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a b s t r a c t
Ion-exchange induced adsorption behaviors of heavy metals onto the titanate nanomaterials is essen-
tial to facilitate their application for removing heavy metals from the aquatic environment. This study 
evaluates the adsorption mechanisms of Pb(II) on hydrogen (TNs-H) and sodium (TNs-Na) titanate 
materials synthesized through a facile one-step hydrothermal method followed by washing with acid 
and water. The physical–chemical properties of the TNs including morphology, structure, surface area 
and chemical composition were studied, and the adsorption capacity of TNs to Pb(II) was tested. The 
results showed that TNs were pure monoclinic titanate with plate morphology and specific surface 
area of ~246 m2/g. The adsorption capacity of TNs-H was 120 mg/g, while TNs-Na reached 450 mg/g, 
which indicated that water-washing with large interlayer spacing could increase the adsorption capac-
ity of TNs. The adsorption kinetics followed pseudo-second-order model and the equilibrium data 
were best fitted with Langmuir isotherm model. After six runs of reuse, the adsorption capacity basi-
cally remains the same. Results presented here would facilitate titanate nanomaterials’ application to 
remove heavy metals from aquatic environment.

Keywords:  Titanate nanomaterials; Synthesis washing specimen; Adsorption isotherm; Adsorption 
kinetics; Lead

1. Introduction

Industrial effluents, which are loaded with heavy metals 
even at trace level, are believed to be a risk for humans and 
have a severe environmental impact. Unlike organic wastes, 
heavy metals are non-biodegradable, and they can be accu-
mulated in living tissues, causing various diseases and dis-
orders [1]. For this reason, the maximum allowable limit of 
their discharge is more and more stringent, and they must be 
removed before discharged. Lead is a relatively unreactive 
post-transition metal. It is usually used as an industrial raw 
material for rechargeable battery, printing, pigments, fuels, 
photographic processing and secondary explosives [2–4]. The 
lead pollution threatens the health of human beings by ways 
of the drinking water and food chain. Pb(II) is non-essential 

to human body but excessive intake may damage the brain, 
nervous and immune system [3].

There are several methods for removing heavy metal 
from aquatic environments, for example, chemical pre-
cipitation [5,6], ion exchange [7], membrane filtration [8], 
electrochemistry process [9] and adsorption technologies. 
Compared with other techniques, adsorption is a highly effi-
cient, economy and eco-friendly technology for eliminating 
heavy metals at relatively low concentration and it reliably 
generates high-quality effluent [4,10,11]. Moreover, it is flex-
ible in design and operation as the adsorption process is 
reversible which facilitates the adsorbent regeneration and 
the toxic sludge treatment [12,13]. Due to its high efficiency 
and flexibility, the adsorption process has become a promis-
ing technique in industrial application.
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Nowadays, there are a variety of traditional and mod-
ern adsorbents, such as clay minerals, nanosized metal 
oxides, layered double hydroxides, carbonaceous materi-
als, metal-organic frameworks and so on [14]. Among the 
adsorbents, titanate nanomaterials (TNs) are nanomaterials 
which first applied on 1990’s. These materials have been 
widely adopted in the adsorption field due to a variety of 
advantages such as unique physicochemical features, excel-
lent ion exchange capacities, large specific surface areas and 
low secondary pollution impact on the environment [15,16]. 
Furthermore, TNs synthesized using hydro-thermal method 
under different reaction conditions or subsequent modi-
fication methods will significantly affect the morphology 
and physicochemical properties of the final product [17]. 
Literatures are available on the role of ion-exchange between 
sodium (Na+) and proton (H+) on the morphology of TNs in 
the research matrix of photocatalytic activity [18], electro-
chemical lithium storage [19], etc. However, there has been 
less systematic examination of the ion-exchange induced 
adsorption behaviors of heavy metals onto the TNs. 

In addition, it is well-known that adsorption efficiency 
depends on various experimental factors, such as adsorbent 
dosage, initial adsorbate concentration, temperature and 
solution pH value [20–23]. Therefore, an in-depth physical 
and chemical study on the adsorptive properties of sodium 
and hydrogen titanate is essential to facilitate their application 
for removing heavy metals from the aquatic environment. 

Consequently, the primary focus of this study is to eval-
uate the adsorption mechanisms of Pb(II) on hydrogen and 
sodium titanate materials synthesized through a facile one-
step hydrothermal method followed by washing with acid 
and water. The morphology and crystal phase of the titanate 
materials were characterized. The effects of various oper-
ational conditions such as contact time, pH and adsorbent 
dosage were systematically studied. The adsorption kinetics 
and isotherms were also analyzed to reveal the adsorption 
mechanisms. The data presented here could be of importance 
for titanate materials synthesis and its use for environmental 
remediation.

2. Materials and methods

2.1. Chemical reagents

TiO2 (titanium dioxide, 80% anatase and 20% rutile) 
powders, NaOH (sodium dydroxide), HCl (hydrochloric 
acid), Pb(NO3)2 (lead nitrate) were purchased from Sinopharm 
Chemical Reagent Co. Ltd. All the chemicals used in this 
study were of analytical grade except Pb(NO3)2. Pb(NO3)2 
was of guarantee reagent. Pb(NO3)2 was used to prepare the 
Pb(II) stock solution (1,000 mg/L).

2.2. Synthesis of titanate nanomaterials

The TNs were synthesized under the hydrothermal con-
ditions reported by Wei et al [24]. Briefly, 1.0 g of commercial 
TiO2 nanoparticle powder (P25) and the aqueous solutions 
of NaOH (10 M, 100 mL) were deposited into a Teflon con-
tainer. The mixture was vigorously stirred in an oil bath at 
110°C for 72 h and then was cooled to room temperature. The 
milk-like suspension was filtrated. Hydrochloric acid (HCl, 

10 M) and deionized water were selected as the washing 
specimen to form TNs-H (H2Ti3O7) and TNs-Na (Na2Ti3O7), 
respectively. The washing process was stopped until the pH 
value approaching 7 ± 0.1. Finally, the white products were 
dried in an oven at 70°C for 8 h. The dry samples were then 
ground, concentrated, labeled and stored in the glass bottles 
until analyzed. The prepared samples and the samples which 
Pb(II) adsorbed on were characterized.

2.3. Characterization of titanate nanomaterials

The prepared samples and the samples which Pb(II) 
adsorbed on were ground. The composition of these samples 
was analyzed by XRD (X′Pert PRO X-ray powder diffrac-
tion, PANalytical Co. Ltd., Holland) using Cu Kα radiation 
(λ = 1.5418 Å), which later switched to Cu Kα radiation, with 
a scanning range of 5°C–75°C. The morphologies of TNs were 
investigated by a FE-SEM (S4800, Hitachi Co. Ltd., Japan) 
and a TEM (HRTEM, TECNAL G2F20, FEI Co. Ltd., USA), 
respectively. The pore volume, BET surface area and pore 
size of materials were analyzed at 77 K (–296.15°C) and the 
samples were degassed at 423 K (49.85°C) for 6 h. The pore 
size distributions of TNs were calculated by the method of 
Barrett–Joyner–Halenda (BJH). The infrared spectra of sam-
ples were measured by FT-IR (FT-IR, Nicolet 6700, Thermo 
Fisher Scientific Co. Ltd., USA), which needed to be previ-
ously prepared by the KBr pellet pressing method with a 
measurement range and distinguishability of 4,000–400 cm–1 
and 4 cm–1, respectively.

2.4. Adsorption experiment

The adsorption behaviors of Pb(II) from aqueous solu-
tions onto TNs were investigated by batch adsorption exper-
iments. Briefly, a specific dosage of TNs was added into a 
specified volume of solution containing a certain concentra-
tion of Pb(II). The mixture in the conical flask (200 mL) was 
shaken in a rotary shaker at 200 rpm. At the designed adsorb-
ing time, about 5 mL solution was centrifuged at a speed of 
5,000 rpm for 5 min to obtain the supernatant. The superna-
tant was filtered through 0.45 μm membrane and diluted to 
desired volumes. Pb(II) concentration was determined using 
an inductively coupled plasma optical emission spectrome-
try (ICP-OES Optima 7000, PerkinElmer, USA). More details 
are as follows:

To investigate the adsorption properties of TNs for Pb(II) 
in aqueous solutions, the following parameters were con-
sidered, that is, adsorption time, initial heavy metal con-
centrations, pH values and adsorbent dosages. The detailed 
adsorption scenarios were described as follows:

1. Effect of adsorption time: The initial concentrations of 
Pb(II) and TNs were 200 mg/L and 1.0 g/L, respectively. 
The sampling time was 0, 1, 3, 5, 7, 10, 20, 40, 60, 80, 120, 
180 and 240 min at the temperature of about 20°C ± 0.1°C.

2. Effect of initial heavy metal concentration: The pH value 
was about 5.2 ± 0.1. The dosage of TNs was 0.2 g/L. The 
oscillating time was 6 h to ensure the adsorption time 
according to the previous adsorption equilibrium exper-
iment. The initial heavy metal concentrations were 5, 10, 
20, 50, 100, 200, 300 and 400 mg/L.
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3. Effect of pH: The initial concentration of Pb(II) and TNs 
were 300 mg/L and 1.0 g/L, respectively. The oscillating 
time was 6 h. The initial pH values of Pb(II) solution were 
adjusted to 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0 individually by 
using dilute HCl and NaOH (0.1 M) at the temperature of 
about 20°C ± 0.1°C..

4. Effect of adsorbent dosage: The initial concentration of 
Pb(II) was 100 mg/L with the value of 5.2 ± 0.1. The tem-
perature was 20°C ± 0.1°C. The dosages of TNs were 0.05, 
0.1, 0.2, 0.4, 0.7, 1.0, 1.5 and 2.0 g/L, respectively.

5. Desorption experiment: Hydrochloric acid was used as a 
desorption agent. The initial concentration of Pb(II) was 
100 mg/L. The oscillating time was 6 h under the tem-
perature of 20°C ± 0.1°C. The initial concentration C0 and 
equilibrium concentration Ce of heavy metals were inves-
tigated after the equilibrium was reached. The pH values 
of the equilibrium solution were adjusted to 1.0–6.0. After 
6 h of continuous stirring to achieve an equilibrium. The 
desorption equilibrium concentration of heavy metal Cd 
was then measured. 

The amount of metal ion adsorbed qt at time t (min) was 
calculated by Eq. (1): 

q
C C V
mt

t=
−( )0  (1)

where C0 and Ct are metal concentrations at beginning 
and time t (min), respectively, V (L) is the volume of metal 
ion solution, and m (g) is the dry mass of the titanate 
nanomaterials.

The amount of metal adsorbed at equilibrium qe (mg/g), 
the metal ion removal efficiency R (%) and the desorption 
efficiency D (%) were calculated by Eqs. (2)–(4), respectively.
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where Ce and Cd (mg/L) are metal equilibrium concentrations 
of adsorption and desorption, respectively.

2.5. Modeling of the adsorption kinetics

The adsorption kinetics of Pb(II) onto TNs were further 
investigated. The adsorption datasets of Pb(II) from aqueous 
solutions whose initial concentration of Pb(II) was 200 mg/L 
were analyzed and fitted with three kinetic models, that is, 
pseudo-first-order kinetic, pseudo-second-order kinetic and 
intraparticle diffusion models (shown in Table 1). Pseudo-
first-order proposed at the end of the 19th century [25], and 
pseudo-second-order mechanisms introduced in the middle 
of the 80’s [26]. If initially no adsorbate presents the adsor-
bent, then assuming the first-order rate kinetics the fractional 
uptake on the adsorbate by the adsorbent can be expressed 
as equation in Table 1. The pseudo-second-order model is 
based on the assumption of chemisorption of the adsorbent. 
The kinetic rate model can be represented as equation in 
Table 1.

2.6. Modeling of adsorption isotherm

The adsorption isotherms provide the distribution pro-
portions of the adsorbate, adsorbent and solution. It can also 
reflex the adsorption capacity of the adsorbent to adsorbate. 
Hence, the equilibrium Pb(II) data were further analyzed by 
three isotherm models with different initial concentrations, 
that is, Langmuir [27], Freundlich [28] and Temkin isotherm 
models [29]. More explicit, Langmuir model assumes an even 
distribution of the adsorption sites on the surface of the adsor-
bent. The absorption is a monomolecular type. Pollutants 
adsorbed on the surface of adsorbent are non-interacting in 
this case [30]. Freundlich isotherm is an empirical equation 
describing heterogeneous surface adsorption of adsorbent to 
adsorbate [31], and Temkin [29] model considers the interac-
tion between adsorbates. The models of adsorption isotherm 
are shown in Table 2.

Table 1
Modeling of the adsorption kinetics

Kinetic model Formula Kinetic parameters

Pseudo-first-order kinetic model [11] log( ) log
.

q q q
k

te t e− = − 1

2 303
qe (mg/g) and qt (mg/g) are the equilibrium 
adsorption capacity and adsorption amount at time 
t, respectively, t (min) is the contact time between 
the adsorbent and metal ions, k1 (1/min) is the 
pseudo-first-order rate constant

Pseudo-second-order kinetic model [12] t
q k q qt e e

= +
1 1

2
2

k2 (g/(mg·min)) is the pseudo-second-order rate 
constant

Intraparticle diffusion model [13] q k t Ct = +int
.0 5 kint (mg/(g·min0.5)) is the rate constant of intraparticle 

diffusion, and C (mg/g) is the constant proportional to 
the extent of boundary layer thickness
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2.7. Reuse of TNs-Na and TNs-H

After adsorption process, the nanomaterials were reused 
in desorption (TNs-des) and regeneration (TNs-re) process. 
The main recycle process was the adsorption–desorption–
regeneration–adsorption. In adsorption, the 400 mL Pb(II) 
solution with the initial concentration of 150 mg/L and 0.8 g/L 
TNs were used. In desorption, the pH was adjusted to 1 by 
0.1 M HCl. The desorption process was carried out for 5 h. 
Then, the TNs were centrifuged, dried and weighed, marked 
as TNs-des. In regeneration, 0.2 M NaOH was used to regen-
erate for 5 h, and the regenerated TNs were also centrifuged, 
dried, weighed and marked as TNs-re. After that, both of 
TNs-des and TNs-re were used to remove the Pb(II) for six 
cycles.

3. Results and discussion 

3.1. Characterization of TNs

3.1.1. XRD analysis

The X-ray diffraction pattern of TNs-H, TNs-Na, TNs-
H-Pb (TNs-H adsorbed Pb), and TNs-Na-Pb (TNs-Na 
adsorbed Pb) are depicted in Fig. 1. It shows that TNs-Na 
has diffraction peaks at ca. 2θ ≈ 10°, 24°, 28° and 48°. TNs-H 
has diffraction peaks at ca. 2θ peaks at 24° and 48°. It has 
been reported that a peak at ca. 2θ ≈ 10° was observed for the 
interlayer space of TNs [32]. Therefore, the results indicate 
that those two samples were titanates with pure monoclinic 
phase and had a good crystallinity. The chemical composition 
of the synthesized TNs-Na and TNs-H could be described 
as Na2Ti3O7 and H2Ti3O7, respectively [33]. Compared with 
TNs-Na, the intensity of the diffraction peak of TNs-H at 
2θ ≈ 10° and 28° decreased and eventually disappeared, 
which confirmed that the interlayer space and titanate (111) 
crystal plane would be destroyed by pickling [33].

Furthermore, the diffraction peaks of TNs-H-Pb and TNs-
Na-Pb had no considerable changes. It is mainly because the 
crystal structure of TNs has not changed in the process of 
adsorption. The results indicate that adsorption of Pb(II) onto 
TNs occurs mainly when the ion exchange was carried out 
in the interlayer of TNs. However, the decreased intensity of 
the diffraction peak of TNs-H-Pb and TNs-Na-Pb at 2θ ≈ 10° 
indicates that the adsorbed Pb(II) changed the interlayer dis-
tance of TNs.

3.1.2. SEM and TEM analysis

As shown in Figs. 2(a) and (b), TNs synthesized by 
hydrochloric acid and deionized water washing approaches 
were nanostructures with flaky morphology and most of the 
nanosheet was disorderly winded. Compared with TNs-H, 
to some extent, SEM image of TNs-Na was longer and slen-
der, indicating that the different washing specimen induced 
different morphology features of TNs were distinctive. 
According to the TEM image shown in Fig. 2, TNs synthe-
sized by different washing approaches was titanate of plate 
morphology with glaze surface. There were some similar 
morphologies between TNs-H and TNs-Na. Each nanosheet 
of a length is hundreds of nanometers or even exceeded 1 μm 
and nanosheet of a width is scarcely 200 nm feet. In other 
words, the synthesized products have a high length–diameter 
ratio and a good dispersion, which is inconsistent with the 
previous study [34]. More explicitly, as shown in Figs. 2(d) 
and (f), the surface of TNs adsorbed Pb(II) became rough. 
Numbers of “dark dots” appeared, demonstrating that Pb(II) 
adsorbed on the surface of TNs [35]. Meanwhile, no apparent 
variation and destruction were observed along the layered 

Table 2
Modeling of adsorption isotherm

Isotherm model Formula Kinetic parameters

Langmuir C
q bQ Q

Ce

e
e= +

1 1 Ce (mg/L) the equilibrium concentration of metal ion, qe (mg/g) is 
the corresponding equilibrium adsorption capacity, Q (mg/g) is the 
calculated maximum adsorption capacity, b (L/mg) is the Langmuir 
equation constant standing for free energy of adsorption

Freundlich log log logq K
n

Ce F e= −
1 KF (mg/g) is the Freundlich constant related to adsorption capacity, and n 

is an intensity factor reflecting the adsorption intensity of the adsorbent.

Temkin q RT
B

A RT
B

Ce e= −ln ln A (L/g) and B (J/mol) are Temkin constants, R (J/mol K) is the ideal gas 
constant and T (K) is the absolute temperature

10 20 30 40 50 60

(a)

(d)

(c)

(b)

2 Theta (degree)
Fig. 1. XRD patterns of (a) TNs-H, (b) TNs-H-Pb, (c) TNs-Na and 
(d) TNs-Na-Pb.
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structure and sheet-like morphology of TNs, suggesting that 
the adsorption process only caused minor damage to titanate 
nanotubes (TNTs) structures. Moreover, as shown in Figs. 2(c) 
and (e), it is obvious that TNs-H was free from Na+ ion, while 
TNs-Na was full of the Na+ ion. The results indicate that the 
main difference between TNs-H and TNs-Na would be the 
main factor that affects the adsorption of Pb(II).

3.1.3. Specific surface area analysis 

The adsorption–desorption isothermal and pore size dis-
tribution of TNs are shown in Fig. 3. As can be seen, adsorp-
tion isotherms for those samples were type Ⅳ with H3 
hysteresis loop [36], which indicates the mesoporous struc-
tural conditions.

 

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 2. SEM images of (a) TNs-H and (b) TNs-Na; TEM images of (c) TNs-H, (d) TNs-H-Pb, (e) TNs-Na and (f) TNs-Na-Pb.
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Physical properties of those materials are shown in 
Table 3. Specific surface area and pore volume of TNs-H 
were 246.82 m2/g and 0.551 cm3/g, respectively, while that of 
TNs-Na were 246.03 m2/g and 0.544 cm3/g, respectively. There 
is no significant difference in physical properties between 
TNs-H and TNs-Na, indicating washing ways and kinds of 
ions carried on the surface have limited effects on physical 
properties of materials.

3.2. Adsorption of Pb(II) onto TNs

3.2.1. Effect of contact time

The study of adsorption kinetics describes the solute 
uptake. 200 mg/L Pb(II) initial concentration was applied 
to investigate the effect of contact time on the adsorption of 
Pb(II) onto TNs in aqueous solutions after 300 min. As shown 
in Fig. 4, the adsorption process of Pb(II) can be divided into 
two steps of a fast phase and a slow phase. First, within the 
first 20 min, the adsorption rate of Pb(II) was very fast that 
the TNs-Na reached 7.05 mg/min and the TNs-H reached 
3.99 mg/min, respectively, which consisted with the findings 
of Xiong et al. [34]. Especially, the adsorption rate in the first 
5 min was the fastest during the whole process that TNs-Na 
up to 25.29 mg/min and TNs-H up to 14.83 mg/min, and the 
adsorption capacities of TNs-H and TNs-Na for Pb(II) reached 
at 74.14 mg/g and 126.43 mg/g, respectively. Moreover, the 

adsorption curves of those samples in the first 5 min almost 
overlap each other, which indicate that the adsorption tenden-
cies of those two samples were consistent. With the further 
increase of contact time up to 20 min, the adsorption capacities 
of TNs-H and TNs-Na reached 79.85 mg/g and 141.03 mg/g, 
respectively. It shows that TNs-Na has a better adsorption 
ability than TNs-H for Pb(II). The initial rapid adsorption 
probably attributed to several available active adsorption sites 
[37], which indicated that TNs have strong adsorption capac-
ities for Pb(II). Then, after 20 min adsorption, the adsorption 
rates of TNs-H and TNs-Na for Pb(II) considerably decreased. 
When the adsorbing time reached 120 min, the adsorption 
rates remained basically invariable over time. This can be 
rationalized that the adsorption sites on the surface of TNs 
were continuously consumed, which eventually led to the sat-
uration adsorption. Therefore, 120 min was considered to be 
adsorption equilibrium time of TNs.

3.2.2. Effect of initial heavy metal concentration

According to Eqs. (2) and (3), the adsorption capacities 
q and removal efficiency R of TNs are displayed in Fig. 5. 
With the increase of initial concentrations, adsorption capac-
ities increased and eventually tended to be stable. However, 
the removal efficiency decreased significantly with increased 
initial concentrations. The plausible explanation could be 
a lower concentration of Pb(II) decreased the utilization of 
active adsorption sites, which led to a low removal efficiency. 
In addition, the active adsorption sites on the surface of a 
certain amount of TNs were limited. When the concentration 
of samples increased to a certain value, most of the adsorp-
tion sites occupied and adsorbed reached saturated adsorp-
tion. In other words, the redundant metal ion would not be 

Fig. 3. N2 adsorption–desorption isotherms of TNs ((a) TNs-H, 
(b) TNs-Na).

Table 3
Basic structure parameters of TNs

Parameters TNs-H TNs-Na

Surface area (m2/g) 246.82 246.03
Pore volume (cm3/g) 0.551 0.544

Fig. 4. Effect of contact time on the adsorption of Pb(II) by TNs.
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adsorbed by TNs and then caused a decrease of the Pb(II) 
removal efficiency [38].

As shown in Fig. 5, the adsorption capacities of TNs for 
Pb(II) increased with the increasing Pb(II). When the initial 
concentration of Pb(II) was lower than 50 mg/L, the removal 
efficiencies of TNs-H and TNs-Na for Pb(II) were higher 
than 90%. Until the initial concentration was 200 mg/L, the 
adsorption capacities tended to be stable and the maximum 
values of adsorbed Pb(II) reached at 120 mg/g and 450 mg/g, 
respectively. The adsorption of Pb(II) onto TNs-Na was four 
times higher than that onto TNs-H. In other words, the sub-
stitution of Na+ for H+ after pickling led to a lower adsorp-
tion ability. It is widely accepted that mechanism of TNs 
adsorbing cation should be described as the exchange of 
cationic and Na+ between the adjacent laminae of TNs whose 
exchange capacity is in proportion to the Na+ content [22,23]. 
More explicit, similar behaviors were founded by Liu et al. 
[21] that the adsorption capacity of Cu2+ onto TNTs increased 
with an increase of Na+ content. The adsorption capacity of 
TNTs, whose Na+ content was 1.21% under pH = 5, for Cu2+ 
was 40 mg/g. By contrast, the adsorption capacity of TNTs for 
Cu2+ increased to 120 mg/g with a Na+ content of 7.35%. 

3.2.3. Effect of pH on adsorption

The solution pH is largely related to the surface chemis-
try of the adsorbent and on the chemistry of the adsorbate in 

solution. As shown in Fig. 6(a), the adsorption capacities of 
TNs-H and TNs-Na for Pb(II) was investigated by varying 
the pH values in the range of 1.0–8.0. Two samples had poor 
adsorption effect with an initial concentration of 300 mg/L at 
the initial pH of 1.0–2.0. Especially when the initial pH value 
was 1.0, the adsorption effect was considered inefficient. The 
equilibrium adsorption capacities of TNs-H and TNs-Na at 
pH = 1.0 were 1.51 mg/g and 79.80 mg/g, respectively. Thus, 
TNs-H is more sensitive than TNs-Na to pH value. In other 
words, to a certain extent, the adsorption capacity of TNs-H 
is pH dependent.

Furthermore, the equilibrium adsorption capacity of 
TNs-H increased with the increase of pH value ranged from 
2.0 to 6.0, resulting from the increasing activated TNs-H sur-
face functional groups. The Pb(II) ions may undergo hydro-
lysis and salvation in aqueous solution as follows [18]:

Pb2+ + nH2O = Pb(H2O)n
2+ [1]

Pb(H2O)n
2+ = Pb(H2O)n − 1OH+ + H+ [2]

Pb2+ + nH2O = Pb(H2O)n−1OH+ + H+ [3]

The adsorption capacity kept invariant and even slightly 
decreased from 173.42 mg/g to 170.63 mg/g as pH increased 
from 6.0 to 7.0, and the removal efficiency decreased from 
60.98% to 60.01%. The isoelectric point of both TNs-H and 
TNs-Na is 6.4 from Fig. 6(b). The effect of adsorption before 

Fig. 5. Effect of initial concentration on the equilibrium 
adsorption capacity and removal efficiency of Pb(II) by 
(a) TNs-H, (b) TNs-Na.

Fig. 6. (a) Effect of pH on adsorption of Pb(II) by TNs-Na and 
TNs-H; (b) zeta potential of TNs-Na and TNs-H.
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and after the isoelectric point did not change much. So, 
the electrostatic effect did not play the main role during 
the adsorption. When pH increased to 8.0, the adsorption 
capacity and removal efficiency increased considerably to 
249.80 mg/g and 87.85%, respectively. This is because the sol-
ubility product constant of Pb(II) is 1.2 × 10–15 [39], and the pH 
of precipitation of hydroxide is 8.2 depending on the calcula-
tions. When pH increased to 8.0, the precipitation of Pb(OH)2 
was formed, which led to the rapid increase in the adsorp-
tion capacity. The equilibrium adsorption capacity of TNs-Na 
increased with the increase of pH value ranged from 1.0 to 
4.0. Adsorption amount and removal efficiency of TNs-Na 
increased to 304.90 mg/g and 95.88%, respectively. Thereafter, 
the adsorption kept stable at 310 mg/g and the removal effi-
ciency was above 95% with an increasing pH value.

Consequently, to avoid the formation of the hydroxide 
precipitate, the optimum pH value of Pb(II) adsorption onto 
TNs-H and TNs-Na should be controlled in the ranges of 
5.0–6.0 and 4.0–5.0, respectively. The results are consistent with 
the conclusion of Xiong et al. [34] that the optimum pH for the 
synthesis of titanate nanofiber was 4.0; the removal efficiency 
could be up to 99.8%, and the adsorption capacity increased 
with an increasing pH value ranged from 1.0 to 4.0. Research 
has found that the isoelectric point of TNTs was low ranging 
from 2.57 to 4.3. TNTs were positively charged when pH less 
than above scope, which would attract anions and repel cat-
ions electrostatically [40,41], therefore, TNTs were not easy to 
adsorb Pb(II) which was positively charged. Meanwhile, large 
numbers of H+ in the solution competed with Pb(II) for adsorp-
tion sites, resulting in the lower adsorption capability. When 
pH was more than 4.3, TNTs were negatively charged, which 
would lead to electrostatic attraction of cations and repul-
siveness of anions [40,41]. The number of negative charges 
increased with the increase of pH, causing binding capacities 
and adsorption effects of TNTs toward Pb(II) increased sig-
nificantly by electrostatic attraction because TNTs had more 
negative charges with higher pH value. 

3.2.4. Effect of titanate dosage

The adsorption capacity and removal efficiency of TNs for 
Pb(II) was conducted with an initial concentration of 0.1 g/L. 
TNs dosages in the range of 0.05–2.0 g/L were subjected to the 
adsorption tests. With an increasing dosage of TNs, as shown 
in Fig. 7, the equilibrium adsorption capacity decreased, and 
the removal efficiency increased. The equilibrium adsorption 
capacity of Pb(II) onto TNs-H and TNs-Na was 262.60 mg/g 
and 607.00 mg/g, respectively. While the removal efficien-
cies for Pb(II) reached the minimum values of 14.66% and 
28.77%, respectively. The plausible explanation of the results 
is that the specific surface areas and the adsorption sites 
were limited at low TNs dosages [36]. The adsorption sites 
could be fully utilized at a low dosage, which further leads 
to the adsorption saturation and a high adsorption capacity. 
However, the removal efficiency of Pb(II) was low because 
the limited adsorption sites could not absorb a large amount 
of Pb(II). However, the surplus of adsorption sites would 
cause insufficient utilization of adsorption sites, which led 
to a reduced adsorption of Pb(II). For TNs-H, when dos-
age increased to 2.0 g/L, the equilibrium adsorption capac-
ity decreased to the minimum value of 36.22 mg/g. While 

the removal efficiency increased to the maximum value of 
80.88%. For TNs-Na, when dosage increased to 0.4 g/L, the 
equilibrium adsorption capacity decreased to 259.43 mg/g, 
while the removal efficiency reached 98.36%. Moreover, with 
an increasing TNs-Na dosage, the equilibrium adsorption 
capacity decreased, but the removal efficiency of heavy metal 
ions maintained invariable. Compared with TNs-Na, the 
removal efficiency of Pb(II) by TNs-H reached 80.88% only 
when dosage approached 2.0 g/L. The removal efficiency 
of Pb(II) by TNs-Na could reach 98.36% if the TNs dosage 
increased to 0.4 g/L. According to the result, the adsorption 
capacity of TNs-Na was about seven times higher than TNs-
H. Therefore, to efficiently remove Pb(II) with a lower cost, 
TNs-Na at a lower dose was recommended to use. 

3.2.5. Desorption experiments

The regeneration potential of TNs was accessed by 
the desorption batch experiment. As shown in Fig. 8, at 
pH = 1.0, the desorption rates of TNs-H and TNs-Na were 
97.30% and 98.77%, respectively. This result aggresses with 
a similar study of Xiong et al. [34] that the desorption rate of 
hydrochloric acid for Pb(II) and Cd (II) from materials were 
82.3% and 88.1%, respectively at pH 1.0. The desorption rate 
decreased with an increase of pH range from 1.0 to 3.0. There 
is little desorption capacity of TNs to Pb(II), the desorption 
rate was 0%. This result aggresses the findings of Xiong et al. 
[34] that the desorption rate decreased significantly with an 

Fig. 7. Effect of adsorbent dosage on adsorption of Pb(II) by 
(a) TNs-H, (b) TNs-Na.
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increasing pH value; especially when pH value was 5, the 
desorption rate was 0. The results showed that desorption of 
TNs to Pb(II) was effective, the desorption rate of TNs-H and 
TNs-Na all reached more than 90%.

It has been reported that the mechanism of cation desorp-
tion using acid is a competitive adsorption [42]. The compe-
tition between H+ and cations such as Pb(II), Cu (II) and Cd 
(II) was strengthened by increasing the concentration of H+. 
Furthermore, the hydration radius of H+ is smaller than metal 
cation, which made it easier to reach the surface of TNs and 
had a stronger electrostatic attraction with active sites. With 
the accumulation of H+ on the surface, TNs was positively 
charged gradually. Then the electrostatic repulsion between 
TNs and metal cation became stronger, which led to desorp-
tion of heavy metal.

3.2.6. Reuse of TNs-Na and TNs-H

The recycled adsorption of Pb(II) by TNs-des and TNs-re 
shown in Fig. 9 to find out whether TNs are suitable to reuse. 
It can be seen from the figure that when the initial concentra-
tion of Pb(II) was 150 mg/L and the dosage of TNs was 0.8 g/L, 
the adsorption capacity of TNs-Na decreased sharply during 
the TNs-des process and the removal rate decreased from the 
initial 99.98% to 4.74%. Though, TNs-H just decreased a little, 
from 93.22% to 92.46%.

In the process of TNs-re, the removal rate of both TNs-Na 
and TNs-H almost had no change, they were also more than 

97% after six cycles. It showed that the regeneration of TNs 
can maintain a higher adsorption capacity of Pb(II). The 
regeneration process is essential for the recycling process of 
TNs. Na+ plays the key role in the maintaining adsorption 
ability of TNs to Pb(II). Liu et al. [23] used the regenerated 
TNTs to adsorb Cd(II). They found that the molar ratio 
between the adsorption of Cd(II) and the amount of Na+ by 
TNTs was 1:1. So, the ions of Na+ play the key role in the 
TNs-Na adsorption of Pb(II).

3.3. Modeling of the adsorption kinetics 

The best-fit parameters of the adsorption kinetic models 
are shown in Table 4. Compared with the other two kinetic 
models, it is evident that the pseudo-second-order model 
provided the best fit to the experimental data. The correla-
tion coefficient (R2) of TNs-H and TNs-Na for Pb(II) con-
centrations were both 0.99. According to the kinetic models, 
the calculated equilibrium adsorption capacities were 85.05 
and 142.34 mg/g which were consistent with the equilibrium 
adsorption capacity (85.59 and 142.78 mg/g) obtained from 
the experiment. The results indicate that the pseudo-sec-
ond-order model was suitable for describing the adsorption 
process of Pb(II) onto TNs. Followed by pseudo-first-order 
kinetic model, the fitting effect of which on the adsorption 
of Pb(II) was also good, and the R2 was also high, the R2 of 
TNs-H and TNs-Na for Pb(II) were 0.99192 and 0.97262, 
respectively. In addition, the fitting effect of the intraparticle 
diffusion model shows the least effective with the lowest R2 
value. The R2 values of TNs-H and TNs-Na for Pb(II) were 
lower than 0.35. Therefore, the particle diffusion model could 
not be used to descript the adsorption process of Pb(II) onto 
TNs. In addition, the calculated C value was high, indicating 
that the diffusion of particles was not the rate-limiting step. 
Since the pseudo-second-order model showed the best good-
ness of fit, chemical adsorption could be the rate-limiting 
step [43].

3.4. Modeling of adsorption isotherm

The curves fitted to three isotherm models of the adsorp-
tion equilibriums of Pb(II) on TNs are shown in Fig. 10. 
Corresponding data and fitted relation coefficient are shown 
in Table 5. It shows that Langmuir model provided the 

Fig. 8. Effect of pH on desorption of Pb(II) by TNs.

Fig. 9. Recycled adsorption of Pb(II) by TNs-des and TNs-re.

Table 4
 Kinetic parameters for the adsorption of Pb(II) by TNs

Kinetics models Kinetic 
parameters

Materials
TNs-H TNs-Na

Pseudo-first-order qe (mg/g) 83.09 137.77
k1 (1/min) 0.36 0.96
R2 0.99192 0.97262

Pseudo-second-order qe (mg/g) 85.05 142.34
k2 (g/(mg·min)) 0.01 0.01
R2 0.99919 0.99915

Weber intraparticle 
diffusion

kint (mg/(g·min0.5)) 3.29 3.56
C (mg/g) 49.28 100.81
R2 0.32234 0.22669
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best fit to the equilibrium adsorption data, whose correla-
tion coefficient (R2) of TNs-H and TNs-Na for Pb(II) were the 
largest of 0.99936 and 0.99912, respectively. This means that 
the equilibrium adsorption process followed the Langmuir 
model, furthermore, monolayer saturated adsorption capacity 
of TNs-H and TNs-Na to Pb(II) calculated by Langmuir model 
were 20.43 mg/g and 429.7 mg/g, respectively, which was con-
sistent with the equilibrium adsorption capacity determined 
by experiment. If followed the Temkin model, the fitting effect 

of the adsorption to Pb(II) was also good with high R2 that 
were 0.97951 and 0.96998 of TNs-H and TNs-Na, respectively. 
In addition, the fitting effect of Freundlich model was the least 
effective, the R2 of TNs for Pb(II) was about 0.9 only.

In contrast, the qmax of Pb(II) on many other absorbents 
were compared in Table 6 [44–49]. It can be observed that 
TNs-Na has the highest adsorption capacity as compared 
with activated carbon, titanium dioxide/carbon nanotube and 
so on. The results exhibited the excellent adsorption ability of 
TNs-Na to Pb(II) and a potential application in practical.

3.5. Adsorption mechanism 

The FT-IR spectra of TNs before and after Pb(II) adsorp-
tion were shown in Fig. 11. More explicit, before the adsorp-
tion, the main absorption peaks of TNs-H appeared at 3,192; 
1,634 and 480 cm–1; the main absorption peaks of TNs-Na 
appeared at 3,040; 1,639 and 472 cm–1. According to Chen 
and Peng [42] and Sun and Li [50], TNTs probably had its 
chemical composition of titanates (NaxH2 –x Ti3O7, x = 0 or 
0.75, the value of x was determined by the remaining sodium 
ions), the basic structure of which is composed of negatively 
charged corrugated ribbons of edge-sharing [TiO6] octa-
hedra and H+/Na+ located between the layers, vibrational 
absorption of [TiO6] octahedral mainly varied in the range 
from 500 to 450 cm–1 [50]. Then the strong adsorption bands 
in the region from 3,500 to 3,000 cm–1 and the band range 
from 1,630 to 1,636 cm–1 should be attributed to the O–H 

Fig. 10. Adsorption isotherm for the adsorption of Pb(II) onto 
TNs ((a) TNs-H, (b) TNs-Na).

Table 5 
Isotherm parameters for the adsorption of Pb(II) onto TNs

Isotherm model Isotherm 
parameters

Materials
TNs-H TNs-Na

Langmuir Q (mg/g) 120.43 429.7
b (L/mg) 0.26 1.16
R2 0.99936 0.99912

Freundlich KF (mg/g) 28.32 147.4
n 3.32 4.86
R2 0.89303 0.90155

Temkin A (L/g) 4.62 26.55
B (J/mol) 130.33 48.06
R2 0.97951 0.96998

Table 6
Comparison of maximum adsorption capacity for Pb(II) by various adsorbents

Adsorbents Experiment conditions qmax 

(mg/g)
Reference

pH T (K) m/V (g/L)

PAC-CNFs 5.5 301 167 [44]
Activated carbon 5 298 4 93 [45]
TiO2/MWCNTs 6 298 2 137 [46]
Magnesium silicate hollow spheres Solution pH value Room temperature 0.5 300 [47]
MWCNTs 5 6.25 27.3 [48]
GO 5 298 0.1 148.7 [49]
TNs-H 5.2 273 0.2 120 This study
TNs-Na 5.2 273 0.2 450 This study
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stretching vibration and H–O–H bending vibration, respec-
tively, indicating the presence of hydroxyl groups and water 
molecules on the surface of TNTs [34,51]. The broadband at 
910–900 cm–1 might be related to the stretching vibration of 
four-coordinate Ti–O including the non-bridging oxygen 
atom which performed in collaboration with sodium ions 
[50,52]. Compared with TNs-H, TNs-Na has another adsorp-
tion band at 910–900 cm–1.

The FT-IR spectra of TNs-H and TNs-H which Pb(II) 
adsorbed on are shown in Figs. 11(b) and (d). After TNs-H 
adsorbing Pb(II), absorption peak at 1,634 and 480 cm–1 

changed very little, while slight variation of absorption 
bands of TNs-Na at 1,639; 907 and 472 cm–1 was found as 
well, revealing that Ti–O bond, water molecules and [TiO6] 
octahedron nothing to do with the adsorption of Pb(II). On 
the other hand, O–H stretching vibration band obtained a 
greater offset, absorption band of TNs-Na was significantly 
shifted from 3,192 to 3,240 cm–1 (the shift was 48 cm–1) and 
TNs-H was significantly shifted from 3,040 to 3,330 cm–1 (the 
shift was 290 cm–1), which indicated that Pb(II) had an ion 
exchange with hydroxyl groups of the TNs in the process of 
adsorption.

4. Conclusions

In conclusion, both TNs-H and TNs-Na were pure titanate 
of plate morphology and monoclinic phase, specific surface 
area of both materials were about 246 m2/g. Compared with 
TNs-Na, the layer structure of TNs-H was weak, and the layer 
structure of TNs-H which Pb(II) adsorbed on were all dam-
aged to some extent. The equilibrium adsorption time of two 
materials was 120 min. The adsorption capacity of TNs-H to 
Pb(II) could be up to 120 mg/g, while the adsorption capacity 
of TNs-Na to Pb(II) reached 450 mg/g. The adsorption kinet-
ics of both TNs to Pb(II) followed the pseudo-second-order 
model and the equilibrium data were fit with the Langmuir 
isotherm model. The equilibrium adsorption capacity of TNs 
to Pb(II) increased with the pH value. The optimum pH value 
of adsorption of TNs-H and TNs-Na to Pb(II) should be con-
trolled in 5.0–6.0 and 4.0–5.0, respectively. With increasing 
dosage of TNs, the equilibrium adsorption capacity decreased, 

removal efficiency increased and finally they all tended 
toward a steady state. When pH was 1.0, the desorption rate 
of TNs-H and TNs-Na was 97.30% and 98.77%, respectively. 
The FT-IR spectra of TNs showed that the adsorption mech-
anism of Pb(II) by TNs was mainly due to the ion-exchanged 
between Pb(II) and hydroxyl in TNs. Compared with TNs-H, 
the TNs-Na had stronger absorption ability and lower cost. 
It was found that with more sodium ions in the surface, the 
TNs-Na which was synthesized by water-washing had stron-
ger absorption ability and become a kind of immense poten-
tial adsorption material for heavy metal pollution. The mech-
anism study showed that adsorption was mainly due to the 
ion-exchanged between Pb(II) and H+/Na+ on TNs.
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