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ABSTRACT: A simple one-step, low-temperature, urea-modulated method is
developed for the synthesis of layered protonated titanate nanosheets
(LPTNs). Urea serves as an indirect ammonium ion source, and the controlled
supply of the ammonium ion slows the crystalline formation process and
enables the production of the LPTNs from amorphous intermediate through
aging-induced restructuring. The resulting LPTNs exhibit excellent adsorption
capacities for methylene blue and Pb2+ because of their high specific surface
areas and excellent ion-exchange capability. Intercalation of Pb2+ into the
interlayer space of the LPTNs is evidenced by the relevant X-ray diffraction
patterns on perturbation of the layered structure. The LPTNs prove to be a
promising adsorbent in wastewater treatment for adsorption removal of metal
ions or cationic organic dyes.
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■ INTRODUCTION

Since Kasuga et al.1 first reported a simple hydrothermal
synthesis for the preparation of TiO2 nanotubes, layered
protonated titanates (LPTs), including nanotubes, nanofibers,
and nanosheets, have received tremendous research attention
because of their excellent physiochemical properties and wide
range of applications, such as in solar cells, catalysts, lithium ion
batteries, adsorbents, and so on.2,3 Recently, titanate nanotubes
were deposited into large tintanium oxide nanotubes to create a
hierarchical tube-in-tube structure, which can significantly
increase the adsorption capacity of dye.4 The crystallographic
structure of LPTs has been well-investigated, and the titanate
layers consist of TiO6 octahedral units connected through edge-
and corner-sharing, with small positive ions residing in the
interlayers counterbalancing the negative charges of the titanate
layers.2,3 Conventional methods to synthesize layered titanates
can be divided into two main categories, namely, alkali wet
methods and solid-state methods. The alkali wet method
synthesizes layered titanates by dissolving titanium precursors
(anatase or rutile) in a concentrated alkali solution (NaOH5−9

or KOH7−9) at elevated temperatures (above or equal 100 °C),
and the mixture goes through a hydrothermal5,7,9 or refluxing6,8

treatment. On the other hand, the solid-state method produces
layered titanates by calcining the mixture of TiO2 powders and
alkali carbonates (Cs2CO3,

10,11 Na2CO3,
12,13 or K2CO3

14) at
high temperatures, usually ranging from 600 to 1000 °C. The
products of the above two methods are metal titanates. A
subsequent ion-exchange procedure to exchange metal ions
with protons, provided by HCl or HNO3, is necessary to obtain
the final LPTs. Compared with the solid-state method, the
alkali wet method is more popular because of its less severe

thermal conditions. However, in the alkali wet method, owing
to the asymmetrical chemical environment15 or mechanical
tension16 developed during the reaction, the obtained titanates
usually exhibit elongated morphologies (like nanotubes or
nanofibers), consisting of folded layers of nanosheets.5−9

“Unfolded” titanate nanosheets may also be obtained hydro-
thermally by adjusting experimental conditions such as
temperature, reaction time, and concentration of the alkali
solution. A subsequent additional ion-exchange procedure is,
however, still required to prepare LPTs.17−21

In recent years, direct synthesis approaches of layered
protonated titanate nanosheets (LPTNs), without the addi-
tional ion-exchange procedure, have been developed. Takezawa
and Imai22,23 reported the synthesis of LPTNs by using agar
gels containing TiF4 in NH4OH solution as a matrix to control
the diffusion of the ionic species and to provide a mild reaction
environment to form LPTNs. Jitputti et al.24 reported a
hydrothermal synthesis of flowerlike LPTNs by first synthesiz-
ing spherical amorphous titania followed by a hydrothermal
treatment in an NH4OH solution. Chen et al.25 produced spiky
LPTN beads through hydrothermal treatment of previously
prepared amorphous precursor beads in an NH4OH solution.
Although the above-mentioned hydrothermal methods did not
require an ion-exchange procedure, they need to first obtain the
amorphous precursors. Consequently, these methods are
considered two-step processes. Zhao et al.26 fabricated
LPTNs with a one-step approach in which titanium n-butoxide
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(TBOT) directly reacted with the NH4OH solution hydro-
thermally. They also tested the influence of NaCl concentration
in the NH4OH solution on the resultant products at different
temperatures.27 Their results showed that well-defined LPTNs
were obtained at temperatures above 100 °C. Gao et al.28 also
developed a one-pot synthesis method of LPTNs by taking
TBOT as the precursor in an NH4OH solution for hydro-
thermal treatments. Very recently, the use of TBOT as the
precursor to react with nitrogen-containing solvents such as
hexamethylenetetramine,29 N,N-dimethylformamide,30 and
monohydrate hydrazine31 generated LPTNs under hydro-
thermal conditions. Many of the above hydrothermal methods
required the use of aqueous ammonia solutions. This requires
the use of an autoclave in laboratory because of the high
pressure involved. Leakage will result in the release of highly
concentrated ammonia. These are important hazardous
concerns if the process is scaled up for industrial production.
A room-temperature process was developed by Sutradhar et
al.32 in which LPTNs were prepared from a peroxo-titanium
carbonate precursor. The synthesized materials were granular in
nature, although nanosheets were also observed. The specific
surface area of the product was 96 m2/g, and the maximum
adsorption capacity of Pb2+ was 206 mg/g. Only with a
hydrothermal treatment at 110 °C for 24 h, a hierarchical
structure, in which LPTNs were assembled into hollow spheres
of a high specific surface area of 334 m2/g and Pb2+ removal
capacity of 333 mg/g, was achieved.33

To summarize, most one-step processes produce LPTNs
under hydrothermal conditions at temperatures greater than
100 °C. Hence a pressurized vessel is required. A chemical
reagent capable of providing NH4

+ ions or other ammino-
derivatives is also required.22−33 A low-temperature (100 °C),
atmospheric pressure method without using autoclave to
fabricate titanates (H2Ti3O7) was proposed by Bavykin et al.8

In this work, the obtained titanates were nanotubular metal
titanates, and a subsequent ion-exchange procedure was
essential to obtain prontonated layered titinate structure. In
this work, we report a simple one-step synthesis of LPTNs with
the assistance of urea, reacting in ambient atmosphere at low
temperatures (90 °C) without using an autoclave and a
subsequent ion-exchange procedure. The function of urea is for
controlled generation of NH4

+ ions, which can be intercalated
into the interlayer space of the TiO6 layers. At a temperature
greater than 80 °C, the hydrolysis of the urea solution34

provides NH4
+ ions and a suitable basic condition (pH ≈ 9) to

form LPTNs.23,35

+ → + ++ −(NH ) CO 3H O 2NH 2OH CO2 2 2 4 2 (1)

The effects of the reaction time and concentration of the urea
solution are investigated in this study, and the results indicate
that both factors play an important role in LPTN formation.
The resultant LPTNs possess porous structure and have large
surface area up to 379 m2/g. Adsorption experiments reveal
that the as-prepared LPTNs possess high adsorption capacities
of model pollutants MB and Pb2+ ions, showing that LPTNs are
promising pollutant adsorbents in wastewater treatment.

■ EXPERIMENTAL SECTION
Chemicals. Titanium n-butoxide (TBOT, 99+ %), serving as the

source of titanium, is purchased from Alfa Aesar. Urea (99%), absolute
ethanol (≥99.8%), methylene blue (MB, ≥82%), nitric acid (70%),
and ammonium hydroxide (28%) are purchased from Sigma-Aldrich.
All chemical reagents described in this article are used as received

without further purification, and deionized water (DI-water, Milli-Q,
18.2 MΩ cm) is used in all relevant experiments.

Synthesis of LPTNs. In a typical run, 3.2 mol of urea is dissolved
in 200 mL of deionized (DI) water in a single-necked flask under
vigorous stirring. The flask is then sealed with a Teflon-twined glass
stopper and preheated to 90 °C in an oil bath. After approximately 1 h,
when the temperature of the content reaches steady state, 0.008 mol of
TBOT is added into the flask. The mixture is then aged at 90 °C for
7d. The resulting white powders are collected by centrifugation,
washed with ethanol, and finally dried at 60 °C overnight.

To investigate the influence of the urea concentration and aging
time, a series of experiments with different molar ratios of urea to
TBOT (400, 200, 100, 50, 25, 10, and 0) and aging times (1 and 7 d)
was conducted. The resulting samples were denoted with sample- as
the prefix followed by the molar ratio of urea to TBOT (x) and the
aging time (y d) in the general form of “sample-x-y”. For instance, a
sample name of sample-400−7 stands for samples obtained with the
molar ratio of urea to TBOT being 400 and aging time being 7 d. The
DI water volume of 200 mL and process temperature of 90 °C were
used in all LPTN synthesis experiments.

Characterizations. The morphologies and structures of the
samples were characterized by a field emission scanning electron
microscope (FESEM, JEOL, JSM-7000F, 10 kV) and a high-resolution
transmission electron microscope (HRTEM, JEOL, ARM200F, 200
kV). Powder X-ray diffraction (XRD) measurements were conducted
using a powder diffractometer (Rigaku, Ultima IV) with Cu Kα
radiation (λ = 1.5406 Å) operating at a scan rate of 2°/min over the 2θ
range of 5 to 70°. Chemical compositions of the samples were
analyzed with an X-ray photoelectron spectroscope (XPS, PHI,
Quantera SXM). Nitrogen adsorption/desorption isotherms were
recorded at 77 K using an ASAP2020 instrument from Micromeritics.
The samples are degassed at 100 °C for 8 h under vacuum before the
analysis. The specific surface areas of the samples are determined with
the Brunauer−Emmett−Teller (BET) model using the adsorption
isotherm in the relative pressure (P/P0) range of 0.06 to 0.3. The pore-
size distributions of the samples are calculated with the Barrett−
Joyner−Halenda (BJH) model based on the desorption isotherm. The
zeta potential is measured with a Malvern Nano ZS.

Adsorption Experiments. For adsorption experiments, two
model pollutants, namely, cationic organic dye MB and heavy metal
Pb2+, were used to test the adsorption abilities of LPTNs. All the
adsorption experiments were conducted at room temperature under
constant stirring. For adsorption of MB, the pH values of the MB
solutions were adjusted to 9.5−10 by ammonium hydroxide before the
adsorption experiment. To determine the adsorption kinetics and
equilibrium time of adsorption, three experiments were carried out. In
each run, 10 mg of LPTNs was added to 40 mL of MB solutions of
initial concentrations of 30, 50, and 100 mg/L. At progressing times,
aliquots were withdrawn from the solutions and diluted with a proper
volume of DI water prior to quantitative analyses of the MB
concentration. The MB concentrations were determined by measuring
the absorption intensity at the characteristic wavelength of 664 nm
using a UV−visible spectrophotometer (Hitachi, U-2800). The
intensities were converted to concentrations using a standard
calibration curve. The sampling continued until the MB concentration
became constant, that is, the adsorption process reaches its
equilibrium. For adsorption of Pb2+, the pH values of the aqueous
solutions of Pb(NO3)2 are first adjusted to about 5 by HNO3. LPTNs
(10 mg) were added to 25 mL of Pb(NO3)2 solutions of initial
concentrations of 50 and 150 mg/L. Aliquots at different times were
withdrawn and filtered, and Pb2+ concentrations were estimated by
inductively coupled plasma atomic emission spectroscopy (ICP-AES,
Agilent 725) until the concentration reached its equilibrium. The
amount of adsorbate absorbed qt (mg/g) at time t (min) and
adsorption capacity qe (mg/g) at equilibrium were determined as
follows:

=
−

q
C C V

W
( )

t
0 t

(2)
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where C0 (mg/L), Ct (mg/L), and Ce (mg/L) are concentrations of
the adsorbate at initial, time t, and equilibrium, respectively. V (mL) is
the volume of pollutant solution, and W (g) is the total addition
amount of the LPTNs. To determine the equilibrium adsorption
isotherm and maximum adsorption capacity of adsorbate absorbed
onto the LPTNs, experiments with different initial concentrations of
MB and Pb(NO3)2 solutions are conducted. The adsorption capacities

of MB and Pb2+ are calculated based on data collected from the
adsorption experiments with initial concentrations ranging from 20 to
100 mg/L and 50 to 600 mg/L, respectively.

■ RESULTS AND DISCUSSION

Powder XRD, SEM, and TEM. The crystalline structure of
the as-synthesized samples is studied with powder XRD as
shown in Figure 1. For the case of 1 d aging, the product of the
control case, obtained without the addition of urea, shows

Figure 1. Powder XRD patterns of as-synthesized LPTNs with different molar ratios of urea to TBOT and aging times of (a) 1 d and (b) 7 d.
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pronounced diffraction patterns of anatase. Diffraction peaks at
2θ values of 25.4, 37.8, 48.1, 53.9, 55.1, and 62.7° can be
indexed to the (101), (004), (200), (105), (211), and (204)
lattice planes of anatase TiO2 (JCPDS 21−1272) (Figure 1a).
Once urea is introduced to the synthetic system, the
crystallinity of the product turns weak and almost disappears
with the molar ratio of urea to TBOT increasing to 50. When
the molar ratio of urea to TBOT reaches 100 or higher, no
identifiable diffraction peaks can be observed, indicating
amorphous products. The above-observed trend implies that
the introduction of urea retards the crystalline formation of the
product.
With the aging time increasing to 7 d, it is observed that the

initial anatase structure, identified for products synthesized with
the molar ratio of urea to TBOT of 50 or less, is retained and
better developed. This is expected. Interestingly, for samples
that are initially under the 1 d aging condition, a strong
diffraction peak at 2θ ≈ 9.7° emerges when the aging time is
prolonged to 7 d. This low angle diffraction peak is
characteristic of layered crystalline structure. As the molar
ratio of urea to TBOT increases, the intensity of the low-angle
characteristic peak also increases. Sample-400−7 exhibits the
most well-developed crystalline structure among the three
layered products, as judged from the relatively more well-
defined diffraction pattern. Diffraction peaks at 2θ of 9.7, 24.1,
27.8, 33.4, 39.1, 48.1, and 62.9° correspond well to the (200),
(110), (310), (301), (501), (020), and (002) lattice planes of
layered protonated titanate H2Ti2O5·H2O (JCPDS 47−0124),
respectively (Figure 1b).
As shown in Scheme 1, a mechanism is proposed to explain

the observed trend. First, the precursor, TBOT, a titanium
alkoxide, reacts with water to produce titanium oxides.36 If
there are no NH4

+ ions present in the solution, anatase TiO2 is
obtained because of the rearrangement of the condensing TiO6
octahedral monomers. When there are NH4

+ ions present in
the solution (nurea/nTBOT ≤ 50), the rearrangement of the TiO6
octahedral monomers to produce anatase TiO2 is interrupted,
resulting in a decrease in product crystallinity. Here, nurea and
nTBOT are mole numbers of urea and TBOT, respectively.
When there are sufficient NH4

+ ions present in the solution
(nurea/nTBOT ≥ 100), the TiO6 octahedral monomers are
separated by the intercalation of NH4

+ ions, which results in the

f o r m a t i o n o f t h e a m o r p h o u s t i t a n a t e o f
(NH4)yH2x−yTiO2+x.

26,27,32 During prolonged aging, the NH4
+

ions stabilize the TiO6 octahedral monomers to form layered
structure of (NH4)2Ti2O5·xH2O.

26,27,32 Upon drying, the NH4
+

ions intercalated in the interlayer space release NH3 to afford
the layered protonated titanate H2Ti2O5·H2O nanosheets.
Figure 2 shows the FESEM images of the anatase samples

obtained with the molar ratio of urea to TBOT of less than or
equal to 50. They appear as aggregates of nanoparticles, and the
morphology remains almost unchanged when lengthening the
aging time from 1 to 7 d, as judged from the comparison of the
corresponding FESEM of Figure 2. The transformation of the
amorphous samples into LPTNs is shown in Figure 3. Figure
3a−c shows that the amorphous samples, formed with 1 d of
aging and molar ratio of urea to TBOT above or equal to 100,
consists of both nanoparticle aggregates of major amount and
nanosheets of minor amount. Figure 3d−f shows that the
amorphous samples are transformed into layered H2Ti2O5·H2O
nanosheets with 7 d of aging. This aging-induced crystalline
structure formation is different from the processing-temper-
ature triggered ones reported in literature for amorphous
ammonium titanates (NH4)2Ti2O5·xH2O

26,27,32 and is believed
to proceed through a dissolution and precipitation process.25

Sample-400−7 exhibits the most well-developed nanosheet
structure of H2Ti2O5·H2O among all samples. These FESEM
images show the emergence of the nanosheet structure, in good
correlation with the emergence of the characteristic low-angle
diffraction peak of the layered products in the XRD patterns.
Figure 3f shows that the thickness of the nanosheet is about 10
nm, corresponding to a stacking of about 11 layers of titanates
according to the theoretical d-spacing of 0.9 nm between the
(200) planes of H2Ti2O5·H2O (JCPDS 21−1272). The TEM
image of sample-400−7 shown in Figure 4a reveals that the
sample is composed of nanosheets of thicknesses 2−15 nm.
The interlayer distance of the nanosheets as determined from
the HRTEM image of Figure 4b is approximately 0.78 nm,
which is smaller than the theoretical d-spacing of 0.9 nm of
H2Ti2O5·H2O. The discrepancy between the HRTEM and
XRD results is usually attributed to the fact that the incidence
direction of the electron beam used in the TEM imaging is not
perpendicular to the layer thickness plane. A more probable
reason is that the in situ dehydration, caused by the high

Scheme 1. A Proposed Formation Mechanism for the Layered Titanate and Anatase TiO2
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vacuum of the TEM chamber and high energy of the electron-
beam irradiation, reduces the interlayer spacing.26,33

BET and BJH Measurements. The specific surface areas
and porosities of the as-synthesized samples are characterized
using nitrogen adsorption/desorption isotherms (Table 1). It
can be seen that the surface areas of the amorphous samples are
much larger than those of the anatase ones for an aging time of
1 d. When the aging time is lengthened to 7 d, the surface areas
of all samples of the same nurea/nTBOT ratio decrease. The
amorphous sample is transformed into titanate structure, and
its surface area decreases substantially. It is noteworthy that a
large BET area of 535 m2/g is obtained for sample-100−7.
However, the crystalline structure of this sample is poor (Figure
1b). Many remnant particles can be found in the FESEM image
(Figure 3d). We suspect that the large BET area of this sample
may be due to incomplete transformation.
Figure 5 shows the nitrogen adsorption/desorption isotherm

and corresponding BJH pore size distribution curve of sample-
400−7. According to the IUPAC classification,37 the isotherm
is identified as a type IV isotherm with a type H3 hysteresis
loop. A type H3 hysteresis loop is usually found on mesoporous
solids consisting of aggregates of particles forming slit-shaped
pores of nonuniform sizes.38 The pore size distribution curve,
inset of Figure 5, shows that the sizes of the mesopores
distribute in a narrow range of 2−10 nm with the maximum
pore volume occurring at the pore size of 3.72 nm. The BET
surface area of sample-400−7, determined from the adsorption
isotherm, reaches 379 m2/g, which is larger than the values of
typical titanate nanotubes (200−300 m2/g)2,3 and the values of
LPTNs reported by other groups (96−350.7 m2/g).24,28,30,32,33

The average pore size and pore volume determined from the
adsorption isotherm are 6.18 nm and 0.72 cm3/g, respectively.

Adsorption of MB and Pb2+. Layered titanates have been
recognized as good adsorbents through ion exchange because
of their exchangeable cations intercalated in the interlayers.2

Their theoretical cation exchange capacity (CEC) for
monovalent ions is 9.05 mmol/g,39 much higher than the
CECs of other common adsorbents, such as layered clays,
zeolites, and zirconium phosphate (0.25−0.6 mmol/g).32 In
this study, we evaluate the adsorption properties of sample-
400−7 using two model pollutant compounds, namely,
methylene blue (MB) and lead ion (Pb2+).
The evolution curves of adsorption amounts of MB and Pb2+

are shown in Figure 6. As can be seen in Figure 6a, the initial

Figure 2. FESEM images of as-synthesized anatase products. (a)
sample-0−1, (b) sample-0−7, (c) sample-10−1, (d) sample-10−7, (e)
sample-25−1, (f) sample-25−7, (g) sample-50−1, and (h) sample-50−
7.

Figure 3. FESEM images of as-synthesized amorphous products, (a) sample-100−1, (b) sample-200−1 and (c) sample-400−1, and layered
protonated titanate nanosheets, (d) sample-100−7, (e) sample-200−7, and (f) sample-400−7.
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adsorption rate is very fast. Ninety percent of the equilibrium
adsorption amount of MB is achieved within 30 min. The time
needed to reach the equilibrium state varies with the
corresponding initial concentration, ranging from 60 min for

a low initial concentration of 30 mg/L to more than 210 min
for a high initial concentration of 100 mg/L. As for Pb2+, with
the results shown in Figure 6b, the initial absorption is even
faster, and the time needed to reach the equilibrium state is
very short, approximately 10 min for a low initial concentration
of 50 mg/L and 30 min for a high initial concentration of 150
mg/L. The very rapid initial adsorption may be attributed to
the abundant active sites distributed on the surface of the
sample.40,41

The adsorption evolution curves of both MB and Pb2+ can be
fitted to the following second-order kinetic model:42

= −
q

t
k q q

d

d
( )e

e t
2

(4)

The above equation can be integrated and cast into the
following form:

= +t
q kq q

t
1 1

t e
2

e (5)

where k (g/(mg min)) is the adsorption rate constant. The
values of qe and k can be computed from the slope and
intercept of the plot of t/qt versus t. As can be seen in Figure 7,
the plots of t/qt versus t for MB and Pb2+ are all straight lines,
implying that the adsorption processes of MB and Pb2+ onto
the present LPTNs obey the second-order kinetic model. The
fitted kinetic parameters are summarized in Table 2. The qe.cal
values show good agreement with the experimental data, and
the calculated correlation coefficients are all above 0.999,
indicating excellent fit of the adsorption data with the second-
order kinetic model, and the rate-controlling step is thus the
chemisorption of the adsorbates.42

The data of adsorption amounts, qe, and adsorbate
concentrations, Ce, at equilibrium obtained at different initial
adsorbate concentrations can be used to determine the
adsorption isotherm model. It is found that adsorptions of
both MB and Pb2+ can be adequately described by the
Langmuir isotherm model:43,44

=
+

q

q
KC

KC1
e

max

e

e (6)

where qmax (mg/g) is the monolayer maximum adsorption
capacity of the adsorbate, and K (L/mg) is the Langmuir
adsorption equilibrium constant. The above equation can be
expressed in the following form:

Figure 4. (a, b) HRTEM images of sample-400−7.

Table 1. Specific Surface Area, Average Pore Diameter and
Average Pore Volume of Samples

sample name
SBET

a

(m2/g) PDb (nm)
PVb

(cm3/g)
crystalline
structure

sample-0−1 241 5.28 0.39 anatase
sample-10−1 385 7.31 0.56 anatase
sample-25−1 394 5.05 0.53 anatase
sample-50−1 507 4.17 0.57 anatase
sample-100−1 623 4.07 0.67 amorphous
sample-200−1 630 3.76 0.65 amorphous
sample-400−1 662 3.97 0.62 amorphous
sample-0−7 218 6.28 0.42 anatase
sample-10−7 276 8.49 0.66 anatase
sample-25−7 353 6.61 0.65 anatase
sample-50−7 469 5.44 0.7 anatase
sample-100−7 535 5.36 0.78 titanate
sample-200−7 380 6.55 0.71 titanate
sample-400−7 379 6.18 0.72 titanate

aSBET = BET specific surface area obtained from adsorption data in the
relative pressure (P/P0) range of 0.06 to 0.3. bPD = average pore
diameter, PV = average pore volume, determined by BJH model from
the adsorption isotherm.

Figure 5. Nitrogen adsorption/desorption isotherm. (inset) Corre-
sponding BJH pore size distribution curve of sample-400−7.
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The values of qmax and K can be computed from the slope
and intercept of the plot of Ce/qe versus Ce. The calculated
parameters qmax and K and the indicator for goodness of fit R2

are listed in Table 3. The high R2 values support the fact that
the Langmuir model is indeed an adequate model for the
isotherms. The experimental data of adsorption capacities qe
versus equilibrium concentrations of pollutants are presented in
Figure 8. It should be pointed out that the R2 value of the Pb2+

isotherm is slightly inferior to the R2 value of the MB isotherm.
It is caused by the deviations of experimental data at Ce = 43,
78, 350 mg/L for the Pb2+ adsorption data. However, there is

Figure 6. Effect of adsorption time on the adsorption of (a) MB and (b) Pb2+ onto sample-400−7 at different initial concentrations.

Figure 7. Second-order kinetic plot for adsorptions of (a) MB and (b) Pb2+ onto LPTNs-400−7.

Table 2. Second-Order Kinetic Parameters for Adsorptions of MB and Pb2+ onto LPTNs-400−7

initial MB concentration (mg/L) initial Pb2+ concentration (mg/L)

parameters 30 50 100 50 150

k (g/mg min) 0.0122 0.0025 0.0022 0.0503 0.0116
qe.cal

a (mg/g) 115 166 179 128 265
R2 1.000 00 0.999 30 0.999 54 1.000 00 1.000 00
qe.exp

b (mg/g) 114 167 181 128 266
aThe calculated adsorption capacity at equilibrium according to eq 5. bThe measured adsorption capacity at equilibrium (t = 240 min).

Table 3. Langmuir Isotherm Constants for Adsorptions of
MB and Pb2+ onto Sample-400−7

pollutants

isotherm conatantsa MB Pb2+

K (L/mg) 1.53 0.11
qmax (mg/g) 184 366
R2 0.999 87 0.996 78

aConstants are calculated from eq 7.
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no statistical basis for us to reject the hypothesis that the data
can be represented by a Langmuir model.
The monolayer maximum adsorption capacities are deter-

mined to be 184 and 366 mg/g for MB and Pb2+, respectively
(Table 3). These values compare very favorably to adsorption
capacities of several common adsorbents reported in the
literature, such as zeolite (16.37 mg/g, MB), activated sewage
char (120 mg/g, MB), titania (6 mg/g, MB),45 activated carbon
(44 mg/g, Pb2+), manganese oxide-coated zeolite (60 mg/g,
Pb2+), and manganese oxide-coated carbon nanotubes (79 mg/
g, Pb2+).41 These values are also comparable to data reported
for other layered titanate products, for example, hollow spheres
(MB 154 mg/g, Pb2+ 323 mg/g)33 and microspherulites (MB
236 mg/g, Pb2+ 499 mg/g).39,46

The LPTNs obtained are found to possess a negative Zeta
potential of −53.6 mV in DI water. Therefore, the cationic MB

molecules and Pb2+ can be readily adsorbed onto the surfaces of
the negatively charged LPTNs because of the strong electro-
static attractions.40,45 Whether or not the MB molecules can be
intercalated into the interlayer space of the LPTNs is under
dispute. Some authors suggested that MB molecules would not
enter the interlayer space because MB is an organic compound
of a large molecular size.46−48 Other authors claimed that MB
molecules are able to be intercalated into the interlayer
space.22,29,49 We have obtained the XRD pattern of an MB-
loaded LPTN (curve (b) of Figure 9). When compared with
the XRD pattern of the pristine LPTN (curve (a) of Figure 9),
it is evident that the feature diffraction peak of the layered
structure is not disturbed. This result suggests that MB
molecules are not intercalated into the interlayer of the LPTNs.
On the other hand, it is well-known that metal ion

adsorptions by layered titanates is an ion-exchange process,

Figure 8. Langmuir isotherm plot for adsorption of (a) MB and (b) Pb2+ onto sample-400−7.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5035335 | ACS Appl. Mater. Interfaces 2014, 6, 16669−1667816676



which has been evidenced by relevant XRD or Raman
analyses.2,39,50 As shown as curve (c) of Figure 9, the intensity
of the feature diffraction peak at about 2θ = 9.7°, characteristic
of the layered structure, decreases dramatically when the LPTN
is loaded with Pb2+, implying the intercalation of Pb2+ into the
interlayer space of the LPTNs.

■ CONCLUSIONS
In this study, we have successfully developed a simple one-step,
low-temperature, urea-modulated synthesis of layered proto-
nated titanate nanosheets (LPTNs), which possess high specific
surface areas. The urea concentration is found to be a key factor
controlling the morphology and crystalline structure of the
product. With a high urea concentration, an amorphous solid is
obtained that, with prolonged aging, is further transformed into
layered H2Ti2O5·H2O titanates. If there is not enough urea,
anatase phase product is obtained initially and would not
change upon aging.
The resulting LPTNs exhibit excellent adsorption capacities

for MB and Pb2+ because of their high specific surface areas and
excellent ion-exchange capacities. Fast second-order adsorption
kinetics are observed for both the MB and Pb2+ adsorptions,
and the adsorptions can be described by the Langmuir isotherm
model. The Pb2+ ions are intercalated into the interlayer space
of the LPTN, which is supported by the relevant XRD patterns
for perturbation of layered structure. The present LPTNs may
be a promising adsorbent in wastewater treatments for
adsorption removal of metal ions and cationic organic dyes.
The advantages of this method are that layered titanates

could be directly obtained at low temperatures without an ion-
exchange procedure, and a pressurized vessel is not required.
The requirements of high urea concentrations in solution and a
prolonged aging time are major limitations in this method.
However, recycle and reuse of the urea solution is possible, and
aging time can be reduced by better reactor design. Elimination
of such drawbacks is an important direction for future studies.
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