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Abstract Titanate nanotubes were synthesized utilizing

the hydrothermal method using titanium dioxide nanopar-

ticles. The experiments were carried out considering the

process as a function of reaction temperature, time, NaOH

concentration and the acidity of the washing solution. The

formation of titanate nanotubes was shown to be affected

strongly by variations in any parameter. The optimum

conditions for the synthesis of titanate nanotubes were

determined to be a reaction temperature of 190 �C, and a

reaction time of 12 h, using 10 M NaOH concentration and

the washing solution to have a pH of 5.5. In addition,

thermogravimetric analysis (TG/DTG) was used to inves-

tigate the thermal behaviour and dehydration kinetics of

titanate nanotubes. In order to better understand their

thermal behaviour, the thermal analysis of bulk hydrogen

trititanate was performed. The values of the apparent

activation energies of the first and second dehydration

stages for titanate nanotubes were 81.44 ± 15.85 and

82.69 ± 7.46 kJ mol-1, respectively. The values of the

apparent activation energies of the first, second and third

dehydration stages for bulk hydrogen trititanate were

115.93 ± 5.40, 137.58 ± 6.47 and 138.97 ± 8.47 kJ mol-1,

respectively.

Keywords Titanate nanotubes � Bulk hydrogen trititanate �
Dehydration kinetics �Model-free method

Introduction

Nano-sized materials have received increasing attention in

various fields owing to the virtue of their special chemical

and physical properties. Much work has recently been done

on the synthesis and the applications of nano-sized metal

oxides such as TiO2, ZnO, SiO2 and similar compounds

due to their peculiar catalytic behaviours, nonlinear optical

properties and unusual luminescence responses [1].

Amongst these materials, nano-sized TiO2 has attracted a

lot of interest from the industry as well as from the sci-

entific community. This is a result of the very nature of

titanium dioxide nanomaterials, which have many inter-

esting properties, such as high oxidative power, nontoxic-

ity, photo-stability, water insolubility, wide band gap, high

refractive index and the ability to function as a photo

catalyst under UV radiation. These properties have resulted

in the wide use of titania in many industries and various

other applications [2].

Moreover, the discovery of carbon nanotubes [3] intri-

gued the intensive researches regarding one-dimensional

nanostructures, such as nanotubes, nanorods, nanowires

and nanobelts. TiO2-based nanotubes, therefore, attracted

extensive and engrossing interest despite their crystalline

structure still being controversial. The present controversy

about it is amongst the following: Tetragonal anatase TiO2

[4], monoclinic H2Ti3O7 [3], orthorhombic H2Ti2O5�H2O

[5], lepidocrocite HxTi2-x/4hx/4O4 (x * 0.7, h: vacancy)

[6] and monoclinic H2Ti4O9.H2O [7] have been proposed

to represent the crystal structure of the nanotubes.

According to the literature, the chemical compositions of

NaxH2-xTi3O7 and NaxH2-xTi2O4(OH) groups are more

acceptable than other structures [8].

TiO2-based nanotubes with their high specific surface

area, ion- exchangeability and photo catalytic ability were
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considered for use in extensive applications such as sup-

port/carriers, ion-exchange/adsorption, photochemistry

and dry sensitized solar cells [8]. Currently, developed

methods of fabricating TiO2-based nanotubes comprise of

the assisted-template method [9, 10], the sol–gel process

[11], electrochemical anodic oxidation [12, 13] and hydro-

thermal treatment [4, 14]. Amongst them, the hydrothermal

technique is widely employed to prepare titanate nanotubes

by treating the TiO2 powder precursors in alkali aqueous

solution [15]. However, this process usually requires

20–72 h at the temperature of 110–160 �C [3, 16, 17].

In recent years, thermogravimetry has been commonly

used for studying the kinetic parameters of nano-sized

materials [18–22]. To our knowledge, limited research has

been published on the thermal kinetics of titanate nanotubes

(TNTs). Xie et al. [23] reported that the activation energy

for dehydration of hydrogen titanate nanotube prepared

by potassium dititanate with water vapour treatment is

60 kJ mol-1 in the range of 0.1 \ a\ 0.7 according to the

Friedman and Flynn–Wall–Ozawa models.

This study also focused on the synthesis of TNTs with

smaller diameters directly from TiO2 powders using a

hydrothermal technique with a shorter reaction time than in

previous studies. The effects of the reaction temperature,

the reaction time, NaOH concentration and the acidity of

the washing solution on the crystalline transformation were

determined. After obtaining the optimum parameters,

TNTs were synthesized and then characterized by different

analysis techniques. The kinetic analysis of TNTs was

performed using the Vyazovkin model-free method. In

addition, the thermal analysis of bulk hydrogen trititanate

(BHT) was performed in order to better understand the

thermal behaviour of TNTs.

Experimental

Preparation of TNTs

Anatase TiO2 powder having an average particle diameter

of 17 nm [24] was used as the starting material for the

preparation of TNTs via the hydrothermal method. 0.5 g of

powder was added to 40 mL of NaOH solutions of varying

molarity between 4 and 10 M in a Teflon vessel with rig-

orous stirring and the obtained mixture was placed into a

Teflon-lined autoclave vessel of 125 mL volume. Finally,

the autoclave was sealed and placed in the oven, operating

at a temperature varying in the range of 110–190 �C,

and thus also changing the reaction time for the synthesis

of TNTs. The resulting slurry was initially rinsed with

deionized water. Then, the precipitate was washed thor-

oughly with either aqueous HCl or aqueous NaOH solution
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Fig. 1 XRD patterns of TNTs

prepared at various

a temperatures, b reaction

times, c concentration of NaOH

solution and d pH of washing

solutions (filled circle titanate

nanotubes, open square anatase,

and rutile)
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at different pH values and finally, TNTs were washed with

deionized water so that the pH value was maintained at 7.

Preparation of BHT

After preparing the TNTs at optimum conditions, bulk

titanate samples were synthesized by the solid state reac-

tion and their thermal behaviour was investigated and

compared to that of TNTs. The bulk hydrogen trititanate

samples were synthesized according to the method from a

previous study [25], with some modifications. Firstly,

Na2Ti3O7 powders were prepared by a solid state reaction

of Na2CO3 and anatase TiO2. A mixture in a molar ratio of

Na2CO3:TiO2 = 1:3 was heated at 800 �C for 25 h in a

platinum crucible. At the end of the time, the obtained

Na2Ti3O7 powder (ca. 1 g) was cooled to room temperature

and then transferred to 100 mL 0.1 M HCl. The mixture

was placed in a shaking water bath at 25 �C for 4 days with

the acid solution changed daily to completely remove

alkalinity from the reaction product. Finally, the powder

was washed with deionized water and dried at 110 �C.

Characterization

The crystalline structures of TNTs and BHT were analysed

using a Philips Panalytical X’Pert-Pro diffractometer (CuKa
radiation with k = 1.5418 Å at 45 kV/40 mA). A scanning

electron microscope (SEM; CamScan Apollo 300) was used

to observe the morphology as well as the crystallinity of

TNTs. High Resolution Transmission Electron Microscopy

(HRTEM; JEOL 2100 LaB6) was utilized to view the

internal structure/morphology of the formed nanotubes. The

thermal analyses of TNTs and BHT were carried out using a

Perkin Elmer Pyris Diamond thermal analysis equipment

under a constant nitrogen flow of 200 mL min-1 at different

heating rates (5, 15 and 20 �C min-1).

Theoretical background

In this study, the Vyazovkin model-free kinetic method

was employed in order to investigate the kinetic parameters

for the dehydration processes of TNTs and BHT. With this

method, accurate evaluations of complex reactions are

performed as a way of obtaining reliable consistent kinetic

information about the overall process [26]. Vyazovkin

developed an advanced isoconversional method, wherein

no model has to be selected, that allows evaluation of

thermal degradation reactions using different heating rates.

The theory is based on the idea that the activation energy is

constant for a certain conversion (isoconversional method).

A chemical reaction is measured at least three different

heating rates (b) and the respective conversion curves

are determined [27, 28]. This method is based on the

equation

da
dt
¼ k:f að Þ ð1Þ

where f(a) represents the reaction model, k is the velocity

constant (s-1) and a is the conversion degree. Taking the

reaction rate equation, presented as f(a) and dividing by the

heating rate b = dT/dt, one obtains

da
dt
¼ kf að Þ ) da

dT
¼ k

b
f að Þ ð2Þ

Replacing k on Eq. (2) with the Arrhenius expression

(k = k0e-E/RT) and rearranging it gives

1

f að Þ da ¼ k0

b
e�E=RTdT ð3Þ

Integrating Eq. (3) gives

Za

0

1

f að Þ da ¼ gðaÞ ¼ k0

b

ZT

T0

e�
E

RTdT ð4Þ

Fig. 2 a SEM image and b HRTEM image for TNTs with 10 M NaOH concentration at 190 �C for 12 h
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Since E/RT � 1, the temperature integral can be

approximated by

ZT

T0

e�E=RTdT � R

E
T2e�E=RT ð5Þ

Finally, substituting Eq. (5) on Eq. (4), rearranging and

logarithming, we obtain

In
b
T2

a
¼ In

Rk0

EagðaÞ

� �
� Ea

R

1

Ta
ð6Þ

Eq. (6) is a dynamic equation that was applied for the

determination of the activation energy (Ea) for all con-

version degrees (a).

Results and discussions

Studies of preparation conditions

Effect of reaction temperature

Figure 1a shows the results of the XRD analysis of the

products formed using anatase TiO2 as the starting material

being hydrothermally treated in a 10 M NaOH solution at

various reaction temperatures for 48 h. As it is shown in

the figure, the peak at 2h = 25.5 from (101) of anatase

TiO2 was observed to occur at 110–150 �C. However, the

pattern of the particles obtained from the samples treated

at the 190 �C reaction temperature indicated that the

(2h & 10) characteristic peak [16] corresponding to TNTs

appeared. It means that if the reaction was conducted at

that temperature, titanium dioxide nanoparticles would be

transformed into TNTs.

Effect of reaction time

The XRD patterns of the TNTs synthesized at 190 �C with

varying reaction time and using 10 M NaOH solution are

shown in Fig. 1b. All XRD peaks belonging to titanate

nanoparticles were assigned to the anatase phase at the 8th

hour, whereas the peaks belonging to the particles obtained

at the 12th hour showed different results. The characteristic

peaks of anatase titanium dioxide disappeared and were

replaced by new peaks corresponding to TNTs. It could be

concluded that the reaction time for the transformation of

titanium dioxide nanoparticles to TNTs was found to be

12 h. The reaction time previously reported for this reaction
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which was carried out at 110–180 �C was observed to change

between 20 and 72 h [3, 17, 18]. This variation in the reaction

time may be attributed to the crystallite size of TiO2 syn-

thesized by a sonochemical reaction.

Effect of NaOH concentration

Figure 1c shows the results of the XRD analysis for TNTs

synthesized at 190 �C for 12 h using various concentrations

of NaOH solutions. The treatment at 190 �C led to the

formation of needle-shaped products when NaOH aqueous

solution with the concentration of 8 or 10 M was used.
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However, when a solution with the concentration of 4 M

was used, the products were not formed by the treatment

for 12 h. Dilute NaOH aqueous solution has a poor ability

to form the tubular-shaped products. Additionally, as the

concentration of the NaOH solution increased, the peak

intensities for the TNTs increased, indicating better per-

formance of crystallinity for the nanotube structure.

Effect of the acidity of the washing solution treatment

Figure 1d shows the results of the XRD analysis of the

sample synthesized at 190 �C for 12 h in 10 M NaOH

solution following the addition of either HCl or NaOH

solution. If the pH was 5.5 or 9.5, a characteristic peak

would be observed at approximately 2h & 10, which

would be considered to correspond to the titanate nanotube

crystals. On the other hand, if the pH was 1.5, a peak

observed at approximately 2h & 10 would not exist.

By controlling the acidity of the washing solution

treatment, it was possible to form either titania or TNTs. In

addition, it would be expected that a new type of titania

nanotube having novel properties would be formed by

controlling the amount of residual Na? ions and by

replacing the residual Na? ions with other ions [16].

Characterization of TNTs

Figure 2a shows the SEM evaluation of the product

synthesized under optimum reaction conditions. High

purity nanotubes were entangled together. Figure 2b

depicts a HRTEM image demonstrating uniform nano-

tubes with inner diameters of ca. 4 nm and outer diame-

ters of ca. 12 nm. Also, the investigation of the HRTEM

images revealed that the nanotubes were usually five

layers thick.

The TG/DTG curves of the TNTs showed mass losses in

two dehydration stages in the range of 30–630 �C at

15 �C min-1 heating (Fig. 3). The first mass loss occurred

between 30 and 110 �C with a mass loss of 8.55 % which

was usually attributed to the adsorbed water and interlayer

water, followed by the final dehydration with a mass loss of

8.17 % corresponded to dehydroxylation of the nanotubes.

Table 1 Temperature for dehydration of TNTs as a function of the time for different conversions

Time/min Conversion/%

10 25 50 75 90 95 99

First step

10 42.91 55.05 70.78 86.61 97.20 100.90 104.06

30 42.75 54.76 70.16 85.61 95.95 99.58 102.68

60 42.66 54.58 69.77 84.99 95.18 98.77 101.83

90 42.60 54.47 69.55 84.63 94.74 98.30 101.33

120 42.56 54.40 69.39 84.38 94.42 97.98 100.99

150 42.53 54.34 69.26 84.19 94.18 97.72 100.72

180 42.50 54.29 69.16 84.03 93.98 97.51 100.50

210 42.48 54.25 69.08 83.90 93.82 97.34 100.32

240 42.46 54.21 69.00 83.78 93.67 97.18 100.16

270 42.45 54.18 68.94 83.68 93.55 97.06 100.02

300 42.43 54.15 68.89 83.59 93.44 96.94 99.90

360 42.41 54.11 68.79 83.43 93.24 96.73 99.68

Second step

10 112.47 125.07 153.71 240.29 354.60 405.80 530.98

30 110.90 123.20 151.13 234.54 342.17 392.74 503.90

60 109.92 122.05 149.55 231.05 334.76 384.93 488.19

90 109.36 121.39 148.65 229.06 330.58 380.50 479.45

120 108.97 120.93 148.01 227.67 327.67 377.42 473.43

150 108.67 120.57 147.52 226.60 325.45 375.07 468.87

180 108.42 120.28 147.12 225.73 323.66 373.17 465.21

210 108.21 120.03 146.78 225.00 322.16 371.57 462.16

240 108.03 119.82 146.49 224.38 320.87 370.20 459.54

270 107.87 119.64 146.24 223.83 319.75 369.00 457.26

300 107.73 119.47 146.01 223.34 318.75 367.94 455.24

360 107.49 119.18 145.62 222.50 317.03 366.11 451.79
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Characterization of BHT

The XRD pattern of BHT prepared by solid state reactions

is presented in Fig. 4. Whilst TNTs display very broad

diffraction peaks, the BHT sample exhibited very sharp

diffraction peaks indicating a well-crystallized structure.

All the reflections of the sample are in agreement with

monoclinic hydrogen trititanate (H2Ti3O7, PDF No:

00-041-0192).

The TG/DTG curves of BHT showed mass losses in

three dehydration stages in the range of 100–640 �C at

15 �C min-1 heating rate, similar to the thermogravimetric

data of Morgado et al. [29] (Fig. 5). Compared to the

TNTs, BHT showed a significantly different thermal

Table 2 Temperature for dehydration of BHT as a function of the time for different conversions

Time/min Conversion/%

10 25 50 75 90 95 99

First step

10 216.94 229.51 246.87 261.24 275.65 282.17 287.56

30 213.72 225.54 242.07 255.77 269.56 275.92 281.15

60 211.74 223.11 239.13 252.44 265.85 272.12 277.26

90 210.60 221.71 237.45 250.53 263.73 269.94 275.02

120 209.79 220.73 236.27 249.19 262.25 268.42 273.46

150 209.17 219.97 235.36 248.16 261.11 267.25 272.26

180 208.67 219.36 234.63 247.33 260.18 266.30 271.29

210 208.25 218.84 234.01 246.63 259.41 265.51 270.48

240 207.88 218.40 233.47 246.03 258.74 264.82 269.77

270 207.56 218.01 233.00 245.50 258.15 264.22 269.16

300 207.27 217.66 232.59 245.03 257.63 263.68 268.61

360 206.78 217.06 231.87 244.21 256.73 262.76 267.66

Second step

10 299.32 313.66 339.80 370.66 401.48 416.05 429.29

30 292.89 307.02 332.65 361.97 390.89 404.71 417.05

60 288.97 302.97 328.29 356.69 384.49 397.86 409.67

90 286.73 300.65 325.79 353.67 380.85 393.97 405.48

120 285.16 299.02 324.04 351.56 378.30 391.25 402.56

150 283.95 297.77 322.70 349.94 376.35 389.16 400.32

180 282.98 296.76 321.61 348.63 374.77 387.48 398.51

210 282.15 295.91 320.69 347.52 373.45 386.06 396.99

240 281.45 295.18 319.90 346.57 372.31 384.84 395.68

270 280.83 294.54 319.21 345.74 371.31 383.78 394.54

300 280.27 293.96 318.59 344.99 370.42 382.83 393.52

360 279.32 292.98 317.53 343.72 368.89 381.20 391.77

Third step

10 448.87 470.05 497.71 530.03 558.36 573.07 590.98

30 435.04 455.22 481.72 512.93 540.16 554.76 572.90

60 426.74 446.33 472.14 502.70 529.27 543.79 562.05

90 422.03 441.29 466.71 496.90 523.11 537.57 555.89

120 418.76 437.79 462.94 492.87 518.82 533.25 551.61

150 416.25 435.10 460.05 489.79 515.54 529.94 548.33

180 414.22 432.94 457.72 487.30 512.89 527.27 545.67

210 412.52 431.12 455.77 485.21 510.67 525.03 543.45

240 411.06 429.56 454.09 483.42 508.77 523.11 541.54

270 409.78 428.19 452.62 481.85 507.10 521.42 539.87

300 408.65 426.98 451.31 480.45 505.62 519.93 538.38

360 406.69 424.89 449.07 478.05 503.06 517.35 535.82
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behaviour. The first mass loss of BHT started at 100 �C

with a mass loss of 2.97 %, the second mass loss up to

460 �C occured with a mass loss of 2.10 % and the final

dehydration with a mass loss of 0.97 % corresponded

to dehydroxylation of the BHT. It was observed that these

dehydroxylation steps were well pronounced. However,

analysis of the DTG curve for TNTs reveals that its de-

hydroxylation steps were not well pronounced, a difference

which can be attributed to the nanocrystalline nature of

TNTs [29].

Studies of thermal dehydration kinetics

The activation energy as a function of conversion to each

dehydration stage of TNTs is shown in Fig. 6. In the range

of 5–90 % of conversion, the activation energies for the

first and second dehydration stages are 81.44 ± 15.85

and 82.69 ± 7.46 kJ mol-1, respectively. The activation

energy as a function of conversion to each dehydration

stage of BHT is shown in Fig. 7. In the range of 10–95 %

of conversion, the activation energies for the first, second

and third dehydration stages are 115.93 ± 5.40, 137.58 ±

6.47 and 138.97 ± 8.47 kJ mol-1, respectively. The values

of activation energies for the all dehydration processes of

TNTs were lower than those found for BHT. This means

that the TNTs’ dehydration reactions need to overcome a

lower energy barrier than those of BHT.

The obtained activation energy curves for each stage

were used to predict the temperature required to remove

water from TNTs and BHT as a function of the conversion

and time by means of a model-free algorithm [26].

Tables 1 and 2 show the predicted dehydration temperature

values for TNTs and BHT as a function of time for dif-

ferent conversions. It was observed that to remove 99 %

of the water from TNTs within 120 min, 100.99 and

473.43 �C are necessary for the first and second steps,

respectively. It was observed that to remove 99 % of the

water from BHT in the same time 273.46, 402.56 and

551.61 �C are necessary for the first, second and third

steps, respectively.

Conclusions

The TNTs were synthesized via the hydrothermal synthesis

of titania nanopowder. These experiments were carried out

by varying several reaction parameters such as the reaction

temperature, the reaction time, NaOH concentration and

the acidity of the washing solution. The experimental

results suggested that the formation of TNTs was affected

strongly by the variation in all of these parameters.

The thermal analysis of TNTs synthesized under opti-

mum conditions was employed to investigate their thermal

behaviour and dehydration kinetics. Also, thermal analysis

of BHT was carried out in order to clarify the thermal

behaviour of TNTs. Whilst the dehydroxylation steps of

BHT are well pronounced, those of TNTs are not, possibly

due to their nanocrystalline nature. The values of activation

energies for the all dehydration processes of TNTs were

lower than those found for BHT.

The Vyazovkin model-free method applied in the

research provided a sound way of estimating the apparent

activation energy for dehydration processes and to predict

conversion and isoconversion parameters.

The experimental findings of this study allow for better

understanding of the parameters concerning the synthesis

of TNTs. The determination of these optimized parameters

is significant since they would be practiced in the pro-

duction of TNTs with varying surface morphologies for all

kinds of applications.
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