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Titanate nanotubes (TNs) with specific surface areas of 272.31 m2 g~! and pore volumes of 1.264 cm3 g~!
were synthesized by alkaline hydrothermal method. The TNs were investigated as adsorbents for the
removal of Pb(Il) 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
was very fast in the first 5min, and adsorption equilibrium was reached after 180 min. The adsorption

IT(I?; vr:::gi;anotubes of Pb(II) and Cd(II) were found to be maximum at pH in the range of 5.0-6.0. The adsorption kinetics
Ph(I) of both metal ions followed the pseudo-second-order model. Equilibrium data were best fitted with the
cd(n) Langmuir isotherm model, and the maximum adsorption capacities of Pb(Il) and Cd(II) were determined
Kinetics tobe520.83 and 238.61 mg g, respectively. Moreover, more than 80% of Pb(I) and 85% of Cd(Il) adsorbed
Isotherm 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(Il) from wastewater.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metal pollution has become a severe public health con-
cern worldwide. Heavy metals such as lead and cadmium are
persistent in nature, and can be toxic and carcinogenic. They
are mainly introduced into the environment via various indus-
trial applications [1,2]. Thus, their presence in water bodies poses
harmful effects on humans and aquatic ecosystems [3]. Many
technologies have been employed to eliminate heavy metal from
aqueous solution, such as chemical precipitation [4], ion exchange
[5], membrane separation [6] and electrolysis [7]. However, these
processes have some disadvantages, including low treatment effi-
ciency for trace amount of heavy metal ion, high operational cost
and difficult further treatment due to generation of toxic sludge [8].
In contrast, adsorption could be the most cost-effective for heavy
metal removal due to a variety of advantages such as easy operation,
high efficiency over a wide concentration range and low secondary
pollution with suitable regeneration operation [9,10]. The key to
the adsorption process lies in the selection of the appropriate adsor-
bent. Though various substances, such as activated carbon [11],
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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(IlI) and Cd(Il) from aqueous solutions. The
effects of various operational conditions such as contact time, pH
and adsorbent dosage were systematically studied. The adsorption
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kinetics and isotherms were also analyzed to reveal the adsorption
mechanisms.

2. Materials and methods
2.1. Reagents

The reagents used in the experiments were of analytical grade
and purchased from Sinopharm Chemical Reagent Co., Ltd. (Bei-
jing, China). The stock solution (1000 mg L~1) of Pb(II) or Cd(II) was
prepared by dissolving stoichiometric amount of corresponding
chloride (PbCl, or CdCl,-2.5H50) in deionized water and further
diluted to the desired concentrations for the experiments.

2.2. Preparation of titanate nanotubes

The TNs were synthesized by the hydrothermal treatment of
TiO, powder in concentrated NaOH solution as described by Chen
et al. [19]. Typically, 0.3g of TiO, nanoparticle powder (P25,
Degussa, Germany) was added to 16.5 mL of 10 M NaOH solution.
After vigorous stirring for 24 h, the mixture was autoclaved at
130°C for 72 h. The precipitate in the autoclaved mixture was then
separated by filtration and washed with deionized water until the
pH value of the rinsing solution reached 7.0. Finally, the products
were dried in an oven at 80°C for 4 h.

2.3. Characterization of titanate nanotubes

Nitrogen adsorption-desorption isotherms were determined
at —196 °C for Brunauer-Emmett-Teller (BET) measurements on
an ASAP 2010 adsorption apparatus (Micromeritics, USA). Before
adsorption, the samples were degassed at 50°C. The BET specific
surface areas were calculated in the relative pressure (P/Py) range
of 0.06-0.20. Desorption isotherms were used to determine the
pore size distributions using the Barret-Joyner-Halender method.
Nitrogen adsorption volumes at the relative pressure of 0.99 were
used to determine the pore volumes and the average pore diam-
eters. The point of zero charge of the sample was determined by
zeta potentials in solution at different pH values in the range of
2.0-12.0. The zeta potentials were measured by a Nano-ZS90 Zeta-
sizer (Malvern Instruments, UK). The FT-IR spectra of the samples
were obtained by using a Tensor 27 FT-IR spectrometer (Bruker,
Germany). All FT-IR measurements were conducted at room tem-
perature using the KBr pellet method.

2.4. Batch adsorption test

The adsorption behaviors of Pb(Il) and Cd(Il) onto TNs were
investigated by batch adsorption experiments on a rotary shaker at
200 rpm using 100 mL conical flasks. In a typical experiment, 10 mg
of TNs was added to 50 mL heavy metal ion solution with different
initial concentrations (20, 50 and 100 mgL-1). The reaction tem-
perature was kept constant at 204 0.2 °C, and the solution pH was
not adjusted. After different contact time intervals, aliquots of the
metal ion solution were withdrawn and centrifuged at a speed of
10,000 rpm for 5 min to obtain the supernatants. The supernatants
were then kept to determine the Pb(Il) and Cd(II) concentrations
using an inductively coupled plasma spectrometer (ICP-MS X Series
I, Thermo Fisher Scientific, USA). The amount of metal ion adsorbed
q¢ (mgg=1), at time t (min), was calculated by

(G -GV
qe = T (1)
where C; and C; (mgL~1) are initial and equilibrium concentrations
of metal ion, respectively, V(L) is the volume of metal ion solution,
and m (g) is the mass of the TNs.

Effect of pH on the adsorption capacity of metal ion was evalu-
ated by agitating 100 mg L~! 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 0.5M HCI or
0.5 M NaOH. Similarly, the effect of adsorbent dosage (0.05, 0.1, 0.2
and 0.4gL-1) was also studied in batch experiments. To evaluate
the capacities of TNs to remove Pb(Il) and Cd(Il), batch equilib-
rium experiments were performed with fixed adsorbent dosage
of 0.2gL-! at various initial concentrations (20-200mgL-1). The
amount of metal ion adsorbed at equilibrium ge (mgg=1), and the
metal ion removal efficiency R (%), were computed by Egs. (2) and
(3), respectively.

G —Ce)V
e=(,me) 2)
rR=S5=C 100 (3)
G

where Ce (mgL~1) s the equilibrium concentration of metal ion.

2.5. Adsorption kinetics modeling

To understand the adsorption mechanisms of Pb(Il) and Cd(II)
onto TNs, the uptake rate of both metal ions at initial concentra-
tion of 20, 50 and 100 mg L~! 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(ge — q¢) = logqe — (4)

LS
2.303
where ge and q¢ (mgg~1) are the amounts of metal ion adsorbed at
equilibrium and elapsed time t, respectively, t (min) is contact time,
and k; (min—1) is pseudo-first-order rate constant. k; and ge can be
computed from the slope and intercept of the plot of log(qe — q¢)
versus t.

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

t 1 1

— = +—t 5
qe kzqg Je (3)

where k, (gmg~! min~1)is pseudo-second-order rate constant. The
values of k; and ge can be calculated from the slope and intercept
of the plot of t/q; versus t.

The initial adsorptionrate h(mgg~! min~1),is estimatedatt — 0
as follows

h = kg3 (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]

Ge = kingt®® +C (7)

where ki, (mgg~! min—02) is intraparticle diffusion rate constant,
and C (mgg~1) is the constant proportional to the extent of bound-
ary layer thickness. k;, and C can be obtained from the plot of q;
versus 9.

2.6. Adsorption isotherm modeling

The adsorption isotherm provides much information, such as
the distribution of the adsorbate between the adsorbent and lig-
uid phase, and the adsorption capacity of the adsorbent, which are
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essential in design of the adsorption system. Hence, the equilib-
rium data were subject to simulate with three isotherm models,
i.e., Langmuir, Freundlich and Temkin isotherm models.

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

G_ 1.1
ge  bQ Q

where Ce (mgL~1) is the equilibrium metal ion concentration, ge
(mgg-1) is the amount of metal ion adsorbed at equilibrium, Q
(mgg~1)is the maximum adsorption capacity of the adsorbent, and
b (Lmg~1) is the Langmuir constant related to the free energy of
adsorption. By plotting Ce/qe versus Ce, then the slope and inter-
cept of the linear plot can be used to determine the values of Q and
b.

Ce (8)

Based on the essential characteristic of the Langmuir model, an
adsorption system can be evaluated as “favorable” or “unfavorable”
in terms of a dimensionless constant, the separation factor Ry, as
defined by [25]

1

R = 1+bCo

9
where Cy (mgL~1) is initial concentration of metal ion. According
to the values of R, the adsorption process may be classified as irre-
versible (R, = 0),favorable (0 <Ry <1),linear (R_ = 1) and unfavorable
(R.>1).

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

log ge = log K + % log Ce (10)

where Kg (mg g~1) is the Freundlich constant related to the adsorp-
tion capacity of the adsorbent, and n is the heterogeneity factor
indicating the adsorption intensity of the adsorbent. Both constants
are obtained from the slope and intercept of the linear plot of log ge
versus log Ce.

The Temkin model is different from the above-mentioned
isotherm models in that it considers the effect of the interaction
between the adsorbed adsorbates [27]. This isotherm model is rep-
resented as follows

qe:RFTlnA-i-%lnCe (11)

where A (Lg-!') and B (Jmol~') are Temkin constants, R
(Jmol-1K-1) is the ideal gas constant, and T (K) is the absolute
temperature. A plot of ge versus In Ce is used to calculate the values
of A and B.

2.7. Desorption experiments

For desorption studies, 10 mg of TNs was initially contacted with
50mL of 100mgL-! metal ion solution. After equilibrium adsorp-
tion, the equilibrium concentration (Ce ) of metal ion was measured.
Then the pH of the equilibrium solution was adjusted to the range
of 1.0-6.0 using 0.5M HCI or 0.5M NaOH. Afterwards, the solu-
tion was shaken for predetermined equilibrium time. Finally, the
equilibrium concentration after desorption (Cy4) was measured. The
percentage of desorption D (%), was calculated by

Cq—Ce
G —Ce

D= x 100 (12)
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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 272.31m2 g~ ! and 1.264 cm3 g~!, which were much
higher than that of TiO, (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.
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.
Parameters Values
Specific surface area (m? g—') 272.31
Single point total pore volume (cm>g!) 1.264
Average pore diameter (nm) 18.6
Point of zero charge 2.57
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Fig. 2. The FT-IR spectra of (a) pure TNs, (b) Pb(II) loaded TNs, and (c¢) Cd(II) loaded
TNs (resolution=4cm~1, G;=100 mg/L).

18.6 nm (Table 1). The pore sizes exhibited bimodal distributions
as shown in Fig. 1(b), i.e., smaller pores with peak diameter in the
range of 3.0-4.0nm and larger pores with peak diameter in the
range of 10.0-20.0 nm. The former might correspond to the pores
inside the nanotubes, and the latter were due to the voids in the
aggregation of the nanotubes [30]. Because the TNs possessed large
surface areas, they may expectedly provide abundant active sites
and make it possible to adsorb the target contaminant molecules
onto the surfaces. On the other hand, high pore volumes and meso-
porous structures of the TNs allowed the fast diffusion into the
pores of the contaminants. All these characteristics resulted in the
improvement of adsorption capacities of TNs in gaseous or liquid
adsorption. Additionally, the point of zero charge of the TN was
observed at pH 2.57 (Table 1), which was much lower than that of
P25 (pH 6.5, asreported in the previous study [31]). Then the surface
charges of TNs would become negative when the solution pH was
above the point of zero charge, which was accordingly favorable for
the adsorption of cation such as Pb(II) and Cd(II).

3.2. Adsorption mechanism of metal ions onto TNs

The FT-IR spectra of TNs and metal ions loaded TNs are shown
in Fig. 2. In the case of pure TNs, the spectrum (Fig. 2(a)) exhibited
the absorption bands at 3245, 1636, 907 and 484 cm~!. According
to Chen et al. [17] and Sun et al. [32], the TNs might be constructed
from trititanate (NayH,_,Ti307,x=0 or 0.75, depending on remain-
ing sodium ions), which was composed of corrugated ribbons of
edge-sharing [TiOg] octahedrons as negatively charged layers and
H* and Na* located between the layers. Then the strong absorption
bands in the region of 3500-3000 cm~! and the band at 1636 cm™!
could be attributed to the O-H stretching vibration and H-O-H
binding vibration, respectively, indicating the presence of hydroxyl
groups and water molecules in the TNs. The band at 907 cm~! might
be related to a four-coordinate Ti-O stretching vibration [32]. The
band at 484cm~! was assigned to the vibration of [TiOg] octahe-
dron [20]. After adsorption of Pb(Il) and Cd(Il) by TNs, the bands
at 907 and 484 cm~! were just slightly shifted within the resolu-
tion range (Fig. 2(b) and (c)), revealing that both Ti-O bond and
[TiOg] octahedron had no positive effect on the adsorption of Pb(II)
and Cd(II). However, it can be apparently seen that the bands of
hydroxyl groups in pure TNs were significantly shifted from 3245
to 3339 cm~! in Pb(II) loaded TNs and to 3271 cm~! in Cd(II) loaded
TNs, as shown in Fig. 2(b) and (c). This indicated that the adsorp-
tion could have mainly occurred through the interaction between
metal ions and hydroxyl groups of the TNs. Furthermore, consider-
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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 gL', 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 [TiOg] 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(Il) 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(Il) 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 mgL~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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Fig. 4. Effect of pH on adsorption of Pb(Il) and Cd(Il) by TNs (adsorbent
dosage=0.2gL"", initial metal ion concentration=100 mgL-', temperature =20°C
and contact time = 180 min).

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

3.3.2. Effect of pH

The pH of the solution is recognized as an important parameter
that significantly affects adsorption of metal ions. For this reason,
the effect of pH on adsorption of Pb(Il) and Cd(II) were studied.
As shown in Fig. 4, the pH of the solution was varied from 2.0 to
6.0, which was appropriate to prevent precipitation of metals in
the form of hydroxides under higher pH conditions. Both Pb(II) and
Cd(Il) adsorbed onto TNs experienced similar rapid rise at initial pH
of 2.0-4.0, followed by a slow increase of Pb(II) at pH 4.0-5.0 to an
approximately constant at pH 5.0-6.0, and a less significant change
of Cd(II) at pH 4.0-6.0. The optimum adsorption capacities of Pb(II)
and 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-
sonably explained by the net charges on the surface of TNs and H*
ions competition for adsorption sites [35,36]. Because the result-
ing point of zero charge was found to be at pH 2.57, the overall
charges on the adsorbent surfaces were positive at pH 2.0 and H*
ions would strongly compete for available active sites with metal
cations, resulting in the low uptake of metal ions (198.45 and
74.10 mg g~ for Pb(II) and Cd(Il), respectively). As the pH increased
(3.0-5.0), the surfaces of TNs became negatively charged and the
negative charges also increased, which enhanced the adsorption
of positively charged Pb(II) and Cd(Il) by electrostatic attraction.
In the meanwhile, the concentration of H* ions decreased with
the increase of pH, and fewer H* ions were available to com-
pete with metal ions for adsorption sites. At higher pH (5.0-6.0),
the concentration of H* ions was far lower than that of metal
ions, so most adsorption sites were occupied by metal ions and
the competition of trace amounts of H" ions might be negligible.
That was why the adsorption of metal ions changed very little
in the pH range of 5.0-6.0. Similar trend were observed for the
adsorption of Pb(Il) and Cd(II) onto other materials such as bael
leaves [8], saw dust [37] and activated alumina [3]. Additionally,
since the natural pH of Pb(II) and Cd(II) were just within this opti-

a
—n
soof ™ _—— o 4100
n ]
400 - / - 80
-~ ] ;\?
"y J00 O = 60 \_;
8D A ]
g - 5
=, 200 | 440 E
= &
b ]
100 |- 20
0 1 1 1 | " | L 1 0
0.0 0.1 0.2 03 0.4
Adsorbent dosage (g L")
b 250 - 100
B— g ——n u
200 - 80
~ =
Ty 150 F - 60 =
N} - >
£ O g
—, 100 - 40 g
N [ | =
O
50 =20
[ o .
0 " 1 " 1 " 1 L 1 0
0.0 0.1 0.2 0.3 0.4

Adsorbent dosage (g L")

Fig. 5. Effect of adsorbent dosage on adsorption of (a) Pb(II) and (b) Cd(II)
by TNs (initial metal ion concentration=100mgL~!, 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(Il) 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 (0.05-0.1gL~1)
and decreased sharply as the dosage increased from 0.1 to 0.4 g L1
(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 0.4gL!, the
removal of Pb(Il) increased from 26.5% to 98.4%, and Cd(Il) 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
0.4gL-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 gL', the adsorption sites were saturated through
the uptake of Pb(II), resulting in saturated Pb(II) adsorption. How-
ever, with a higher adsorbent dosage (0.1-0.4gL~!), 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 aresult, the
amount adsorbed per unit mass of adsorbent decreased. In contrast,
the adsorption surface became saturated with Cd(Il) 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 (mgL~") Initial Cd(II) concentration (mgL-1)
20 50 100 20 50 100
Pseudo-first-order kinetic model Qeca® (Mgg1) 6.61 32.85 106.80 9.24 34.30 55.72
ki (min—1) 0.0838 0.0783 0.0648 0.0626 0.0784 0.1001
R? 0.6078 0.6987 0.7643 0.5308 0.7382 0.8827
Pseudo-second-order kinetic model Geca® (Mgg1) 103.82 266.60 465.55 106.37 206.57 23441
ko (gmg~! min—') 0.1134 0.0155 0.0032 0.0640 0.0122 0.0073
h(mgg~' min~!) 1222.522 1101.635 697.890 724.156 518.876 402.775
R? 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Intraparticle diffusion model Kine (Mg g~' min=05) 0.1709 1.6930 7.3559 0.3164 2.1906 52615
C(mgg™) 102.42 253.70 408.82 103.82 189.31 201.03
R? 0.9616 0.8727 0.8561 0.9748 0.7212 0.8524
Gemea” (Mgg1) 103.81 266.09 46437 106.57 205.75 232.19

2 The calculated adsorption capacity at equilibrium, namely q. in Egs. (4), (5) and (6), respectively.

b The measured adsorption capacity at equilibrium.

adsorbent dosage range of 0.05-0.4gL-1, making the adsorption
capacity of Cd(Il) nearly constant. However, the increase of the
adsorbent dosage resulted in the increase of adsorption surface
areas and active sites on the adsorbents, so it resulted in the incre-
ment of adsorption removal of both metal ions. These observations
in the present study were in agreement with those reported by
Gupta et al. [16] for hexavalent chromium adsorption using carbon
slurry.

3.4. Adsorption kinetics

The parameters of three kinetic models are calculated and listed
in Table 2. The pseudo-first-order model showed poor fitting to the
experimental data with very low correlation coefficients, i.e., rang-
ing from 0.6078 to 0.7643 for Pb(Il) and from 0.5308 to 0.8827 for
Cd(II), respectively. The calculated equilibrium adsorption capaci-
ties (geca) deviated too much from the measured values (ge,mea)-
This suggested that the pseudo-first-order model failed to describe
the adsorption process correctly. The fitting of experimental data
to the intraparticle diffusion model was also not satisfactory. The
correlation coefficient values for this model were relatively poor,
though they were better than those of the pseudo-first-order
model. Furthermore, the linear plots of q; versus t%> did not pass
through the origin since the values of C were not equal to zero.
So it might be implied that the intraparticle diffusion was not
the rate-limiting step in the metal ion adsorption process [23]. In
contrast, the pseudo-second-order model provided excellent cor-
relation coefficients (R?>0.9999) and achieved good agreement
between e 5 and ge,mea Of Pb(II) and Cd(II). Hence it can be con-
cluded that the adsorption of Pb(II) and Cd(Il) onto TNs perfectly
obeyed the pseudo-second-order kinetic model, indicating that the
rate-controlling step might be chemisorptions [22]. Similar kinet-
ics were observed in the adsorption of Pb(Il) onto steel slag [39]
and Cd(II) onto loess soil [40]. Moreover, with the increase of initial
concentrations from 20 to 100 mg L1, there were gradual decrease
in the rate constants (k, ) and the initial adsorption rate (h) for both
metal ions. This indicated that faster uptake of each metal ion onto
TNs would be obtained at lower initial concentration.

3.5. Adsorption isotherms

Table 3 lists the constants and correlation coefficients involved
in the three isotherm models. It was found that the Langmuir model
exhibited good fit to the adsorption data for Pb(II) and Cd(II) with
extremely high correlation coefficients (R% =0.9997, 0.9996). The
correlation coefficients of the Temkin model were 0.7180 for Pb(II)
and 0.8028 for Cd(II), indicating the data did not show satisfac-

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(Il) and Cd(II) onto the adsorbent. Moreover, the
dimensionless constant Ry 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
238.61mgg-! for Pb(Il) and Cd(Il), 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
100mgL-! Pb(Il) 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(I) and Cd(Il) at pH 1.0 (0.1 mol/L
HCI) 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 Metal ions
con-
stants
Pb(II) cd(1n
Langmuir isotherm model Q 520.83 238.61
(mgg1)
b 1.088 0.814
(Lmg™")
R? 0.9997 0.9996
Freundlich isotherm model Kr 247.10 154.68
(mgg™)
n 5.386 10.491
R? 0.5667 0.7239
Temkin isotherm model A 135.501 1.719 x 104
(Lg™)
B 42.183 147.357
(Jmol1)
R? 0.7180 0.8028
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Table 4
Comparison of monolayer maximum capacities of some adsorbents for Pb(Il) and
Cd(II) from aqueous solutions.

Adsorbents Adsorbates Monolayer References
maxi-
mum
capaci-
ties
(mgg™)
Activated Pb(1I) 43.85 [41]
carbon
Manganese Pb(II) 60.09 [42]
oxide coated
zeolite
Montmorillonite-illite Pb(II) 52.00 [43]
type of clay
Manganese Pb(II) 78.74 [44]
oxide-coated
carbon
nanotubes
Titanate Pb(II) 520.83 This study
nanotubes
Activated Cd(1n) 19.50 [45]
carbon
Loess soil Cd(11) 9.37 [40]
Beidellite Cd(11) 42.01 [46]
Multiwalled Cd(11) 10.86 [47]
carbon
nanotubes
Titanate Cd(In) 238.61 This study
nanotubes

tion percentage of both metalions decreased. When the solution pH
further increased (5.0-6.0), the desorption capacities were almost
negligible. Similar results were also reported on the adsorption and
desorption of Pb(Il) ions onto bael leaves [8]. The mechanism of
desorption might be attributed to the replacement of H* ions on
the metal loaded adsorbents [17]. With the decrease of pH, there
was an increase in H* ion concentration. The abundant H* ions in
the solution would compete with the metal ions for the exchange
sites. As H* ions occupied the sites in the adorbents, the adsorbed
metal ions were released into the aqueous solution. The aforemen-
tioned results confirmed the possibility of fast recovery of the TNs
by reducing pH, which should be of significance to practical appli-
cations.
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Fig. 6. Effect of pH on desorption efficiency of Pb(Il) and Cd(Il) onto TNs
(adsorbent dosage=0.2 gL', initial metal ion concentration=100mgL~! and tem-
perature=20°C).

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(Il) and Cd(Il) from aqueous solutions. The analyses of nitro-
gen adsorption-desorption isotherms showed that the mesoporous
TNs exhibited larger specific surface areas of 272.31m2g~! and
higher pore volumes of 1.264cm? 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(Il) and Cd(II) lie. The
kinetic studies indicated that the adsorption of Pb(Il) 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(Il) and Cd(II) adsorption behav-
iors. The monolayer maximum adsorption capacities of Pb(Il) and
Cd(I1) were found to be 520.83 and 238.61 mg g~ !, respectively. The
adsorption-desorption results showed that the TNs could be read-
ily regenerated after adsorption using 0.1 M HCI. Therefore, the TNs
exhibited great potential for the removal of Pb(Il) and Cd(Il) from
wastewater in engineering practices.
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