ah_aihong@163.com
dx.doi.org/10.1016/j.jhazmat.2011.10.041
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. Experimental

.1. Materials

FeCl3·6H2O, sodium acetate (NaAc), ethylene glycol (EG),
ethylene blue (MB) were purchased from Sinopharm Chemi-

al Reagent Co., Ltd. (Shanghai, China) and used without further
urification. All chemicals used in this study were of commer-
ially available analytical grade. Multi-walled carbon nanotubes
ere purchased from Shenzhen Nanotech Port Ltd. Co. (Shenzhen,
hina). The detailed parameters supplied by the manufacturer are
s follows: length: 5–15 �m;  diameter: 20–40 nm;  purity: ≥95%;
sh: ≤0.2 wt%; amorphous carbon: <3%. MWCNTs were purified
ia being dispersed in concentrated nitric acid at 60 ◦C with con-
tant stirring for 12 h, followed by filtering and washing with
istilled water several times until the pH value reached neu-
ral, and then filtered and dried in vacuum at 60 ◦C for further
se.

.2. Preparation of magnetite loaded MWCNTs (M-MWCNTs)

In a typical synthesis, 0.8 g purified MWCNTs were dispersed
n 70 mL  EG solution by ultrasonication for 30 min. Afterward, 1.6 g
eCl3·6H2O and 3.2 g NaAc were then added to EG solution at ambi-
nt temperature. After stirring for about 30 min, the solution was
ransferred into a 100 mL  Teflon-lined stainless-steel autoclave and
ept at 200 ◦C for 6 h followed by cooling to ambient tempera-
ure naturally. The black precipitate was centrifuged, washed with
thanol several times, and finally dried at 60 ◦C in a vacuum oven.

.3. Characterization

The powder X-ray diffraction (XRD) measurements were
ecorded on a Rigaku Dmax/Ultima IV diffractometer with
onochromatized Cu K� radiation (� = 0.15418 nm). The morphol-

gy was observed with a JSM-6510 scanning electron microscope
SEM). The Fourier transform infrared (FTIR) spectroscopy was

easured on Nicolet 6700 FTIR Spectrometric Analyzer using
Br pellets. A pHS-3C digital pH meter (Rex Instruments Fac-

ory, Shanghai, China) was employed for the pH measurements.
he point of zero charge (pHPZC) of the adsorbent was  deter-
ined by the solid addition method. To a series of 100 mL  conical

asks, 45 mL  of 0.1 mol  L−1 NaCl solution was transferred. The ini-
ial pH values (pHi) of the solution were adjusted from 1.0 to
1.0 by adding either 0.1 mol  L−1 HCl or 0.1 mol  L−1 NaOH. The
otal volume of the solution in each flask was  made exactly to
0 mL  by adding the NaCl solution. Then, 0.1 g of M-MWCNTs was
dded to each flask and the mixtures were agitated at 150 rpm.
fter 48 h, the final pH values (pHf) of the solutions were mea-
ured. The difference between the initial and final pH values
�pH = pHi − pHf) was plotted against the pHi. The point of inter-
ection of the resulting curve with abscissa, at which �pH = 0, gave
he pHPZC.

.4. Adsorption experiments

Batch adsorption experiments were carried out in a ther-
ostated shaker with a shaking speed of 150 rpm using 100 mL

rlenmeyer flasks and conducted in duplicate. To study the adsorp-
ion isotherms, 0.02 g of M-MWCNTs were added into 50 mL  of

B  solutions of different initial concentrations (10–30 mg  L−1)

t natural pH in flask, and agitated in a temperature-controlled
haker at 25 ± 1 ◦C for 120 min. The concentration of MB  left
n the supernatant solution was determined by using a UV–vis
pectrophotometer (Shimadzu, UV-2550). The amount of MB
Fig. 1. XRD patterns of MWCNTs (a), M-MWCNTs (b) and Fe3O4 (c).

adsorbed per unit mass of M-MWCNTs was calculated according
to Eq. (1):

q = (C0 − Ce)V
m

(1)

where C0 and Ce are the initial and equilibrium concentrations of
MB  (mg  L−1), m is the mass of M-MWCNTs (g), and V is the volume
of solution (L).

Batch kinetic experiments were carried out by mixing 0.02 g of
M-MWCNTs to 50 mL  of MB  solution with a known initial con-
centration (10, 20 and 30 mg  L−1) at natural pH and agitated in a
temperature-controlled shaker at 25 ± 1 ◦C for different time inter-
val (5–280 min). The concentration of MB  left in the supernatant
solution was  analyzed as above.

The effect of pH was  performed by dispersion of 0.02 g of M-
MWCNTs in 50 mL  of MB  solution of 20 mg  L−1. The initial pH of
MB solution was adjusted to values in the range of 2.0–10.0 by
the addition of 0.1 mol  L−1 HCl or 0.1 mol  L−1 NaOH solutions. The
suspensions were agitated in a temperature-controlled shaker at
25 ± 1 ◦C for 120 min. The concentration of MB  left in the super-
natant solution was analyzed as above.

2.5. Leaching test

To evaluate the stability of M-MWCNTs, the leaching of iron ions
from M-MWCNTs at different pH levels was investigated. 0.02 g
of M-MWCNTs was  dispersed in 50 mL  aqueous solution with pH
ranging from 2.0 to 10.0 and agitated in a temperature-controlled
shaker at 25 ± 1 ◦C for 280 min. The leached Fe concentration in
the supernatant was  determined by a WFX-120 atomic absorption
spectroscopy (AAS, Rayleigh Analytical Instrument Corp., China).

3. Results and discussion

3.1. Characterization of the adsorbent

Fig. 1 shows the X-ray diffraction (XRD) patterns of MWCNTs,
Fe3O4 and M-MWCNTs. As for MWCNTs (Fig. 1(a)), the strong
diffraction peak at 2� = 25.8◦ can be indexed as the (0 0 2) reflec-
tion of the hexagonal graphite structure. After loading of Fe3O4
(Fig. 1(b)), besides the diffraction peak of MWCNTs, the new peaks
at 2� values of 18.2◦ (1 1 1), 30.0◦ (2 2 0), 35.3◦ (3 1 1), 42.9◦ (4 0 0),

53.4◦ (4 2 2), 56.9◦ (5 1 1), and 62.5◦ (4 4 0) are observed, which are
consistent with the standard XRD data for the cubic phase Fe3O4
(JCPDS no. 89-4319) with a face-centered cubic (fcc) structure, indi-
cating the coexistence of Fe3O4 and MWCNTs in the M-MWCNTs.



284 L. Ai et al. / Journal of Hazardous Materials 198 (2011) 282– 290

M
d
i
n
f
v
t
a
a
d
s
t
(
1
C
M
t
n
b
a
F
4
a

d
l
d
l
s
A

of the magnetically separable M-MWCNTs. First, treating MWC-
Fig. 2. FTIR spectra of Fe3O4 (a), M-MWCNTs (b) and MWCNTs (c).

Fig. 2 shows the FTIR spectra of Fe3O4, MWCNTs, and M-
WCNTs. In spinel ferrites, the metal ions are situated in two

ifferent sublattices, designated tetrahedral and octahedral accord-
ng to the geometrical configuration of the oxygen nearest
eighbors. Waldron [20] has studied the vibrational spectra of

errites and attributed a high-frequency band �1 to the intrinsic
ibration of the tetrahedral sites and a low-frequency band �2 to
he octahedral site. In this case, the observed prominent peaks
t 589 and 403 cm−1 in FTIR spectrum of Fe3O4 (Fig. 2(a)) are
scribed to the intrinsic vibrations of the tetrahedral and octahe-
ral sites, respectively, corresponding to the �(Fe–O) modes. As
hown in Fig. 2(b), MWCNTs exhibits the characteristic absorp-
ion peaks at 3430 cm−1 (the O–H stretching mode), 1635 cm−1

the C O stretching mode), 1452 cm−1 (the C C stretching mode),
385 cm−1 (the O–H bending modes), 1046 and 1092 cm−1 (the
–O stretching modes) [21–23],  which suggests the surface of
WCNTs possesses a certain amount of oxygen-containing func-

ional groups, thus providing some reactive and anchoring sites for
ucleation and growth of magnetic particles [19,24,25].  It should
e noted that the absorption peaks of M-MWCNTs (Fig. 2(c)) are
lmost identical to that of MWCNTs, but characteristic peaks of
e3O4 in M-MWCNTs is shifted to higher wavenumbers (596 and
25 cm−1), indicating the appearance of interaction between Fe3O4
nd MWCNTs [26,27].

Fig. 3(a) shows a typical SEM image of MWCNTs. They are ran-
omly aligned with a diameter of approximately 20–40 nm and a

ength of several micrometers. A typical SEM image of the Fe3O4
isplayed in Fig. 3(b) shows that the product is composed of a
arge quantity of nearly uniform monodispersed spheres. These
pheres with smooth surfaces have a diameter of about 200 nm.
fter the combination with MWCNTs (Fig. 3(c)), the Fe3O4 spheres

Fig. 3. SEM images of MWCNTs (a), 
Fig. 4. Magnetic response of the M-MWCNTs and the physical mixtures of MWCNTs
and  Fe3O4 to an external magnetic field in different directions, left: the physical
mixtures of MWCNTs and Fe3O4, right: M-MWCNTs.

are uniformly loaded on the network structure of MWCNTs with a
high density.

Fig. 4 shows the magnetic response behavior of the M-MWCNTs
and the physical mixture of MWCNTs and Fe3O4 in water under
an external magnetic field. The M-MWCNTs show a rapid response
to an applied external magnetic field, which are attracted toward
the magnet in a very short period, demonstrating its high mag-
netic sensitivity. In contrast, the two components in the physical
mixture are easily separated by an applied external magnetic field,
in which the magnetic component moves to the side of vial near
magnet but the nonmagnetic component settles to the bottom of
vial. Furthermore, the magnetic component exhibits a weak mag-
netic response behavior due to the resistance of the nonmagnetic
component. Previously, Deng et al. [28] and Lin et al. [29] have
demonstrated that the attachment of magnetic silica nanoparti-
cles to carbon nanotubes would not occur by simply mixing the
nanoparticles and CNTs. In the present study, the good magnetic
response of the M-MWCNTs to external magnetic field could be
ascribed to the formed interaction between MWCNTs and Fe3O4
nanoparticles [29,30],  consistent with the results of FTIR analysis.

Fig. 5 shows a schematic illustration of the synthesis process
NTs with nitric acid could introduce some carboxylic groups on
the outside surface of MWCNTs, which would serve as reactive and
anchoring sites for nucleation and growth of magnetic particles.

Fe3O4 (b) and M-MWCNTs (c).
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rium is attained after 120 min. This phenomenon is attributed to
the fact that a large number of vacant surface sites are available
Fig. 5. Schematic illustration of the sy

uring the solvothermal treatment, the added Fe3+ ions were par-
ial reduced into Fe2+ ions and further in situ converted to Fe3O4
nd finally grew to form sphere-shaped structure on the network
f MWCNTs. As for this multifunctional structure, MWCNTs can
rovide active adsorption sites for the efficient removal of dye pol-

utes in water. In turn, Fe3O4 attached on MWCNTs can introduce
he magnetic function to gain a facile magnetic separation from
ater with the help of an external magnetic field.

.2. Effect of pH

It is known that the solution pH can affect the surface charge
f the adsorbent, the degree of ionization of the different pollu-
ants, the dissociation of functional groups on the active sites of
he adsorbent as well as the structure of the dye molecule. So the
olution pH is an important parameter during the dye adsorption
rocess. Fig. 6 shows the effect of initial pH on MB  adsorption onto
-MWCNTs. The adsorption of MB  onto M-MWCNTs is intimately

ependent on solution pH. The adsorption capacity of MB  increases
ith increasing solution pH from 2.0 to 7.0, and changes slightly
hen solution pH is above 7.0. The surface charge assessed by point

f zero charge (pHPZC) is defined as the point where the zeta poten-
ial is zero. When pH < pHPZC, the surface charge is positive, and
hen pH > pHPZC, the surface charge is negative. In this case, the

HPZC of the M-MWCNTs determined by the solid addition method
Fig. 7) is about 6.5. When the solution pH is below pHPZC, the M-

WCNTs acquire a positive surface charge. The competitive effects
f H+ ions and the electrostatic repulsion between the cationic dye

Fig. 6. Effect of solution pH on the adsorption of MB  onto the M-MWCNTs.
is and application of the M-MWCNTs.

molecules and the positively charged active adsorption sites on the
M-MWCNTs would result in a decrease in the adsorption capacity
of dye. In contrast, the surface of the M-MWCNTs may  get negative
charged at a solution pH higher than pHPZC. Accordingly, the elec-
trostatic attraction occurs between the negatively charged active
adsorption sites and cationic dye molecule, which benefits for the
adsorption of dye. Fig. 6 also demonstrates the solution pH values
change during the adsorption process. At low initial pH (pHi < 7),
the final pH values (pHf) are higher than pHi values, due to an acid
neutralization effect and proton adsorption of the surface of the
M-MWCNTs [31,32]. The pHf reaches 6.9–7.2 when the pHi ranges
from 7 to 10, indicating a buffering capacity caused by the adsorbent
[33].

3.3. Effect of contact time and initial MB  concentration

Fig. 8 shows the effect of contact time on the adsorption
capacity and percent removal of MB  onto the M-MWCNTs at dif-
ferent initial concentrations. The adsorption capacity and percent
removal of MB  onto the M-MWCNTs drastically increase during
the initial adsorption stage and then continue to increase at a
relatively slow speed with contact time until a state of equilib-
for adsorption at the initial stage, and after a lapse of time, the
remaining vacant surface sites are difficult to be occupied due to

Fig. 7. Determination of the point of zero charge of the M-MWCNTs by the solid
addition method.
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ig. 8. The effect of contact time on the adsorption capacity (a) and percent removal
b)  of MB  onto the M-MWCNTs at different initial concentrations.

epulsive forces between the solute molecules on the solid and
ulk phases. Notably, the adsorption capacity of MB  increases
Fig. 8(a)) but the percent removal of MB  decreases with the
ncrease in initial concentration (Fig. 8(b)), suggesting that the
dsorption of MB  onto M-MWCNTs is highly dependent on initial
oncentration. The initial dye concentrations provide an impor-
ant driving force to overcome the mass transfer resistance of
he dye between the aqueous phases and the solid phases, so
ncreasing initial concentrations would enhance the adsorption
apacity of dye. On the other hand, the dye adsorption process
enerally involves the first transport of dye molecules from bulk
olution through liquid film to the exterior surface of adsor-
ent and then from the exterior surface to the pores of the
dsorbent, which reflects the adsorption of dye onto the adsor-
ent is relevant to the initial concentration. In general, the total
umber of available adsorption sites is fixed for a given adsor-
ent dose. It is reasonable to particulate that the larger ratio of

ctive adsorption sites of the adsorbent is available at lower ini-
ial concentration. Therefore, the percentage removal of dye is
reater at lower initial concentration but smaller at higher initial
oncentration.

able 1
inetic parameters for the adsorption of MB  onto the M-MWCNTs.

C0 (mg  L−1) qe,exp (mg  g−1) Pseudo-first-order 

k1 (min−1) qe,cal (mg  g−1) 

10 23.39 0.1434 22.61 

20 41.37  0.1506 39.50 

30  45.84 0.1905 43.36 
Fig. 9. Pseudo-first-order (a) and pseudo-second-order (b) kinetics for the adsorp-
tion of MB  onto the M-MWCNTs.

3.4. Adsorption kinetics

In order to further understand the characteristics of the adsorp-
tion process, the pseudo-first-order and pseudo-second-order
kinetic models were applied to fit experimental data obtained from
batch experiments. The pseudo-first-order and pseudo-second-
order kinetic models are expressed in nonlinear form as follows
[34,35]:

qt = qe − qee−k1t (2)

qt = k2q2
e t

1 + k2qet
(3)

where qe and qt (mg  g−1) are the amounts of MB  adsorbed at
equilibrium and at time t (min), respectively. k1 (min−1) is the
pseudo-first-order rate constant and k2 (g mg−1 min−1) is the
pseudo-second-order rate constant. The kinetic parameters and the

correlation coefficients (R2) were determined by nonlinear regres-
sion (Fig. 9) and were given in Table 1. The calculated qe values
(qe,cal) of both models are close to the experimental ones (qe,exp).
However, the R2 values of the pseudo-second-order kinetic model

Pseudo-second-order

R2 k2 (g mg−1 min−1) qe,cal (mg  g−1) R2

0.8884 0.0096 24.14 0.9934
0.7858 0.0057 42.23 0.9705
0.6597 0.0067 46.13 0.9321
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Fig. 11. Boyd plots for the adsorption of MB  onto the M-MWCNTs.

T
I

ig. 10. Intraparticle diffusion plots for the adsorption of MB  onto the M-MWCNTs.

re much higher than those of pseudo-first-order kinetic model,
mplying that the kinetics of MB  adsorption follows the pseudo-
econd-order kinetic model.

The Weber’s intraparticle diffusion model was further employed
o identify the steps involved during adsorption process, which is
escribed as [36]:

t = kit
1/2 + C (4)

here ki is the intraparticle diffusion rate constant
mg  g−1 min−1/2), C is a constant (mg  g−1). As shown in Fig. 10,  plots
resent multilinearity, thus indicating that two or more steps take
lace. The initial region is a diffusion adsorption stage, attributing
o the diffusion of dye through the solution to the external surface
f adsorbent (external diffusion). The second region is a gradual
dsorption stage, corresponding to intraparticle diffusion of dye
olecules through the pores of adsorbent (intraparticle diffusion).

herefore, both film diffusion and intraparticle diffusion processes
re simultaneously operating MB  adsorption onto M-MWCNTs.
he observed multilinearity also suggests that intraparticle dif-
usion is not the rate-limiting step. The values of ki and C were
alculated from the slope and intercept of plots of qt versus t1/2

Fig. 10)  and were summarized in Table 2.
To establish the actual rate-controlling step involved in the MB

dsorption process, the adsorption kinetic data were further ana-
yzed by Boyd kinetic model, which is expressed as [37]:

 = 1 − 6
�2

exp(−Bt) (5)

here F is the fraction of solute adsorbed at different time t and Bt

s a mathematical function of F and is given by

 = qt

qe
(6)
Substitution of Eq. (6) in Eq. (5),  the kinetic expression can be
epresented as

t = −0.4977 − ln(1 − F) (7)

able 2
ntraparticle diffusion model parameters for the adsorption of MB onto the M-MWCNTs.

Intraparticle diffusion model 

C0 (mg  L−1) ki,1 (mg  g−1 min−1/2) C1 (mg  g−1) R2 ki,2 (mg  g−1 m

10 1.65 11.03 0.8393 0.05 

20 2.72 20.07 0.9336 0.05 

30  2.43 25.91 0.9493 0.20 
Fig. 12. Isotherms for the adsorption of MB  onto the M-MWCNTs.

As shown in Fig. 11,  the plots are linear but do not pass through
the origin. Moreover, the R2 values of linear fitting under differ-
ent initial dye concentration are in the range of 0.9660–0.9862
(Table 2), suggesting that film diffusion is the rate-controlling step
in the adsorption process.

3.5. Adsorption isotherms

Isotherms study can describe how an adsorbate interacts with
adsorbent. The isotherm provides a relationship between the con-
centration of dye in solution and the amount of dye adsorbed on the
solid phase when both phases are in equilibrium. Fig. 12 shows the
equilibrium isotherms for the adsorption of MB  onto M-MWCNTs,
and the equilibrium adsorption data were analyzed by using the
Langmuir and Freundlich isotherm models [38,39]. The Langmuir

isotherm is often applicable to a homogeneous adsorption surface
with all the adsorption sites having equal adsorbate affinity, while
the Freundlich isotherm is an empirical relation for adsorption
over heterogeneous surfaces. The adsorption isotherm models of

Boyd model

in−1/2) C2 (mg  g−1) R2 Linear equation R2

22.74 0.8573 Bt = 0.03206t + 0.51055 0.9660
40.71 0.8755 Bt = 0.0379t + 0.35216 0.9862
43.41 0.8662 Bt = 0.02499t + 0.5966 0.9831
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Table  3
Comparison of the adsorption capacities of MB  onto various adsorbents.

Adsorbents Adsorption capacity
(mg  g−1)

References

M-MWCNTs 48.06 This work
Rice  husk 40.59 [40]
Fe(III)/Cr(III) hydroxide 22.8 [41]
clay 58.2 [42]
Carbonized citrus fruit peel 25.51 [43]
Silkworm exuviae 25.53 [44]
Diatomite 156.6 [45]
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3.6. Adsorption mechanism
Tea  waste 85.5 [46]
Iron terephthalate (MOF-235) 187 [47]

angmuir and Freundlich can be represented in the nonlinear form
s follows:

e = bqmCe

1 + bCe
(8)

e = Kf Ce
1/n (9)

here constant b is related to the energy of adsorption (L mg−1),
m is the Langmuir monolayer adsorption capacity (mg  g−1), Kf
s roughly an indicator of the adsorption capacity, and 1/n  is the
dsorption intensity. The isotherms based on the experimental
ata and the parameters obtained from nonlinear regression by
oth models are shown in Fig. 12.  The R2 values of Langmuir and
reundlich models are 0.9873 and 0.8681, respectively, indicating
hat the Langmuir model is suitable for describing the adsorption
quilibrium of MB  onto M-MWCNTs. The monolayer adsorption
apacity determined from the Langmuir isotherm is 48.06 mg  g−1.
able 3 compares the adsorption capacity of M-MWCNTs obtained
n this study with different adsorbents previously used for removal
f MB  from aqueous solutions. The adsorption capacity of MB  onto
-MWCNTs is higher than that of many other previously reported
dsorbents [40–47],  suggesting that the as-prepared M-MWCNTs
ave great potential application in dye removal from aqueous
olution.

Fig. 14. Schematic illustration of the possible interaction between MW
Fig. 13. FTIR spectra of M-MWCNTs before (a) and after (b) adsorption of the MB,
and pure MB  (c).

The essential characteristics of the Langmuir isotherm can be
expressed in terms of a dimensionless constant separation factor
RL given by following relation that can be used to determine the fea-
sibility of adsorption in a given concentration range over adsorbent
[48].

RL = 1
1 + bC0

(10)

The calculated RL values at different initial dye concentration
were in the range of 0.022–0.063, which lie between 0 and 1, con-
firming that the adsorption of dye over the adsorbent was favorable
[49].
Fourier transform infrared (FTIR) spectroscopic analysis was
performed to gain insight into the adsorption mechanism. Fig. 13

CNTs and MB: (a) electrostatic attraction and (b) �–� stacking.
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Fig. 15. Leached Fe content of M-MWCNTs under different pH levels.

hows the FTIR spectra of the M-MWCNTs before and after the MB
dsorption. Based on the aforementioned results, the surface of
-MWCNTs has some oxygen-containing functional groups con-

rming by the presence of the characteristic absorption peaks at
430 cm−1 (�O–H), 1574 cm−1 (�C O), 1385 cm−1 (ıO–H), 1046 and
092 cm−1 (�C–O). After adsorption of MB,  the peak at 3430 cm−1

emains unchanged, which indicates that hydrogen bonding may
ot be an important process for MB  adsorption onto the M-
WCNTs. However, the new absorption peak at 1600 cm−1 and

he sharp peak at 1400 cm−1 can be clearly observed, which can be
ssigned to the vibration of the aromatic ring and C–N bond for MB
50]. This reflects the MB  has been anchored on the surface of M-

WCNTs during the adsorption. It should be noted that the peaks
ssociated with the �C–O and � CH for the M-MWCNTs seem to be
roadened and show a significant decrease in intensity. This can be
xplained by the following aspects: (i) MB  is a kind of cationic dye
hich can be adsorbed easily by electrostatic forces on negatively

harged surfaces. Therefore, the change in �C–O after adsorption
ay  be ascribed to the electrostatic attraction between MWCNTs

nd MB;  (ii) MB  is also an ideally planar molecule and therefore
an be easily adsorbed by MWCNTs by �–� stacking interactions
etween the aromatic backbone of the dye and hexagonal skeleton
f MWCNTs, which may  lead to the weakening the intensity of � CH
or the M-MWCNTs. The electrostatic attraction and �–� stacking
nteractions between MWCNTs and MB  could be responsible for the
dsorption ability of the M-MWCNTs, as schematically illustrated
n Fig. 14.

.7. Stability of adsorbent

Considering that leaching of metal ions from adsorbent into the
reated water is undesirable, we further performed a leaching test
n the aqueous solution at different pH levels to evaluate the sta-
ility of M-MWCNTs. Fig. 15 shows the concentrations of leached
e under different pH levels. The leaching of Fe is negligible at pH
ver 4.0 and enhances significantly when pH is lower than 4.0. At
H 2.0, the concentration of the leached Fe ions is 11.74 mg  L−1. A
imilar trend was also previously observed for leaching of iron ions
rom Fe3O4-based composites [51–55].  Interestingly, M-MWCNTs
fter treated by strong acidic aqueous solution (pH 2.0) still pos-

ess perfect magnetic sensitivity under applied magnetic fields
inset in Fig. 15).  These results imply that M-MWCNTs could

aintain the good stability in various aqueous medium, which
s advantageous for treating the weak acidic, neutral and basic

astewater.

[

[

aterials 198 (2011) 282– 290 289

4. Conclusions

In conclusion, magnetite-loaded multi-walled carbon nan-
otubes (M-MWCNTs) have been successfully synthesized by a
facile one-pot solvothermal method. Adsorption ability of the M-
MWCNTs is evaluated by choosing the methylene blue (MB) as an
adsorbate. Batch adsorption tests demonstrate that the adsorption
is affected by various conditions such as contact time, solution
pH and initial dye concentration. Adsorption kinetics follows the
pseudo-second-order model. The adsorption process is operated
by both film diffusion and intraparticle diffusion, and the film dif-
fusion is determined to be the rate-controlling step. Equilibrium
data are fitted by Langmuir and Freundlich isotherms and the equi-
librium data are better described by Langmuir isotherm model,
with maximum monolayer adsorption capacity of 48.06 mg  g−1.
The electrostatic attraction and �–� stacking interactions between
MWCNTs and MB  account for the high adsorptive performance of
the M-MWCNTs. Interestingly, the resulting M-MWCNTs have a
high magnetic sensitivity to the external magnetic field, thus pro-
viding an easy and efficient way  for the separation of adsorbent
from aqueous solution.
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