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ABSTRACT: Microporous and mesoporous nanocomposites
based on silica and titanate are obtained by unrolling sodic
titanate nanotubes. The opened titanate sheets are then spaced by
introducing surfactant species via ion exchange and introducing
silica species between the unrolled titanate nanotubes. The
characterization indicates an organic−inorganic hybrid intermedi-
ate resulting from the surfactant in perpendicular accommodation
between the open tubular sheets. Stabilizing the silica spacers
resulted in a microporous and mesoporous nanoarchitecture
forming voids between the unrolled titanate sheets with a higher
specific surface (714 m2 g−1) than that of the pristine titanate
nanotube (58 m2 g−1). The adsorptive properties of the
synthesized silica−titanate nanoarchitectures are reported using Methylene Blue (MB) and Rhodamine B (RhB) dyes. It was
revealed that the adsorption capacity against RhB is substantially increased for the nanocomposite (65%), compared to titanate
nanotubes (13%). The kinetic analysis suggests that the pseudo-second-order kinetic model best describes the adsorption dynamics.
Freundlich adsorption isotherm best fits the adsorption data, which suggests that adsorption does not occur onto uniform sites but in
multilayers onto nanocomposites.

1. INTRODUCTION
In the last few decades, much effort has been put forth in
obtaining titanium-based nanostructured materials1 as these
materials would have applications in several different areas,
including adsorption, ion exchange, catalysis, energy, and
biomedicine.2 Titanium-based materials can be classified into
two classes of structures: the polymorph titania-based
structures [rutile, anatase, brookite, and a more exotic phase
of pure titania, TiO2(B)] and those formally called lamellar
titanates.3 Both classes are structurally similar, since they are
formed by octahedral TiO6 units sharing corners and edges.
However, lamellar titanates are notable due to their unique
characteristics, such as a more open crystal structure and a high
density of negative charge compensated by cations located
between the titanate sheets.4 These lamellar materials can be
formed primarily by sheet stacking described as titanate bulks
or by an assembly of nanotubes whose walls are formed by a
sheet rolled up on itself.
Bulk lamellar titanate were the first to be synthesized using

solid-state methodologies. These two-dimensional (2D)
materials were obtained by mixing titanium oxide and
carbonates of the desired charge-compensating metals, e.g.,
Na, K,5 Cs,6 under high temperatures (∼800−1000 °C) and

synthesis times (1−3 days). Bulk lamellar titanate in proton
form is obtained when the original compensation cations are
exchanged with protons through successive exchanges using
fresh solutions of HCl or HNO3. However, bulk lamellar
titanates have large particle sizes with low specific surface area,
limiting their application.3

One way to increase the accessibility to the internal porosity
of bulk lamellar titanates and their specific surface area is
through the process of pillaring and exfoliation. However, the
intercalation of positively charged organic species between the
titanate sheets must be performed before applying these
processes. These organic molecules, such as neutral amines of
different sizes, through interaction with the protonated
titanates via NH4

+ bonds, act as spacer agents of the lamellae,
thereby increasing the distance between them. The pillaring
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procedure consists of adding a pillaring precursor that fills the
spaces previously formed between the lamellae with elements
that will form 2D heterostructures, including silicon,7

aluminum,8,9 or titanium oxides,10,11 between the lamellae
after the calcination of the material. Exfoliation is performed by
treating bulk lamellar titanates with organic molecules under
sonication, resulting in the loss of the lamellar stacking order in
the titanate sheets and the formation of a more-open three-
dimensional (3D) structure after calcination.12

In 1998, Kasuga et al. reported the synthesis of one-
dimensional (1D) titanate nanotubes performed under hydro-
thermal conditions using TiO2, alkaline solution (10 mol L−1

of NaOH), and temperatures between 100 °C and 150 °C.13
These conditions are friendly, compared to the bulk lamellar
titanate, because high temperatures are not required to obtain
the complete conversion of titanium precursors into nano-
tubes. Although the tubular formation mechanism is not fully
understood, it has been suggested that the sheet curling occurs
due to mechanical stress forces during dissolution and
crystallization.14 The periodicity of the rolled titanate sheets
results in the formation of multi walls, detected through X-ray
diffraction analysis of the titanate nanotube samples in the
presence of a large peak at 2θ = 10.2°, corresponding to an
interplanar distance of 0.86 nm. The nanotubes presented
lengths between 50 and 100 nm, and the rolling of the titanate
sheets generated 1D channels with internal and external
diameters of 4−8 nm and 8−15 nm, respectively.4 Because of
their physical and chemical properties, these materials attain
properties with diverse applications, such as adsorbents,15 ion
exchangers,16 catalysts,17 flame retardants,18 battery electro-
des,19 antibacterial materials,20 and anticancer materials.21

In 2008, Gao et al. reported the synthesis of 2D titanate
nanosheets by unrolling 1D titanate nanotubes through an ion
exchange procedure.22 Similar to bulk lamellar titanates,
nanotubes are protonated through ion exchange in acidic
HNO3 solutions, followed by treatment with a tetrabutylam-
monium hydroxide (TBAOH) solution to increase the spacing
between the sheets. The effect of TBAOH as a spacer agent
that induces the nanotubes to unwind was confirmed by the
presence of basal reflections in the XRD pattern with an
interplanar distance of 1.88 nm, which corresponds to the sum
of the size of the TBA+ intercalated ions (0.95−1.05 nm) and
the thickness of the titanate sheet (0.86 nm).

To the best of our knowledge, the intercalation of organic
molecules into lamellar titanates had always been performed
with protonated titanates. No studies exploring alternative
methodologies have been performed to date. This work
presents a new methodology for obtaining silica−titanate
nanoarchitectures. Sodium titanate nanotubes are opened with
cationic surfactants, and then silica spacers are introduced
between the unrolled titanate layers. The synthesis of these
silica−titanate nanoarchitectures produced by unrolling
titanate tubular sheets, their characterization, and their
adsorptive properties are reported.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Sodic Titanate Nanotubes (Na-TNT). Sodic

titanate nanotubes (Na-TNT) were synthesized according to the
literature.23 In a beaker, 1.5 g of TiO2 (SB Quiḿica, anatase, 95%)
was added to 120 mL of a sodium hydroxide (NaOH, Sigma−Aldrich,
98%) solution (10 mol L−1) at 25 °C for 1 h with stirring. The
solution was transferred into a stainless-steel autoclave with PFTE
internal coating and maintained at 135 °C for 72 h. The solid was
separated via centrifuge, washed with water until reaching pH 8, and
dried at 85 °C for 6 h.

2.2. Synthesis of Silica-Titanate Nanoarchitectures (SiO2-
TNT). In a beaker, 3.0 g of Na-TNT were added to 90 mL of water
and stirred for 1 h. Afterward, 10.5 mL of a solution of 0.44 mol L−1

of cetiltrimethylammonium bromide (CTAB, Sigma−Aldrich, 98%)
was added and kept under stirring at 25 °C for 1 day. Then, the solid
was filtered and washed thoroughly with deionized water. The AgNO3
test was used until the presence of surfactant in the washing water was
no longer observed. The solid was dried in an oven at 80 °C for 1 day,
and the organic−inorganic hybrid intermediate was named CTA-
TNT. The resulting solid was added to 0.75 g of melted dodecylamine
and stirred for 4 h. The solid was added to 10.5 g of TEOS and stirred
for 1 h. The material was then calcined at 600 °C for 5 h with a
heating rate of 0.03 °C s−1, leading to a material named SiO2-TNT.

2.3. Adsorption Tests. Two representative dyes, Methylene Blue
(MB) and Rhodamine B (RhB), dissolved in water (1 × 10−3 mol
L−1), were used to measure the capacity of dye adsorption of the Na-
TNT and SiO2-TNT samples. In addition, several experiments were
conducted to understand the adsorption dynamics of these particles in
RhB as they showed a distinct adsorption behavior, relative to that in
the MB dye. Various parameters such as adsorbent dose (0.01−0.06
g), adsorbate (RhB dye) concentration (120−480 mg L−1), and
interval time were optimized. For these tests, known amounts of
adsorbent were agitated at 150 rpm with 50 mL of the aqueous dye
solution at 25 °C. After that, the resulting solution was centrifuged,
and the supernatant was analyzed with an ultraviolet−visible light

Figure 1. (a) XRD patterns and (b) TGA curves of Na-TNT, CTA-TNT, and SiO2-TNT samples. The Na2Ti3O7 was used as a reference.
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(UV-vis) spectrophotometer (Model V-660, Jasco) to estimate the
dye concentration at a maximum absorption wavelength of 554 nm.

The quantity of RhB adsorbed on Na-TNT, or SiO2-TNT particles,
was calculated by eq 1, and the percentage removal (%R) was
calculated by eq 2:

i
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where Ci is the initial RhB concentration (g L−1), Cf the final RhB
concentration (g L−1), Ct the RhB concentration at time t (g L−1), V
the volume of the dye solution (L), and m the mass of the tested
adsorbent (g).

2.4. Characterization. The crystalline structure of the solids was
determined by X-ray diffractometry (XRD) on a Rigaku Ultima IV,
using Cu Kα1 (λ = 1.54056 Å) radiation. Fourier-transform infrared
spectroscopy (FTIR) scans were performed using an ATR accessory
on a Bruker Alpha II system. Thermogravimetric (TG) analyses were
performed on a TA Instruments Model SDT Q600 system under
flowing N2. Atomic absorption spectroscopy (AAS) analysis was
performed on a PerkinElmer Model AAnalyst 200 system with the
samples previously digested in concentrated HF and HNO3. The 29Si
nuclear magnetic resonance with cross-polarization (CP/MAS NMR)
was performed in an Agilent 500 MHz DD2 system. Transmission
electron microscopy (TEM) images were obtained using a 200 kV
Tecnai Model G2 T20 system. The porosity was determined by N2
sorption at −196 °C using a Micromeritics TriStar II 3020 system.
The surface area (SBET) and micropore volume (Vmicro) were
estimated by using the BET and t-plot equations, respectively. The
pore size distribution (PSD) was determined using the nonlocal
density functional theory (NLDFT) method for pillared clays.24 UV-
vis diffuse reflectance spectra were obtained using a Cary 5G (Varian)
spectrophotometer and converted to absorption spectra according to
the Tauc Plot equation.

3. RESULTS AND DISCUSSION
The diffractograms of Na-TNT, CTA-TNT, and SiO2-TNT
samples are shown in Figure 1a. The Na-TNT diffractogram
exhibits three broad main peaks at 2θ = 10°, 24°, and 28°,
which correspond to the crystallographic planes (200), (110),
and (211), respectively. The peak at 2θ = 10° is related to a d-
spacing of 0.86 nm.21,25 Those peaks are consistent with the
crystallographic information for the Na2Ti3O7·nH2O phase
(JCPDS File No. 13-3129). Moreover, TiO2 phases are absent
from this diffractogram.

The XRD pattern of CTA-TNT material, after the ion
exchange with surfactant, reveals a new peak at a low angle (2θ
= 2.8°) attributed to the (001) layer reflection. Moreover, the
peaks at 2θ = 5.4° and 8.2°, assigned as the (002) and (003)
reflections, respectively, indicate a layer structure with long-
range ordering. This result indicates that the exchanged CTA
surfactant allowed the tubular titanates to be unrolled and to
assemble flat multilayers into a high order of lamellar stacking.
Therefore, the loss of the tubular structure is a consequence of
the formation of the lamellar (2D) structure. The increased d-
spacing of 3.20 nm, compared to the 0.86 nm of the pristine
Na-TNT sample, reveals that CTA molecules effectively
separated the titanate multilayers with a height of 2.34 nm.
Since the theoretical length of the CTA molecule is ∼2.0 nm,26

this result indicates that the CTA molecules adopted a
perpendicular accommodation between lamellae. However, the
remaining peak at 2θ = 10° could indicate some partially
unrolled titanate layers that were not separated by the CTA
molecules (without increasing the d-spacing) or some
nanotubes that remain wrapped. The XRD pattern of SiO2-
TNT reveals the presence of a broadband reflection at low 2θ
angles. The lack of (001), (002), and (003) reflections reveals
that the introduction of TEOS and the subsequent calcination
cause a loss of stacking order of the titanate layers and indicate
a delamination phenomenon. Moreover, the broadening of the
background region at 2θ = 15°−30° confirms the presence of
amorphous silica in the final material.
The TGA analysis in Figure 1b confirms the presence of

surfactant molecules in CTA-TNT material. As expected, a
higher total weight loss (43%) occurred for the CTA-TNT
sample, with the highest loss (33%) occurring between 180
and 420 °C, corresponding to the surfactant decomposition.
That loss is divided into two events. The first event occurs
between 180 °C and 290 °C (loss of 18%) and corresponds to
the elimination of surfactant in a weak interaction with the
titanate sheets. A shoulder indicates the second event at a
higher temperature, between 290 °C and 420 °C (loss of 15%),
related to the elimination of surfactant strongly interacting
with the titanate sheets. Finally, the SiO2-TNT showed a total
weight loss of 13%, where the main loss occurred between 25
°C and 120 °C and relates to the elimination of water
physically adsorbed. The total weight loss of the Na-TNT
sample was 4%, corresponding to the elimination of water
physically adsorbed (between 25 °C and 100 °C) and OH

Figure 2. FTIR spectra of (a) Na-TNT, CTA-TNT, and SiO2-TNT samples and (b) 29Si CP/MAS NMR of the SiO2-TNT sample.
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groups present at the TNT surface (between 100 °C and 200
°C), which is typical of sodic titanate nanotubes.27

The FTIR analyses of Na-TNT, CTA-TNT, and SiO2-TNT
materials are presented in Figure 2a. All spectra present broad
bands in the range of 3400−3300 and 1640 cm−1, which are
characteristic of the OH groups’ axial and angular deformation,
respectively. The Na-TNT spectrum exhibits bands at 900
cm−1 assigned to the Ti−O stretching vibration of a four-
coordinated Ti−O structure.28 The three signals, characteristic
of the surfactant molecules, are clearly observed in the CTA-
TNT spectrum. The bands at 2925 and 2850 cm−1 correspond
to the asymmetrical and symmetrical stretching vibrations of
CH2 bonds, respectively. The band at 1470 cm−1 correlates to
the symmetrical bending vibrations of C−H bonds.29

The SiO2-TNT spectrum reveals that, after the TEOS
introduction and calcination, the surfactant molecules were
entirely removed, and a new broadband emerged at 1064 cm−1,
corresponding to the asymmetric vibrations of Si−O−Si
bonds. Moreover, at 806 and 959 cm−1, two bands are
assigned as the symmetric vibration of Si−O−Si and Si−OH
(or Si−O−) stretching vibration bonds,30 respectively. The
AAS results reveal that the silica composition is 33%. The 29Si
CP/MAS NMR analysis in Figure 2b reveals the chemical
nature of Si species in the SiO2-TNT sample. The Q3 species
of single silanol groups [(SiO)3Si(OH)] appear in a higher
proportion (56%), followed by siloxane [(SiO)4Si] (32%) and
Q2 germinal silanol groups [(SiO)2Si(OH)2] (12%).
The porosity of SiO2-TNT and Na-TNT samples were

analyzed by N2 adsorption/desorption isotherms shown in
Figure 3a. Both isotherms exhibited the type IV profile with
H3 hysteresis, typical of slit-like pore structure and character-
istic of mesoporous materials, according to the IUPAC.31

Moreover, both isotherms exhibited a steep increase in
adsorption at p/p0 > 0.6, which indicates interparticle
mesopores. On the other hand, the higher N2 adsorption at
p/p0 < 0.4 in SiO2-TNT isotherm reveals a strong adsorbent−
adsorbate interaction in the case of SiO2-TNT resulting from
its more open structure than the Na-TNT initial nanotubes. In

addition, the gradient adsorption in the p/p0 region of 0.12−
0.4 in SiO2-TNT isotherm indicates the formation of a new
mesoporous structure, which is similar to other layered-type
mesoporous materials (e.g., PCHs and pillared zeolites).32−34

Data reported in Table 1 reveals that the SiO2-TNT material
exhibits higher Brunauer−Emmett−Teller specfiic surface area

(SBET), microporous volume (Vmicro), and maxcroporous
volume Vtotal values than those of the Na-TNT sample. The
SiO2-TNT material exhibits a SBET value of 714 m2 g−1, which
is greater than that of Na-TNT (58 m2 g−1). Moreover, the
SiO2-TNT exhibited a Vmicro value of 0.06 cm3 g−1 suggesting
that the micropores originated from the irregularity of the
voids created around the silica particles and the titanate sheets.
The PSD of the SiO2-TNT and Na-TNT are shown in

Figures 3b and 3c, respectively. The maxima pore widths of the
SiO2-TNT material are evidenced in the regions between
supermicropores and small mesopores (1.3−3.6 nm). That
porosity resulted from the spacing between the titanate sheets
and the silica particles in a 3D disordered orientation. On the
other hand, Na-TNT exhibited mesopores with large width
(>4 nm) assigned to interparticle regions between neighboring
nanotubes.
TEM analyzes were performed to observe the morphological

changes. Figure 4a shows elongated particles of tubular
morphology, typical of titanate nanotubes. Figure 4b reveals
that the nanotubes have external and internal diameters of 9.0

Figure 3. (a) N2 adsorption/desorption isotherms of Na-TNT and SiO2-TNT samples. (b, c) Pore size distribution of the SiO2-TNT sample
(panel (b)) and the Na-TNT sample (panel (c)).

Table 1. Textural Properties of Na-TNT and SiO2-TNT
Samples

specific surface area pore volume

sample
SBET

(m2 g−1)
Sext

(m2 g−1)
Vmicro

(cm3 g−1)
Vtotal

(cm3 g−1)
SiO2
(%)a

Na-TNT 58 57 0 0.205 −
SiO2-
TNT

714 560 0.06 0.682 33

aBased in the AAS results.
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and 5.1 nm, respectively. In addition, the nanotubes exhibit
multiple walls measuring 2.2 nm in width, corresponding to
rolled titanate sheets. The CTA-TNT sample (Figures 4c and
4d) showed larger particles, when compared to the starting
nanotubes, indicating the unwinding of the nanotubes and the
formation of extended nanosheets, as a result of the surfactant
intercalation. The SiO2-TNT material (Figures 4d and 4e)
appear as darker and finer particles in the figure, indicating that
they are far from each other in random stacking and shows that
the pillaring procedure resulted in a disorganization of the
titanate nanosheets. In addition, less dense particles are
observed between and around the titanate nanosheets,
indicating that amorphous silica was formed.

Based on the characterization results, Figure 5 summarizes
the SiO2-TNT material after treatment of the Na-TNT
nanotubes with CTA molecules and the pillaring agent.
The band gap (Eg) values of Na-TNT and SiO2-TNT were

calculated by applying the Tauc relation,35 where the linear
portions of the curves are extrapolated to the x-axis (y = 0) to
determine bandgap values (see Figure 6). The band gaps
estimated for Na-TNT and SiO2-TNT are 4.06 and 3.81 eV,
respectively. The lower SiO2-TNT band gap, compared to Na-
TNT, can be attributed to the doping effect of SiO2 present in
the TNTs. Doping causes a reduction in the Eg value due to
the introduction of a new electronic level, which forms the
lowest unoccupied molecular orbital (LUMO) within the
band-gap states of TiO2.

36

Figure 4. TEM images of (a, b) Na-TNT, (c, d) CTA-TNT, and (e, f) SiO2-TNT samples.
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The adsorptive properties of the SiO2-TNT and Na-TNT
samples were evaluated with representative cationic dyes, MB
and RhB, at pH 7. The effects of concentration (qt) and
removal (%) versus contact time on MB uptake onto Na-TNT
and SiO2-TNT are depicted in Figure 7a. The qt parameter
quickly reaches equilibrium, indicating that MB molecules are
in contact with surface adsorption sites available from Na-TNT
and SiO2-TNT samples, resulting in a removal efficiency of
95% and 97% for Na-TNT and SiO2-TNT samples,
respectively. The high MB adsorption by Na-TNT materials
has already been widely reported in the literature.37−40 The
similar adsorption results for MB led us to investigate the
performance of the Na-TNT and SiO2-TNT samples against
the other basic dye, RhB.
Figure 7b shows the qt value and the percent removal (%R)

versus time for the RhB dye. The qt values for the Na-TNT
particles indicated gradual adsorption that can be attributed to
the uptake of RhB molecules into the pores of this adsorbent.
The equilibrium was attained at 50 min with 13% of RhB
removal. Conversely, for the SiO2-TNT particles, the quantity
of RhB dye adsorbed was observed to increase as the time and
concentration each increased (65%). RhB uptake was initially
rapid and reached equilibrium at 30 min. This rapid adsorption
may be attributed to contacts of RhB molecules with more
available surface adsorption sites of the SiO2-TNT particles.
The different adsorption behavior observed for the cationic

dyes could be explained by the positive charge of the MB
molecule due to a quaternary ammonium cation (NR4

+) in its
molecule. It is also likely that both the Na-TNT and the SiO2-
TNT samples have a negative charge in MB solution at pH 7.

Figure 5. Representative scheme of the Na-TNT, CTA-TNT, and SiO2-TNT materials according to the applied processes and the analysis of the
solids.

Figure 6. Tauc plots and band-gap value of (a) Na-TNT and (b) SiO2-TNT.

Figure 7. Time variation study for (a) MB and (b) RhB adsorption by
Na-TNT and SiO2-TNT samples.
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Thus, the attractive forces between adsorbent surface and MB
molecules favored adsorption. Equally, RhB molecules have a
positive charge from a quaternary ammonium cation (NR4

+)
and contain a carboxylic acid group (−COOH) and could
therefore have a positive or negative surface charge, depending
on the pH of the solution.40 At pH 7, the RhB solution and the
Na-TNT sample have probably the same charge, so the
electrostatic repulsion between RhB molecules and the Na-
TNT surface was present, leading to a decrease in adsorption.
The RhB solution and the SiO2-TNT sample likely have the
same charge. However, the high RhB adsorption by the SiO2-
TNT sample can be explained by two factors: (i) the formation
of hydroxyl groups on the SiO2-TNT surface, as observed by
29Si NMR, which can provide a strong electrostatic attraction
for cationic dyes and (ii) the high BET surface area (714 m2

g−1) in comparison with the Na-TNT sample (58 m2 g−1).
Kinetic study models reveal the dynamic process and the

mechanism of the adsorption process. Pseudo-first-order41 and
pseudo-second-order42 kinetic models were used to study the
mechanism of RhB dye adsorption onto SiO2-TNT particles
(see Figure 8). Equations 3 and 4 imply pseudo-first-order and
pseudo-second-order models and are expressed as follows:

=q q q k tln( ) lne t e 1 (3)

= +t
q k q

t
q

1

t 2 e
2

e (4)

where qe and qt are the absorbed amounts onto SiO2-TNT at
equilibrium and at time t (min), respectively (eq 3). k1 and k2
(min−1) are the rates constant of the pseudo-first-order and
pseudo-second-order equations, and t is the contact time of the
adsorption process (eq 4).
Through the plots of ln(qe − qt) vs t (Figure 8a) and t/qt vs t

(Figure 8b), the values of the parameters k1, k2, qe, and R2 were
obtained, and the calculated values are shown in Table 2.
The results show that the pseudo-second-order model fits

the experimental data better, since the qe calculated values are
closer to the experimental results (qe, experimental), and the
R2 value obtained from the pseudo-second-order model (R2 -
0.9999) was higher than that calculated from the pseudo-first-
order model.
The adsorption isotherm is a model to explore how the

adsorbed ions are distributed over the adsorbent. The
experimental results were fitted to the two most used isotherm
models: Langmuir43 and Freundlich.44 The Langmuir
adsorption isotherm and the linear form of Freundlich
isotherm are expressed by eqs 5 and 6:
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where Ce is the concentration (mg L−1) of RhB dye solution at
equilibrium, qe the equilibrium amount of dye adsorbed (mg
g−1), qm the maximum capacity of adsorption (mg g−1), and KL
the Langmuir constant related to adsorption energy. KL and qm
values can be obtained from the intercept and slope of the
linear plot of Ce/qe vs Ce (Figure 9b). In the Freundlich
equation, the parameters Kf and 1/n are Freundlich constants,
representing the adsorption capacity and intensity of
adsorption, respectively.45 Through a linear plot of ln qe vs
ln Cf (Figure 9c), the values of 1/n and Kf can be obtained
from the slope and intercept, respectively.
Results reported in Table 3 show that the Freundlich model

best fits the adsorption data indicated by the higher R2 value
(0.90994), compared to the Langmuir isotherm model (R2 =
0.11071). The high R2 value suggests that adsorption was not
onto uniform sites, but multilayer adsorption occurred onto
RhB/SiO2-TNT material. The Freundlich constant (1/n) is
associated with the sorbent’s sorption intensity. When 0.1 < 1/
n ≤ 0.5, adsorption is extremely easy; at 0.5 < 1/n ≤ 1,
adsorption is easy; and at 1/n > 1, adsorption is difficult.46 The
1/n value obtained was 0.84, indicating that RhB could easily
be adsorbed onto SiO2-TNT particles.

4. CONCLUSION
This work has demonstrated that it is possible to obtain silica−
titanate nanoarchitectures with a high surface area by
unwinding tubular titanates aided by positively charged long-
chain surfactants. The characterization techniques showed that
the organic−inorganic hybrid intermediate presented lamellar
stacking order, resulting from the perpendicular accommoda-
tion of the surfactant molecules between the titanate lamellae.
The introduction of the pillaring agent caused the loss of the
lamellar stacking order, resulting in a delaminated structure

Figure 8. (a) Pseudo-first-order kinetics and (b) pseudo-second-order
kinetics for RhB dye adsorption onto SiO2-TNT at various initial
concentrations.
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composed of titanate lamellae spaced by silica particles and
combined regions of micropores and mesopores able to adsorb

voluminous molecules such as MB and RhB organic dyes. In
the case of the RhB dye, the SiO2-TNT material has a higher
adsorption ability than Na-TNT associated to its more-open
pore structure. The data have demonstrated that SiO2-TNT
nanocomposites have the potential to serve as a dye adsorbent
to treat effluents, especially those containing cationic dyes.
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Table 2. Kinetic Model Parameters for RhB Adsorption over the SiO2-TNT Sample

pseudo-first-order pseudo-second-order

qe (experimental) k1 (min−1) qe (mg/g) R2 k2 (g/mg min) qe (mg/g) R2

318.2 0.18944 71.71 0.9875 0.00846 320.5 0.9999

Figure 9. (a) Effect of initial RhB concentration on the adsorption
capacity (SiO2-TNT dose = 50 mg, RhB concentration = 120−480
mg L−1); (b) Langmuir isotherm and (c) Freundlich isotherm for
RhB adsorption over the SiO2-TNT sample.

Table 3. Adsorption Isotherm Parameters for RhB
Adsorption by the SiO2-TNT Sample

Langmuir Freundlich

qm
(mg g−1) kL (L mg−1) R2

kF
(mg g−1) n R2

1047.1 6.88 × 10−4 0.11071 1.4741 1.189 0.90994
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