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a b s t r a c t

Carbon nanotube–chitosan (CNT–CS) composite electrodes are prepared by firstly reacting oxidized CNT
with thionyl chloride and then covalently grafting CS onto the surface of CNT. The electrochemical removal
of Cu2+ ions by CNT–CS composite electrodes is investigated. The results show that CNT–CS Exhibits 85%
Cu2+ removal ratio, 25% higher than that of pristine CNT, due to its lower zeta potential, higher surface
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area, more hydrophilic surface and more binding sites.
© 2011 Elsevier B.V. All rights reserved.
lectrochemical removal

. Introduction

Cupric ions (Cu2+) commonly exist in the waste water of several
ndustries such as acid mine, acidic corrosion of pipes and elec-
roplating waste. The presence of excessive amounts of Cu2+ in
rinking water may lead to accumulation in the liver and cause gas-
rointestinal problems [1]. Therefore, it is significantly important to
emove Cu2+ from water. Various approaches have been adopted
o remove Cu2+ including precipitation, electrochemical treatment,
hemical reduction, solvent extraction, ion exchange and adsorp-
ion [2–4]. However, the application of these processes is often
imited because of technical or economic constraint. Electrosorp-
ion, defined as adsorption on the surface of charged electrode by
pplying potential or current, has attracted a great interest due to
ts low energy consumption and environmental friendliness [5–9].
lectrosorption has been successfully used to remove Cu2+ and the
ifficulty of electrode regeneration due to the electrodeposition
eaction on the electrode surface when applied voltage is above
ome value can be solved by combining reverse voltage and short
ircuit [10,11].
As a key component of electrosorption device, the development
nd optimization of electrode materials should be the focus. Carbon
anotube (CNT) has been proved to be a competitive and promis-

ng electrode material for adsorption or electrosorption due to its

∗ Corresponding author. Tel.: +86 21 62234132; fax: +86 21 62234321.
E-mail address: lkpan@phy.ecnu.edu.cn (L. Pan).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.02.118
large surface area, high mechanical strength, remarkable electrical
conductivity and high stability [12–18]. However, the hydropho-
bicity of CNT limits its application in electrosorption. Currently the
functionalization of CNT with nontoxic and hydrophilic polymers
promises to be one of the most successful methods to improve the
hydrophilicity of CNT. These polymers can bring a hydrophilic sur-
face on CNT and create more sorption sites. One of the common
polymers that is used for the modification of CNT is chitosan (CS)
[19,20]. As an inexpensive, widely used and nontoxic polysaccha-
ride biopolymer, CS displays excellent film-forming ability, high
hydrophilicity, and good biocompatibility [21–24]. Because CS has
abundant amino (–NH2) and/or hydroxy (–OH) functional groups
which serve as coordination sites and exhibit a high specificity
toward metal ions [25–27], CS has been integrated with CNT to
form CNT–CS composites to effectively remove Cu2+ from aqueous
solutions by adsorption method [28] or to determine Cu2+ by anodic
stripping voltammetry [29]. Unfortunately, so far the exploration
on the application CNT–CS composite materials for electrosorption
is hardly reported.

In this work, we fabricate CNT–CS composite materials by
covalent functionalization of CNT with CS and study their electro-
chemical removal behavior in Cu2+ solution. An applied voltage of
1.2 V is used in this work. Due to intrinsic resistance of the elec-

trodes which consume some voltage, electrodeposition does not
happen remarkably and electrosorption is mainly responsible for
the removal of Cu2+ ions. However, considering a small contribu-
tion from Cu electrodeposition during dominant electrosorption
process, the term “electrochemical removal” [30] is used here.

dx.doi.org/10.1016/j.jallcom.2011.02.118
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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CNT–CS, which offers a higher accessible surface area and will be
beneficial to Cu2+ removal performance [35,36].

Fig. 3 shows the FTIR spectra of CNT and CNT–CS. Compared
with CNT, CNT–CS exhibits several new characteristic groups
[31,37–39]. C O stretching vibrations (1850 cm−1) and O–H bend-
668 Y. Zhan et al. / Journal of Alloys a

. Experimental

.1. Preparation

CNT–CS composite materials were synthesized from multi-walled CNT (>95%
urity, Shenzhen Nano-tech Port Co. Ltd., China) via a modified Zhu’s method [31].
riefly, 2 g CNT was added in 100 mL HNO3 solution and refluxed for 7 h at 140 ◦C.
fter being filtrated, washed to neutral and dried overnight, the oxidized CNT was
ubsequently reacted with 40 mL 5 wt% thionyl chloride (SOCl2) in toluene for 5 h at
0 ◦C and purified through the Soxlet extraction. Then the treated CNT was mixed
ith 0.5 g CS in 50 mL aqueous solution with 2 wt% acetic acid (CS dissolves easily

n acid solution) and then stirred for 24 h.
Finally the mixture was dropped onto the graphite paper with a thickness of

mm (Qingdao Huatai lubricant sealing S&T Co. Ltd), dried at 100 ◦C for 5 h. After
eing washed by large amounts of deionized water and dried under vacuum to
emove the residue reagents, the mass of formed CNT–CS film was 0.7 g and the
ontent of CS in the composite was about 25%. Two CNT–CS electrodes were assem-
led in holders. The effective area of each electrode was 64 cm2 (8 cm × 8 cm) and
he distance between the electrodes was 2 mm. Two pristine CNT electrodes (each
.7 g) were also fabricated and assembled for comparison.

.2. Characterization

The surface morphology and structure were characterized by field emission
canning electron microscopy (FESEM, JEOL-4700), transmission electron micro-
cope (TEM, JEM-2100), Fourier transform infrared spectroscopy (FTIR, Nexus 670)
nd X-ray Photoelectron Spectroscopy (XPS) using a Kratos AXIS spectrometer with
onochromatic Al K� (1486.71 eV) X-ray radiation, respectively. The contents of C,
, S, and N were quantitatively analyzed by a CHNS/O elemental analyzer (VARIOEL3,
lementar). The pH value of the solution was adjusted between 2 and 10 by adding
Cl or NaOH and the pH of the point of zero charge was measured using a Zeta Meter

JS94J, Powereach). The contact angle of water on the surface of electrode was mea-
ured by contact angle goniometer (JC2000D, Powereach) using digital micrographs
f deionized water droplets. The specific surface area and pore size distribution were
etermined by surface analyzer (O2108-KR-1, Quantachrome) using N2 as adsorbate
t 77 K.

.3. Electrochemical removal experiments

Electrochemical removal experiments were conducted in a continuously recy-
ling system including a removal unit cell, as described in our previous works
11,32,33]. The analytical pure cupric chloride (CuCl2) was used for the aqueous
olutions. In each experiment, the solution was continuously pumped from a peri-
taltic pump into the cell and the effluent returned to the unit cell. The solution
emperature was kept at 295 K and a flow rate around 40 mL min−1 was applied.
he electrochemical removal was performed by a DC power supply at a constant
oltage (1.2 V) and the variation of Cu2+ concentration was measured by a conduc-
ivity meter (DDS-308, Precision & Scientific Instrument) in situ. The relationship
etween conductivity and concentration was obtained according to a calibration
able made prior to the experiments. Fig. 1 shows the relationship between solution
onductivity z (�S cm−1) and Cu2+ concentration C (mg L−1, measured using Solar
6 atomic absorption spectroscopy). It can be seen that the relationship follows the

inear plot based on the following equation:
= 0.632 × z − 1.90(R2 = 0.997) (1)

The regression coefficient R2 of Eq. (1) is 0.997. The amount of Cu2+ removal qe

mg g−1) was calculated from the following equation:

e = (C0 − Ce)V/m (2)

Fig. 1. The relationship between solution conductivity z and Cu2+ concentration C.
mpounds 509 (2011) 5667–5671

where C0 (mg L−1) and Ce (mg L−1) are the initial and equilibrium concentration of
Cu2+, respectively. V (L) is the volume of the solution and m (g) is the mass of CNT
or CNT–CS electrodes.

3. Results and discussion

Fig. 2(a) and (b) shows the FESEM images of CNT and CNT–CS. It
can be observed that CNT has a snake-like shape. While CNT–CS dis-
plays a more compact surface in which wire-like CNT is dispersed in
the CS matrix. The inset of Fig. 2(a) and (b) displays the TEM images
of CNT and CNT–CS. The length of CNT is found to be reduced from
original 4 �m to 1 �m in CNT–CS composite, which should be due
to the treatment of HNO3 [34]. The shorter CNT may contribute to
the enhanced specific surface area, as observed in Table 1. The mea-
sured BET surface areas and the average pore diameter is changed
from 44.5 m2 g−1 and 21.9 nm for CNT to 52.7 m2 g−1 and 8.3 nm for
Fig. 2. FESEM images of (a) CNT and (b) CNT–CS. Insets are their TEM images.

Table 1
Surface characteristic of CNT and CNT–CS.

Sample Surface area
(m2 g−1)

Average pore
diameter (nm)

Pore volume
(cm3 g−1)

pHpzc

CNT 44.5 21.9 10.2 5.30
CNT–CS 52.7 8.3 12.1 4.38
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Fig. 3. FTIR spectra of CNT and CNT–CS.

Table 2
Elemental compositions of CNT and CNT–CS.
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C (%) H (%) N (%) S (%)

CNT 98.28 <0.3 <0.3 <0.5
CNT–CS 69.78 3.14 3.17 0.76

ng vibrations (920 cm−1) confirm the existence of –COOH group.
–Cl (832.7 cm−1) and C S (1132.7 cm−1) stretching bands are
scribed to the successful modification of SOCl2. These acidic
unctional groups can create more defect sites for ion sorption
nd facilitate the connection between CNT and CS. The decora-
ion of CNT by CS is validated by the existence of C–N stretching
ibrations (1219.2 cm−1), N–H (3007.7 cm−1) and O–H stretching
ands (3800 cm−1). Furthermore, elemental composition analy-
is of CNT and CNT–CS by CHNS/O elemental analyzer (Table 2)
hows that N, S and H contents substantially increase in CNT–CS,
hich further confirms that CS has been successfully grafted

nto CNT.
Fig. 4 plots the zeta potential of CNT and CNT–CS. As the pH value

ncreases, the zeta potential decreases and the values of CNT–CS are
ore negative than those of CNT. Their pH values of point of zero

harge (pHpzc), as shown in Table 1, are 5.30 and 4.38, respectively.
he more negative pHpzc of CNT–CS, also reported by other studies
40], indicates that acidic functional groups are present in CNT–CS,
hich will favor the electrostatic adsorption of Cu2+. Fig. 5 shows
he photographic images of water droplet onto the surface of CNT
nd CNT–CS. The measured contact angle decreases from 86◦ for
NT to 56.5◦ for CNT–CS indicating that surface hydrophilicity is

mproved by the introduction of the functional groups [41]. The

Fig. 4. Zeta potential of CNT and CNT–CS as a function of pH value.
Fig. 5. Photographic images of water droplets on the surface of (a) CNT and (b)
CNT–CS.

hydrophilic surface benefits Cu2+ adsorption. As known, Cu2+ exists
in aqueous solution mostly in the form of hydrated ions, functional
groups on the pore wall can affect the behavior of confined water
molecules leading to amazed water adsorption [42] and meanwhile
increase adsorption of hydrated Cu2+.

Fig. 6(a) shows the variation of solution conductivity with
time during the electrochemical removal of Cu2+ by CNT and
CNT–CS. The initial conductivity of CuCl2 solution is 50 �S/cm.
When the voltage is not applied, no obvious physical adsorp-
tion is found for both CNT and CNT–CS. Once the voltage is
imposed, ions are driven onto the electrodes and the conductivity
decreases and reaches equilibrium after about 240 min. It shows
that Cu2+ removal is significantly improved under the electric
field and total Cu2+ removal is mainly contributed by electro-
chemical removal. Compared with CNT, CNT–CS presents 85% Cu2+

removal ratio, 25% higher than that of CNT (60%). The result states
clearly that CNT–CS exhibits better electro-assisted Cu2+ removal
properties.
The electrochemical removal rate constants of Cu2+ onto CNT
and CNT–CS can be obtained by fitting the experimental data using
model equations including pseudo-first-order kinetics and pseudo-
second-order kinetics. Pseudo-first-order kinetics model is found
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Table 3
Parameters of pseudo-first-order kinetics for the electrochemical removal of Cu2+

at 1.2 V.

k (min−1) Coefficient of
determination (R2)

CNT (0–70 min) 0.011 0.971
ig. 6. (a) Variation of solution conductivity with time and (b) linear plot of the
seudo-first-order kinetic equation for electrochemical removal of Cu2+ by CNT and
NT–CS.

o describe the experimental data better than pseudo-second-order
inetics model in this work and can be formulated as [43]:

n
[

Ct − Ce

C0 − Ce

]
= −kt (3)
here k (min−1) is the rate constant, C0, Ce and Ct (mg L−1) are
nitial concentration, equilibrium concentration and the concen-
ration at time t (min), respectively. The kinetics parameters can
e obtained by fitting the experimental data using least square

Fig. 7. Surface elemental composition of CNT–CS electrode after
CNT (70–240 min) 0.002 0.944
CNT–CS 0.017 0.995

method, as shown in Fig. 6(b) and Table 3. The experimental data
of CNT–CS is found to be in agreement with the pseudo-first-
order rate law very well and the rate constant is 0.017 min−1,
while CNT exhibits two linear segments with the rate constants
of 0.011 min−1 (0–70 min) and 0.002 min−1 (70–240 min), respec-
tively. The very small rate constant in second segment should be
ascribed to removal saturation effect after 70 min. As compared
with CNT, CNT–CS exhibits higher kinetics rate constant, which is
beneficial to the Cu2+ removal.

As mentioned above, an applied voltage of 1.2 V is beyond the
potential window of Cu2+ electrolysis and Cu will be electrode-
posited on the surface of CNT–CS. To characterize the contribution
from Cu electrodeposition to total removal of Cu2+, surface ele-
mental composition of CNT–CS after the electrochemical removal
of Cu2+ is analyzed by XPS spectra, as shown in Fig. 7. Before XPS
measurement, CNT–CS electrode is washed by deionized water to
get rid of the residue Cu2+. Therefore, Cu on the surface of CNT–CS
almost exists in the form of solid. It can be observed that the atomic
ratio of Cu is only 0.29%, very small in all elements. This con-
firms that electrodeposition does not happen remarkably due to
intrinsic resistance of the electrodes which consume some voltage
and electrosorption is mainly responsible for the removal of Cu2+

ions. It should be noticed that the electrodeposition reaction will
affect electrode regeneration. Fortunately, this problem has been
solved by combining reverse voltage and short circuit [10,11]. The
long-term performance of the CNT–CS electrode is very stable and
decay in Cu2+ removal has not been obviously observed after 30
charge–discharge cycles.

To further compare Cu2+ removal behavior of CNT and CNT–CS,
the batch experiments with different initial conductivities ranging
from 30 to 400 �S/cm were carried out. Langmuir isotherm (Eq. (4))
and Freundlich isotherm (Eq. (5)) are used to fit the experimental
data [32].
qe = qmKLCe

1 + KLCe
(4)

qe = KF C1/n
e (5)

the electrochemical removal of Cu2+ by XPS measurement.



Y. Zhan et al. / Journal of Alloys and Com

Fig. 8. Equilibrium isotherms of CNT and CNT–CS in CuCl2 solution.

Table 4
Parameters determined from isotherms of CNT and CNT–CS in CuCl2 solution.

Isotherm Model equation Parameter CNT CNT–CS

Langmuir qe = qmKLCe
1+KLCe

qm 3.96 7.2
KL 0.007 0.035
R2 0.993 0.991
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Freundlich qe = KF C1/n
e

KF 0.166 1.379
1/n 0.495 0.284

R2 0.955 0.953

here qe (mg g−1) is the amount of removed CuCl2 and qm (mg g−1)
s the maximum removal capacity corresponding to complete

onolayer coverage. KL and KF are Langmuir constant that relates
o the affinity of binding sites and Freundlich constant, respec-
ively. Fig. 8 shows the fitting results and the removal capacities
ncrease with the concentration and then reach a plateau. The
arameters of Langmuir and Freundlich models for Cu2+ removal
n CNT and CNT–CS are listed in Table 4. From the regression
oefficient R2, Langmuir isotherm fits the experimental data of
oth CNT and CNT–CS better than Freundlich isotherm, suggesting
hat for modeling purposes, Cu2+ monolayer coverage and equal
ctivation energy during removal process can be assumed. Accord-
ng to Langmuir model, after CS grafting, KL increases from 0.007
o 0.035 indicating more affinity of the binding sites on CNT–CS.

oreover, the maximum Cu2+ removal capacities are 3.96 and
.2 mg g−1 for CNT and CNT–CS, respectively. It shows that Cu2+

emoval has been effectively enhanced after the decoration of CS on
he CNT.

. Conclusions

In this work, we develop CNT–CS composite electrode material
or electrochemical removal of Cu2+. The experimental results show
hat (1) as compared with pristine CNT, CNT–CS exhibits lower zeta

otential, higher surface area, more hydrophilic surface and more
inding sites, which are beneficial to Cu2+ removal; (2) the isotherm
tudies of CNT and CNT–CS electrodes show that both of them fol-
ow Langmuir adsorption, suggesting that Cu2+ monolayer coverage
nd equal activation energy during electrochemical removal pro-

[
[
[

[

pounds 509 (2011) 5667–5671 5671

cess can be assumed; (3) CNT–CS Exhibits 25% higher Cu2+ removal
ratio with a higher removal rate constant than that of CNT and (4)
CNT–CS may be potential candidate as electrode materials for Cu2+

removal.
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