
Desalination 249 (2009) 792–796

Contents lists available at ScienceDirect

Desalination

j ourna l homepage: www.e lsev ie r.com/ locate /desa l
Adsorption of aqueous cadmium (II) onto modified multi-walled carbon nanotubes
following microwave/chemical treatment

Chao-Yin Kuo a,⁎, Han-Yu Lin b

a Department of Safety Health and Environmental Engineering, National Yunlin University of Science and Technology, 123 University Rd., Sec. 3, Douliou, Yunlin 640, Taiwan
b Graduate School of Engineering Science and Technology, National Yunlin University of Science and Technology, Taiwan
⁎ Corresponding author. Tel.: +886 5 534 5601x4423
E-mail address: kuocyr@ms35.hinet.net (C.-Y. Kuo).

0011-9164/$ – see front matter © 2009 Elsevier B.V. A
doi:10.1016/j.desal.2008.11.023
a b s t r a c t
a r t i c l e i n f o
Article history:
Accepted 11 November 2008
Available online 4 October 2009

Keywords:
Microwave
Cadmium ion (II)
Carbon nanotubes
Adsorption
This study evaluates the aqueous cadmium (II) adsorption efficiency of as-grown carbon nanotubes (CNTs)
and of those modified by microwave (MW)/H2SO4 and MW/H2SO4/KMnO4 processes. The surface area, pHiep,
and FTIR spectra of CNTs were, before and after modification, compared. Aromatic groups, carbonyl groups
and hydroxyl groups were herein detected on the surfaces of MW/H2SO4 and MW/H2SO4/KMnO4-modified
CNTs. At a particular pH, the adsorption capacity of Cd2+ of the MW/H2SO4/KMnO4-modified CNTs exceeded
that of MW/H2SO4-modified CNTs and as-grown CNTs. The kinetic analyses of adsorption were performed
and a pseudo second-order model accurately captured the adsorption kinetics. This study suggests that MW/
H2SO4 and MW/H2SO4/KMnO4 modification not only increased the area of active adsorption sites of CNTs but
also reduced the modification period by microwave heating.
; fax: +886 5 531 2069.
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1. Introduction

Removing toxic heavy metals from industrial wastewater is an
urgent environmental issue. Heavy metals are non-degradable and
can accumulate in animals and plants, so they must be removed from
wastewater. Heavy metal ions such as cadmium (II) ions are the main
contaminants of surface water, groundwater and soils; the main
sources are the metal plating industry [1,2]. Due to their non-
biodegradability and persistence, they can accumulate in the envi-
ronment elements such as food chain, and thus may pose a significant
danger to human health [2–5]. Exposure to cadmium (II) can result in
osteoporosis, anaemia and renal damage [6,7]. However, the use of
cadmium in paint pigments, electroplating, batteries, is increasing.

Carbon nanotubes (CNTs) are new adsorbents of trace pollutants
from water, because they have a large specific surface area, and small,
hollow and layered structures. Considerable attention has been paid to
adsorption by CNTs of such ions as Cd2+. Earlier works have suggested
that CNTsmaybe a potential adsorbent for treatingwastewater [8–15].
Hence, numerous approaches to the purification or enhancement of
functional groups on CNTs that involve separation and elimination
processes have been developed [12–15]. They fall into two groups
according to the general mechanism of functionalization of CNTs. In
the first, some C=C bonds are fully opened, forming defects within the
CNTwall; in the second, some C=C bonds are broken and single bonds
are used for functionalization, yielding some sp3 character of par-
ticular C atoms. The oxidation of carbon surfaces is known to generate
not only more hydrophilic surface structures but also more oxygen-
containing functional groups and to increase the ion-exchange
capacity [13]. The first type of functionalization typically involves
oxidation using acids or oxidants [13–15], causing carboxyl groups to
functionalize the defects and the ends of the CNTs [12]. The second
type CNT wall functionalization is generally an addition of a C=C
double bond by alkylation, arylation, oxycarbonyl nitrene, and 1,3
dipolar cyclo-addition [16–19]. Such reactions are normally time-
consuming, taking hours or even days. In organic chemistry, particular
reactions can bemicrowave-assisted to increase selectivity and reduce
reaction times [13,15,20], sometimes from days to a few minutes
[13,15]. The present study reported a multi-walled CNT functionaliza-
tion method that involves microwave assistance.

This study elucidates the equilibrium of the adsorption of Cd2+

onto CNTs. The Cd2+ adsorption capacity is increased bymodifying the
surfaces of MW/H2SO4 and MW/H2SO4/KMnO4. The aims of this study
are (i) to identify and compare the surfaces of as-grown, MW/H2SO4-
modified and MW/H2SO4/KMnO4-modified CNTs; (ii) to determine
the effects of pH and temperature on the adsorption of Cd2+ by as-
grown and modified CNTs; and (iii) to evaluate the adsorption rate
using kinetic models.
2. Materials and methods

The as-grown CNTs herein were multi-wall CNTs (CBT, MWNTs-
2040, length: 5–15μm, purity of carbon: above 90%). They were
formed by the pyrolysis of methane gas on particles of Ni by chemical
vapor deposition. The Cd2+ stock solution was prepared from Cd
(NO3)2·3H2O and Milli-Q deionized water. The zeta potentials of the
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as-grown and oxidized CNTs were measured using a Zeta-Meter 3.0
(Zeta-Meter Inc., U.S.A.). The acidity or basicity of the CNTs surface
and the isoelectric point of pHiep were determined by measuring the
zeta potential as a function of pH of the CNT solution from 2.0 to 9.0 at
300 K.

The functional groups of CNTs were identified by Fourier Transform
Infrared Spectroscopy (FTIR) analysis and an autoimagic system (Perkin
Elmer, USA) using the KBr pressed disc method. Scanning electron
microscopic/energy dispersive X-ray spectroscopic (SEM/EDS) analyses
(JEOL, JSM-T330A) yielded the number of oxygen and nickel atoms in
as-grown and modified CNTs. The specific surface area of CNTs was
measured using the BETmethod, using aModel ASAP 2010 surface area
analyzer (Micromeritics, USA). The size and morphology of the CNTs
were elucidated by transmission electron microscopy (TEM) using a
Model JEM-2010 (JEOL, Japan).

The configuration of microwave is in a closed microwave oven
system and the volumetric capacity of Teflon flaks of microwave oven is
100 ml. As-grown CNTs (1 g) were immersed in Teflon flaks with 20 ml
of 1 MH2SO4 and 20 ml of 1 MH2SO4 adding 1 g of KMnO4 then rotated
in a microwave system (400W) for 10 min in the modification of MW/
H2SO4 and MW/H2SO4/KMnO4. 10 min and the potency (400W) were
chosen in the modification of MW/H2SO4 and MW/H2SO4/KMnO4

because of keeping the complete structure of CNTs against destruction.
The modified CNTs were washed repeatedly in Milli-Q deionized water
until the pH of the solution reached 7; finally, the modified CNTs were
dried at 343 K for 12 h. All of the adsorption experiments were
conducted in a closed 250 ml glass pyramid bottle, containing 0.05 g
of as-grown or modified CNTs; 200 ml of Cd2+ solution (40 mg/l) was
placed in a water bath. In experiments on the effect of pH, the pH of the
solution was adjusted to between 2 and 9, using 0.1 M HNO3 and 0.1 M
NaOH and 0.01 Mof solution ionic strengthwas controlled by NaNO3. In
the experiments on the effect of adsorption in temperature, the tem-
peraturewasmaintained at 290, 300 and310 K. Following sampling, the
suspensions were centrifuged at 4000 rpm for 10 min, and the
supernatant was then filtered through 0.2 μm filter paper for subse-
quent analysis of the Cd2+ concentration, using inductively coupled
plasma-optical emission spectrometer (ICP-OES) with aModel OPTIMA
2100DV.

3. Results and discussion

3.1. Characteristics of CNTs

The pHiep of as-grown CNTs and MW/H2SO4-modified CNTs was
determined to be 4.9 and 3.8 (Table 1). The experimental results
reveal that all of the zeta potentials of CNTs became more negative as
the pH increased and the zeta potentials of the MW/H2SO4/KMnO4-
modified CNTs were all negative at pH 2–9. Various studies have
demonstrated that the zeta potentials of modified CNTs are more
negative than those of as-grown CNTs [10,14,21,22]. The specific
surface areas of MW/H2SO4 and MW/H2SO4/KMnO4-modified CNTs
exceeded that of as-grown CNTs, because of their exposed internal
surface [10,21]. In Table 1, the calibrated SEM/EDS revealed 5.4, 7.8
and 12.2 at.% oxygen atoms and 1.0, 0.5 and 0.5 at.% nickel atoms in
as-grown, MW/H2SO4-modified and MW/H2SO4/KMnO4-modified
CNTs, respectively. The results indicate that carboxyl and hydroxyl
Table 1
Characteristics of as-grown and modified CNTs.

Sample Purity C
(%)

Element O/Ni
(%)

pHiep Surface area
(m2/g)

As-grown >90 5.4/1.0 4.9 78
MW/H2SO4 process >90 7.8/0.5 3.8 98
MW/H2SO4/KMnO4 process >85 12.2/0.5 – 112
formed on the surface of these-modified CNTs as the number of
oxygen atoms increased.

The chemical modification of MWCNT with oxidant acids lead to
increase of external diameters of the nano-materials [21]. The surface
area was 78, 98 and 112 (m2/g) in as-grown, MW/H2SO4-modified
and MW/H2SO4/KMnO4-modified CNTs, respectively and the external
diameters were not increased due to the short microwave heating.
The number of oxygen atoms on modified CNTs exceeded that on as-
grown CNTs, revealing that the modification processes promoted the
formation of the oxygenic functional groups on the modified surfaces
of the CNTs. This observationwas consistent with those of Li et al. [10],
Kuo [15] and Monthioux et al. [23]. Accordingly, the experimental
results indicate that oxidation treatments may have not only removed
Ni particles and amorphous carbons but also produced some struc-
tural defects.

Fig. 1 displays the FTIR spectra of as-grown and modified CNTs. The
as-grown CNTs yielded three peaks. A peak at near 1450–1600 cm−1,
which was assigned to the aromatic –C C groups [24], a peak at
approximately 1700–1740 cm−1, whichwas assigned to the carbonyl –
C O groups [25] and a peak at about 3200–3400 cm−1, which was
assigned to the hydroxyl –OH groups [24–26]. MW/H2SO4 and MW/
H2SO4/KMnO4 oxidation significantly increased this peak. Lu et al. [12]
found that the chemical oxidation of CNTs introduces various acidic
functional groups onto their surfaces, improving their hydrophil-
icity. The MW/H2SO4-modified CNTs yielded a peak at about 3200–
3400 cm−1, which was assigned to the aromatic –OH groups. MW/
H2SO4/KMnO4-modified CNTs yielded four major peaks, which were
associated with aromatic groups at 1450–1600 cm−1, carbonyl groups
at 1700–1740 cm−1, carboxylic acids at 2400 cm−1, –CH groups at
2800–3100 cm−1 [24,26] and hydroxyl groups at 3200–3400 cm−1—

the latter two from carboxylic acids or alcoholic groups. Evidently,
several functional groupswere formed on the surface of modified CNTs,
providing various adsorption sites, and increasing the adsorption
capacity. Modification by MW/H2SO4/KMnO4 increased the discretiza-
tion of CNTs, enlarging the external surface area of the CNTs. The TEM
images revealed that the as-grown and modified CNTs were cylindrical
and that themain external diameters of as-grown,MW/H2SO4 andMW/
H2SO4/KMnO4-modified CNTs were 20–30 nm (Fig. 2(a–c)).

3.2. pH effects

The adsorption capacity of Cd2+ onto the surface of CNTs increased
with both the pH of the system from acidic to alkaline and the
temperature (Fig. 3(a–c)). pH is one of the most important factors that
affect the sites of dissociation of CNTs and the hydrolysis, complexation
and precipitation of Cd2+. At acidic pH, the surface is expected to have a
net positive charge, and to adsorb few Cd2+ ions. Above pHiep, a net
Fig. 1. FTIR spectra of CNTs.



Fig. 2. TEM images of CNTs (a) as-grown CNTs, (b) MW/H2SO4 process modified CNTs
and (c) MW/H2SO4/KMnO4 process modified CNTs.

Fig. 3. Effects of pH (a) 290 K, (b) 300 K, and (c) 310 K, (initial Cd2+=40 mg/l, ionic
strength=0.01 M, CNTs=0.25 g/l, and contact time=24 h).
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negative charge is present on the surface of the CNTs, promoting the
adsorption of Cd2+, because of the electrostatic force of attraction
betweenCd2+and the surface of theCNTs. TheCd2+adsorption capacity
rapidly increased with pH above 8.5, which in fact can be explained by
the precipitation of Cd2+ from solution [14,27]. Therefore, the experi-
mentswere performed to determine the adsorption isotherms at a fixed
pHof6.At pHvaluesof overpHiep, a net negative charge is present on the
surface of the CNTs, promoting the adsorption of Cd2+, because of the
electrostatic force of attraction between Cd2+ and the surface of the
CNTs. The MW/H2SO4/KMnO4-modified CNTs had the highest adsorp-
tion capacity of the three CNTs of interest. The dependence of adsorption
on pH is associated with the dependence of the surface charge on CNTs
on pH. For a given pH, the zeta potentials followed the order as-grown
CNTs>MW/H2SO4-modified CNTs>MW/H2SO4/KMnO4-modified
CNTs. Therefore, the adsorption capacity of Cd2+ followed the order
MW/H2SO4/KMnO4-modified CNTs>MW/H2SO4-modified CNTs>as-
grown CNTs. This study suggests that modifying the surface of CNTs not
only can make it more negatively charged and hydrophilic but can also
form various functional groups, substantially promoting the adsorption
of Cd2+ontomodified CNTs. The previous report [21] also indicated that
the functional groups by acid/oxidation improved the ion-exchange
capabilities of the CNTs and increased Cd (II) adsorption capacities
correspondingly.

3.3. Kinetic analyses

Fig. 4 presents the kinetic analysis of the adsorption of Cd2+ onto
as-grown and modified CNTs. Pseudo first- and second-order models
and intraparticle diffusion and Bangham's models were tested against
the experimental data to explicate the kinetics of the adsorption
process. The pseudo first-order and pseudo second-order models are

lnðqe−qÞ = lnðqeÞ−k1t ð1Þ
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Fig. 4. Effects of adsorption with reaction time (310 K, pH=6, initial Cd2+=40 mg/l,
ionic strength=0.01 M, and CNTs=0.25 g/l).

Kinetic parameters for adsorption of aqueous Cd2+ by as-grown and modified CNTs.

Pseudo first-order model qe, exp (mg/g) k1 (1/h) qe, cal (mg/g) R2

As-grown 5.5 0.38 1.2 0.542
MW/H2SO4 process 8.7 1.02 1.7 0.843
MW/H2SO4/KMnO4 process 46.0 1.22 11.7 0.871

Pseudo second-order model h (mg/g h) k2 (g/mg h) qe, cal (mg/g) R2

As-grown 73 2.55 5.4 0.989
MW/H2SO4 process 179 2.40 8.6 0.999
MW/H2SO4/KMnO4 process 625 0.29 46.3 0.999

Intraparticle diffusion model ki (mg/g h0.5) C (mg/g) R2

As-grown 3.52 0.78 0.623
MW/H2SO4 process 5.95 1.14 0.522
MW/H2SO4/KMnO4 process 34.2 2.57 0.493

Bangham's model α k0 (l/(mg/l)) R2

As-grown 2.1×10−3 1.87 0.522
MW/H2SO4 process 4.5×10−3 1.88 0.826
MW/H2SO4/KMnO4 process 4.4×10−2 2.11 0.863

Fig. 5. Regressions of adsorption reaction rate (a) pseudo first-order, and (b) pseudo
second-order.
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where qe and q are the amounts of Cd2+ adsorbed on CNTs at
equilibrium and at various times t (mg/g); k1 is the rate constant of
the pseudo first-order model of adsorption (1/h) [28] and k2 is the
rate constant of the pseudo second-order model of adsorption (g/
mg h) [29]. The adsorption was rapid during 0.5 h of contact time,
and then slowed, because numerous vacant surface sites were
available for adsorption during the initial stage, and then, the
remaining vacant surface sites could not be easily occupied because
of the repulsive forces between the Cd2+ molecules on the CNTs and
the bulk phase.

The initial adsorption rate h (mg/g h) can be given by h=k2qe
2.

Since neither the pseudofirst-order nor the second-ordermodel yields
the diffusion mechanism, the kinetic results were analyzed using the
intraparticle diffusion model, which model is given by q=kit

1/2+C,
where C is the intercept and kBiB is the intraparticle diffusion rate
constant (mg/g h0.5) [30]. Kinetic data were further adopted to
determine the slowness of the step in the present adsorption system,
using Bangham's model [29,31].

log
C0

C0−qm

� �
= log

k0m
2:303V

� �
+ α log t ð3Þ

where q and t are defined as in the pseudo first-order model; C0
represents the initial concentration of Cd2+ in solution (mg/l); V is the
volume of solution (ml);m is themass of CNTs per liter of solution (g/l)
and k0 and α are constants.

Table 2 provides the kinetic parameters given which the R2 value
of the pseudo first-order model are 0.54–0.87 and second-order
model exceeded 0.989; moreover, the q value (qe, cal) calculated from
the pseudo second-ordermodel was consistent with the experimental
q values (qe, exp). Accordingly, this study suggests that the pseudo
second-order model best represented the adsorption kinetics (Fig. 5).

Various mechanisms determine the adsorption kinetics; the most
limiting mechanisms are the diffusion mechanisms, including external
diffusion, boundary layer diffusion and intraparticle diffusion [32]. If the
plot of q as a function of t1/2 is linear and passes through the origin, then
intraparticle diffusion is the sole rate-limiting step [29,33]. Therefore,
the intraparticle diffusion model was applied to determine the rate-
limiting step of the adsorption process. In Table 2, the R2 value of
regression was 0.54–0.87 and the plot did not pass through the origin,
revealing that adsorption involved intraparticle diffusion hardly, and
was not the only rate-controlling step. The double logarithmic plot
based on Bangham's model was not perfectly linear (R2=0.522–0.863)
so the diffusion of Cd2+ into pores of CNTs was not the only rate-
controlling step [34].
4. Conclusion

This study examines the equilibrium adsorption of Cd2+ onto as-
grown and modified CNTs at various pH values and temperatures. The
MW/H2SO4 andMW/H2SO4/KMnO4modifications reduced the pHiep by
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the formation of some functional groups. The adsorption capacity of
aqueous cadmium(II) onto as-grownandmodifiedCNTs increasedwith
the pH and temperature. The negatively charged surfaces of modified
CNTs electrostatically favored the adsorption of Cd2+ in MW/H2SO4/
KMnO4-modified CNTs more than in MW/H2SO4-modified CNTs. At a
particular pH, the adsorption capacity of Cd2+ of the MW/H2SO4/
KMnO4-modified CNTs exceeded that ofMW/H2SO4-modified CNTs and
as-grown CNTs. The kinetic analyses of adsorption were performed
using pseudo first- and second-order models and the regression results
indicated that a pseudo second-order model more accurately captured
the adsorption kinetics.
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