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Abstract Oxidized multiwalled carbon nanotubes
(MWCNTs) were characterized by SEM and FTIR. The
sorption of Th(IV) on MWCNTs was studied as a function
of contact time, pH, ionic strength, Th(IV) concentration
and temperature. The results indicate that the sorption of
Th(IV) on MWCNTs is strongly dependent on pH and
weakly dependent on ionic strength. The sorption ther-
modynamics of Th(IV) on MWCNTs was carried out at
293.15, 313.15 and 333.15 K, respectively, and the ther-
modynamic parameters (standard free energy changes
(AG®), standard enthalpy change (AH®) and standard
entropy change (AS®)) were calculated from the tempera-
ture dependent sorption isotherms. The sorption of Th(IV)
on MWCNTs is a spontaneous and endothermic process.
The oxidized MWCNTSs may be a promising candidate for
the preconcentration and solidification of Th(IV), or its
analogue actinides from large volumes of aqueous
solutions.
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Introduction

The environmental behavior of lanthanides and actinides
has aroused great interest in terms of the radioactive waste
disposal [1-4]. To assess the radionuclides behavior,
radionuclide phenomena such as sorption, migration and
diffusion in natural minerals and oxides are of paramount
importance. The fate and transport of radionuclides in the
environment is generally controlled by sorption reactions,
complexation, colloid formation, etc. [5—10]. Thorium is
only stable at its valence +IV in solution, and is usually
used as a chemical analogue of other tetravalent actinides
such as Np(IV), U(IV), and Pu(IV), which are difficult to
study and to keep in the tetravalent form [11]. In recent
decades, sorption of Th(IV) on different minerals and
oxides have been studied extensively [12—18]. The results
of the previous studies indicated that sorption of Th(IV) is
strongly pH dependent and weakly ionic strength depen-
dent [19-24]. However, the sorption capacity of Th(IV) on
the minerals and oxides is still not high enough, which is
crucial for the removal of Th(IV) from large volumes of
aqueous solution.

Since the carbon nanotubes (CNTs) were discovered by
lijima [25] in 1991, the novel materials have come under
intense multidisciplinary study because of their unique
physicochemical properties [26-28]. CNTs include single-
walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs) depending on the number of
layers comprising them. Because of their highly porous and
hollow structure, large specific surface area, light mass
density, and strong interaction between carbon and mole-
cules, CNTs have been found as an efficient adsorbent for
organic pollutants and heavy metal ions [29-34]. The
earlier studies indicated that CNTs may be a promising
adsorbent used in the environmental protection. But report
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concerning application of CNTs for radionuclide sorption
was sparse. Wang et al. [35] firstly studied the sorption of
23 Am(I11) on MWCNTs and found that MWCNTSs were a
promising candidate for preconcentration and solidification
of actinides from large radioactive solutions. The previous
studies [36—38] demonstrated that the sorption of Sr(Il),
Am(III), and Eu(III) onto oxidized MWCNTSs was affected
by pH values and the sorption was mainly dominated by
strong chemisorption and chemicomplexation. Belloni
et al. [39] reviewed the application of MWCNTSs in the
removal of radionuclides from aqueous solutions, and
conclude that MWCNTs can play a role in the fireld of
nuclear waste management. However, the study of Th(IV)
sorption on MWCNTs is still scarce [16], especially the
effect of temperature on Th(IV) sorption.

Herein, we reported the application of MWCNTS in the
removal of Th(IV) from aqueous solutions. The effect of
pH, ionic strength and temperature on Th(IV) sorption was
investigated. The thermodynamic parameters were calcu-
lated from the temperature dependent sorption isotherms,
and the sorption mechanism was discussed.

Experimental
Materials

MWCNTs were prepared by using chemical vapor depo-
sition (CVD) of acetylene in hydrogen flow at 760 °C using
Ni—Fe nanoparticles as catalysts [35]. Oxidized MWCNTs
were prepared by oxidization with 3 M HNO; [35]. The
surface area of oxidized MWCNTSs is 197 m*/g by using
the N>-BET method. The point of zero charge, pHp,, i.e.,
the pH above which the total surface of the carbon is
negatively charged, was measured at pH ~5 [35, 40].

1,000 mg L™" Th(IV) stock solution was prepared as
follow: ThO, (purity >99.9%) was dissolved in 10 mL 3 M
HNO; and then transferred into a 500 mL vessel. The
solubility of ThO, was greatly improved by adding 2-3
drops HF (1:20) in the preparation of the thorium stock
solution. The stock solution was diluted with Milli-Q water
to obtain the desired concentrations. The concentration of
Th(IV) was analyzed by spectrophotometry at wavelength
650 nm by using Th(IV) arsenazo(IIl) complex. The
amount of Th(IV) sorption was calculated from the dif-
ference between the initial concentration and the equilib-
rium one.

Batch sorption experiments
Sorption kinetics was firstly carried out to achieve the

equilibrium time. The experiments were performed at
T =293.15 £ 2 K in 0.01 M NaClO,4 solution at stirring
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rate of 300 rpm. The stirring rate of 300 rpm was chosen to
make MWCNTSs homogenously to be dispersed in solution.
Sorption isotherms were investigated by using batch tech-
nique in polyethylene centrifuge tubes under ambient
conditions at 293.15 £ 2, 313.15 £ 2, and 333.15 £ 2 K,
respectively. The blank experiments demonstrated that the
sorption of Th(IV) on the test tube walls was negligible.
The stock solutions of NaClO4 and MWCNTs were pre-
equilibrated for 2 h before the addition of Th(IV) stock
solution. The samples were gently shaken for 24 h (which
was enough to achieve equilibrium). Duplicate batches
were examined to achieve the sorption curves. The relative
errors of the data were about +5%.

Results and discussion
SEM and FTIR analysis

Figure 1 shows the scan electron microscope (SEM) image
of oxidized MWCNTs. The oxidized MWCNTSs have very
smooth surfaces and cylindrical shapes with an external
diameter of 10-30 nm. Due to inter-molecular force, the
MWCNTs of different sizes and directions form an
aggregated structure. The Fourier Transform infrared
spectroscopy (FTIR) (Fig. 2) indicates that the acid treat-
ment process introduces many functional groups onto the
surfaces of MWCNTs: carbonyl groups (1,385 cm™'),
carboxyl groups (1,580 cm™"), and hydroxyl groups
(3,423 cmfl), which provide a large number of chemical
adsorption sites [41]. Meanwhile, the hydrophilic proper-
ties of these functional groups improve the dispersivity of
MWCNTs in aqueous solution [42].

Fig. 1 SEM image of oxidized MWCNTs
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Fig. 2 FTIR spectrum of oxidized MWCNTs

Kinetic sorption study

Figure 3 shows the effect of contact time on Th(IV)
sorption to MWCNTs. One can see that the sorption is
rapid in the first 15 min of contact time, and 1 h is enough
to achieve sorption equilibrium. The initial steep sorption
curve suggests that the sorption occurs rapidly on the
surface of MWCNTs. The sorption becomes slow subse-
quently because of the longer diffusion range of the Th(IV)
ions (ionic radius =~0.102 nm) into the inner channel
(diameter ~3.6 nm) of MWCNTs [35]. According to the
above results, the shaking time was fixed for 24 h for the
following batch sorption experiments.
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Fig. 3 Effect of contact time on Th(IV) sorption to oxidized
MWCNTs (Co(ThdV)) = 3.2 x 10~>mol L™!, pH = 2.70 £ 0.02,
I =0.01 M NaClO,, m/V =03 g L™, T =293.15 + 2 K)

Effect of pH and ionic strength

The sorption of ThIV) on MWCNTs in 0.01 M NaClO,
solution as a function of pH is shown in Fig. 4. Sorption of
Th(IV) is strongly dependent on pH values. Sorption of
Th(IV) increases from ~ 10 to ~95% at pH 1-4, and then
maintains its maximum level with increasing pH values.
The results of Th(IV) sorption on hematite [43] indicated
that half of Th(IV) was sorbed on hematite at pH = 2 and
~100% of Th(IV) was sorbed on hematite at pH = 4.
Jakobsson [44] studied the sorption of Th(IV) on TiO, and
found that the sorption of Th(IV) started from pH 0.5 and
increased quickly to ~100% at pH = 3, and concluded
that reversible formation of an inner sphere complex with a
strong pH dependence was the main sorption mechanism.

The sorption of Th(IV) on MWCNTs at pH 2.0 and 3.0
as a function of NaClO,4 concentrations is shown in Fig. 5.
One can see that the sorption of Th(IV) decreases a little
with increasing NaClO, concentration. With increasing
Na™ concentrations in solution, the competitive sorption of
Th(IV) with the cations adsorbed on MWCNTs increases
and thereby the sorption of Th(IV) on MWCNTs decreases.
Guo et al. [45] studied the sorption of Th(IV) on alumina
and found that the sorption decreased drastically with
increasing ionic strength at Th(IV) concentration of
75 x 1072 x 1074 mol/L; however, the sorption of
Th(IV) increased with increasing ionic strength at Th(IV)
concentration <7.5 x 107 mol/L. The pH and ionic
strength dependent sorption of Th(IV) on MWCNTs sug-
gests that the sorption of Th(IV) on MWCNTSs can be
attributed to surface complexation and cation exchange
under our experimental conditions [46—48].
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Fig. 4 Effect of pH on Th(IV) adsorption onto oxidized MWCNTs
(Co(ThAV)) = 3.2 x 10> mol L™, 7=0.01M NaClO,, m/V =
03 gL', T=1293.15+2K)
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Fig. 5 Effect of ionic strength on Th(IV) adsorption onto oxidized
MWCNTs (Co(Th(IV)) = 3.2 x 10 mol L™, m/V =03 gL},
T =293.15 &+ 2 K)
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Sorption isotherms and thermodynamic parameters

The sorption isotherms of Th(IV) on MWCNTs at 293.15,
313.15 and 333.15 K are shown in Fig. 6a. One can see
that the sorption isotherm is the highest at 7 = 333.15 K
and is the lowest at 7 = 293.15 K. The results indicate that
high temperature is advantageous for Th(IV) sorption on
MWCNTs. This phenomenon is attributed to a steep
simultaneous decrease of real sorption of solvent or a
negative temperature coefficient of the solubility of solute
[49]. Three different models, viz. Langmuir, Freundlich
and D-R isotherm equations are conducted to simulate the
sorption isotherms of Th(IV) on MWCNTs.

The Langmuir model assumes that sorption occurs in a
monolayer with all sorption sites identical and energeti-
cally equivalent. Its linear form can be described as [50]:
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Fig. 6 Sorption isotherms of Th(IV) on MWCNTs at three different temperatures. (m/V = 0.3 g L™", initial pH = 3.00 + 0.02, I = 0.01 M
NaClO,). a Sorption isotherms, b Langmuir model, ¢ Freundlich model, d D-R model
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where C.q is the equilibrium concentration of Th(IV)
remained in solution (mol L™"); C; is the amount of Th(IV)
adsorbed on MWCNTs after equilibrium (mol g_l); Cs max
is the maximum sorption capacity at complete monolayer
coverage (mol g_l), and b (L mol_l) is a constant that
relates to the heat of sorption.

The Freundlich expression is an exponential equation
with the assumption that the sorption occurs on the heter-
ogeneous sorbent surface. The equation is represented as
[51]:

In Cs =1In kg +nln Cgq (2)

where kg (mol' ™ L" g™ ) represents the sorption capacity
when metal ion equilibrium concentration equals to 1, and
n represents the degree of sorption dependent with equi-
librium concentration.

The D-R model is more general than Langmuir model
since it does not have the restriction of surface properties or
constant sorption potential. The general expression is
expressed as follow [51]:

In C; = In C pax — ﬁ82 (3)

where C, and C; . are defined above, f§ is the activity
coefficient related to mean sorption energy (mol® kJ™2),
and ¢ is the Polanyi potential, which is expressed as:

1
where R is ideal gas constant (8.314 J mol™! K1), and
T is the absolute temperature in Kelvin (K).

E (kJ mol ') is defined as the free energy change, which
requires to transfer 1 mol ions from aqueous solution to the
solid surfaces. It can be calculated from the following
equation:

1
E=—m (5)

The magnitude of E is used to evaluate the sorption
mechanism. Sorption is dominated by chemical ion
exchange if E is in the range of 8-16 kJ mol ™', whereas
physical forces influences the sorption if E is lower than
8 kJ mol ™' [52].

The experimental data of Th(IV) sorption (Fig. 6a) are
regressively simulated with Langmuir, Freundlich and D-R
models and the results are shown in Fig. 6¢c—d, respec-
tively. The relative values calculated from the three models
are listed in Table 1. As can be seen from Fig. 6¢—d, the
three models simulate the sorption isotherms well, which is
supported by the good correlation -coefficients (all
R? > 0.97 in Table 1). The fact that the sorption of Th(IV)
on MWCNTs according with Langmuir model indicates
that the binding energy on the whole surfaces of MWCNTSs

Table 1 The parameters for the three isotherm models at different
temperatures

Correlation T=29315K T=31315K T=2333.15K
parameters
Langmuir
Cy max mol g7 299 x 107*  3.18 x 107* 432 x 107
b (L mol™") 1.80 x 10* 241 x 10*  2.12 x 10*
R? 0.97 0.98 0.98
Freundlich
kg (mol'™ L" g™" 1.77 1.76 2.70
n 0.925 0.899 0.916
R? 0.99 0.99 0.99
D-R
B (mol®> kI™2) 6.01 x 107> 511 x 107> 4.60 x 1073
Comax mol g™ 518 x 107* 550 x 107> 7.99 x 1073
E (kJ mol™") 9.1 10.0 10.4
R? 0.99 0.99 0.99

is uniform. This phenomenon also indicates that chemo-
sorption is the principal sorption mechanism in sorption
process. The E values obtained from Eq.5 are 9.1
(T = 293.15 K), 10.0 (T = 313.15 K) and 10.4 kJ mol ™"
(T = 333.15 K), which are in the sorption energy range of
chemical ion-exchange reactions. The values of C; ax
obtained from the Langmuir model are the highest at
T = 333.15 K and the lowest at 7T = 293.15 K, which
indicates that the sorption is enhanced with increasing
temperature. The value of n calculated from the Freundlich
model is from unity, indicating that a nonlinear sorption of
Th(IV) takes place on MWCNTs. It is necessary to note
that the sorption capacities Cg . derived from the D-R
model are higher than those derived from the Langmuir

9.4
E ® 4.0E-6 mol/L
9.2 4 O 6.0E-6 mol/L
] m  1.0E-5 mol/L
9.0 O 1.0E-4 mol/L
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8.0 4
7.8 T T T T T T T T T
0.0030 0.0031 0.0032 0.0033 0.0034
1T (K™)

Fig. 7 Linear plot of LnKy versus Cq at different temperatures.
m/V = 0.3 g/L, initial pH = 3.00 = 0.02, I/ = 0.01 M NaClO,
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Table 2 Thermodynamic parameters of Th(IV) sorption on MWCNTSs
Co (mg L™ AH® (kJ mol™!) AS® (J mol~! K71 AG® (kJ mol™!)

293.15 K 313.15 K 333.15 K
40 x 107° 13.62 116.6 —20.58 —2291 —25.24
6.0 x 107° 12.69 114.8 —20.96 —23.26 —25.56
1.0 x 107° 11.25 107.5 —20.26 —22.41 —24.56
1.0 x 1074 10.48 102.3 —19.53 —21.57 —23.62

model. This may be attributed to the different assumptions
considered in the formulation of the isotherms. The
parameters calculated from the analysis of the three iso-
therm models indicate that sorption of Th(IV) on atta-
pulgite is a favorable and chemisorption process [53].
The distribution coefficients as a function of temperature
at different initial concentrations at 7 = 293.15, 313.15
and 333.15 K are shown in Fig. 7. The thermodynamic
parameters of AH°, AS® and AG® of Th(IV) sorption on
MWCNTs can be calculated from the temperature depen-
dent sorption isotherms. The values of standard enthalpy
change (AH") and standard entropy change (AS”) can be
calculated from the slope and y-intercept of the plot of InKy
versus 1/T (Fig. 7) using the following equations [41]:

Co — C, Vv
Kyg=—2 "%y« ” (6)

Ceq m

AS®  AH®
InKy=———— (7)

R RT

Gibbs free energy changes (AG®) of specific adsorption
are calculated from:

AG® = AH® — TAS° (8)

Relevant parameters calculated from Eqs. 7 and 8 are
given in Table 2. The values of thermodynamic parameters
provide an insight into the mechanism concerning the
interaction of Th(IV) on MWCNTs. The values of AH® are
positive, which suggests that the sorption process is
endothermic. One possible interpretation of the
endothermic process is that Th(IV) ions are well solvated
in water [40]. In order for Th(IV) ions to adsorb, they are
denuded of their hydration sheath to some extent, and this
dehydration process needs energy. It is assumed that this
energy of dehydration exceed the exothermicity of Th(IV)
ions attaching to MWCNTs. The removal of water
molecules from Th(IV) ions is essentially an endothermic
process, and the endothermicity of the desolvation process
exceed the enthalpy of sorption to a considerable extent
[54]. The Gibbs free energy change (AG®) is negative as
expected for a spontaneous process. The decrease of AG®
with increasing temperature indicates more efficient
sorption at higher temperature. Th(IV) ions are readily
desolvated at higher temperature, and thereby their sorption
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to MWCNTSs becomes more favorable. The positive values
of entropy change (AS°) reflect the affinity of MWCNTs
toward Th(IV) ions in aqueous solutions and might suggest
some structure changes.

Conclusion

The sorption of Th(IV) on oxidized MWCNTSs was studied
under ambient conditions. The effect of contact time, pH,
ionic strength and temperature on Th(IV) sorption to
MWCNTs was investigated. The pH and ionic strength
dependent sorption suggests that the sorption of Th(IV) on
MWCNTs is mainly dominated by surface complexation
and ion exchange. The oxygen-containing functional
groups of MWCNTSs contribute to Th(IV) sorption on
MWCNTs. The fast sorption of Th(IV) on MWCNTSs
suggests that MWCNTSs can be used in the removal of
Th(IV) ions from large volumes of aqueous solutions. The
high removal of Th(IV) from solution to MWCNTs sug-
gests that MWCNTs are suitable materials in the precon-
centration of Th(IV) ions in real work in nuclear waste
management.

Acknowledgments Financial supports from Anhui Province
Department of Education Fund (2006KJ123, 20101941) and Anhui
Province Department of Health Medical Science Fund (2010C081)
are acknowledged. We also thank Prof. X. Wang (IPP, China) for
providing us the samples of MWCNTs.

References

1. Tan XL, Fan QH, Wang XK, Grambow B (2009) Environ Sci
Technol 43:3115

2. Chen CL, Wang XK, Nagatsu M (2009) Environ Sci Technol
43:2362

3. Fan QH, Tan XL, Li JX, Wang XK, Wu WS, Montavon G (2009)
Environ Sci Technol 43:5776

4. Tan XL, Wang XK, Geckeis H, Rabung Th (2008) Environ Sci
Technol 42:6532

5. Chen CL, Xu D, Tan XL, Wang XK (2007) J Radioanal Nucl
Chem 273:227

6. Seco F, Hennig C, Pablo J, Rovira M, Rojo I, Marti V, Gimenez
J, Duro L, Grive M, Bruno J (2009) Environ Sci Technol 43:2825

7. Ren XM, Wang SW, Yang ST, Li JX (2010) J Radioanal Nucl
Chem 283:253



Effect of pH, ionic strength and temperature

865

11.
12.

13.

14.

15.

16.
17.

18.

19.
20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.

32.

. HuJ, Xu D, Chen L, Wang XK (2009) J Radioanal Nucl Chem

279:701

. Tan XL, Fang M, Wang XK (2010) Molecules 15:8431
. Ayata S, Aydinci S, Merdivan M, Binzet G, Kulcu N (2010)

J Radioanal Nucl Chem 285:525

Chen CL, Wang XK (2007) Appl Geochem 22:436

Sabale SR, Jadhav DV, Mohite BS (2010) J Radioanal Nucl
Chem 284:273

Bursali EA, Merdivan M, Yurdakoc M (2010) J Radioanal Nucl
Chem 283:471

Qian LJ, Zhao JN, Hu PZ, Geng YX, Wu WS (2010) J Radioanal
Nucl Chem 283:653

Zhang HX, Yang C, Tao ZY (2009) J Radioanal Nucl Chem
279:317

Chen CL, Li XL, Wang XK (2007) Radiochim Acta 95:261
Tan XL, Wang XK, Fang M, Chen CL (2007) Colloid Surf A
296:109

Yu SM, Chen CL, Chang PP, Wang TT, Lu SS, Wang XK (2008)
Appl Clay Sci 38:219

Sheng GD, Hu J, Wang XK (2008) Appl Radiat Isot 66:1313
Zhao DL, Feng SJ, Chen CL, Chen SH, Xu D, Wang XK (2008)
Appl Clay Sci 41:17

Zhang HX, Yuan JQ, Tao ZY (2007) J Radioanal Nucl Chem
273:495

Humelnicu D, Drochioiu G, Sturza MI, Cecal A, Popa K (2006)
J Radioanal Nucl Chem 270:637

Salinas-Pedroza MG, Olguin MT (2004) J Radioanal Nucl Chem
260:115

Guo ZJ, Niu LJ, Tao ZY (2005) J Radioanal Nucl Chem 266:333
Iijima S (1991) Nature (London) 354:56

Chen CL, Hu J, Xu D, Tan XL, Meng YD, Wang XK (2008)
J Colloid Interf Sci 323:33

Tan XL, Fang M, Chen CL, Yu SM, Wang XK (2008) Carbon
46:1741

Ren XM, Chen CL, Nagatsu M, Wang XK (2011) Chem Eng J.
doi:10.1016/j.cej.2010.08.045

Tan XL, Xu D, Chen CL, Wang XK, Hu WP (2008) Radiochim
Acta 96:23

Xu D, Tan XL, Chen CL, Wang XK (2008) J Hazard Mater
154:407

Shao DD, Jiang ZQ, Wang XK, Li JX, Meng YD (2009) J Phys
Chem B 113:860

Hu J, Chen CL, Zhu XX, Wang XK (2009) J Hazard Mater
162:1542

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Yang ST, Li JX, Shao DD, Hu J, Wang XK (2009) J Hazard
Mater 166:109

Sheng GD, Shao DD, Ren XM, Wang XQ, Li JX, Chen YX,
Wang XK (2010) J Hazard Mater 178:505

Wang XK, Chen CL, Hu WP, Ding AP, Xu D, Zhou X (2005)
Environ Sci Technol 39:2856

Chen CL, Hu J, Shao DD, Li JX, Wang XK (2009) J Hazard
Mater 164:923

Shao DD, Hu J, Wang XK (2010) Plasma Process Polymer 7:977
Fan QH, Shao DD, Hu J, Chen CL, Wu WS, Wang XK (2009)
Radiochim Acta 97:141

Belloni F, Kutahyali C, Rondinella VV (2009) Environ Sci
Technol 43:1250

Li JX, Chen SY, Sheng GD, Hu J, Tan XL, Wang XK (2011)
Chem Eng J 166:551

Sheng GD, Li JX, Shao DD, Hu J, Chen CL, Chen YX, Wang XK
(2010) J Hazard Mater 178:333

Chen CL, Liang B, Ogino A, Wang XK, Nagatsu M (2009)
J Phys Chem C 113:7659

Reiller P, Casanova F, Moulin V (2005) Environ Sci Technol
39:1641

Jakobsson AM (1999) J Colloid Interf Sci 220:367

Guo ZJ, Yu XM, Guo FH, Tao ZY (2005) J Colloid Interf Sci
288:14

Shao DD, Hu J, Sheng GD, Ren XM, Chen CL, Wang XK (2010)
J Phys Chem C 114:21524

Hu J, Shao DD, Chen CL, Sheng GD, Ren XM, Wang XK (2011)
J Hazard Mater 185:463

Zeng YH, Liao XP, He Q, Shi B (2009) J Radioanal Nucl Chem
280:91

Shao DD, Ren XM, Hu J, Chen YX, Wang XK (2010) Colloid
Surf A Physicochem Eng Aspects 360:74

Hu J, Shao DD, Chen CL, Sheng GD, Li JX, Wang XK, Nagatsu
M (2010) J Phys Chem B 114:6779

Hu BW, Cheng W, Zhang H, Sheng GD (2010) J Radioanal Nucl
Chem 285:389

Zhao GX, Zhang HX, Fan QH, Ren XM, Li JX, Chen YX, Wang
XK (2010) J Hazard Mater 173:661

Lu SS, Xu JZ, Zhang CC, Niu ZW (2011) J Radioanal Nucl
Chem. doi:10.1007/s10967-010-0849-1

Genc-Fuhrman H, Tjell JC, Mcconchie D (2004) Environ Sci
Technol 38:2424

@ Springer


http://dx.doi.org/10.1016/j.cej.2010.08.045
http://dx.doi.org/10.1007/s10967-010-0849-1

	Effect of pH, ionic strength and temperature on sorption characteristics of Th(IV) on oxidized multiwalled carbon nanotubes
	Abstract
	Introduction
	Experimental
	Materials
	Batch sorption experiments

	Results and discussion
	SEM and FTIR analysis
	Kinetic sorption study
	Effect of pH and ionic strength
	Sorption isotherms and thermodynamic parameters

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


