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a b s t r a c t

Titanate nanotubes (TNs) with specific surface areas of 272.31 m2 g−1 and pore volumes of 1.264 cm3 g−1

were synthesized by alkaline hydrothermal method. The TNs were investigated as adsorbents for the
removal of Pb(II) and Cd(II) from aqueous solutions. The FT-IR analysis indicated that Pb(II) and Cd(II)
adsorption were mainly ascribed to the hydroxyl groups in the TNs. Batch experiments were conducted
by varying contact time, pH and adsorbent dosage. It was shown that the initial uptake of each metal ion
eywords:
itanate nanotubes
b(II)
d(II)
inetics

sotherm

was very fast in the first 5 min, and adsorption equilibrium was reached after 180 min. The adsorption
of Pb(II) and Cd(II) were found to be maximum at pH in the range of 5.0–6.0. The adsorption kinetics
of both metal ions followed the pseudo-second-order model. Equilibrium data were best fitted with the
Langmuir isotherm model, and the maximum adsorption capacities of Pb(II) and Cd(II) were determined
to be 520.83 and 238.61 mg g−1, respectively. Moreover, more than 80% of Pb(II) and 85% of Cd(II) adsorbed
onto TNs can be desorbed with 0.1 M HCl after 3 h. Thus, TNs were considered to be effective and promising
materials for the removal of both Pb(II) and Cd(II) from wastewater.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Heavy metal pollution has become a severe public health con-
ern worldwide. Heavy metals such as lead and cadmium are
ersistent in nature, and can be toxic and carcinogenic. They
re mainly introduced into the environment via various indus-
rial applications [1,2]. Thus, their presence in water bodies poses
armful effects on humans and aquatic ecosystems [3]. Many
echnologies have been employed to eliminate heavy metal from
queous solution, such as chemical precipitation [4], ion exchange
5], membrane separation [6] and electrolysis [7]. However, these
rocesses have some disadvantages, including low treatment effi-
iency for trace amount of heavy metal ion, high operational cost
nd difficult further treatment due to generation of toxic sludge [8].
n contrast, adsorption could be the most cost-effective for heavy

etal removal due to a variety of advantages such as easy operation,

igh efficiency over a wide concentration range and low secondary
ollution with suitable regeneration operation [9,10]. The key to
he adsorption process lies in the selection of the appropriate adsor-
ent. Though various substances, such as activated carbon [11],

∗ Corresponding author. Tel.: +86 10 6275 1185; fax: +86 10 6275 6526.
E-mail address: nijinren@iee.pku.edu.cn (J. Ni).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.03.006
zeolite [12], clay [13], fly ash [14] and lignin [15], have been used
as adsorbents in the last few years, there are still some problems
in their applications, including the impurities in the adsorbents,
slow adsorption kinetics, low adsorption capacities and complex
regeneration [16]. Consequently, alternative materials with high
sorption rate and increased capacities for heavy metals are partic-
ularly desired.

In the recent years, titanate nanotubes (TNs) prepared by
hydrothermal method are of special interest. These well-defined
and uniformly tubular materials are characterized by high spe-
cific surface areas and pore volumes, and they possess good
ion-exchange properties [17]. Particularly, TNs have many func-
tional hydroxyl groups. All the protons of these hydroxyl groups
may be readily exchanged with heavy metal ions in aqueous solu-
tions [18]. Moreover, the hydrothermal method is very simple with
high yield and reusable alkali solutions [19]. Therefore, TNs may
have great potential to adsorb heavy metals. However, so far the
studies using TNs to reduce heavy metals in aqueous solutions are
very limited [20]. The potential applications of adsorption onto

TNs have not been explored in details. The purpose of this study
is to investigate the feasibility of TNs as high efficient adsorbents
for the removal of Pb(II) and Cd(II) from aqueous solutions. The
effects of various operational conditions such as contact time, pH
and adsorbent dosage were systematically studied. The adsorption

dx.doi.org/10.1016/j.jhazmat.2011.03.006
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:nijinren@iee.pku.edu.cn
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inetics and isotherms were also analyzed to reveal the adsorption
echanisms.

. Materials and methods

.1. Reagents

The reagents used in the experiments were of analytical grade
nd purchased from Sinopharm Chemical Reagent Co., Ltd. (Bei-
ing, China). The stock solution (1000 mg L−1) of Pb(II) or Cd(II) was
repared by dissolving stoichiometric amount of corresponding
hloride (PbCl2 or CdCl2·2.5H2O) in deionized water and further
iluted to the desired concentrations for the experiments.

.2. Preparation of titanate nanotubes

The TNs were synthesized by the hydrothermal treatment of
iO2 powder in concentrated NaOH solution as described by Chen
t al. [19]. Typically, 0.3 g of TiO2 nanoparticle powder (P25,
egussa, Germany) was added to 16.5 mL of 10 M NaOH solution.
fter vigorous stirring for 24 h, the mixture was autoclaved at
30 ◦C for 72 h. The precipitate in the autoclaved mixture was then
eparated by filtration and washed with deionized water until the
H value of the rinsing solution reached 7.0. Finally, the products
ere dried in an oven at 80 ◦C for 4 h.

.3. Characterization of titanate nanotubes

Nitrogen adsorption–desorption isotherms were determined
t −196 ◦C for Brunauer–Emmett–Teller (BET) measurements on
n ASAP 2010 adsorption apparatus (Micromeritics, USA). Before
dsorption, the samples were degassed at 50 ◦C. The BET specific
urface areas were calculated in the relative pressure (P/P0) range
f 0.06–0.20. Desorption isotherms were used to determine the
ore size distributions using the Barret–Joyner–Halender method.
itrogen adsorption volumes at the relative pressure of 0.99 were
sed to determine the pore volumes and the average pore diam-
ters. The point of zero charge of the sample was determined by
eta potentials in solution at different pH values in the range of
.0–12.0. The zeta potentials were measured by a Nano-ZS90 Zeta-
izer (Malvern Instruments, UK). The FT-IR spectra of the samples
ere obtained by using a Tensor 27 FT-IR spectrometer (Bruker,
ermany). All FT-IR measurements were conducted at room tem-
erature using the KBr pellet method.

.4. Batch adsorption test

The adsorption behaviors of Pb(II) and Cd(II) onto TNs were
nvestigated by batch adsorption experiments on a rotary shaker at
00 rpm using 100 mL conical flasks. In a typical experiment, 10 mg
f TNs was added to 50 mL heavy metal ion solution with different
nitial concentrations (20, 50 and 100 mg L−1). The reaction tem-
erature was kept constant at 20 ± 0.2 ◦C, and the solution pH was
ot adjusted. After different contact time intervals, aliquots of the
etal ion solution were withdrawn and centrifuged at a speed of

0,000 rpm for 5 min to obtain the supernatants. The supernatants
ere then kept to determine the Pb(II) and Cd(II) concentrations
sing an inductively coupled plasma spectrometer (ICP-MS X Series

I, Thermo Fisher Scientific, USA). The amount of metal ion adsorbed
t (mg g−1), at time t (min), was calculated by
t = (Ci − Ct)V
m

(1)

here Ci and Ct (mg L−1) are initial and equilibrium concentrations
f metal ion, respectively, V (L) is the volume of metal ion solution,
nd m (g) is the mass of the TNs.
Materials 189 (2011) 741–748

Effect of pH on the adsorption capacity of metal ion was evalu-
ated by agitating 100 mg L−1 metal ion solution with 10 mg of TNs
for predetermined equilibrium time at pH ranging from 2.0 to 6.0.
The pH of metal ion solution was adjusted by using 0.5 M HCl or
0.5 M NaOH. Similarly, the effect of adsorbent dosage (0.05, 0.1, 0.2
and 0.4 g L−1) was also studied in batch experiments. To evaluate
the capacities of TNs to remove Pb(II) and Cd(II), batch equilib-
rium experiments were performed with fixed adsorbent dosage
of 0.2 g L−1 at various initial concentrations (20–200 mg L−1). The
amount of metal ion adsorbed at equilibrium qe (mg g−1), and the
metal ion removal efficiency R (%), were computed by Eqs. (2) and
(3), respectively.

qe = (Ci − Ce)V
m

(2)

R = Ci − Ce

Ci
× 100 (3)

where Ce (mg L−1) is the equilibrium concentration of metal ion.

2.5. Adsorption kinetics modeling

To understand the adsorption mechanisms of Pb(II) and Cd(II)
onto TNs, the uptake rate of both metal ions at initial concentra-
tion of 20, 50 and 100 mg L−1 were analyzed respectively by three
kinetic models, i.e., pseudo-first-order kinetic, pseudo-second-
order kinetic and intraparticle diffusion models.

The pseudo-first-order kinetic model is expressed in the follow-
ing linearized form [21]

log(qe − qt) = log qe − k1

2.303
t (4)

where qe and qt (mg g−1) are the amounts of metal ion adsorbed at
equilibrium and elapsed time t, respectively, t (min) is contact time,
and k1 (min−1) is pseudo-first-order rate constant. k1 and qe can be
computed from the slope and intercept of the plot of log(qe − qt)
versus t.

The pseudo-second-order kinetic model is described by the
equation [22]

t

qt
= 1

k2q2
e

+ 1
qe

t (5)

where k2 (g mg−1 min−1) is pseudo-second-order rate constant. The
values of k2 and qe can be calculated from the slope and intercept
of the plot of t/qt versus t.

The initial adsorption rate h (mg g−1 min−1), is estimated at t → 0
as follows

h = k2q2
e (6)

The intraparticle diffusion model is used to determine the rate-
limiting step if there is the possibility of intraparticle diffusion
involved in the adsorption process. The equation for this model
is from [23]

qt = kintt
0.5 + C (7)

where kint (mg g−1 min−0.5) is intraparticle diffusion rate constant,
and C (mg g−1) is the constant proportional to the extent of bound-
ary layer thickness. kint and C can be obtained from the plot of qt

versus t0.5.
2.6. Adsorption isotherm modeling

The adsorption isotherm provides much information, such as
the distribution of the adsorbate between the adsorbent and liq-
uid phase, and the adsorption capacity of the adsorbent, which are
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On the other hand, it can be observed from Fig. 1(a) that the TNs
showed type IV isotherms with evident adsorption hysteresis loops
in terms of BDDT classification [29], suggesting the presence of
mesopores (2–50 nm). The mean pore diameter of the samples was

Table 1
Basic structure parameters of TNs.
L. Xiong et al. / Journal of Haza

ssential in design of the adsorption system. Hence, the equilib-
ium data were subject to simulate with three isotherm models,
.e., Langmuir, Freundlich and Temkin isotherm models.

The Langmuir model assumes that monolayer surface adsorp-
ion occurs on specific homogeneous sites and no interaction exists
etween the adsorbed pollutants [24]. The equation for this model
an be written as follows

Ce

qe
= 1

bQ
+ 1

Q
Ce (8)

here Ce (mg L−1) is the equilibrium metal ion concentration, qe

mg g−1) is the amount of metal ion adsorbed at equilibrium, Q
mg g−1) is the maximum adsorption capacity of the adsorbent, and
(L mg−1) is the Langmuir constant related to the free energy of

dsorption. By plotting Ce/qe versus Ce, then the slope and inter-
ept of the linear plot can be used to determine the values of Q and
.

Based on the essential characteristic of the Langmuir model, an
dsorption system can be evaluated as “favorable” or “unfavorable”
n terms of a dimensionless constant, the separation factor RL, as
efined by [25]

L = 1
1 + bC0

(9)

here C0 (mg L−1) is initial concentration of metal ion. According
o the values of RL, the adsorption process may be classified as irre-
ersible (RL = 0), favorable (0 < RL < 1), linear (RL = 1) and unfavorable
RL > 1).

The Freundlich isotherm is an empirical equation describing
eterogeneous surface adsorption [26]. The linear form of the equa-
ion is usually expressed as

og qe = log KF + 1
n

log Ce (10)

here KF (mg g−1) is the Freundlich constant related to the adsorp-
ion capacity of the adsorbent, and n is the heterogeneity factor
ndicating the adsorption intensity of the adsorbent. Both constants
re obtained from the slope and intercept of the linear plot of log qe

ersus log Ce.
The Temkin model is different from the above-mentioned

sotherm models in that it considers the effect of the interaction
etween the adsorbed adsorbates [27]. This isotherm model is rep-
esented as follows

e = RT

B
ln A + RT

B
ln Ce (11)

here A (L g−1) and B (J mol−1) are Temkin constants, R
J mol−1 K−1) is the ideal gas constant, and T (K) is the absolute
emperature. A plot of qe versus ln Ce is used to calculate the values
f A and B.

.7. Desorption experiments

For desorption studies, 10 mg of TNs was initially contacted with
0 mL of 100 mg L−1 metal ion solution. After equilibrium adsorp-
ion, the equilibrium concentration (Ce) of metal ion was measured.
hen the pH of the equilibrium solution was adjusted to the range
f 1.0–6.0 using 0.5 M HCl or 0.5 M NaOH. Afterwards, the solu-
ion was shaken for predetermined equilibrium time. Finally, the

quilibrium concentration after desorption (Cd) was measured. The
ercentage of desorption D (%), was calculated by

= Cd − Ce

Ci − Ce
× 100 (12)
Fig. 1. (a) Nitrogen adsorption–desorption isotherms and (b) pore size distributions
of the TNs.

3. Results and discussion

3.1. Characterization of TNs

The nitrogen adsorption–desorption isotherms and pore size
distributions of the TNs were shown in Fig. 1(a) and (b). Accord-
ing to the adsorption data, Table 1 presents the surface properties
of TNs. The BET specific surface areas and the single point total pore
volumes were 272.31 m2 g−1 and 1.264 cm3 g−1, which were much
higher than that of TiO2 (P25) by a factor of 5.8 and 7.0, respec-
tively [28]. The obvious increase in surface areas and porosity of
TNs could be ascribed to their unique morphology. Both the exter-
nal and internal sides of the nanotubes contributed to the surfaces.
The pores along the lengths and the interlay cavities in the walls
were also accessible, in favor of the increase of the pore volumes.
Parameters Values

Specific surface area (m2 g−1) 272.31
Single point total pore volume (cm3 g−1) 1.264
Average pore diameter (nm) 18.6
Point of zero charge 2.57



744 L. Xiong et al. / Journal of Hazardous Materials 189 (2011) 741–748

F
T

1
a
r
r
i
a
s
a
o
p
p
i
a
o
P
c
a
t

3

i
t
t
f
i
e
H
b
c
b
g
b
b
d
a
t
[
a
h
t
T
t
m

ig. 2. The FT-IR spectra of (a) pure TNs, (b) Pb(II) loaded TNs, and (c) Cd(II) loaded
Ns (resolution = 4 cm−1, Ci = 100 mg/L).

8.6 nm (Table 1). The pore sizes exhibited bimodal distributions
s shown in Fig. 1(b), i.e., smaller pores with peak diameter in the
ange of 3.0–4.0 nm and larger pores with peak diameter in the
ange of 10.0–20.0 nm. The former might correspond to the pores
nside the nanotubes, and the latter were due to the voids in the
ggregation of the nanotubes [30]. Because the TNs possessed large
urface areas, they may expectedly provide abundant active sites
nd make it possible to adsorb the target contaminant molecules
nto the surfaces. On the other hand, high pore volumes and meso-
orous structures of the TNs allowed the fast diffusion into the
ores of the contaminants. All these characteristics resulted in the

mprovement of adsorption capacities of TNs in gaseous or liquid
dsorption. Additionally, the point of zero charge of the TN was
bserved at pH 2.57 (Table 1), which was much lower than that of
25 (pH 6.5, as reported in the previous study [31]). Then the surface
harges of TNs would become negative when the solution pH was
bove the point of zero charge, which was accordingly favorable for
he adsorption of cation such as Pb(II) and Cd(II).

.2. Adsorption mechanism of metal ions onto TNs

The FT-IR spectra of TNs and metal ions loaded TNs are shown
n Fig. 2. In the case of pure TNs, the spectrum (Fig. 2(a)) exhibited
he absorption bands at 3245, 1636, 907 and 484 cm−1. According
o Chen et al. [17] and Sun et al. [32], the TNs might be constructed
rom trititanate (NaxH2−xTi3O7, x = 0 or 0.75, depending on remain-
ng sodium ions), which was composed of corrugated ribbons of
dge-sharing [TiO6] octahedrons as negatively charged layers and
+ and Na+ located between the layers. Then the strong absorption
ands in the region of 3500–3000 cm−1 and the band at 1636 cm−1

ould be attributed to the O–H stretching vibration and H–O–H
inding vibration, respectively, indicating the presence of hydroxyl
roups and water molecules in the TNs. The band at 907 cm−1 might
e related to a four-coordinate Ti–O stretching vibration [32]. The
and at 484 cm−1 was assigned to the vibration of [TiO6] octahe-
ron [20]. After adsorption of Pb(II) and Cd(II) by TNs, the bands
t 907 and 484 cm−1 were just slightly shifted within the resolu-
ion range (Fig. 2(b) and (c)), revealing that both Ti–O bond and
TiO6] octahedron had no positive effect on the adsorption of Pb(II)
nd Cd(II). However, it can be apparently seen that the bands of
ydroxyl groups in pure TNs were significantly shifted from 3245

o 3339 cm−1 in Pb(II) loaded TNs and to 3271 cm−1 in Cd(II) loaded
Ns, as shown in Fig. 2(b) and (c). This indicated that the adsorp-
ion could have mainly occurred through the interaction between

etal ions and hydroxyl groups of the TNs. Furthermore, consider-
Fig. 3. Effect of contact time on adsorption of (a) Pb(II) and (b) Cd(II) by TNs at dif-
ferent initial concentrations (adsorbent dosage = 0.2 g L−1, temperature = 20 ◦C and
pH not adjusted).

ing the model for the formation of trititanate nanotubes proposed
by Zhang et al. [33], the negative charges of the [TiO6] layers might
be compensated by H+ or Na+ on the inner and outer surfaces of the
tubes. Then it was believed that H+ ions from hydroxyl groups or
Na+ ions could be exchanged with metal ions in the adsorption pro-
cess, and the adsorbed metal ions might bond with O atoms after
the adsorption. Hence it was speculated that ion exchange and oxy-
gen bonding might be the principal mechanisms for the adsorption
of Pb(II) and Cd(II). These mechanisms were in agreement with that
for Pd(II) adsorption over titanate nanotubes suggested by Kochkar
et al. [34]. Similar complex mechanisms were also proposed by
Chen et al. [20] for the adsorption of Pb(II) onto titanate nanotubes
made by microwave hydrothermal method.

3.3. Adsorption studies

3.3.1. Effect of contact time
The effect of contact time on the adsorption of Pb(II) and Cd(II)

were investigated to determine the time taken for adsorption equi-
librium. The results were illustrated in Fig. 3. It was evident that
adsorption capacities of Pb(II) and Cd(II) increased sharply within
the first 20 min of contact for different initial concentrations of

20, 50 and 100 mg L−1. With the further increase of contact time,
the adsorption of Pb(II) and Cd(II) gave a slow approach towards
equilibrium until 180 min. Afterwards, no appreciable changes in
terms of the amount of adsorption were noticed. Therefore, 180 min
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ig. 4. Effect of pH on adsorption of Pb(II) and Cd(II) by TNs (adsorbent
osage = 0.2 g L−1, initial metal ion concentration = 100 mg L−1, temperature = 20 ◦C
nd contact time = 180 min).

f contact time was considered to be appropriate for equilibrium
dsorption of Pb(II) and Cd(II) in all subsequent experiments. It was
lso observed that the uptake of Pb(II) and Cd(II) were very rapid in
he first 5 min, which were probably attributed to a number of avail-
ble active adsorption sites onto TNs [9]. As contact time increased,
he adsorption sites gradually became exhausted. Later the uptake
ate was decreased on account of the slow pore diffusion of metal
ons into the bulk of TNs. The measured data could be further used
or the evaluation of the adsorption kinetics of Pb(II) and Cd(II).

.3.2. Effect of pH
The pH of the solution is recognized as an important parameter

hat significantly affects adsorption of metal ions. For this reason,
he effect of pH on adsorption of Pb(II) and Cd(II) were studied.
s shown in Fig. 4, the pH of the solution was varied from 2.0 to
.0, which was appropriate to prevent precipitation of metals in
he form of hydroxides under higher pH conditions. Both Pb(II) and
d(II) adsorbed onto TNs experienced similar rapid rise at initial pH
f 2.0–4.0, followed by a slow increase of Pb(II) at pH 4.0–5.0 to an
pproximately constant at pH 5.0–6.0, and a less significant change
f Cd(II) at pH 4.0–6.0. The optimum adsorption capacities of Pb(II)
nd Cd(II) were found in the pH range of 5.0–6.0.

The effect of pH on adsorption of both metal ions could be rea-
onably explained by the net charges on the surface of TNs and H+

ons competition for adsorption sites [35,36]. Because the result-
ng point of zero charge was found to be at pH 2.57, the overall
harges on the adsorbent surfaces were positive at pH 2.0 and H+

ons would strongly compete for available active sites with metal
ations, resulting in the low uptake of metal ions (198.45 and
4.10 mg g−1 for Pb(II) and Cd(II), respectively). As the pH increased
3.0–5.0), the surfaces of TNs became negatively charged and the
egative charges also increased, which enhanced the adsorption
f positively charged Pb(II) and Cd(II) by electrostatic attraction.
n the meanwhile, the concentration of H+ ions decreased with
he increase of pH, and fewer H+ ions were available to com-
ete with metal ions for adsorption sites. At higher pH (5.0–6.0),
he concentration of H+ ions was far lower than that of metal
ons, so most adsorption sites were occupied by metal ions and
he competition of trace amounts of H+ ions might be negligible.

hat was why the adsorption of metal ions changed very little
n the pH range of 5.0–6.0. Similar trend were observed for the
dsorption of Pb(II) and Cd(II) onto other materials such as bael
eaves [8], saw dust [37] and activated alumina [3]. Additionally,
ince the natural pH of Pb(II) and Cd(II) were just within this opti-
Fig. 5. Effect of adsorbent dosage on adsorption of (a) Pb(II) and (b) Cd(II)
by TNs (initial metal ion concentration = 100 mg L−1, temperature = 20 ◦C, contact
time = 180 min and pH not adjusted).

mum pH range, the pH of the solution was not adjusted in further
experiments.

3.3.3. Effect of adsorbent dosage
The effect of adsorbent dosage on the adsorption capacities and

percentage removal of Pb(II) and Cd(II) by TNs are depicted in Fig. 5.
For Pb(II), it can be seen that the adsorption capacity at equilib-
rium kept nearly constant at low adsorbent dosage (0.05–0.1 g L−1)
and decreased sharply as the dosage increased from 0.1 to 0.4 g L−1

(Fig. 5(a)). As to Cd(II), there was no significant change in adsorp-
tion capacity in the whole dosage range (Fig. 5(b)). On the other
hand, when the dosage of TNs increased from 0.05 to 0.4 g L−1, the
removal of Pb(II) increased from 26.5% to 98.4%, and Cd(II) increased
from 12.1% to 95.5%, respectively, suggesting that both Pb(II) and
Cd(II) could be highly removed when the adsorbent dosage reached
0.4 g L−1. The results may be explained by adsorption surface area
and available adsorption sites [38]. At low adsorbent dosage, i.e.,
no more than 0.1 g L−1, the adsorption sites were saturated through
the uptake of Pb(II), resulting in saturated Pb(II) adsorption. How-
ever, with a higher adsorbent dosage (0.1–0.4 g L−1), the adsorption
sites would be excessive for the adsorption reaction, which led to

the unsaturation of adsorption sites. Additionally, higher dosage
might cause the aggregation of the adsorbents. Such aggregation
could reduce the surface areas of the adsorbents [10]. As a result, the
amount adsorbed per unit mass of adsorbent decreased. In contrast,
the adsorption surface became saturated with Cd(II) in the whole
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Table 2
Kinetic parameters for the adsorption of Pb(II) and Cd(II) by TNs at 20 ◦C.

Kinetic models Parameters Initial Pb(II) concentration (mg L−1) Initial Cd(II) concentration (mg L−1)

20 50 100 20 50 100

Pseudo-first-order kinetic model qe,cal
a (mg g−1) 6.61 32.85 106.80 9.24 34.30 55.72

k1 (min−1) 0.0838 0.0783 0.0648 0.0626 0.0784 0.1001
R2 0.6078 0.6987 0.7643 0.5308 0.7382 0.8827

Pseudo-second-order kinetic model qe,cal
a (mg g−1) 103.82 266.60 465.55 106.37 206.57 234.41

k2 (g mg−1 min−1) 0.1134 0.0155 0.0032 0.0640 0.0122 0.0073
h (mg g−1 min−1) 1222.522 1101.635 697.890 724.156 518.876 402.775
R2 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Intraparticle diffusion model kint (mg g−1 min−0.5) 0.1709 1.6930 7.3559 0.3164 2.1906 5.2615
C (mg g−1) 102.42 253.70 408.82 103.82 189.31 201.03
R2 0.9616 0.8727 0.8561 0.9748 0.7212 0.8524
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100 mg L−1 Pb(II) and Cd(II) by altering the pH in the range of
1.0–6.0. As shown in Fig. 6, the desorption percentage were up to
82.3% and 88.1% respectively for Pb(II) and Cd(II) at pH 1.0 (0.1 mol/L
HCl) after 3 h. With increasing pH as it was less than 5.0, the desorp-

Table 3
Isotherm constants for the adsorption of Pb(II) and Cd(II) by TNs at 20 ◦C.

Adsorption isotherm models Isotherm
con-
stants

Metal ions

Pb(II) Cd(II)

Langmuir isotherm model Q
(mg g−1)

520.83 238.61

b
(L mg−1)

1.088 0.814

R2 0.9997 0.9996

Freundlich isotherm model KF

(mg g−1)
247.10 154.68

n 5.386 10.491
R2 0.5667 0.7239
qe,mea
b (mg g−1) 103.81

a The calculated adsorption capacity at equilibrium, namely qe in Eqs. (4), (5) and
b The measured adsorption capacity at equilibrium.

dsorbent dosage range of 0.05–0.4 g L−1, making the adsorption
apacity of Cd(II) nearly constant. However, the increase of the
dsorbent dosage resulted in the increase of adsorption surface
reas and active sites on the adsorbents, so it resulted in the incre-
ent of adsorption removal of both metal ions. These observations

n the present study were in agreement with those reported by
upta et al. [16] for hexavalent chromium adsorption using carbon
lurry.

.4. Adsorption kinetics

The parameters of three kinetic models are calculated and listed
n Table 2. The pseudo-first-order model showed poor fitting to the
xperimental data with very low correlation coefficients, i.e., rang-
ng from 0.6078 to 0.7643 for Pb(II) and from 0.5308 to 0.8827 for
d(II), respectively. The calculated equilibrium adsorption capaci-
ies (qe,cal) deviated too much from the measured values (qe,mea).
his suggested that the pseudo-first-order model failed to describe
he adsorption process correctly. The fitting of experimental data
o the intraparticle diffusion model was also not satisfactory. The
orrelation coefficient values for this model were relatively poor,
hough they were better than those of the pseudo-first-order

odel. Furthermore, the linear plots of qt versus t0.5 did not pass
hrough the origin since the values of C were not equal to zero.
o it might be implied that the intraparticle diffusion was not
he rate-limiting step in the metal ion adsorption process [23]. In
ontrast, the pseudo-second-order model provided excellent cor-
elation coefficients (R2 > 0.9999) and achieved good agreement
etween qe,cal and qe,mea of Pb(II) and Cd(II). Hence it can be con-
luded that the adsorption of Pb(II) and Cd(II) onto TNs perfectly
beyed the pseudo-second-order kinetic model, indicating that the
ate-controlling step might be chemisorptions [22]. Similar kinet-
cs were observed in the adsorption of Pb(II) onto steel slag [39]
nd Cd(II) onto loess soil [40]. Moreover, with the increase of initial
oncentrations from 20 to 100 mg L−1, there were gradual decrease
n the rate constants (k2) and the initial adsorption rate (h) for both

etal ions. This indicated that faster uptake of each metal ion onto
Ns would be obtained at lower initial concentration.

.5. Adsorption isotherms

Table 3 lists the constants and correlation coefficients involved

n the three isotherm models. It was found that the Langmuir model
xhibited good fit to the adsorption data for Pb(II) and Cd(II) with
xtremely high correlation coefficients (R2 = 0.9997, 0.9996). The
orrelation coefficients of the Temkin model were 0.7180 for Pb(II)
nd 0.8028 for Cd(II), indicating the data did not show satisfac-
266.09 464.37 106.57 205.75 232.19

espectively.

tory compliance with this model. In contrast, the Freundlich model
represented the poor fit to the data for both metal ions since the
correlation coefficients were much lower than those of other two
models. The fact that the adsorption isotherms of Pb(II) and Cd(II)
exhibited good Langmuir behaviors implied that the existence
of homogeneous active sites within the TNs and the monolayer
adsorption of Pb(II) and Cd(II) onto the adsorbent. Moreover, the
dimensionless constant RL ranged from 0.004 to 0.041 for Pb(II)
and from 0.006 to 0.053 for Cd(II), so the adsorption for both metal
ions by TNs can be considered to be favorable. Also, the monolayer
maximum adsorption capacities were calculated as 520.83 and
238.61 mg g−1 for Pb(II) and Cd(II), respectively. Compared with
several alternative adsorbents in the literature presented in Table 4,
it was apparent that TNs in this study had much higher adsorption
capacities for both metal ions than other materials, indicating the
TNs were promising adsorption materials for the effective removal
of Pb(II) and Cd(II) from aqueous solutions.

3.6. Desorption studies

To evaluate the regeneration performance of the TNs, desorp-
tion experiments were conducted with TNs that had fully adsorbed
Temkin isotherm model A
(L g−1)

135.501 1.719 × 104

B
(J mol−1)

42.183 147.357

R2 0.7180 0.8028
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Table 4
Comparison of monolayer maximum capacities of some adsorbents for Pb(II) and
Cd(II) from aqueous solutions.

Adsorbents Adsorbates Monolayer
maxi-
mum
capaci-
ties
(mg g−1)

References

Activated
carbon

Pb(II) 43.85 [41]

Manganese
oxide coated
zeolite

Pb(II) 60.09 [42]

Montmorillonite–illite
type of clay

Pb(II) 52.00 [43]

Manganese
oxide-coated
carbon
nanotubes

Pb(II) 78.74 [44]

Titanate
nanotubes

Pb(II) 520.83 This study

Activated
carbon

Cd(II) 19.50 [45]

Loess soil Cd(II) 9.37 [40]
Beidellite Cd(II) 42.01 [46]
Multiwalled

carbon
nanotubes

Cd(II) 10.86 [47]

Titanate Cd(II) 238.61 This study

t
f
n
d
d
t
w
t
s
m
t
b
c

F
(
p

nanotubes

ion percentage of both metal ions decreased. When the solution pH
urther increased (5.0–6.0), the desorption capacities were almost
egligible. Similar results were also reported on the adsorption and
esorption of Pb(II) ions onto bael leaves [8]. The mechanism of
esorption might be attributed to the replacement of H+ ions on
he metal loaded adsorbents [17]. With the decrease of pH, there
as an increase in H+ ion concentration. The abundant H+ ions in

he solution would compete with the metal ions for the exchange
ites. As H+ ions occupied the sites in the adorbents, the adsorbed
etal ions were released into the aqueous solution. The aforemen-

ioned results confirmed the possibility of fast recovery of the TNs
y reducing pH, which should be of significance to practical appli-

ations.

ig. 6. Effect of pH on desorption efficiency of Pb(II) and Cd(II) onto TNs
adsorbent dosage = 0.2 g L−1, initial metal ion concentration = 100 mg L−1 and tem-
erature = 20 ◦C).
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4. Conclusions

Titanate nanotubes were prepared by hydrothermal method.
Their possible applications for the removal of heavy metals
were investigated. Particular attention was paid to the utiliza-
tion of TNs as novel effective adsorbents for the removal of
Pb(II) and Cd(II) from aqueous solutions. The analyses of nitro-
gen adsorption–desorption isotherms showed that the mesoporous
TNs exhibited larger specific surface areas of 272.31 m2 g−1 and
higher pore volumes of 1.264 cm3 g−1. Furthermore, FT-IR spectra
revealed that the hydroxyl groups in the TNs were responsible for
Pb(II) and Cd(II) adsorption. Batch adsorption tests demonstrated
that the adsorption was affected by various conditions such as con-
tact time, solution pH and adsorbent dosage. The adsorption rate of
each metal ion was very fast in the first 5 min, and the adsorption
equilibrium was achieved after 180 min. The maximum amounts
of Pb(II) and Cd(II) adsorbed were detected in the pH range of
5.0–6.0, in which the natural pH values of Pb(II) and Cd(II) lie. The
kinetic studies indicated that the adsorption of Pb(II) and Cd(II)
onto TNs best fit the pseudo-second-order kinetic model. The study
on equilibrium adsorption revealed that the Langmuir model was
most appropriate to describe Pb(II) and Cd(II) adsorption behav-
iors. The monolayer maximum adsorption capacities of Pb(II) and
Cd(II) were found to be 520.83 and 238.61 mg g−1, respectively. The
adsorption–desorption results showed that the TNs could be read-
ily regenerated after adsorption using 0.1 M HCl. Therefore, the TNs
exhibited great potential for the removal of Pb(II) and Cd(II) from
wastewater in engineering practices.
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