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Abstract Titanate nanotubes (TNTs) have been synthe-

sized by a hydrothermal method using rutile TiO2 powder

as titanium source. The determination of the structure and

morphology was characterized by XRD, FTIR, SEM and

TEM. The results indicate that the TNTs successfully

synthesized under hydrothermal conditions of 150 �C. The

adsorption of Th(IV) on TNTs was studied as a function of

contact time, pH values, ionic strength, initial Th(IV)

concentration and temperature under ambient conditions by

using batch technique. The results indicate that adsorption

of Th(IV) on TNTs is strongly dependent on pH values, but

weakly dependent on ionic strength; Adsorption kinetics

was better described by the pseudo-second-order model.

The adsorption isotherms are simulated by Langmuir and

Freundlich models well. DG�, DH� and DS� free energy

were calculated from experimental data, The results indi-

cate that the adsorption of Th(IV) on TNTs is an endo-

thermic and a spontaneous process, and increases with

increasing temperature. The adsorption of Th(IV) on TNTs

is mainly dominated by chemical sorption or surface

complexation.
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Introduction

Thorium is a naturally radioactive element widely distrib-

uted over the earth’s crust. It has been widely used in

nuclear fuel industry, alloy, and laboratory investigations

[1]. But thorium is long-lived radionuclides with a suite of

radioactive daughter products which can pose a human

health and ecosystems risk [2]. Therefore, the removal and

recovery of thorium from contaminated water is an urgent

and essential work. Various methods including chemical

precipitation [3], solvent extraction [4], ion exchange [5]

and adsorption [6–13] are effective methods to remove

thorium from aqueous solution. Among these methods,

adsorption is an efficient and convenient method because

of its cost effective treatment, easy operation, no chemical

reagents needed and no sludge produced [14]. Numerous

adsorbents have been used for the removal of thorium from

the aqueous solution, such as natural and modified clays

[6], carbon materials [7, 8], biosorbents [9], molecular

sieves [10], various resins [11] and other specific materials

[12, 13].

Recently, Titanate nanotubes has attracted great interest

in nuclear waste management because of their large surface

area, more surface atom and the surface rich in hydroxyl

groups [15]. TNTs not only have exhibited great potential

for the adsorption of heavy metal ions Cu(II) [16],

Ag(I) [17], Pb(II) [17, 18], Cd(II) [19], Cr(II) [19], As(III)

[20], but also have showed high adsorption capacity in the

removal of U(VI) [21], Eu(III) [22], 63Ni(II) [23] from

aqueous solution. However, the investigation of radionuc-

lides adsorption on TNTs is still scarce, and the adsorption

mechanism is still unclear.

Herein, the adsorption of Th(IV) on TNTs was investi-

gated by using batch technique. The objectives of this work

was: (1) synthesized and characterized the TNTs; (2) to

study the effect of contact time, pH values, ionic strength

and temperature on the Th(IV) adsorption on TNTs; (3) to

describe Th(IV) adsorption isotherms with Langmuir and

Freundlich models; (4) to calculate the thermodynamic
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parameters of Th(IV) adsorption, such as DG�, DH� and

DS�; (5) to evaluate the adsorption mechanism of Th(IV)

on TNTs.

Experimental

Reagents and apparatus

All chemical reagents used in the experiments were pur-

chased as analytical reagent grade and used without any

further purification. All solutions in this experiment were

prepared using Milli-Q deionized water. The stock solution

of Th(IV) (1 mg mL-1) was prepared by dissolving

1.1895 g of Th(NO3)4�4H2O in 30 mL (1?2) HCl, and

then the solution was transferred into a 500 mL volumetric

flask and diluted to the mark with Milli-Q deionized water

to produce a Th(IV) stock solution. A 721-E spectropho-

tometer (Shanghai, China) was used for the determination

of the Th(IV). pHS-3C (Shanghai, China) pH meter was

used for pH adjustment. The FTIR spectra were carried out

using a Nicolet 380 spectrophotometer in pressed KBr

pellets (50 mg KBr and 1 mg of TNTs). X-ray powder

diffractometry were carried out using an Shimadzu XRD-

6000 diffractometer with Cu Ka radiation. Scanning elec-

tron microscopy (SEM) images were obtained with a JEOL

JSM-6700F. Transmission electron microscopy (TEM)

images were obtained with a JEOL JEM-2010.

Synthesis of TNTs

TNTs were synthesized via a hydrothermal method of 3 g

rutile TiO2 nanopowder was mixed with 120 mL 10 mol L-1

NaOH aqueous solution and stirred for 60 min at room

temperature. Subsequently heated in a 200 mL Teflon-lined

stainless steel autoclave at 150 �C for 48 h, then the reaction

vessel was cooled to room temperature and subsequently

washed by 0.1 M HCl aqueous solution and Milli-Q deion-

ized water respectively until the pH of rinsing solution was

approximately 7.0. The obtained precipitate was dried in a

vacuum oven at 90 �C for 12 h and stored in glass bottles

until used.

Batch sorption experiments

The adsorption experiments were carried out by batch

technique in polyethylene centrifuge tubes under ambient

conditions at 298.15 ± 2 K. The stock solution of TNTs

and NaClO4 were pre-equilibrated for 4 h before the

addition of Th(IV) stock solution. The pH was adjusted to

desired values by adding negligible volumes of

0.1 mol L-1 HCl or 0.1 mol L-1 NaOH to achieve the

desired pH values. After equilibrium, the pH of the

suspension was measured and the samples were centrifuged

at 10000 rpm for 30 min to separate the solid and liquid

phases. Then the supernatant solution was measured for

residual Th(IV) concentration. The concentration of Th(IV)

was analyzed by spectrophotometry at 660 nm by using

Th(IV) Arsenazo(III) complex [11]. The blank experiments

demonstrated that the adsorption of Th(IV) on the poly-

ethylene tube walls was negligible. The amount of adsor-

bed Th(IV) and distribution coefficient (Kd) was estimated

from the difference of the Th(IV) concentration in the

aqueous before and after the adsorption.

q ¼ C0 � Ceð Þ � V

m
ð1Þ

Kd ¼
V

m

C0

Ce

� 1

� �
ð2Þ

where q (mg g-1) is the amount of Th(IV) adsorbed on

TNTs; C0 (mg mL-1) is the initial concentration of Th(IV)

in the solution; Ce (mg mL-1) is the concentration of

Th(IV) in supernatant after centrifugation; m (g) is the

mass of TNTs and V (mL) is the volume of aqueous

solution.

Results and discussion

XRD analysis

The X-ray diffraction (XRD) pattern of the sample is

shown in Fig. 1. The remarkable diffraction peaks at

2h = 10.5� is represented interlayer space of TNTs [22,

24], The peaks at 2h = 28.4�, 24.3� and 48.3� is perhaps

the structure of sodium titanate, indicating that the remnant

Na? stabilized the nanotube structures [25].

Fig. 1 XRD analysis of TNTs
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FTIR analysis

Study of the as-synthesized TNTs was also followed by

FTIR in the range between 4000 and 400 cm-1 and the

results obtained have been illustrated in Fig. 2. Absorption

peak at 400–800 cm-1 can be assigned to the stretching

vibration of Ti–O or Ti–O–Ti [26]. A broad and intense

band in the region of 3200–3550 cm-1 can be ascribed to

O–H stretching vibrations, existence of hydroxyl groups

and huge amount of water molecules in the surface and

interlayer space. The sharp peak at 1650 cm-1 confirmed

the presence of water and can be assigned to H–O–H

bending vibrations of water molecules.

SEM and TEM analysis

The morphology of the sample is characterized by SEM

and TEM. Figure 3a shows the SEM image of the as-

synthesized TNTs, it is indicated that the as-synthesized

TNTs are interlaced each other. The nanotube length ran-

ges from several tens to hundreds of nanometers. Figure 3b

shows the TEM image of the as-synthesized TNTs,

revealing large quantity of tubular materials with narrow

size distribution. The tubes are central hollow and open

ended. The inner diameter of the TNTs is found to be about

5–7 nm and outer diameter of 9–13 nm.

Kinetics of adsorption

The adsorption of Th(IV) on TNTs has been investigated as

a function of contact time. As shown in Fig. 4, The amount

of adsorbed Th(IV) soars with time increase, and equilib-

rium is maintained between two phases after about 8 h. The

quick adsorption of Th(IV) suggests that chemical adsorp-

tion rather than physical adsorption contributes to Th(IV)

adsorption on TNTs [10]. 12 h are enough to achieve the

adsorption equilibrium in our experiments. In the sub-

sequent experiments, the contact time of 12 h was fixed for

adsorption equilibration of Th(IV) on TNTs. In order to

investigate the mechanism of adsorption the kinetics of

adsorption has to be studied, the pseudo-second-order rate

equation was used to simulate the kinetic adsorption [27]:

t

qt

¼ 1

kq2
e

þ t

qe

ð3Þ

where k (g mg-1 min-1) is the rate constant of the model, qt

(mg g-1) is the amount of Th(IV) on TNTs at contact time t

(min), qe (mg g-1) is the equilibrium adsorption capacity.

Linear plot feature of (t qt
-1) versus t is shown in Fig. 5. The

data was fitted by the pseudo-second-order rate equation

with y ¼ 0:0054X þ 0:039. The qe and k values calculated

from the slope and intercept were 185.18 mg g-1 and

7.47 9 10-4 g mg-1 min-1, respectively. The regression

coefficients (R2 = 0.99) for the linear plot is very close to 1,Fig. 2 FTIR spectra of TNTs

Fig. 3 SEM and TEM image of

TNTs. a SEM; b TEM
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which indicates that the experimental data can be described

by the pseudo-second-order rate model well.

Effect of initial pH and ionic strength

Figure 6 shows the distribution of Th(IV) as a function of

pH values in aqueous solution. We can see that, at

pH B 2.5, Th4? is more than 70 %, Th(OH)3? is less than

30 %; at pH B 3.0, Th4? is less than 35 %, Th(OH)3? is

less than 45 %, Th(OH)3
? and Th(OH)4 is less than 0.3 %;

at pH B 4.0, Th4? is less than 2 %, Th(OH)3? is less than

17 %, Th(OH)2
2? is less than 54 %, Th(OH)4 and Th(OH)3

?

is less than 14 %. At high pH values, Th(OH)4(aq) could

form Th(OH)4 precipitation (Ksp = 2 9 10-45), which

loses one or two water molecule to form ThO(OH)2

(Ksp = 5 9 10-24) and ThO2 precipitation. Östhols [28]

found that Th(OH)3CO3
- and Th(CO3)5

6- can be negligible

at pH range 2–4.5, while the hydrolysis products and

the precipitation at pH [ 4 must play an important role

in the adsorption of Th(IV). Thereby, Th(OH)3CO3
-

and Th(CO3)5
6- can be negligible at pH B 3 in this

experiments.

The adsorption of Th(IV) on TNTs in 0.01 mol L-1

NaClO4 solution as a function of pH is shown in Fig. 7.

Adsorption of Th(IV) is strongly dependent on pH values.

Adsorption of Th(IV) increases at pH 1–4, and then

maintains its maximum level with increasing pH values.

The typical pH dependence adsorption was also found for

the adsorption of Th(IV) on TiO2 nanoparticles [13]. The

variation of pH before and after adsorption was also

measured. The pH values of the solution after adsorption

changes a little to the acidic region, which indicates that

H? is released during the adsorption. The adsorption of

Th(IV) depends on the number of hydroxyl groups on

TNTs surfaces and the concentration of hydroxyl groups is

controlled by pH. At pH \ 7, : TiOH is the primary

hydroxyl groups in TNTs [13, 22], and the Th4?,Th(OH)3?

and Th(OH)2
2? is the predominating species in Th(IV)

solution. The exchange reaction of metal cations with the

hydroxyls on the surfaces is presumed as:

� TiOHþ Th4þ !� TiOTh3þ þ Hþ ð4Þ

� TiOHþ ThðOHÞnþ4�n !� TiOThðOHÞðn�1Þþ
4�n þ Hþ ð5Þ

The positively charged Th4?, Th(OH)3? and Th(OH)2
2?

species in solution may exchange with -H from :TiOH

groups of the hydrolyzed TNTs. The H? is released from

TNTs to solution and thus the pH decreases after

Fig. 4 Effect of contact time on Th(IV) adsorption rate onto TNTs

(C0(Th(IV)) = 0.2 mg mL-1, m/V = 1 g L-1, I = 0.01 mol L-1

NaClO4, initial pH = 3 ± 0.1, T = 298.15 ± 2 K)

Fig. 5 Pseudo second order fits for the kinetic date corresponding

onto Th(IV) adsorption on TNTs (C0(Th(IV)) = 0.2 mg mL-1,

m/V = 1 g L-1, I = 0.01 mol L-1 NaClO4, initial pH = 3 ± 0.1,

T = 298.15 ± 2 K) Fig. 6 The speciation of Th(IV) in aqueous solution
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equilibration. Similar results were also reported for the

adsorption of Eu(III) on TNTs [22].

The adsorption of Th(IV) on TNTs at pH 3.0 as a

function of NaClO4 concentrations is shown in Fig. 8. As

can be seen that the adsorption of Th(IV) decreases a little

with increasing NaClO4 concentration. This suggests that

Th(IV) adsorption is weakly dependent on ionic strength.

The weakly dependence adsorption of Th(IV) onto TNTs

on ionic strength and strongly dependence adsorption on

pH values indicate that the adsorption mechanism of

Th(IV) is chemical adsorption or surface complexation but

ion exchange [6, 29]. In general, surface complexation is

influenced by pH values, whereas ion exchange is mainly

influenced by ionic strength [30, 31].

Adsorption isotherms

The adsorption isotherm is the equilibrium relationship

between the concentration in the fluid phase and the con-

centration in the sorbent particles at a given temperature

and pH. The adsorption isotherm parameters show actually

the surface properties and affinity of the sorbent. Langmuir

and Freundlich equations are the most frequently used for

describing adsorption isotherms.

The Langmuir model assumes that there is no interaction

between the adsorbate molecules and the adsorption is

localized in a monolayer. The Freundlich equation is an

empirical equation employed to describe the heterogeneous

systems and is not restricted to the formation of the

Fig. 7 Effect of pH on Th(IV) adsorption onto TNTs

(C0(Th(IV)) = 0.2 mg mL-1, m/V = 1 g L-1, I = 0.01 mol L-1

NaClO4, T = 298.15 ± 2 K)

Fig. 8 Effect of ionic strength on Th(IV) adsorption onto TNTs

(C0(Th(IV)) = 0.2 mg mL-1, m/V = 1 g L-1, initial pH = 3 ± 0.1,

T = 298.15 ± 2 K)

Fig. 9 Langmuir adsorption isotherm of Th(IV) on TNTs

(C0(Th(IV)) = 0.2 mg mL-1, m/V = 1 g L-1, I = 0.01 mol L-1

NaClO4, initial pH = 3 ± 0.1, T = 298.15 ± 2 K)

Fig. 10 Freundlich adsorption isotherm of Th(IV) on TNTs

(C0(Th(IV)) = 0.2 mg mL-1, m/V = 1 g L-1, I = 0.01 mol L-1

NaClO4, initial pH = 3 ± 0.1, T = 298.15 ± 2 K)
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monolayer. The form of Langmuir isotherm and Freundlich

isotherm can be represented by the following equation [32,

33]:

Ce

qe

¼ Ce

qm

þ 1

qmb
ð6Þ

ln qe ¼ ln KF þ
1

n
ln Ce ð7Þ

where qm (mg g-1) is the maximum adsorption capacity

and b (L mg-1) is the Langmuir adsorption constant that

relates to the energy of adsorption; KF (mg1-n g-1 Ln) is

the Freundlich constants which are indicators of adsorption

capacity, and 1/n represents the degree of adsorption

dependence at equilibrium concentration [34].

Figures 9 and 10 demonstrate the fitted resulting diagrams

based on Langmuir and Freundlich equations. The slopes and

intercepts of the linear Langmuir and Freundlich plots are

used to calculate the Langmuir and Freundlich parameters

were tabulated in Table 1. The value of R2 showed that the

adsorption isotherms are simulated by Langmuir and Fre-

undlich models well. The value of 1/n indicates a favorable

adsorption at 0 \ 1/n \ 1. The 1/n value of the adsorption of

Th(IV) on TNTs is 0.31, which indicates that the adsorption

process can be easily taken place [29, 35, 36].

Process thermodynamic parameters

Temperature is an important parameter that dominates the

physicochemical behavior of metal ions in the environ-

ment. Variation of standard thermodynamic parameters

during the adsorption process was evaluated using the

following equations [37]:

ln Kd ¼
DS�

R
� DH�

RT
ð8Þ

DG� ¼ DH� � TDS� ð9Þ

where DS�, DH� and T are the standard entropy, standard

enthalpy, and temperature in Kelvin, respectively, and

R (8.314 J mol-1 K-1) is the gas constant. Thermody-

namic parameters (DG�, DH� and DS�) associated with the

adsorption of Th(IV) on TNTs were calculated by using

this plot of ln Kd versus 1/T and Eqs. (8) and (9). The

values of thermodynamic parameters for the adsorption of

Th(VI) at different temperature were given in Table 2.

Table 2 reveals that the value of DH� is positive which

shows that the adsorption of Th(IV) on TNTs is an

endothermic process,and high temperature is advantageous

for Th(IV) adsorption onto TNTs. One possible explana-

tion to this positive enthalpy is that the adsorption of

Th(IV) can be done in two process: first, the hydration shell

surrounding of Th(IV) dehydration to form a single Th(IV)

ion, this process needs energy; Then the adsorption of

Th(IV) on TNTs by surface complexation, energy will be

released in this process; The energy required for the former

process exceeds the energy released in the later process,

and therefore adsorptions become endothermic [8, 38].

The negative value of DG� shows that the adsorption of

Th(IV) on TNTs is a spontaneous process. The value of

DG� becomes more negative at higher temperature, which

indicates that more efficient adsorption at higher

temperature.

Fig. 11 The effect of solution temperaure on the distribution

coefficient of Th(IV) on TNTs (C0(Th(IV)) = 0.2 mg mL-1, m/V =

1 g L-1, I = 0.01 mol L-1 NaClO4, initial pH = 3 ± 0.1)

Table 1 The parameters for the Langmuir and Freundlich model

Isotherms model Parameters

Langmuir qm (mg g-1) 232.56

b (L mg-1) 0.27

R2 0.99

Freundlich KF (mg1-n g-1 Ln) 75.15

1/n 0.31

R2 0.98

Table 2 Thermodynamics parameters for Th(IV) adsorption onto TNTs

Sample DH�/kJ mol-1 K-1 DS�/J mol-1 K-1 DG�/kJ mol-1

298.15 308.15 318.15 328.15

TNTs 45.29 173.98 -6.58 -8.32 -10.06 -11.80

1432 J Radioanal Nucl Chem (2013) 298:1427–1434

123



Conclusion

Analysis of the results revealed that the TNTs successfully

synthesized under hydrothermal conditions of 150 �C. The

adsorption of Th(IV) on TNTs is fast and rate of adsorption

can be fitted well by pseudo-second-order kinetic model.

The Langmuir isotherm model fits the adsorption data

better than the Freundlich model. The adsorption of Th(IV)

on TNTs is strongly dependent on pH values, but weakly

dependent on ionic strength; The adsorption of Th(IV) on

TNTs is an endothermic and a spontaneous process which

becomes more favorable at higher temperature. Experi-

mental results provide the evidence that the adsorption of

Th(IV) on TNTs may be mainly attributed to chemical

adsorption or surface complexation. The results of the

experimental studies showed that TNTs have a high

potential for application in the removal of Th(IV) from

aqueous solution.

Acknowledgments Financial supports from National Natural Sci-

ence Foundation of China (21203022; 21261001) is acknowledged.

References

1. Vearrier D, Curtis JA, Greenberg MI (2009) Technologically

enhanced naturally occurring radioactive materials. Clin Toxicol

47:393–406
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