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Abstract Hydrogen titanate nanotubes were prepared by
K,Ti,05 with water vapour treatment. TG/DTG techniques
were used to investigate their water content and dehydra-
tion kinetics. It was shown that chemical formula for
hydrogen titanate nanotubes is TiO,-0.58H,O which is
close to H,Ti,Os. The activation energy of dehydration
from hydrogen titanate nanotubes is about 60 kJ/mol
according the calculation of Friedman and Flynn-Wall-
Ozawa methods. With multivariate non-linear regression
calculation, it was found that dehydration of hydrogen
titanate nanotubes is a two-step consecutive reaction. The
first step is a reaction of nth order with autocatalysis. The
second step is a reaction of nth order.
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Introduction

Protonated titanate nanotubes synthesized by the hydro-
thermal method have become the target of many studies in
recent years because of its unique combination of physi-
cochemical and structural properties [1]. Nanotubular
titanates can be potentially utilized in a wide range of
applications, including catalysis, photocatalysis, hydrogen
storage, lithium batteries and solar cells [2]. Since their
discovery by Kasuga et al. in 1998 [3], much effort has
been spent to understand the mechanism of nanotubular
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titanate formation, allowing control of the morphology
of nanotubes via the adjustment of the synthesis conditions
[4, 5].

However, the crystalline structure and formation
mechanism of titanate nanotubes are still topics under
discussion. Kasuga et al. [3] concluded that titania nano-
tubes were produced after hydrothermal reaction and
washing the alkali-treated specimen with water followed
by a further treatment with HCI. Zhang et al. [6] found that
the structure of the tubular materials do not agree with
those made of TiO, crystals with either anatase or rutile
phase, but are similar to that of layered titanate H,Tiz;O;
according to detailed electron and X-ray diffraction studies.
Recently, Yang et al. investigated the composition and
structure of this nanotube material and found that it is
nanotube Na,Ti,O4(OH),, which can be converted to
nanotube H,Ti,O4(OH), in a pH 1 HCI solution, and its
crystalline form belongs to an orthorhombic system. They
indicated that the intensities of the deformation and
stretching vibrations of water at 1,630 and 3,400 cm™!
decreased to constant values in IR spectra at f > 6 h during
vacuum drying at room temperature [7]. Sun and Li [8]
also studied the formation mechanism of titanate nano-
tubes, and demonstrated the existence of large amounts of
water and hydroxy groups in the titanate nanotubes. Thus,
it is interesting and important to investigate interaction
between H,0, hydroxyl group and TiOg units in titanate
nanotube. To the best of our knowledge, there is no report
on study of the dehydration behaviour of titanate nanotube
with thermal analysis technologies.

In our recent work [9, 10], a new soft-chemistry
approach was developed to prepare hydrogen titanate
nanotubes. Layered titanate-K,Ti,O5 was used as precursor
and treated with water vapour. After removing potassium
ion in acid solution, hydrogen titanate nanotubes were
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formed. If K,Ti,O5 was washed with acid solution without
water vapour treatment, hydrogen titanate nanoribbons will
be formed. This process is suitable for large scale prepa-
ration due to the short reaction time, low temperature and
high yield. In this article, thermal analysis technologies
will be used to investigate dehydration behaviour for the
hydrogen titanate nanotubes and nanoribbons.

Experimental

The procedure for hydrogen titanate nanotubes is as fol-
lows: (1) the calcination of TiO, with K,CO; to form
K;Ti;,05; (2) treatment of K,Ti,Os by water vapour
(141.325 kPa, 109.6 °C) for 3 h; (3) ion exchange of K to
H™ in 0.1 M HCI solution, then samples were washed with
deionized water until pH = 7, and dried in oven at 60 °C.
Finally, hydrogen titanate nanotube bundles are formed.
This sample was labelled as S1. In comparison, potassium
dititanate was washed with 0.1 M HCI and deionized water
directly. After drying at 60 °C, sample was labelled as S2.

TEM images were obtained with a JEOL JEM-200CX
transmission electron microscope operating at 200 kV.
FTIR spectra of the samples were recorded by Nicolet
6,700 spectrometer. Simultaneous TG-DTG measurements
were carried out on a Netzsch TG209 F3 thermal analyzer.
The thermal analysis was performed in nitrogen, at heating
rates of 5, 10, 15 and 20 °C/min. The mass was kept at
6.50 £ 0.15 mg. Thermokinetics software was used for
kinetics analysis.

Results and discussion
TEM results

Figure 1 shows TEM pictures for sample S1 and S2. It can
be found that sample S1 is nanotube bundles. The outer and
inner diameter of these nanotubes is about 4 and 10 nm,
respectively. However, sample S2 shows nanoribbon
morphology with diameter of 100 nm. It indicates that the
structure of sample S1 is looser than that of sample S2.

Fig. 1 TEM images for sample (a)
S1 (a) and sample S2 (b)
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Fig. 2 FTIR spectra of hydrogen titanate nanotubes (S/) and
nanoribbons (S2)

Fourier transform infrared spectroscopy (FTIR)

Generally, the FTIR spectra is used to investigate the water
and hydroxyl groups vibration [7, 8]. As shown in Fig. 2,
the FTIR spectra of S2 has peaks at about 3,300 and
1,626 cm_l, which are due to the vibration of adsorbed
water and hydroxyl groups, respectively. While S1 has a
more prominent peak at about 3,370 cm™". In our previous
work, it was found that the strong interaction exist between
water and TiO, surface. The residence time of water at
TiO, surface is considerably longer than that at graphite
surface by molecular dynamics simulations [11]. Com-
pared with S2, we inferred that some bound water or
hydroxyl groups exist besides the adsorbed water in tita-
nate nanotubes.

TG/DTG analysis

Figure 3 shows the dehydration process of sample S1 and
S2 at heating rate of 10 °C/min in nitrogen atmosphere.
Sample S1 and S2 show nearly the same mass loss 26.82%
at 30-500 °C in TG curves. If a chemical formula
TiO,-nH,0 is used to represent hydrogen titanate nano-
tubes and nanoribbons, the value of n can be calculated
from the mass loss and is 1.2.

While DTG curves for the two samples show obvious
difference. There are two stages of mass loss with peaks at
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Fig. 3 TG and DTG curves of sample S/ and sample S2 heating at
10 °C/min in nitrogen atmosphere

Table 1 Mass changes of dehydration of S1 and S2

Mass change Temperature Mass Chemical
step range/°C loss/% formula
S1
35-100 11. 13 Ti0,-0.58H,0
2 100-500 10.35
S2
35-135 10.51 Ti0,:0.60H,O
2 135-500 10.62

70.2 and 183.4 °C in DTG curve of S2. The first stage is
from 35 to 135 °C, with a mass loss of 10.51%. It is
attributed to the loss of free water, and the second stage
(135-500 °C) has a mass loss of 10.62% due to the
dehydration of crystal water. However, there is only a stage
for water loss with a peak at 72.4 °C from 35 to 500 °C in
DTG curve of S1. At this condition, it is difficult to dis-
tinguish free water and crystal water in sample S1. Yang
et al. [12] investigated dehydration of H,;TisO;;-H,O and
assumed that free water could be evaporated up to 100 °C.
With the same assumption, the dehydration of sample S1
was analyzed and results are listed in Table 1.

It is clear that water vapour treatment has a significant
effect on morphologies of final products and water bonded
status on them, although the crystal water content in both
samples are almost the same which was shown in Table 1.
The empirical chemical formula for hydrogen titanate
nanotubes is Ti0,-0.58H,0. Compared with two different
chemical formula for hydrogen titanate nanotubes appeared
in papers H,Ti3;0; (which can be written as TiO,-0.33H,0)
and H,Ti,05 (which can be written as TiO,-0.5H,0), we
believe that hydrogen titanate nanotubes is probably
H,Ti,O5 and accompanied with some bound water.

TG/%
DTG/%/min

50 100 150 200 250 300
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Fig. 4 TG and DTG curves of dehydration of S1 (heating rate 5, 10,
15, 20 °C/min)

Kinetic analysis of dehydration

The TG and DTG curves of sample S1 with different
heating rates are shown in Fig. 4. At first, the model-free
approaches, Friedman [13] and Flynn—Wall-Ozawa (FWO)
methods [14, 15] were used to investigate the Kinetics
parameters of dehydration process. The two methods are
based on multiple heating rate experiments and can be used
for obtaining activation energy, where no kinetic model is
needed [16, 17].

Figure 5 shows that the apparent activation energies and
pre-exponential factor of dehydration of S1 calculated with
Friedman and FWO method. The curves exhibit the same
shape, and the little differences could be explained by
considering the relations which ground the isoconversional
methods [18-20]. In the range 0.01 < a < 0.1, the activa-
tion energy decreased from a large initial value down to the
normal ones, which suggests there is a reversible reaction
in the beginning of the dehydration. While in the range of
0.1 <a < 0.7, the activation energy has a practically
constant value, 60 kJ/mol. The E, values are unstable in the
range of 0.7 < a < 0.99, so we draw a conclusion that the
dehydration of sample S1 is a multi-step reaction.

According to linear isoconversional method, the basic
data of E, collected from the TG curves at various heating
rates (5, 10, 15 and 20 °C/min) are obtained. Then, mul-
tivariate non-linear regression (Netzsch Thermokinetics)
was used to obtain the dehydration mechanism and corre-
sponding kinetic parameters [21]. Considering the dehy-
dration process of S1, the initial reversible step was
omitted because of the small mass loss. Several models
were tested and the initial values of the parameters of E,
and log A were optimized. As shown in Fig. 6, a two-step
consecutive reaction model A — 1B — 2C was the most-
probable one. The first step for dehydration process of
hydrogen titanate nanotubes is a reaction of nth order with
autocatalysis with function f(a) = (1 — a)"(1+Kcya). The
second step is a reaction of nth order with function
f(a) = (1 —a)". The kinetic parameters corresponding to
this sequence are listed in Table 2.
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Fig. 6 Experimental and fitting TG curves of dehydration of S1 at
different heating rates

Table 2 Kinetic parameters of dehydration of hydrogen titanate
nanotube (S1)

Parameter Value

log Al/s™" 11.0163
E1 kJ/mol 85.7662
React. ord. 1 8.2989
log Ko 1 1.6653
log A2/s7! 59175
E2 kJ/mol 51.1363
React. ord. 2 2.5122
Foll react. 1 0.5977
Correlation coefficient 0.9995

Owing to the large adsorbed water on titanate nanotubes,
a complete description on the H,O and hydroxyl groups
remains difficult. However, with the help of multivariate
non-linear regression calculation, we inferred the dehydra-
tion of hydrogen titanate nanotubes preferably performs as a
two-step consecutive reaction. The activation energy is
85.7662 kJ/mol for the first stage, and 51.1363 kJ/mol for
the second stage. The little reduction of activation energy
values is attributed to the increase in the intra and inter-
molecular vibrations when the temperature increased.
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Conclusions

Thermal analysis technologies were used to investigate
chemical formula and dehydration behaviour of hydrogen
titanate nanotubes and nanoribbons prepared by K,Ti,Os
with or without water vapour treatment. It was found that
their chemical formula is TiO,-0.58H,0 and TiO,-0.6H,0,
respectively. And hydrogen titanate nanotubes is probably
H,Ti,05 with some bound water. Moreover, the activation
energy of dehydration from hydrogen titanate nanotubes is
about 60 kJ/mol according the calculation of Friedman and
FWO method. It was shown from multivariate non-linear
regression method that dehydration of hydrogen titanate
nanotubes is a two-step consecutive reaction. The first step is
areaction of nth order with autocatalysis. The second step is
areaction of nth order. The parameters for each step are also
given.
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