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a b s t r a c t
The impacts of structure and morphology of titanate nanomaterials (TNs) synthesized by simple 
hydrothermal method on the lead (Pb2+) adsorption in aqueous solutions were systematically evalu-
ated and clarified. The physical-chemical properties of the TNs including chemical composition, mor-
phology, surface area, and structure were characterized. The adsorption capacity, kinetics, equilibrium 
model, and mechanism of as-prepared TNs were investigated. The results showed that the structure 
and morphology of TNs change with the reaction temperature and reaction time. The flaky structure 
of TNs was formed at 100°C and 130°C with reaction time of 24 h, or 12–36 h under the temperature 
of 130°C. Under 150°C and 180°C with 24 h, 48 h, or more with temperature of 130°C, the synthesized 
structure was linear. The flakes structure of TNs had higher adsorption capacity for Pb2+ than linear 
structure. The adsorption capacity on Pb2+ was up to 504.12 mg/g, and the adsorption kinetics for 
Pb2+ followed pseudo-second-order model. The equilibrium data were in accordance with Langmuir 
model. The adsorption of heavy metals by flaky TNs could be attributed to the interaction of heavy 
metal ions with hydroxyl groups in TNs. This study has shown that titanate nanosheets could be a 
potential adsorbent for the removal of Pb2+ from aqueous solution.
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1. Introduction

With the development of industry and rapid urbanization, 
heavy metal pollution become more and more serious and 
arouse broad attention. The treatment of industrial wastewater 
is one of the most pressing problems for a lot of heavy metal 
ions contained, such as Pb2+, Cd2+, Cr6+, Hg2+, and Ni2+ [1] . Heavy 
metals ions even at a relatively low concentration may be highly 
toxic and carcinogenic due to its persistence and difficult bio-
degradation in living tissues through food chain [2]. Therefore, 
heavy metal pollutions must be eliminated to alleviate the harm-
ful effects on human health and aquatic ecosystems. Effective 
removal of heavy metal ions from the aqueous solutions is 
important to protect the environment and public health.

Pb2+ is one of highly toxic and bio-accumulative pollut-
ants, participating in various conversion processes in water. 
So far, several methods have been used to remove heavy met-
als from aqueous solutions, such as chemical precipitation, 
membrane filtration [3], electrochemistry [4], and adsorption. 
Thereinto, adsorption is a simple, flexible, cost-effective, and 
promising method in applications [5,6]. Traditionally, many 
natural materials and by-products have been used to remove 
heavy metals from wastewater, such as organosilane func-
tionalized mesoporous silica, zeolites, bentonite, fungal bio-
mass, shells, and sawdust [7–10]. While these materials have 
some shortages, such as low adsorption capacity, long equi-
librium time, and complex regeneration process. Therefore, 
searching for regenerated adsorbents with higher adsorption 
capacity is still in great need [11].
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In recent years, titanate nanomaterials (TNs) hydrother-
mally prepared by TiO2 and NaOH are of great interest and 
have been commonly used in many research fields, including 
photocatalysis [12,13], solar energy conversion [14,15], lith-
ium ion battery [16,17], and in the removal of toxic pollutants 
[18,19] from wastewater containing reactive dyestuffs and 
heavy metal substances [20]. Compared with other adsorbents, 
the preparation conditions of TNs such as agitated reactors, 
reaction pressure, and temperatures can be easily satisfied. 
It is particularly noteworthy that TNs are widely used as 
heavy metal adsorbents due to their unique physicochemical 
properties, strong ion exchange performance, large specific 
surface area and low secondary pollution [21], which are con-
sidered promising materials for adsorption application. It is 
worth noting that TNs were surface charged as the existence 
of many functional hydroxyl groups, which resulted in the 
ion-exchange properties [22]. The advantage of some TNs is 
the collapse of their structure, which occurs during the ion 
exchange and lead to tight immobilization of targeted cations 
in the interlayer, thus in irreversible ion exchange [23].

Up to the present, numerous studies have focused on 
the adsorption behavior of titanate nanotubes (TNTs). TNT 
has good adsorption capability for Pb2+ and Cr2+, and its 
adsorption capacity can reach up to 520.83 and 238.61 mg/g, 
respectively [24]. External diffusion is the main control pro-
cess of Cu2+ adsorbed by TNT, and the adsorption kinetics 
of Cu2+ on TNT follows the pseudo-second-order model [25]. 
In addition, the adsorption mechanism of TNT is mostly cat-
ion exchange. At low Pd content, Pd is adsorbed by TNT in 
a cation-exchange mode. When Pd concentration is above 
1.13 mmol/g, the precipitation of a large amount of Pd salt 
would occur [26]. Although plentiful researches have been 
made on the adsorption of heavy metals on TNTs, less atten-
tion has been paid to Pb2+ adsorptions onto other forms of 
TNs, and the interaction between heavy metals ions and 
forms of TNs has not been well described.

The property of the adsorbent depends on the prepa-
ration process. Different composition and morphology 
of the prepared material will be obtained under different 
reaction conditions. Different reaction temperature and 
synthesis time have a significant impact on the morphol-
ogy of TNs and the adsorption properties of heavy metals 
[27–29]. For example, nanofiber was found very effective in 
adsorbing Cu2+ and Pb2+ ions with high equilibrium adsorp-
tion capacities about 485.44 and 263.15 mg/g, respectively 
[30,31]. Besides, the chitosan/poly(ethylene oxide) (PEO) 
nanofibrous membrane having no beads, mesopores, and 
high specific surface area. Thus, it possesses the maximum 
adsorption capacity for Cu2+, Zn2+, and Pb2+ ions were 120, 
117, and 108 mg/g, respectively [32]. TNTs are metastable 
structures, and every process in the preparation may result 
in the transformation of their crystalline phases [33]. The 
mixed crystals of anatase and rutile phases were obtained 
by hydrothermal treatment at 80°C for 48 h in 1 mol/L HCl 
solution, while the anatase phase nanorods were obtained 
at 175°C [34]. Moreover, the hydrothermal reaction time 
and temperature also have effect on the morphology of 
the final product of TNs and its adsorption of heavy metal 
ions. When TiO2 and 10 M NaOH were reacted at 140°C for 
48 h, the resulting TNT would adsorb Pb2+ with a capacity 
of 3.752 mmol/g [35]. However, when the temperature is 

at 130°C for 3 h, the actual adsorption capacity of Pb2+ on 
TNT could reach 500 mg/g [36]. The maximum adsorption 
capacity of Pb2+ for TNT obtained at 130°C for 72 h could 
be 520.83 mg/g [24]. It is thus clear evident that the tem-
perature of the hydrothermal reaction and the length of the 
reaction time have a great influence on the morphology and 
adsorption properties of TNs.

This study aims to evaluate the effect of reaction tem-
perature and reaction time on the adsorption properties of 
TNs and the competitive adsorption behaviors of Pb(II), Cd2+, 
and Ni2+ onto TNs prepared by hydrothermal reaction. In 
addition, this paper systematically studied reaction tempera-
ture and reaction time on the morphology, specific surface 
area, and chemical composition of TNs. Furthermore, we also 
improved the synthesis conditions to determine the optimal 
reaction time and reaction temperature.

2. Materials and methods

2.1. Chemical reagents

TiO2 (titanium dioxide), C2H5OH (ethanol), Pb(NO3)2 
(lead2+ nitrate), NaOH (sodium hydroxide), and sodium 
hydroxide (titanium dioxide, 80% anatase, and 20% rutile) 
were purchased from Sinopharm Group Chemical Reagent 
Co., Ltd. (Shanghai, China). All chemicals used in this study 
were of analytical grade, except as a guarantee reagent for 
Pb(NO3)2. Pb(NO3)2 was used to prepare the Pb2+ stock 
solution (1,000 mg/L).

2.2. Preparation of TNs at different reaction temperatures and 
reaction times

The preparation of TNs mainly referred to the synthesis 
method of Huang and Li [37], Wang et al. [38], Nadaroglu et 
al. [39], and Kurniawan [40]. 0.6 g of TiO2 powder was added 
to NaOH aqueous solution (10 mol/L, 33 mL), and the mix-
ture was stirred for 24 h at room temperature. After stirring, 
the mixture was transferred to a 60 mL Teflon container, 
sealed in a constant temperature at100°C, 130°C, 150°C, and 
180°C for 72 h or sealed for 12, 24, 36, 48, 60, and 72 h at 
130°C. Cooled to room temperature and washed with deion-
ized water to neutral. Finally, the white precipitate was dried 
overnight in a dry oven at 70°C, ground, and collected.

2.3. Characterization of TNs

The samples before and after adsorption by Pb2+ were 
all characterized in detail. The sample of the powder to be 
tested was placed on a glass substrate and compacted with 
a glass plate. The phase composition of the sample was ana-
lyzed by X-ray powder diffraction (XRD) (X’Pert PRO X-ray 
powder diffraction, PANalytical Co., Ltd, Holland). The radi-
ation source was Co-target Kα line, λ = 1.5418 Å, graphite 
monochromator with a voltage of 35 kV, a current of 35 mA, 
a scanning step of 0.02°, a scanning speed of 5°/s, a scanning 
range of 5°–80°, and then a Cu target. The surface morphol-
ogy, size, and dispensability in the microscopic of the sam-
ples were observed by scanning electron microscopy (SEM, 
S-4800 Scanning Electron Microscope, Japan, accelerated 
voltage: 5–10 kV). The infrared spectrum of the sample was 
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measured by Fourier-transform infrared spectroscopy (FT-IR, 
Nicolet 6700, Thermos Fisher Scientific Co., Ltd, USA), which 
was previously prepared by KBr pelletizing, with a range of 
measurement and a separability range of 4,000–400 and 4 cm–1. 
Brunauer–Emmett–Teller (BET) surface areas were measured 
by nitrogen adsorption isotherm measurements on a surface 
area and porosity analyzer (Micromeritics, ASAP2020 HD88, 
USA) at liquid nitrogen temperature (77 K). Prior to the exper-
iment, the samples were degassed for 10 h at 423 K under vac-
uum. The concentration of heavy metal ions in the solution 
was measured by inductively coupled plasma emission spec-
trometry (ICP-OES Optima 7000, PerkinElmer, USA).

2.4. Adsorption experiment

Adsorption experiments were carried out in tightly closed 
conical flasks containing 1,000 mL with 1,000 mg/L of Pb2+ 
solutions. Then the suspension was shaken at 200 rpm (20°C) 
for a certain time. Samples were taken at set time intervals, 
immediately centrifuged (5,000 rpm) for 5 min and filtered 
using a 0.45 μm membrane. The supernatant liquid was ana-
lyzed by an ICP-OES. The effect of reaction time (0–240 min), 
adsorption temperature (20°C–60°C), initial pH (1–10), and 
the dosage of TNs (0–1.0 g/L) were investigated.

2.5. Desorption experiments

The initial concentration C0 and the equilibrium con-
centration Ce of Pb2+ measured after the TNs dosage were 
0.2 or 1.0 g/L and the temperature was 20°C. The pH of the 
solution was adjusted to 1.0–6.0 using 0.1 M NaOH or HCl. 
The solution was stirred for 5 h to reach equilibrium again 
and the desorption equilibrium concentration of Pb2+ was 
measured.

The relevant formula used in the experiment is as follows:
The equilibrium adsorption capacity qe (mg/g) was calcu-

lated by Eq. (1).

q
C C V
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e=
−( )0  (1)

The amount of metal ion adsorbed qt at time t (min) was 
calculated by Eq. (2).
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The adsorption rate R (%) is calculated by Eq. (3).
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The desorption rate D (%) when desorption to reach equi-
librium was calculated by Eq. (4).
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where C0 is the initial concentration of heavy metal ions, 
mg/L; Ce is the equilibrium adsorption concentration of 
heavy metal ions, mg/L; Ct is the concentration of heavy 
metal ions at time t, mg/L; m is the titration of TNs; V is the 
volume of heavy metal ion solution, mL; Ce and Cd (mg/L) are 
metal equilibrium concentrations of adsorption and desorp-
tion, respectively.

2.6. Error analysis

The best fit between the kinetic models was assessed by 
the squared sum of error (SSE) test which assumes that the 
model with the lowest SSE values best describes the kinetics 
of the sorption of the metal ions onto TNs [41]. The following 
formula is used to calculate SSE:
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where qt,e and qt,m are the experimental adsorption capacities 
of Pb2+ ions in mg/g at time t and the corresponding values 
obtained from the kinetic models.

The chi-squared (χ2) tests were adopted to determine the 
suitability of the isotherm model with respect to the experi-
mental data [42]. The χ2 equation is as follows:
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,
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q
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where qe is the experimental equilibrium capacity (mg/g), 
and qe,m is the equilibrium capacity obtained by calculating 
from the model (mg/g).

3. Results and discussion

3.1. Characterization of TNs

3.1.1. XRD analysis

3.1.1.1. TNs synthesized at different temperatures The XRD 
patterns of prepared TNs under the different reaction tem-
peratures are displayed in Fig. 1(a). There were significant 
differences of the four materials by comparison in the pat-
terns. The prepared TNs-100 was weaker compared with 
other TNs, demonstrating the material was not fully reacted 
at 100°C. It could be observed that TNs-130, TNs-150, and 
TNs-180 had strong diffraction peaks at 2θ ≈ 10°, and these 
diffraction peaks could be assigned to Na+ in TNs (JCPDS 
file no. 31-1329) [43]. According to the PDF card query, the 
diffraction peaks could be attributed to the layered structure 
of TNs [44,45]. It was noteworthy that the main structure of 
above materials were corresponding to the diffraction peak 
of anatase TiO2 (JCPDS file no. 21-1272). In combination 
with the above analysis, it could be concluded that TNs-130 
was a typical TN. Except for the diffraction peaks appear at 
2θ ≈ 10°, 24°, 28° and 48°, there were some hetero-diffraction 
peaks observed in TNs-150 and TNs-180, which indicated 
that the increase in temperature had a certain effect on the 
chemical composition of the material.
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3.1.1.2. TNs synthesized at different reaction times The 
XRD patterns of TNs synthesized at different reaction times 
are displayed in Fig. 1(b). It illustrated that the spectra of 
the six materials were basically the same. All peaks in the 
XRD patterns (Fig. 1(b)) are assigned to the Na2Ti3O7 (JCPDS 
file no. 31-1329) [46]. Based on the previous analysis, the 
peak at 10° represented the interlayer structure of TNs [47]. 
Based on the XRD patterns, we can conclude that TNs syn-
thesized at the reaction time varied by 12–72 h were pure 
monoclinic titanate, and the crystallinity was good. More-
over, it could be confirmed that the chemical composition 
was (Na, H)2Ti3O7 [48].

3.1.2. SEM analysis

3.1.2.1. TNs synthesized at different temperatures The mor-
phology of TNs could be analyzed by SEM. Fig. 2 shows the 
SEM images of synthesized TNs at different reaction tem-
peratures. From the SEM observation, it could be seen that 
the TNs prepared at different reaction temperatures exhib-
its different shapes appearance. TNs-100 and TNs-130 were 
mainly flaky structure based on the SEM. The morphology 
of nanosheets was irregular and the thickness was only a 
few nanometers. The images show that large number of 
nanosheets were intertwined and superimposed as the shape 
of flowers, while TNs-150 and TNs-180 were mainly linear 
structure. The nanowire morphology was more uniform, the 
length of each nanowire was more than 1 μm and the width 

Fig. 1. XRD patterns of TNs: (a) synthesized at different 
temperatures and (b) synthesized at different reaction times.

(a) (b)

(c) (d)

Fig. 2. SEM images of TNs synthesized at different temperatures: (a) TNs-100, (b) TNs-130, (c) TNs-150, and (d) TNs-180.
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of the nanowires was tens to 300 nm. From the SEM images, 
each material was randomly entangled in large number of 
nanoscale pieces or lines in a disordered state.

3.1.2.2. TNs synthesized at different reaction times To 
understand the formation mechanism of TNs prepared 
at different reaction times, the SEM images of the TNs are 
depicted in Fig. 3. The images showed that the TNs had dif-
ferent morphologies. The morphology of TNs synthesized 
under 12–36 h were mainly flaky structure. Most of them 
were only a few nanometers on thickness, and numerous 
nanoscale pieces were stacked in disordered state into the 

morphologies of flowers. Although the TNs still had lamellar 
nanomaterials at 48 h, the linear structure began to appear. 
That was linear structure with short length which was only a 
few hundred nanometers for 60 h and 72 h. The SEM showed 
that each material formed with a great deal of nanosheets or 
lines in random state and random winding together.

Generally, TNs existed in the form of sheet when the reac-
tion time was in the range of 12–36 h. When the reaction time 
was 36–72 h, TNs were mainly in the form of tubes. As shown 
in SEM images, the TNs were only nanoflower structure con-
sisting of flake or linear shape, without the tubular structure. 
According to the formation mechanism of TiO2 nanotubes, 

Fig. 3. SEM images of TNs synthesized at different times: (a) TNs-12, (b) TNs-24, (c) TNs-36, (d) TNs-48, (e) TNs-60, and (f) TNs-72.
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two-dimensional layered TiO2 was essential for the formation 
of tubular. Thus, linear TNs may be an intermediate [49].

3.1.3. FT-IR analysis

The amounts of acid sites and ion-exchange capacities 
of these samples were determined by FT-IR measurements. 
Fig. 4(a) shows the FT-IR spectra obtained for the both the 
flaky TNs-130 before and after adsorption. Before adsorp-
tion, the band appeared at 3,344, 1,631, 907, and 486 cm–1, 
respectively. After adsorption of Pb2+ onto flaky TNs-130, the 
deflection of the stretching vibration of the O–H bond was 
still large, which was shifted from 3,344 to 3,359 cm–1 (offset 
14 cm–1). The shift of the O–H band to 3,359 cm–1 was due to 
the interaction of hydroxyl groups with Pb2+ in the flaky TNs-
130 during the adsorption process.

The FT-IR spectra of flaky TNs-24 adsorbed Pb2+ are 
shown in Fig. 4(b). The main absorption peaks of TNs-
24 before absorbed Pb2+ appeared at 3,385, 1,631, 907, and 
479 cm–1. While for the spectrum of TNs-24 after adsorption 
of Pb(II), it could be seen that the stretching vibration peak 
of O–H bond was larger, and it was shifted from 3,385 to 
3,352 cm–1 (offset of 33 cm–1). As discussed above, the results 
were also shown that Pb2+ interacted with the hydroxyl 
groups in the flaky TNs during the adsorption process. 
Therefore, the adsorption mechanism of flaky TNs to Pb2+ 
was mainly due to the ion exchange between Pb2+ with 
H+/Na+ in the layer of TNs.

3.1.4. BET analysis

The N2 adsorption–desorption isotherms of the six TNs 
are shown in Fig. 5. It can be seen that all six materials are 
typical type IV isotherms with H3 hysteresis loops [50], indi-
cating the mesoporous properties of the material.

Physical properties of those materials are shown in 
Table 1. It can be seen from the table that the specific surface 
areas of the six materials range from 243.05 to 286.20 m2/g, 
and the difference is not large. The pore volume ranges from 
0.279 to 0.403 cm3/g. It is reminded here, that the BET sur-
face area of flaky TNs powder is similar to that of linear TNs 
(Table 1). Therefore, no explicit correlation between adsorp-
tion capacity and BET surface areas of the investigated adsor-
bents can be claimed.

Fig. 4. FT-IR plots of TNs: (a) TNs-130 and (b) TNs-240.

Fig. 5. N2 adsorption–desorption isotherms of TNs.

Table 1
Basic structure parameters of TNs

Specific surface 
area (m2/g)

Single-point pore 
volume (cm3/g)

TNs-12 259.36 0.283
TNs-24 243.05 0.279
TNs-36 286.20 0.325
TNs-48 255.93 0.309
TNs-60 256.10 0.344
TNs-72 274.37 0.403
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3.2. Adsorption of Pb2+ onto TNs

3.2.1. Removal efficiency of synthesized TNs

The adsorption efficiency of synthesized TNs on the 
adsorption of Pb2+ was conducted to find out the impact of 
morphology (flaky and linear) to the adsorption capability. 
The change of adsorption capacity qe and removal rate R of 
different initial concentrations of Pb2+ on TNs synthesized 
at different temperatures and different times were shown in 
Figs. 6 and 7.

As seen in figure, the equilibrium adsorption capacity of 
Pb2+ raised with the increase of the Pb2+ concentration, and 
the removal rate of Pb2+ tended to be stable. When the initial 
Pb2+ concentration was low, the active sites on the TNs surface 
were not fully utilized and then resulted in lower removal 
rate. Furthermore, the active site on a certain amount of TNs 
surface was limited. Consequently, the excess Pb2+ were not 
adsorbed and the Pb2+ removal rate reduced because the 
adsorption sites on the surface of the TNs were utilized when 
initial Pb2+ concentration increased to a certain extent.

When the initial concentration of Pb2+ was below 
50 mg/L, adsorption capacity increased with time lapse 
and the removal rate of Pb2+ on flaky and linear TNs could 
be more than 90% (Figs. 6 and 7). The adsorption capacity 
did not tend to be stable until the initial Pb2+ concentration 
increased to about 200 mg/L. The adsorption capacities of 
flaky TNs-100, TNs-130, TNs-12, TNs-24, and TNs-36 to Pb2+ 
were determined to be 252.40, 399.00, 479.40, 504.12, and 
482.00 mg/g, respectively. Therein, the adsorption capacities 
of Pb2+ on TNs-130 and TNs-24 were the highest. Besides, the 

adsorption capacities of linear TNs-150, TNs-180, TNs-60, 
and TNs-72 to Pb2+ were up to 311.94, 287.10, 366.60, and 
399.00 mg/g, respectively. The results indicated that flaky 
TNs had higher adsorption capacity and removal effect on 
Pb2+ than the linear TNs. Huang et al. [51] found that the 
structure of titanate nanoflowers had greater specific surface 
area and adsorption properties compared with nanotubes 
and nanowires. Likewise, the results of this experiment were 
similar.

To further analyze the adsorption behavior of Pb2+ 
on flaky TNs, following experiments would focus on the 
adsorption of Pb2+ by TNs-24 as adsorbent.

3.2.2. Effect of adsorption time

In order to compare the effect of adsorption time on the 
adsorption properties of TNs, the effect of adsorption time 
on the adsorption of 100 mg/L Pb2+ onto flaky TNs-24 is dis-
played in Fig. 8. Apparently, flaky TNs-24 could quickly cap-
ture Pb2+ from solution, as the adsorption mainly occurred 
in the first 40 min (especially the initial 5 min). It could be 
divided into two stages. First, the adsorption rate was fastest 
and the adsorption capacity of Pb2+ increased rapidly with 
time during the first 40 min, especially in the first 5 min. 
The adsorption capacity of TNs-24 at the first 5 and 40 min 
was as high as 165.75 and 404.93 mg/g, respectively. The 
rapid adsorption of this initial adsorption was owing to the 
presence of a large number of active sites on the surface of 
the adsorbent [52,53]. Second, the adsorption capacity of 
Pb2+ showed reasonably stable after 40 min. After that, the 
adsorption reached equilibrium when the reaction time 

Fig. 6. Removal efficiency of TNs synthesized at different 
temperatures: (a) TNs-100, (b) TNs-130, (c) TNs-150, and 
(d) TNs-180.

Fig. 7. Removal efficiency of TNs synthesized at different times: 
(a) TNs-12, (b) TNs-24, (c) TNs-36, (d) TNs-48, (e) TNs-60, and 
(f) TNs-72.
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was 120 min. It was because the adsorption site was con-
tinuously consumed with the increased of adsorption time. 
Afterwards, the adsorption of Pb2+ on the material tended to 
be saturated.

3.2.3. Effect of adsorption temperature

The effect of temperature on the adsorption of Pb2+ on 
flaky TNs-24 is presented in Fig. 9. The equilibrium adsorp-
tion capacity under the temperature of 20°C, 40°C, and 60°C 
of flaky TNs on Pb2+ were 504.12, 318.00, and 253.00 mg/g, 
respectively. It could be observed that the equilibrium 
adsorption capacity of Pb2+ and the corresponding saturated 
adsorption capacity decreased as the temperature rose. It 
could also be found that the adsorption process of Pb2+ was 
the exothermic process and the increase of temperature was 
not conducive to the adsorption of Pb(II). Consequently, the 
room temperature or lower temperature can satisfy the high 
adsorption capacity for Pb2+ with flaky TNs.

3.2.4. Effect of pH

Solution pH is one of the most important factors in the 
adsorption process as it can influence the species of metal 
ions and the surface charge of the adsorbent [54]. For pH 
studies, adsorption of Pb2+ by flaky TNs-24 was performed 
over a pH range of 1.0–10.0. The effect of pH on adsorption of 
Pb2+ by flaky TNs-24 and the zeta potential of TNs-24 under 
different pH are shown in Fig. 10.

From Fig. 10(a), the absorption capacity of Pb2+ was obvi-
ously influenced by the pH. For Pb2+, when the pH is below 
5, the absorption capacity is relatively low. However, with the 
increase of pH, the absorption capacity increased dramati-
cally. This trend of the curves can be explained by the ionic 
conditions of functional groups on the TNs. When the pH was 
less than 5.0, the –OH groups of TNs were protonated and 
formed a positive surface charge [55], which can also be seen 
from Fig. 10(b). TNs-24 is positively charged at pH values less 
than 5. And the competition between the H+ and Pb2+ ions led 
to a low adsorption capability [56]. The electrostatic repulsion 
between protonated groups and metal cations as well as the 
competition of protonated groups with Pb2+ for active binding 
site will result in the decrease of absorption capacity. As the 
pH increases, the surface of TNs-24 was negatively charged 
(Fig. 10(b)), hence adsorption could be driven by electrostatic 
attraction between positively charged adsorbate species (Pb2+) 
and negative adsorbents. Furthermore, the competition of H+ 
ions for active sites decreases with increasing pH [57]. Besides, 
the total positive charge on the surface of the functional group 

Fig. 8. Effect of contact time on the adsorption of Pb2+ by flaky 
TNs-24.

Fig. 9. Effect of temperature on the adsorption of Pb2+ by flaky 
TNs-24.

Fig. 10. (a) Effect of pH on adsorption of Pb2+ by flaky TNs and 
(b) zeta potential of TNs-24 in deionized water with different pH.
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decreases. Therefore, the degree of protonation is weakened, 
which is beneficial to the adsorption of Pb(II).

Furthermore, pH can also affect the hydrolysis and pre-
cipitation processes as well as the distribution of metal cation 
species, which will chemically affect the interaction between 
the metal cation and the adsorbent. Xin et al. [58] show the 
dominant species of Pb2+ in the 100 mg/L aqueous solution cal-
culated by MINTEQ computer code. The dominant species of 
Pb2+ under the investigated pH range (pH 2–7) changed grad-
ually. The dominant species are Pb2+ and PbNO3+, respectively. 
Therefore, it can be concluded that the adsorption of Pb2+ is not 
only influenced by the electrostatic interaction, but also affected 
by the chemisorption process. When the pH was above 5.0, as 
the pH continued increasing, it was also disadvantageous for 
adsorbing Pb2+ due to the fact that metal hydroxide precipita-
tion may occur in alkaline solution [59]. Therefore, in order to 
avoid the generation of hydroxide precipitation to the adsorp-
tion process caused by interference, the optimum adsorption 
pH of Pb2+ from flaky TNs-24 could be controlled in the range 
of 5.0–6.0. Others also reported that the adsorption capacity of 
TNTs to Pb2+ was the highest at pH = 5.0, and the adsorption 
capacity of TNTs to Pb2+ was relatively high when pH was in 
the range of 5.0–6.0 [60]. Herein, 5.0 can be selected as opti-
mum pH for Pb2+ adsorption in the following experiments.

3.2.5. Effect of titanate dosage

To find the best titanate dosage for adsorbing of Pb2+ in 
aqueous solutions, the effects of different dosage of TNs-24 
were investigated at an initial Pb2+ concentration of 100 mg/L. 
It is shown in Fig. 11. The results indicated that the equilib-
rium adsorption capacity of TNs-24 to Pb2+ was decreasing 
and removal rate increased rapidly and then became stable 
with the increasing of TNs-24 dosage. The best dosage of 
TNs-24 for attaining the maximum adsorption of Pb2+ was 
0.05 g/L, where the equilibrium adsorption capacity reached 
348.60 mg/g and the removal rate reached to the minimum 
(18.32%) after 120 min of adsorption. When the dosage 
increased to 1.0 g/L, the equilibrium adsorption capacity 
reached 94.93 mg/g and the removal rate reached 99.91%. 
Moreover, the equilibrium adsorption capacity was decreas-
ing, and removal rate was basically unchanged at 99% when 
the dosing amount was in the range of 0.4–1.0 g/L.

The effect of the amount of adsorbent on the adsorp-
tion effect is mainly related to the specific surface area of 
the adsorbent and the number of adsorption sites [61].The 
saturated adsorption with higher adsorption capacity could 
be attributed to the limited surface area and adsorption 
sites when the amount of flaky TNs was less. Therefore, the 
removal rate was low due to the limited adsorption sites were 
not enough to adsorb a large amount of Pb(II). After that, the 
Pb2+ content decreased with the increase of dosing amount. It 
could account for the adsorption site of TNs appeared excess 
and could not be fully utilized when the specific surface area 
and the number of adsorption sites increased.

3.2.6. Competitive adsorption experiment

Actual wastewater usually contains a variety of metal 
ions. Therefore, the selective adsorption of different metal 
ions onto TNs is very important for its further practical use. 
Herein, the adsorption behavior of Pb2+, Cd2+, and Ni2+ onto 
TNs was studied.

The effect of different concentrations of Cd2+ or Ni2+ on 
the adsorption of Pb2+ by TNs-24 is shown in Fig. 12. Results 
showed that the presence of Cd2+ or Ni2+ does not affect Pb2+ 
adsorption significantly. When the initial concentration of 
Cd2+ was 25 mg/L, the equilibrium adsorption and removal 

Fig. 11. Effect of adsorbent dosage on adsorption of Pb2+ by 
flaky TNs.

Fig. 12. Effect of various coexistent heavy metal ions on 
adsorption of Pb2+ by TNs-24.
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rate of Pb2+ decreased to 62.90 mg/g and 12.24%, respectively. 
However, as the initial concentration of Cd2+ continued to 
increase (25–200 mg/L), the equilibrium adsorption capacity 
and removal rate of TNs-24 to Pb2+ changed little. In addition, 
as the initial concentration of Cd2+ continues to increase, the 
equilibrium adsorption capacity of Cd2+ on TNs-24 slightly 
increased. This small decrease in adsorption capacity could 
be due to the competition for adsorption sites of Pb2+ at lower 
Cd2+ concentration [62]. Moreover, the presence of Ni2+ also led 
to a decrease in Pb2+ adsorption capacity, and this effect was 
more significant for the presence of Ni2+ as shown in Fig. 12(b).

Obviously, Pb2+ still has a removal rate of more than 50%, 
revealing that TNs-24 is still a good adsorbent for removing 
Pb2+. As we know, Pb2+ is one of the most toxic elements. The 
highest efficiency for Pb2+ removal by TNs-24 is thus tremen-
dously important for the environmental protection and the 
cost saving of purification operations.

3.2.7. Regeneration of the adsorbent

Regeneration of the adsorbent material is of great impor-
tance in economic development, because it helps to protect the 
environment through recycling of the adsorbate and adsor-
bent [42]. Desorption studies were conducted to determine the 
feasibility of regenerating the flaky titanate adsorbent using 
HCl as eluent. Desorption rates of Pb(s) from flaky TNs-24 via 
different pH are presented in Fig. 13. It was found that when 
the pH is 1.0, the desorption rate of TNs-24 can reach 99.00%. 
When the pH of the solution is in the range of 1.0–3.0, the 
desorption rate of the material decreases as the pH increases. 
While the pH is in the range of 4.0–6.0, Pb2+ can hardly be 
desorbed and the desorption rate is zero. The results show 
that HCl has a good desorption effect on Pb2+. After six cycles 
of adsorption—desorption experiments, the Pb2+ removal 
efficiency of the flaky titanate adsorbent was still above 90%, 
showing characteristics of a good adsorbent (Table 2).

3.3. Adsorption mechanism of flaky TNs to Pb2+

3.3.1. Modeling of the adsorption kinetics

To further analyze the adsorption mechanism of Pb2+ 
adsorbed by flaky TNs, the adsorption kinetics of Pb2+ 
adsorbed by TNs was studied. The adsorption data of Pb2+ 
were analyzed by three kinetic models: pseudo-first-order 

kinetic model, pseudo-second-order kinetics model, and 
Weber particle diffusion model (the related formulas are 
shown in Table 3).

Simulated parameters for adsorption kinetics are given in 
Table 4. It could be found that the adsorption of Pb2+ onto flaky 
TNs could be well described by pseudo-second-order kinetic 
model (R2 = 0.9986). Furthermore, the pseudo-second-order 
model had the lowest SSE value (0.0532) relative to SSE = 0.118 
for the pseudo-first-order model, and hence the second-or-
der model can be used to describe the adsorption of Pb2+ 
onto flaky TNs. Moreover, lower R2 values for Weber parti-
cle diffusion model suggested it cannot be used to describe 
the adsorption of Pb2+ onto flaky TNs. While little deviations 
between experimental date (487.62 mg/g) and calculated 
adsorption capacity (481.00 mg/g) were found, chemical 
adsorption was the rate-controlling step in the adsorption 
process [63].

3.3.2. Modeling of adsorption isotherm

The adsorption isotherm can reflect the distribution of 
adsorbate in the adsorbent and solution and the adsorption 
capacity of the adsorbent to the adsorbate. To obtain insight 
into the possible mechanisms for removing Pb2+ ions from 
aqueous solution onto flaky TNs, the adsorption equilibrium 
data were analyzed using Langmuir, Freundlich, and Temkin 
models (Table 5).

Fig. 14 depicts the adsorption isotherms of Pb2+ onto 
TNs-24. It could be seen that the equilibrium adsorption data 
were fitted well with Langmuir model, followed by Temkin 
model, and the Freundlich model had the worst fitting effect. 
The corresponding parameters are listed in Table 6. Overall, 
the Langmuir isotherm model correlation coefficient was sig-
nificantly closer to unity (R2 = 0.9958) relative to that of the 
Temkin model (R2 = 0.94705) and the Freundlich isotherm 
model (R2 = 0.88189). Moreover, the chi-square value for the 
Langmuir isotherm model (χ2 = 1.345) is lower than that of 
the Temkin model ((χ2 = 11.054) and the Freundlich isotherm 
model ((χ2 = 21.042) further indicating that the experimental 
data fit the Langmuir isotherm model better. The Langmuir 

Fig. 13. Effect of pH on desorption of Pb2+ by TNs-24.

Table 2
The recycled adsorption of Pb2+ by TNs-des and TNs-re

Metal Adsorbent Cycles qe (mg/g) R (%) D (%)
Pb2+ TNs-des 1* 170.47 99.98 93.22

2 141.81 83.17 96.91
3 59.25 30.48 94.30
4 31.75 16.33 99.21
5 10.13 5.57 91.36
6 8.63 4.74 92.46

TNs-re 1* 170.47 99.98 98.83
2 173.98 99.06 97.95
3 171.73 99.99 98.11
4 171.71 99.98 98.84
5 169.13 98.47 99.56
6 166.74 97.08 96.56

*The adsorbents used for the first cycles were all newly prepared 
TNs-24.
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model supposed there were monolayer adsorption sites on 
the adsorbent’s surface and no interaction between adsor-
bates. In addition, the calculated adsorption capacity (587.86 
mg/g) of flaky TNs-24 to Pb2+ was close to that obtained by the 
experiment.

3.3.3. Comparison of flaky TNs with other adsorbents

The comparison of the maximum adsorption capacities 
of Pb2+ ions onto different adsorbents is presented in Table 7. 

The flaky titanate adsorbents under study have a reasonable 
and competitive adsorption capacity as compared with other 
adsorbents, making it a potential adsorbent for removal of 
Pb2+ ions from aqueous solutions.

3.3.4. Adsorption mechanism of flaky TNs to Pb2+

In summary, the adsorption of heavy metals by flaky TNs 
could be attributed to the interaction of heavy metal ions 
with hydroxyl groups in TNs. The mechanism of adsorption 

Table 3
Modeling of the adsorption kinetics

Kinetic model Formula Kinetic parameters

Pseudo-first-order kinetic 
model log( ) log

.
q q q

k
e t e− = − 1

2 303

qe and qt are the adsorption capacity (mg/g) of the material for Pb2+ 
at equilibrium time and at time t; t is the adsorption time (min); 
k1 is the pseudo-first-order kinetic rate constant (min–1)

Pseudo-second-order kinetic 
model [63]

t
q k q qt e e

= +
1 1

2
2

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

Intraparticle diffusion 
model [64]

q k t Ct = +int
.0 5 kint is the intraparticle diffusion rate constant (mg/(g·min0.5)); C is 

the constant (mg/g) associated with the thickness of the boundary 
layer

Table 4
Kinetic parameters of adsorption of Pb2+ by TNs-24

Kinetic model Kinetic parameters Pb2+

Pseudo-first-order 
kinetics model

qe (mg/g) 454.3
k1 (1/min) 479.19
R2 0.96412
SSE 0.118

Pseudo-second-order 
kinetics model

qe (mg/g) 487.62
k2 (g/(mg·min)) 1.87
R2 0.9986
SSE 0.0532

Weber particle 
diffusion model

kint (mg/(g·min0.5)) 11.14
C (mg/g) 343.2
R2 0.1699
SSE 3.044 Fig. 14. Adsorption isotherm for the adsorption of Pb2+ by TNs-24.

Table 5
Modeling of adsorption isotherm

Isotherm model Formula Kinetic parameters

Langmuir C
q bQ Q

Ce

e
e= −

1 1 qe is the equilibrium adsorption capacity (mg/g) of Pb (II); Ce is the equilibrium 
concentration (mg/L) of Pb (II); Q is the saturated adsorption capacity (mg/g) of Pb 
(II); b is Langmuir constant, its size is related to the adsorption free energy (L/g)

Freundlich log log logq K
n

Ce F e= −
1 KF is the Freundlich constant, which is related to the adsorption capacity of heavy 

metal ions (mg/g); n is the nonuniform factor, which represents the adsorption 
intensity of heavy metal ions

Temkin q RT
B

A RT
B

Ce e= −ln ln A (L/g) and B (J/mol) are both Temkin constants, R (J/mol K) is the ideal gas 
constant, and T (K) is the absolute temperature
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of Pb2+ by flaky TNs is shown in Fig. 15, which clarifies the 
lamellar structure of flaky TNs and the adsorption process of 
Pb2+ onto TNs. In the experiment, the pH of the solution was 
5.18, which was larger than the zero potential (2.57–4.3) of 
TNs. Consequently, the positively charged Pb2+ could easily 

contact with flaky TNs surface due to electrostatic interaction 
between positively charged metal cations and the negatively 
charged surface. Thus, Pb2+ had ion exchange with H+ and 
Na+ on the surface of the flaky TNs during the adsorption 
process [61].

4. Conclusions

In conclusion, flaky TNs had higher adsorption and 
removal effects on Pb2+ than linear TNs. The adsorption 
mechanism of flaky TNs to Pb2+ was mainly due to the ion 
exchange between Pb2+ and hydroxyl as well as H+/Na+ in 
flaky TNs. Compared with the linear TNs, the flaky TNs 
had a strong absorption capacity. Besides, the reaction 
temperature or reaction time had a certain impact on the TNs 
morphology and adsorption properties. Comparing with the 
linear structure, the flaky TNs exhibited larger adsorption 
capacity and faster kinetics. The reaction temperature and 
reaction time of the prepared TNs with high adsorption 
capability were 130°C and 12–24 h, respectively. The 
adsorption kinetics of Pb2+ followed pseudo-second-order 
model, and the equilibrium data fitted well with Langmuir 
model. Overall, flaky TNs showed excellent adsorptive for 
the removal of Pb2+ from wastewater and could be employed 
as a low-cost alternative adsorbent.
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