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Abstract−Sulfonated magnetic multi-walled carbon nanotubes (SMMWCNTs) were applied in the sorption of Co(II)
from aqueous solutions. The SMMWCNTs were prepared and characterized by scanning electron microscope (SEM),
Fourier transform infrared (FTIR), and X-ray diffractometer (XRD) test. A large number of influencing factors to the
sorption process were investigated, such as pH, ionic strength, contact time, cations, anions, humic acid (HA), fulvic
acid (FA) and temperature. The results indicated that the Co(II) sorption was strongly controlled by the pH and ionic
strength. Moreover, foreign anions, such as F−, Cl− and Br−, had an obvious effect on the sorption process, which de-
pended on the electronegativity of the anions. On the other hand, cations restrained sorption strongly, such as Mg2+

and Ca2+. The existence of HA/FA enhanced sorption process at pH<8 while weakened at pH>8. As revealed by the
sorption results, the Langmuir adsorption model was more favorable than the Freundlich adsorption model, and the
pseudo-second-order model could fit the data much better than the pseudo-first-order. The thermodynamic analysis
suggested that sorption was spontaneous and endothermic. What’s more, the stability experiments of the SMMWCNTs
showed that SMMWCNTs could maintain excellent magnetic stability and dispersion stability. Thus, this SMMWCNTs
sorbent was believed to be a promising material for the selective removal of Co(II) from heavy metal-containing waste-
water.
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INTRODUCTION

Industrial wastewater, especially metal-containing effluent, has
been threatening human health as a global focus in recent decades.
The superfluous accumulation of heavy metal has destroyed the
ecological equilibrium [1,2]. As one of the common heavy metals,
cobalt is a trace element in the human body present in vitamin
B12 [3] and enzymes [4]. Nevertheless, it can result in nausea [5],
lung irritation [6] and reproductive problems [7] with excess amount.
Therefore, the removal of cobalt from different effluents is quite
important to environment protection. There have been some meth-
ods for the removal of Co(II) and other heavy metal from waste-
water, such as coagulation [8], electrochemical treatment [9], sorption
[10-12], membrane separation [13] and ion exchange [14]. Among
them, sorption is considered as one of the potential methods with
low cost, simplicity and convenience. Different adsorbents have
been reported for the removal of Co(II) and other heavy metal from
aqueous solution such as activated carbon [15], carbon nanotubes
[16], graphene [2,17], bentonite [18], and other adsorbents [19-
24]. Activated carbon fiber is widely applied for adsorption because
the speed of intra-particle adsorption is faster than activated car-
bon in powdered and granular forms [25]. Researchers have been
focusing on developing novel adsorbents bearing large sorption

capacity and sufficient suitability.
Owing to the large specific surface areas and unique morpholo-

gies, multi-walled carbon nanotubes (MWCNTs) have attracted
attention for wastewater treatment since being developed by Iijima
in 1991 [26]. Carbon nanotube composites have been considered
to be a prominent adsorbent [27,28]. Sankararamakrishnan et al.
synthesized composite nanofloral clusters with carbon nanotubes
and activated alumina for the first time, which exhibited a high
performance for the removal of Cd(II) and Cr(VI) [29]. Some re-
searchers successfully synthesized adsorptive membrane of ceramic/
carbon nanotubes composite and proved that membrane had good
adsorption capacity for copper removal [30].

Because of high cost and difficult separation from solutions, the
application of MWCNTs is limited. For full performance, MWCNTs
are coated by Fe3O4 for magnetic separation. Xu et al. reviewed the
MWCNTs/magnetite composite for wastewater treatment and pho-
tocatalytic technology as nanosorbents or photocatalysts [31].

However, it is also difficult to scale up the MWCNTs because
they are easily aggregated in aqueous solutions. Therefore, how to
disperse MWCNTs is the key to fully display sorption performance.
Mubarak et al. reported that modifying the surface of MWCNTs
can improve their dispersion performance [32]. From this point of
view, we expected that incorporating hydrophilic group (-SO3H)
onto the surface of MWCNTs might overcome the aggregation
and dispersion problem of MWCNTs.

In this paper, sulfonated magnetic multi-walled carbon nano-
tubes were modified with concentrated sulfuric acid to introduce
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hydrophilic -HSO3 to MWCNTs. SMMWCNTs were used to study
the sorption behaviors of Co(II) from waste water. To evaluate the
sorption abilities of SMMWCNTs in removing Co(II) from aque-
ous solution, we investigated various parameters such as contact
time, solution pH and initial Co(II) concentration in the sorption
process. In addition, kinetic and thermodynamic studies (ΔG0, ΔH0,
ΔS0) were also performed.

EXPERIMENTAL

1. Reagents and Materials
MWCNTs with main range of diameter 10-20 nm and length

<2μm were supplied by Shenzhen Nanotech Port Co., Ltd. The
specific surface area of MWCNTs is 100-120 m2/g according to the
manufacturer. Cobalt dichloride was supplied by Jinan chemical
reagent factory. Stock solution of Co(II) was prepared by dissolv-
ing cobalt dichloride in double distilled water. Ferric chloride hexa-
hydrate was supplied by Tianjin Damao Chemical Reagent Factory.
The other desired concentrations of solutions were obtained by dilut-
ing the stock solution in appropriate proportions. All chemicals
used in this study were analytical reagent grade and used without
any further purification.
2. Preparation of SMMWCNTs

SMMWCNTs were synthesized in three steps as shown in Fig. 1.
The sulfonated MWCNTs were carried out according to the method
described by Farbod [33] and Ge [34]. In brief, the MWCNTs were
purified and oxidized by the mixture of sulfuric acid and nitric acid.
Then 300mL 98% H2SO4 and 300mg purified MWCNTs were add-
ed to a flask and ultrasonication for 30 min. The above suspen-
sion was reacted at 200 oC for 10 h under continuous stirring. H2SO4

reacts with hydroxy and other active sites at the surface of oxidized
MWCNTs and formed sulfonated MWCNTs. The sample was
cooled, filtered, washed and dried in an oven, and then the sulfon-
ated MWCNTs were obtained.

Sulfonated MWCNTs were transferred to a flask with a separatory
funnel. Before the addition of sodium hydroxide solution through
the separatory funnel, the flask was put on a vacuum pump to keep
the vacuum at −0.1 MPa for 30 min. Then the pressure was freed,
and NaOH solution was slowly injected into the filter flask. Spon-
taneously, sulfonated MWCNTs were soaked in the sodium hydrox-
ide solution. After being immersed for 6 h, the solution was trans-
ferred to 80±1 oC water bath and afterwards ferric chloride (0.8 g)
and diluted hydrazine hydrate (HHA) solution were slowly added

and stirred for 1 h. The warm solution was filtered, washed with
distilled water and finally dried in a vacuum oven.
3. Characterization

The morphology of the SMMWCNTs samples was character-
ized by a field emission scanning electron microscope (SEM, Sirion
200, FEI America). The Fourier transform infrared (FTIR, Nicolet
5700, America) used KBr pellets, the spectral resolution was set to
1 cm−1, and 150 scans were collected for every spectrum. The crys-
tal structure of synthesized materials was determined by an X-ray
diffractometer (XRD, D8 ADVANCE, Germany). The surface area
measurement was carried at −196 oC using an ASAP 2020 system
(Micromeritics USA). The SMMWCNTs were degassed for 480
min at 350 oC before sorption measurements. From the N2 sorp-
tion isotherm, the surface area and average pore diameter were cal-
culated by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Hal-
enda (BJH), respectively, within a relative pressure of 0.05-0.33.
4. Stability Experiments

To assess the stability of SMMWCNTs, the leaching of Fe ions
from SMMWCNTs at different pH value was studied. SMMWCNTs
were added to aqueous solutions whose pH was adjusted from 2
to 12 and shaken on a shaker. After the separation of solid from
liquid phases, the leached Fe concentration was determined by using
a spectrophotometer at 508 nm.
5. Sorption Experiments

Batch sorption experiments were carried out in 10 mL polyeth-
ylene centrifuge tubes. The suspensions of SMMWCNTs and elec-
trolyte solutions (such as NaCl, NaClO4, KCl, NaNO3) were pre-
equilibrated for 24 h and then Co(II) solutions at concentrations
between 0.5 and 20 mg/L were added. The pH was adjusted to 2-
12 by the addition of HCl or NaOH solutions (0.1 mol/L or 1.0 mol/
L). After the solutions were shaken for a certain time, the liquid
and solid phases were magnetically separated. The Co(II) concen-
tration of the solutions was measured by spectrophotometry. Sodium
acetate acetic acid buffer solution (pH=5.5) and xylenol orange solu-
tion were added to the above separated solution of Co(II). After
being diluted to the desired concentration, the solution was placed
in 50±5 oC water bath for 10 min, then taken out to cool down. The
absorbance of the solution was measured at 578 nm. The distribu-
tion coefficient (Kd), sorption percentage (%) and sorption capac-
ity at equilibrium (qe) were calculated by the following equations:

(1)Kd = 
co − ce

ce
-------------

V
m
----⋅

Fig. 1. Synthesis schematic illustration of SMMWCNTs.
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(2)

(3)

where co and ce are the initial and equilibrium concentrations of
Co(II) in the solution (mg/L). V (mL) is the volume of the solution
and m (g) is the mass of adsorbents in suspension. All tests were
conducted in triplicate to ensure the repeatability of the results.
6. Regeneration Experiments

A regeneration study was also done. After the first adsorption
experiment, half of the supernatant was taken out and an equal
volume of background electrolyte solution with the same pH value
was added. Then the mixture was shaken and magnetically sepa-
rated under the same experiments conditions as in the previous
sorption experiments.

RESULTS AND DISCUSSION

1. Characterization of SMMWCNTs
Fig. 2 displays the typical SEM images of MWCNTs and

SMMWCNTs. It is observed that MWCNTs (Fig. 2(A) and (B))
were tubular structure with entangled reticulation. By contrast,
SMMWCNTs with different morphology are shown in Fig. 2(C)
and (D), which indicates that iron oxide are successfully coated on
the surface of MWCNTs.

Fig. 3 shows the Fourier transform infrared (FTIR) spectra of
SMMWCNTs and MWCNTs. The peaks at 3,353 cm−1 and 3,444
cm−1 are assigned to the stretching vibration of hydroxyl [35-37].
The sorption at 2,921 cm−1 and 2,892 cm−1 are attributed to the sym-
metric and asymmetric stretching vibration of methylene. The sorp-
tion at 1,571 cm−1 is attributed to the stretching vibration of C=O
of the MWCNTs [38,39]. There are some absorption peaks only
observed from SMMWCNTs: the peaks at 580 cm−1 and 464 cm−1

are due to vibration of Fe-O-Fe in Fe3O4 and C-Fe, respectively
[40,41], indicating the existence of Fe3O4. The band at 1,089 cm−1

and 1,047 cm−1 may be attributed to the symmetric and asymmet- ric stretching mode of O=S=O of SMMWCNTs; the peaks at 848
cm−1 and 761 cm−1 are assigned to S=O band [42], which suggests
that the -SO3H groups are successfully introduced on MWCNTs.
In addition, some researchers reported that the existence of oxy-
gen-containing functional groups on MWCNTs provided active
sites which were beneficial for the growth of magnetic particles
[43,44].

Fig. 4 shows the X-ray diffractometer (XRD) patterns of
SMMWCNTs. The diffraction peak at 2θ=26.3o can be indexed
as the 002 plane of MWCNTs [45]. The typical peaks of Fe3O4 at
35.6o, 43.4o and 57.4o are observed, confirming that iron oxide have
been loaded on MWCNTs [46].

The sorption isotherm (a) and pore size distribution curve (b)
of the SMMWCNTs are displayed in Fig. 5. The BET surface area
of SMMWCNTs is 176.78 m2/g. As can be seen from 5(a), the rel-
ative pressure (P/P0=0.46-1) indicated the existence of mesopores.
When the relative pressure was close to 1.0, a quick increasing of
adsorbed N2 implied that there were a great many of large-meso-
pores or macropores with size ranging from 20 to 65 nm, which
resulted from the opened nanotubes. These results reveal that

Sorption %( )  = 
co − ce

co
------------- 100%×

qe = 
co − ce( )V

m
----------------------

Fig. 2. SEM images of MWCNTs (A), (B) and SMMWCNTs (C),
(D).

Fig. 4. XRD patterns of SMMWCNTs.

Fig. 3. FTIR spectra of SMMWCNTs (a) and MWCNTs (b).
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SMMWCNTs are highly porous, which is the foundation of high
sorption of Co(II).
2. The Magnetic Stability and Dispersion Stability of the Ad-
sorbent

Fig. 6 shows the dispersion stability of MWCNTs and SMMWCNTs
in water. From the digital photos A, B and C, MWCNTs appear as a
severe self-aggregation and subsidence in 1min, while SMMWCNTs
can maintain better dispersion stability for 12 hours than MWCNTs.
It indicates that SMMWCNTs improve the dispersion stability in
the water dramatically. As illustrated in 6D, SMMWCNTs also pos-
sess excellent magnetic property.

Fig. 6E shows the concentrations of leaching Fe under different
pH levels. The amount of leaching Fe is 2.84 mg/L at pH<4, but
almost no leaching Fe appears at pH>4. Intriguingly, SMMWCNTs
can maintain good stability in most of the solution pH.
3. Comparative Adsorption of Co(II) by MWCNTs and
SMMWCNTs

Fig. 7 shows the sorption isotherms of Co(II) on MWCNTs and

Fig. 5. N2 sorption isotherm (a); Pore size distribution derived from the nonlocal density functional theory model of the SMMWCNTs (b).

Fig. 6. Photographs of dispersion stability of purified MWCNTs and SMMWCNTs in 0 min (A); 1 min (B); and 12 h (C); MWCNTs and
SMMWCNTs response to Magnet (D); Leached Fe content of SMMWCNTs under different pH values (E).

Fig. 7. Sorption isotherms of Co(II) on MWCNTs and SMMWCNTs
at 298.15 K (pH=6.0±0.1, m/V=0.3 g/L, I=0.01 mol/L NaCl).
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SMMWCNTs with the corresponding Langmuir model in addi-
tional small figure and the relative parameters calculated from the
Langmuir equation in Table 1. One can find that the maximum
sorption capacity of SMMWCNTs is higher than that of MWCNTs.
This may be due to -SO3H groups on SMMWCNTs, which could
reduce the aggregation of MWCNTs, enhance its dispersion in water,
and finally increase sorption capacity.
4. Effect of pH and Ionic Strength

The effect of pH on the sorption of Co(II) to SMMWCNTs is
illustrated in Fig. 8. It is observed that the sorption curves are inti-
mately dependent on solution pH. The sorption percentage main-
tains low value at pH<4, and increases with the increasing of pH,
and then reaches the maximum at pH>10. At low pH values, the
electrostatic repulsion between the positive charged adsorbent (pro-
tonation) and Co(II) leads to a very low sorption. With the pH ris-
ing, the electrostatic force between Co(II) and adsorbent has trans-
formed from electrostatic repulsion to electrostatic attraction, and
sorption percentage increased gradually. The high sorption per-
centage at pH>10 can be due to the precipitation of Co(II) on the
surface of SMMWCNTs.

Fig. 8 also shows the effect of ionic strength on the sorption of
Co(II) on SMMWCNTs in NaCl solutions (0.1 mol/L, 0.01 mol/L,
0.001 mol/L). As can be seen from Fig. 8, the ionic strength influ-
ences the Co(II) sorption on SMMWCNTs at pH<10, while no
obvious difference is observed at pH>10. The sorption percentage
with 0.001 mol/L NaCl is the highest and 0.1 mol/L NaCl is the
lowest, which can be explained by ion exchange. The high con-
centration of NaCl solutions inhibits the adsorption by competing
with the adsorption of Co(II) via ion exchange. The result indi-
cates that sorption process is mainly influenced by outer complex-

ation at low pH values.
5. Effect of Contact Time and Kinetic Study

The effect of contact time on the sorption of Co(II) on
SMMWCNTs was studied. As can be seen from Fig. 9, the sorp-
tion is quite quick and the sorption equilibrium can be achieved
in 10 min. The sorption process of Co(II) onto the adsorbent can
be divided into three steps. The first step is a fast sorption process,
in which Co(II) diffuses and adheres to the external surface of ad-
sorbent. In the second step, Co(II) penetrates into the internal sur-
face of the adsorbent. The third step is diffusion of Co(II) to the
sorption site, which is a slow process. According to Cheung’s research
[47], intraparticle diffusion was the rate-controlling step. To finish
these two steps completely, the contact time was set for 24 hours.

A further study on sorption process was conducted via pseudo-
first-order (Eq. (4)) and pseudo-second-order (Eq. (5)) kinetic mod-
els. Equations are expressed as follows:

ln(qe−qt)=lnqe−k1t (4)

(5)

where qt is the amount of Co(II) adsorbed on adsorbent at time t
(min); k1 and k2 are rate constant of pseudo-first-order and pseudo-
second-order kinetics respectively.

Fig. 10 represents the linear plots of data shown in Table 2 based
on the pseudo-first-order and pseudo-second-order kinetic mod-
els. Among them, Fig. 10(b) shows good linearity. In addition, the
correlation coefficient (R2) for pseudo-second-order is very close
to 1. Hence, this sorption process can be defined as pseudo-sec-
ond-order kinetic model.
6. Effect of Cations

Fig. 11(a) shows the effect of divalent cations on the removal of
Co(II) from aqueous solutions. From Fig. 11(a), the presence of
Ca2+ and Mg2+ decreases the Co(II) sorption percentage at 3<pH<8
and no obvious difference is observed at pH>8. The reason for no
obvious difference at pH>8 is that Co(II) begin to precipitate which-
ever background cations are mixed in solution. The decrease at pH>

t
qt
---- = 

1
k2qe

2
---------- + 

t
qe
----

Table 1. Parameters of Langmuir isotherms at different adsorbents

Adsorbent
Langmuir

qemax (mg/g) b (mL/mg) R2

MWCNTs 6.244 0460 0.996
SMMWCNTs 8.420 1024 0.993

Fig. 8. Effect of pH on the sorption of Co(II) on SMMWCNTs (T=
298.15 K, m/V=0.3 g/L, C[Co(II)]initial=0.01 g/L).

Fig. 9. Effect of contact time on the sorption of Co(II) on
SMMWCNTs (T=298.15 K, pH=6.0±0.1, m/V=0.3 g/L,
C[Co(II)]initial=0.01 g/L, I=0.01 mol/L NaCl).
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8 can be interpreted by the competition between divalent cations
and Co(II) to combine with the surface functional groups on
SMMWCNTs. A previous study reported that cations sorption per-
centage decreased with the increasing of competition ion valence
[48]. Herein, divalent cations are more likely to be adsorbed on the
surface of SMMWCNTs at 3<pH<8 and thereby reduce Co(II) sorp-
tion on SMMWCNTs.

Fig. 11(b) shows the effect of monovalent cations on the sorp-
tion of Co(II) on adsorbent. One can see that foreign monovalent
cations have no influence on the sorption of Co(II) on adsorbent.
Radius order of hydrations is Na+ (2.76A)<K+ (2.32A)<Li+ (3.4A)
[49]. These positively charged monovalent cations may form com-
plexes or precipitation due to the functional group on the surface
of SMMWCNTs. But the results indicate that the sorption of Co(II)
on SMMWCNTs is not influenced by Na+, K+ and Li+ obviously,
and it can be explained that the complexation occurs only on the
surface of SMMWCNTs. Thus the influence of Na+, K+ and Li+ on
the sorption of Co(II) can be ignored. This result is similar to Cu(II)
sorption on loofah fibers [19].
7. Effect of Anions

Fig. 12(a) and (b) clearly show the effect of different monova-
lent anions on the sorption of Co(II). From Fig. 12(a), sorption

Fig. 10. Plot of pseudo-first-order kinetic models (a); pseudo-sec-
ond-order kinetic models (b); intraparticle diffusion model
(c) for the adsorption of Co(II) on SMMWCNTs (T=298.15
K, pH=6.0±0.1, m/V=0.3 g/L, C[Co(II)]initial=0.01 g/L, I=0.01
mol/L NaCl).

Table 2. Kinetic model parameters for the adsorption of Co(II) on
SMMWCNTs

C0

(mg/mL)

Pseudo-first-order
kinetic model

Pseudo-second-order
kinetic model

qe (mg/g) k1 R2 qe (mg/g) k2 R2

0.01 2.362 0.560 0.688 7. 937 0.252 0.998

Fig. 11. The effect of different cations on the sorption of Co(II) on
SMMWCNTs (T=298.15 K, m/V=0.3 g/L, C[Co(II)]initial=0.01
g/L).
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curve in NaBr solution is the lowest, and highest in NaF solution.
This phenomenon may be attributed to (1) F− can form complexes
with Co(II) in solution, whereas Br− cannot; (2) Radius order of
hydrations is F−<Cl−<Br−: the greater radius, the more sorption
sites are occupied on SMMWCNTs. This leads to the decrease of
Co(II) removal ratio.

As shown in Fig. 12(b), the presence of NO3
− and ClO4

− shows
no obvious influence on the sorption of Co(II) distinctly. The rad-
ical radius order is ClO4

−>NO3
−>Cl−. These negatively charged cat-

ions may form complexes or precipitation with functional groups
on the surface of SMMWCNTs. But the influence on sorption is
still very weak, and this can be interpreted by forming complex on
the surface of SMMWCNTs. The influence of ClO4

−, NO3
− and Cl−

on the sorption of Co(II) can be ignored.
8. Effect of HA/FA

As two principal components of humic substances, HA and FA
can affect the sorption of ions in aqueous solutions. Fig. 13(a) and (b)
show the effect of HA and FA on Co(II) sorption to SMMWCNTs.
The presence of HA/FA facilitates Co(II) sorption on SMMWCNTs
at pH<8, but reduces Co(II) sorption at pH>8. Some researchers
[50] determined that HA/FA have negative zeta potentials at pH>2.
The increase of Co(II) sorption on SMMWCNTs at low pH value

can be attributed to the electrostatic attraction between the nega-
tively charged HA/FA and the acidic SMMWCNTs surface. In con-
sequence, HA/FA enhance Co(II) sorption on SMMWCNTs at pH<
8. With the increase of pH value, the negatively charged HA/FA can
no longer attract the negatively charged SMMWCNTs. But HA/FA
might combine with Co(II), and thereby reduce sorption of Co(II)
on SMMWCNTs at high pH value. The results are in agreement
with the Co(II) sorption on multi-walled carbon nanotube-hydroxy-
apatite composites [51].
9. Sorption Isotherms and Thermodynamic Study

Fig. 14 shows the sorption isotherms of Co(II) on SMMWCNTs
at T=298.15 K, 318.15 K and 338.15 K. It is clear that the sorption
percentage increases with the temperature rising. To explore the
sorption mechanism, the Langmuir and Freundlich isotherm mod-
els are used to describe the sorption equilibrium. The Langmuir
isotherm is often applicable to a homogeneous sorption surface
with all the sorption sites having equal adsorbate affinity. The Lang-
muir equation can be expressed as follows:

(6)

the line form is:

qe = 
bqe maxce

1+ bce
--------------------

Fig. 12. The effect of different anions on the sorption of Co(II) on
SMMWCNTs (T=298.15 K, m/V=0.3 g/L, C[Co(II)]initial=0.01
g/L).

Fig. 13. Effect of HA (a) and FA (b) on Co(II) sorption to
SMMWCNTs as a function of pH (T=298.15 K, m/V=0.3
g/L, C[Co(II)]initial=0.01 g/L, I=0.01 mol/L NaCl).
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(7)

where the maximum sorption capacity (qemax) is the amount of Co(II)
at complete monolayer coverage (mg/g), b is the Langmuir con-

ce

qe
---- = 

1
bqe max
--------------- + 

ce

qe max
------------

Fig. 14. Sorption isotherms of Co(II) on SMMWCNTs at different
temperatures (pH=6.0±0.1, m/V=0.3 g/L, I=0.01 mol/L
NaCl).

Fig. 15. Langmuir (a) and Freundlich (b) simulation of Co(II) sorp-
tion on SMMWCNTs at three different temperatures (pH=
6.0±0.1, m/V=0.3 g/L, I=0.01 mol/L NaCl).

Table 3. Parameters for Langmuir and Freundlich isotherms at dif-
ferent temperatures

T
(K)

Langmuir Freundlich
qemax

(mg/g)
 b

(mL/mg) R2 KF

(mg1−nmLn/g) n R2

298.15 08.420 1024 0.993 066.127 0.431 0.864
318.15 10.685 0847 0.989 111.923 0.487 0.866
338.15 11.705 1230 0.974 089.875 0.417 0.906

Fig. 16. Effect of temperature on the Co(II) sorption on SMMWCNTs
at different initial Co(II) solution concentrations (pH=6.0±
0.1, m/V=0.3 g/L, I=0.01 mol/L NaCl).

stant of equilibrium.
The Freundlich isotherm model is an empirical equation and

expressed as follows:

qe=KFce
n (8)

After linearization, we obtain:

logqe=logKF+nlogce (9)

where KF is the sorption capacity (mg1−nmLn/g); n is the Freun-
dlich constant related to sorption intensity.

Fig. 15(a) and (b) show the fitting results of Langmuir and Fre-
undlich models with the parameters and correlation coefficients
(R2) calculated from corresponding models in Table 3. It is note-
worthy that the R2 calculated by the Langmuir adsorption model
is higher, which means the Langmuir adsorption model is more
favorable than the Freundlich adsorption model.

Three thermodynamic parameters, the free energy change (ΔG0)
enthalpy change (ΔH0) and entropy change (ΔS0) were calculated
using the following equations:

(10)

(11)

where R is the gas constant (8.314 J/molK). ΔH0 and ΔS0 were cal-
culated from the slope and intercept of Fig. 16 (the plot of lnKd ver-
sus 1/T). The thermodynamic parameters derived from Eqs. (10)

ΔG0
 = ΔH0

 − TΔS0

Kd = 
ΔS0

R
-------- − 

ΔH0

RT
----------ln
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and (11) are summarized in Table 4. The positive values of ΔH0

demonstrate that the sorption is endothermic, which coincides
with the sorption isotherms. The value of ΔH0 is less than 40 kJ·
mol−1, suggesting that the sorption is a physisorption process. More-
over, the negative values of ΔG0 indicate that sorption is sponta-
neous. The decrease of ΔG0 with an increase of the temperature
indicates that sorption is favorable at high temperature. The posi-
tive values of ΔS0 reflect the affinity of adsorbent with Co(II) and
imply some structural changes on the adsorbent.
10. Regeneration of Adsorbent

Fig. 17 shows the reuse behavior of SMMWCNTs on Co(II) sorp-
tion for a five-cycle test. The results indicate SMMWCNTs bear
high sorption capacity of 6.63mg/g in fifth cycle and 89% retention
ratio compared with the first cycle. Therefore, the SMMWCNTs
can be a good reusable adsorbent for the sorption of Co(II) from
large volumes of aqueous solutions.

CONCLUSION

Sulfonated magnetic multi-walled carbon nanotubes were suc-
cessfully synthesized through an environmentally friendly process.
SMMWCNTs display high stability in aqueous solutions and can
be well dispersed in water for 12 h. SMMWCNTs also exhibit an
excellent magnetic property, meaning a good dispersion and easy
separation during the wastewater treatment.

Batch sorption tests demonstrate that the sorption is affected by

various conditions, such as solution pH, ionic strength, contact
time, cations, anions, HA/FA and temperature. The sorption of Co(II)
is a fast process, and the pseudo-second-order model could fit the
data much better than the pseudo-first-order. Foreign anions (F−

and Br−) exhibit obvious influence on sorption, while cations (Mg2+

and Ca2+) restrain sorption strongly. The existence of HA/FA en-
hances sorption process at pH<8, while weakens at pH>8. The Lang-
muir adsorption model is more favorable than the Freundlich ad-
sorption model. Thermodynamic studies reveal that the sorption
process is endothermic and spontaneous. The regeneration test deter-
mines that SMMWCNTs can be used repeatedly for the sorption
of Co(II) from aqueous solutions. Thus, this SMMWCNT sorbent
is believed to be a promising material for the selective removal of
Co(II) from heavy metal-containing wastewater.
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