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Abstract Titanate nanotubes (TNTSs) have attracted great
interest in multidisciplinary study since their discovery.
The adsorption of thorium [Th(IV)] onto TNTs in the
absence and presence of humic acid (HA)/fulvic acid (FA)
was studied by batch technique. The influence of pH
from 2.0 to 10.0, ionic strength from 0.001 to 0.1 mol L!
NaClOy,, and coexisting electrolyte cations (Li*, Na*, K™)
and antions (ClO4~, NO5;~, CI7) on the adsorption of
Th(IV) onto TNTs was tested. The adsorption isotherms
of Th(IV) was determined at pH 3.0 and analyzed with
Langmuir and Freundlich adsorption models, respectively.
The results demonstrated that the adsorption of Th(IV)
onto TNTs increases steeply with increasing pH from 2.0
to 4.0. Generally, HA/FA was showed to enhance Th(IV)
adsorption onto TNTs at low pH values, but to reduce
Th(IV) adsorption onto TNTs at high pH values. The
adsorption of Th(IV) onto TNTs was also dependent on
coexisting electrolyte ions in aqueous solution under our
experimental conditions. The adsorption of Th(IV) onto
TNTs is exothermic and spontaneous. The findings indi-
cating that TNTs can be used as a promising candidate for
the enrichment and solidification of Th(IV) or its analogue
actinides from large volume solution in real work.
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Introduction

Thoriums have been extensively used in a variety of
industrial applications since the last century, and have
produced various gaseous, liquid and solid wastes that
contain a lot of isotopes of uranium and thorium and their
daughter products. Although direct toxicity of thorium is
low because of its stability at room temperature, since the
liquid wastes of these industrial applications may leak to
the surface and can mix with the underground waters, it is
increasingly becoming a concerning environmental issue
[1]. In addition, tetravalent thorium [Th(IV)] is usually
used as an analogue of other tetravalent actinides such as
Np(IV) and Pu(IV) in the research of nuclear waste man-
agement, which are difficult to be kept in tetravalent form
[2-4]. Therefore, the enrichment/separation of Th(IV)
through adsorption is an important process in nuclear/
radiation chemistry and environmental waste treatment
[2—4]. Studies have been carried out to examine different
aspects of the adsorption behavior and mechanism of
Th(IV) onto oxides and colloids surfaces [1-7].

Since the discovery by Kasuga et al. [8, 9], titanate
nanotubes (TNTs) have been used in multidisciplinary areas
such as photocatalysis, solar cells, sensors, catalyst supports,
ion-exchange materials, electroluminescent hybrid devices
and novel adsorbents because of their excellent physio-
chemical property [8—12]. Recently, the adsorption behavior
of TNTs to different kinds of environmental contaminants
including organic dyes [13-16] and radionuclides and/or
heavy metal ions [17-20] have been widely studied.
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For example, adsorption of organic dyes onto TNTs was
studied by Lee and co-workers [14, 15], and it was indicated
that the amount of Na(I) within TNT structure was an
important factor that dominated the adsorption capacity of
organic dyes onto TNTs. Besides, with respect to the
adsorption of heavy metal ions onto TNTs, An et al. [19] and
Liu et al. [20] found that TNTs showed high adsorption
capacity for Cu(Il), Pb(Il), and Ag(I), and the results
revealed that a decrease in adsorption was ascribed to the
strengthening O—H bond and the intercalation of H(I) in TNT
structure. The adsorption property of Eu(Ill) and Ni(Il) onto
TNTs was investigated in previous reports of Sheng et al.
[10-12], and it was also found that TNTs showed very high
adsorption to Eu(IIl) and Ni(I). All of these investigations
suggested that TNTs are promising adsorbents for the efficient
trapping of environmental contaminants in wastewater treat-
ment. However, these limited studies mainly focused on the
adsorption kinetic and thermodynamic of organic dyes and
heavy metal ions and/or radionuclides onto TNTs and little
attention has been paid to the adsorption mechanism of
radionuclides onto TNTs [11, 12].

In spite of the extensive studies about the adsorption of
organic dyes [13—16] and heavy metal ions and/or radio-
nuclides [17-20] onto TNTs, based on our literature survey,
little information about the influence of organic compounds
on the adsorption of heavy metal ions and/or radionuclides
onto TNTs has been conducted and vice versa. However, it
should be pointed out that heavy metal ions and/or radio-
nuclides and organic compounds can be simultaneously
existed at many contaminated sites. For example, the exis-
tence of humic acid (HA) and fulvic acid (FA) can impose
strong influence on the fate and transport of heavy metal ions
and/or radionuclides in natural environment. [21-27], thus,
the effect of HA/FA on heavy metal ion and/or radionuclide
adsorption onto solid particles had been extensively studied
in previous reports [21-27]. It was generally found that the
adsorption of heavy metal ions and/or radionuclides was
increased at low pH values but decreased at high pH values
[21-27]. However, the effect of HA/FA on heavy metal ion
and/or radionuclide adsorption onto TNTs is still scarce of
Sheng et al. [10-12], the effect of HA/FA on Eu(IIl) and
Ni(IT) adsorption onto TNTs was studied. Therefore, to better
understand the practical application of TNTSs as a potential
adsorbent in the wastewater management of real work, it is
greatly important to investigate the adsorption of heavy
metal ions and/or radionuclides onto TNTs in the presence of
HAJ/FA.

Herein, the objectives of this work are to: (1) study the
effect of different parameters on Th(IV) adsorption onto
TNTs, such as pH, ionic strength, coexisting electrolyte ions,
solid content, HA/FA and temperature by using batch tech-
niques (2) determine the thermodynamic parameters of
Th(IV) adsorption onto TNTs and (3) presume the adsorption
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mechanism of Th(IV) adsorption onto TNTs and to estimate
the possible application of TNTs in real wastewater treatment.

Materials and methods
Materials and chemicals

All chemicals used in our experiments were purchased as
analytically pure, and no further purification was done. The
Th(NOs3), stock solution was prepared by dissolving ThO,
in HNO; with Milli-Q water under ambient conditions.
All other solutions were prepared with Milli-Q water too.
HA and FA that carried a large number of O-containing
functional groups were extracted from the soil of Hua-Jia
County (Gansu province, China) and has been characterized
in detail in previous reports [25-28]. The O-containing
functional groups of HA and FA had been characterized by
fitting the potentiometric titration data as a suite of three
discrete acids with pK, values, and the surface site density
of HA and FA were determined to be 6.46 x 107> mol g~
and 2.71 x 1072 mol g™, respectively [25-27].

Titanate nanotubes (TNTs) were prepared from TiO,
particles which is similar to that described by Kasuga et al.
[8, 9] by using a simple hydrothermal process. The prepa-
ration and characterization of the TNT samples have been
described in previous studies [10-12]. Briefly, ~3.0 g of
TiO, particles was first mixed with ~90 mL of 10 mol L™"
NaOH solutions, and then, using a simple hydrothermal
process, the mixture was treated for ~24 hat ~ 150 °Cina
250-mL Teflon-lined autoclave. After that, the as-prepared
precipitate was washed with ~0.1 mol L™' HCI solution
and Milli-Q water respectively until the rinsing solution pH
is close to ~ 7.0, in the following, the precipitate was sepa-
rated by a filtration process. The TNT samples were dried at
~120 °C for ~8 h in a vacuum oven and stored in a glass
bottle. It can be seen from the scanning electron microscope
(SEM) and transmission electron microscopy (TEM) images
(Fig. 1) of TNTs, the outer diameter of TNT tube structures
is ~10 nm and the length are 100 nm [11]. It can be deter-
mined from the X-ray diffraction (XRD) pattern (Fig. 2a) of
the TNT samples that TNTs appears for a scrolled titanate
nanosheet (H,Ti307). The observed peaks (20 ~ 10°, 25°,
29° and 50°) in the XRD pattern were assigned to TNTs, and
the intense peak at ~ 10° can be attributed to interlayer space
of TNTs [11]. From the Fourier transform infrared (FTIR)
spectrum (Fig. 2b) of the TNT samples, a broad and intense
peak at ~3,200 cm™"' is attributed to the O—H stretching
mode, showing the presence of surface hydroxyl groups and
water molecules adsorbed on the surface and/or in the
interlayer space of TNTs. Water molecules were confirmed
by the presence of the peak at ~1,600 cm™' which is
assigned to the H-O-H deformation mode. The peak
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Fig. 1 SEM (a) and TEM (b) images of the TNT samples [11]
observed at ~895 cm™' can be attributed to the Ti-O
stretching mode which involves non-bridging oxygen atoms.
The peak of ~490 cm ™" is attributed to Ti—~O-Ti vibrations
[11]. The Zeta potentials of the TNT samples as a function of
pH are shown in Fig. 3. At pH <4.0, the TNT samples are
positively charged, which is not favorable for metal ion
adsorption, while at pH >4.0, the TNT samples are nega-
tively charged, which is favorable for heavy metal ion and/or
radionuclide adsorption [12].

Adsorption experiments

The adsorption of Th(IV) on TNTs was investigated under
ambient conditions by using the batch technique in polyeth-
ylene centrifuge tubes. In all adsorption experiments, no
attempt was made to exclude air. The stock solutions of TNTs
and NaClO,4 were pre-equilibrated for ~ 10 h and then Th(IV)
stock solution was added to achieve the desired concentration

200)

Intensity (a.u.)

of the different components. The system was adjusted to the
desired pH by adding negligible amount of 0.01 mol L™"
HCIO,, 0or0.01 mol L™' NaOH. Ionic strengths were adjusted
to the desired values with 0.1 or 1.0 mol L™' NaClO,
solution. After the suspensions were stirred for ~48 h, the
solid and liquid phases were separated by centrifugation at
8,000 rpm for 25 min. The concentration of Th(IV) was
determined by spectrophotometry at 650 nm using Th(IV)-
arsenazo(IIl) complex. The amount of Th(IV) adsorbed on
TNTs was calculated from the difference between initial
concentration and equilibrium concentration. The degree
of Th(IV) adsorption on test tube walls was determined
at Co(Th(IV)) = 20.0 mg L™", I = 0.01 mol L™"' NaClO,,
pH = 3.0 without TNTs, Results showed that the adsorption
of Th(IV) on the test tube walls can be negligible. The
adsorption percentage, R, was calculated as follows:
R = (Cy — C,) x 100 %/C,, where Cy (mg L") is the ini-
tial concentration of Th(IV), and C, (mg LY is the
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Fig. 2 XRD pattern (a) and FTIR spectrum (b) of the TNT samples [11]
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Fig. 3 Zeta potentials of HA, FA, the raw TNT samples and HA/FA
coated TNT samples as a function of pH

concentration of Th(IV) in supernatant after adsorption
equilibrium. The distribution coefficient, K4, was calculated
from the difference between initial and equilibrium concen-
tration and the concentration of adsorbent dosage: K4 = g—

= % . %, where g, (mg g~ 1 is the concentration of Th(IV)

e

adsorbed on solid phase, V (L) is the volume of the solution,
and m (g) is the mass of TNTs in solution.

Results and discussion
Effect of pH and ionic strength

Figure 4 shows the pH dependence of Th(IV) adsorption onto
TNTs in a series of NaClO, solutions changing from 0.001 to
0.1 mol L™". It can be clearly seen that the adsorption of
Th(IV) onto TNTs is affected by solution pH. The adsorption
curve of Th(IV) onto TNTs can be divided into two regions,
namely, the adsorption of Th(IV) onto TNTs in 0.001 mol
L~' NaClO, solution increases gradually from ~ 10 to
~95 % with pH increasing from 1.5 t0 4.0 (region I), whereas
the adsorption of Th(IV) onto TNTs maintains the maximum
value of ~95 % with pH increasing from pH4.0t0 9.0 (region
II). The results herein are similar to the adsorption of Th(IV)
onto MX-80 bentonite [2], y-Al,O3 [3] and anatase [4]. The
increase of Th(IV) adsorption onto TNTs with solution pH
increasing may be ascribed to the surface properties of TNTs
in terms of surface charge and dissociation of surface func-
tional groups of TNTs. The surface of TNTs contains a large
number of adsorbing sites and may become positively charged
atlow pH because of the protonation reaction on TNT surfaces
(i.e., SOH + H" < SOHJ), thus the electrostatic repulsion
occurred between Th(IV) and the positive surface functional
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groups (SOH, ™) onto TNT surface results in the low adsorp-
tion efficiency of Th(IV). However, at high pH, TNT surface
becomes negatively charged due to deprotonation reaction
(i.e., SOH < SO~ +H") and electrostatic repulsion
decreases with pH raising because of the reduction of positive
charge density on adsorbing sites, which enhances the
adsorption of the positively charged Th(IV) through electro-
static attraction. The characteristic of Th(IV) complex that
predominates at a specific pH may also play an important
role in the removal of TNTs towards Th(IV). According to the
hydrolysis constants of Th(IV) in aqueous solutions (log
p1 = —238, log i, = —7.6, log /3 = —13.1 and log f, =
—8) [4], the specie distribution of Th(IV) as a function of pH
values is shown in Fig. 5. AtpH <2.0, Th*" is the main species
(>80 %), Th(OH)3+ is less than 14 %; at 2.0 < pH < 4.0,
Th*" and Th(OH)’" are the main species; at pH > 4.0,
Th(OH), is gradually becoming the main species. Therefore,
the high adsorption of Th(IV) onto TNTs may be attributed to
the precipitation of Th(OH), on the surface of TNTs.

From Fig. 4, it can be also seen that the adsorption of
Th(IV) onto TNTs increases with ionic strength decreasing
at pH < 4.0. It is well known that CIO,~ does not form
complexes with Th(IV) in aqueous solution and/or on
TNTs surfaces. The role of NaClO, concentration on
Th(IV) adsorption onto TNTs is mainly due to the compe-
tition of Na™ with Th(IV) on TNT surfaces. It can see
that the adsorption of Th(IV) onto TNTs at pH < 4.0 is
obviously affected by ionic strength, whereas no drastic
difference of Th(IV) adsorption onto TNTs can be found at
pH > 4.0 in the three NaClO, solution of different concen-
trations. The pH- and ionic strength-dependent adsorptions
of Th(IV) onto TNTs suggest that the removal of Th(IV) to
TNTs is dominated by outer surface complexation and/or
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Fig. 4 Effect of ionic strength on Th(IV) adsorption onto TNTs as a
function of initial pH, m/V = 0.5 g L™, Cirhyinitias = 20.0 mg L™
and T =293 K
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Fig. 5 The relative species of Th(IV) as a function of solution pH

cation exchange at pH < 4.0, whereas the pH- and ionic
strength-independent Th(IV) adsorption onto TNTs indi-
cates that the adsorption of Th(IV) onto TNTs is mainly due
to inner surface complexation and/or surface precipitation at
pH > 4.0 studied herein [29].

Effects

From Fig. 6, one can see that HA/FA strongly affects the
adsorption of Th(IV) onto TNTs, showing the adsorption of
Th(IV) onto TNTs is obviously enhanced at low pH values
(i.e., from 2.0 to 4.0), but is reduced at high pH values (i.e.,
at pH > 4.0). In the presence of HA/FA, (HA/FA)-Th
complexes can be formed. At low pH values, these Th
complexes can be easily adsorbed onto TNT surface,
leading to the enhanced adsorption of Th(IV) onto TNTs.
Additionally, the adsorbed HA/FA may introduce more
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Fig. 6 Effect of HA/FA on the adsorption of Th(IV) onto TNTs as a
function of initial pH, I = 0.01 mol L™! NaClO,, m/V = 0.5 g L™/,
Cethyinitial = 20.0 mg L' and T = 293 K

negative surface charge on the surface of TNTs, allowing
more Th(IV) to be adsorbed onto TNT surface due to
favorable electrostatic interaction. At high pH values, the
negatively charged HA/FA is weakly adsorbed onto TNT
surfaces and the stable complex (HA/FA)-Th can be easily
dissolved in aqueous solution, leading to the decreased
adsorption of Th(IV) onto TNTs. Herein, we determined
the zeta potentials (Fig. 3) of HA and FA, and HA/FA
coated TNTs as a function of pH, respectively, and it can
be found from Fig. 3 that both FA and HA have negative
potentials at pH > 2.0. Therefore, at low pH values, the
negatively charged HA/FA can be easily adsorbed on the
positively charged surfaces of TNTs (Fig. 7) due to elec-
trostatic attraction, while the negatively charged FA/HA
can be hardly adsorbed on the negatively charged surfaces
of TNTs (Fig. 7) due to electrostatic repulsion at high pH
values. Due to the adsorption of HA/FA onto TNTs, the
values of  potentials of HA/FA coated TNTs are less
positive at low pH values, while more negative at high pH
values, compared to those of bare TNTs (Fig. 3). Based on
these analysis, the strong complexation ability of surface
adsorbed HA/FA with Th(IV) should enhance the adsorp-
tion of Th(IV) onto TNTs. The complexation between
Th(IV) and HA/FA is more stronger than that between
Th(IV) and TNTs. However, with solution pH increasing,
the negatively charged HA/FA can be difficultly adsorbed
on the negatively charged TNTs surface due to electrostatic
repulsion. At high pH values, The competition between
soluble HA/FA and TNTs with Th(IV) increases the for-
mation of strong HA/FA-Th complexes in solution, thereby
competitively diminishing the extent of Th(IV) adsorption
on HA/FA-TNTs hybrids [2, 3].

One can also see from Fig. 6 that the effect of FA on
Th(IV) adsorption onto TNTs is much stronger than the
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Fig. 7 Adsorption of HA and FA onto TNTs as a function of pH,
Ciuiapay = 100 mg L™, m/V=05¢gL™", I = 0.0l mol L™ Na-
ClO4, T = 20 °C [11]
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effect of HA on Th(IV) adsorption onto TNTs at the whole
pH range at the same concentrations. Although HA and FA
were extracted from the same soil sample and both of HA
and FA contain similar O-containing functional groups
such as carboxyl (-COOH), hydroxyl (~OH) and phenolic
(-Ph—OH) groups, the proportions and configurations of
these O-containing functional groups and are quite different.
The surface site density of FA (i.e., 2.71 x 1072 mol g_l)
is higher than that of HA (i.e., 6.46 x 107> mol g~ '), sug-
gesting that FA can provide more available adsorbing sites
for the adsorption Th(IV) onto TNTs [22-25]. So it is quite
reasonable that FA has a stronger effect on Th(IV) adsorption
onto TNTs than HA does. In previous investigations, Xu
et al. [2] studied the effect of HA/FA on Th(IV) adsorption
onto MX-80 bentonite, Chen et al. [3] studied the effect of
HA/FA on Th(IV) adsorption onto y-Al,O3, Tan et al. [4]
studied the influence of HA/FA on Th(IV) adsorption onto
anatase, and similar foundlings have been reported.

Effect of coexisting electrolyte ions

Figure 8 shows that the adsorption of Th(IV) from aqueous
solution onto TNTs was clearly affected by different
coexisting electrolyte ions, i.e., Nat, K*, Li*, ClO,",
NO;™ and Cl7, respectively. From Fig. 8a, the adsorption
of Th(IV) onto TNTs is strongly affected by coexisting
electrolyte cations. The adsorption of Th(IV) onto TNTs at
pH 1.0-4.0 are in the following sequence: K*<Na*<Li™,
showing that coexisting electrolyte cations can affect the
adsorption of Th(IV) onto TNT surfaces. The coexisting
electrolyte cations in solution will compete for interaction
with the surface of TNTs, and Th(IV) have higher charge
and higher affinity to the surface of TNTs than the alkali
metals. As support for this competition principle, the order
of TNTs uptake at pH 1.0-4.0 was found to be the highest
for Li* and the lowest for K™, which is the order of their
radii of hydration: K™ = 2.32, Na* = 2.76 and Li*=3.4 A
[3]. The adsorption of Th(IV) onto TNTs can be considered
as a competition of Th(IV) with Lit (or Nat, KT) at TNT
surfaces. The radius of Li™ is larger than those of the other
two cations and therefore the effect of Lit on Th(IV)
adsorption onto TNTSs is smaller than those of Na* and K™.
From Fig. 8b, it can be seen that the order of decrease in
the adsorption of Th(IV) onto TNTs is the highest in
NaClO, solution and the lowest in NaCl solution at
pH < 4.0. The following reasons can be used to explain
this phenomenon: (1) Idiocratic adsorption of C1~ onto the
surfaces of TNTSs is a little easier than that of NO3~ and
ClO,4 ", and thus C1™ adsorption on the surfaces of TNTs
changes the surface properties of TNTs and decreases the
availability of adsorbing sites for the adsorption of Th(IV);
(2) CI" and NO3 ™ can form soluble complexes with Th(IV)
in aqueous solution, while CIO,~ can be not formed
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Fig. 8 Effect of coexisting electrolyte cation (a) and anion (b) ions
on the adsorption of Th(IV) onto TNTs as a function of initial pH,
m/V =0.5 g L™", Cornyiniiar = 20.0 mg L™" and T = 293 K

soluble complexes with Th(IV) in aqueous solution. (3)
The radicals radium sequence is ClI~ < NO3;~ < ClO4™,
the smaller radium radicals can take up more adsorbing
sites and contribute to the decease of Th(IV) adsorption
onto TNTs [2, 29].

Effect of adsorbent content

The effect of adsorbent content on the adsorption of Th(IV)
from aqueous solution onto TNTs is shown in Fig. 9. It can
be clearly found that the extent of adsorption percentage
(%) of Th(IV) onto TNTSs increases with solid content
increasing (Fig. 9a). This is to be expected because, for a
fixed initial Th(IV) concentration, increasing TNT content
can provide more adsorption sites and thereby increases the
adsorption of Th(IV) onto TNTs [30]. However, the con-
centration of Th(IV) adsorbed on TNTs decreases with
TNT content increasing (Fig. 9b). This phenomena can be
attributed to the following factors: (1) a higher amount of
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TNT effectively reduces the unsaturation of adsorption
sites, and thus the number of such sites per unit mass comes
down resulting in comparatively less adsorption at higher
TNT amount; (2) when TNT content is low, the Th(IV) can
easily access the adsorption sites and thus results the high
values of adsorption capacity. With the increase in TNT
content, the corresponding increase in adsorption per unit
mass of TNTs is less because of lower adsorption capacity
utilization of TNTs, which may be ascribed to over-
crowding of TNT particles that may be termed as a kind of
solid concentration effect; (3) higher TNT content can
create particle aggregation, thus resulting in the decrease of
the total surface area and the increase in diffusional path
length, contributing to the decrease in adsorption capacity
[31, 32]. From Fig. 9c, it is clear that the final concentra-
tion of Th(IV) remained in solution and the concentration
of Th(IV) adsorbed on TNTs both decrease with TNT
content increasing. This is certainly a capacity effect
[33, 34]. However, the distribution coefficient does not
change with TNT content increasing (Fig. 9d), which is
consistent to the physicochemical properties of the values
of distribution coefficient (i.e., the value of distribution

coefficient is independent of solid content at low solid
concentrations) [34, 35].

Adsorption isotherms and thermodynamics

The adsorption isotherms for Th(IV) adsorbed onto TNTs at
293, 313 and 333 K are shown in Fig. 10. The adsorption
isotherm is the highest at T = 333 K and is the lowest at
T = 293 K. The result indicates that high temperature is
advantageous for Th(IV) adsorption onto TNTs. The Lang-
muir and Freundlich isotherm models are used to simulate the
adsorption isotherms of Th(IV) adsorption onto TNTs and to
establish the relationship between the amount of Th(IV)
adsorbed onto TNTs and the concentration of Th(IV)
remained in aqueous solution. The Langmuir model assumes
that adsorption of Th(IV) onto TNTs occurs in a monolayer
with all adsorption sites identical and energetically equivalent
[34-36]. The form of the Langmuir model can be described by

. < bguaC . .
the following equation:g, = ﬁq-+2x—d’ which can be expressed in
i T BT N - g
linear form: = o T where C, is the equilibrium

concentration of Th(IV) remained in aqueous solution
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Th(IV) concentration = 10-40 mg L™', symbols denote experimen-
tal data, solid lines represent the model fitting of Langmuir equation,
dash lines represent the model fitting of Freundlich equation

(mg L™ ": g, is the amount of Th(IV) adsorbed on per weight
unit of TNTs after equilibrium (mg g_l); Gmax, the maximum
adsorption capacity of Th(IV) onto TNTS, is the amount of
Th(IV) at complete monolayer coverage (mg g~ '), and b
(L m~'g) is a constant that relates to the heat of adsorption
of Th(IV) onto TNTs. The Freundlich isotherm model allows
for several kinds of adsorption sites on TNT surface and
represents properly the adsorption data at low and interme-
diate concentrations on heterogeneous surfaces [34—36]. The
equation of the Freundlich model is represented by the
equation:g, = krCJ, which can be expressed in linear
form:log g, = log kr + nlog C,, where k (mg' =" g~' L")
represents the adsorption capacity of Th(IV) onto TNTs when
Th(IV) equilibrium concentration equals to 1, and n represents
the degree of dependence of adsorption of Th(IV) onto TNTs
with equilibrium concentration [34-36]. The relative values
calculated from the Langmuir and Freundlich isotherm
models are listed in Table 1. From Fig. 10 and the R* values of
Table 1, we can see that the Langmuir model fits the experi-
mental data of Th(IV) adsorption onto TNTs better than the

Freundlich model, suggesting that the binding energy on the
whole surface of TNTs is uniform. The values of gpax
obtained from the Langmuir model for Th(IV) adsorption onto
TNTs are the highest at T = 333 K and the lowest at T =
293 K, indicating that the adsorption of Th(IV) onto TNTSs is
improved with reaction temperature increasing.

The thermodynamic parameters (AH®, AS°, and AG®) for
Th(IV) adsorption onto TNTs can be determined from the
temperature-dependent adsorption. Free energy change
(AG®) is calculated from the relationship: AG°® =
—RT In K°, where K° is the adsorption equilibrium constant
of Th(IV) onto TNTs. Values of In K° obtained by plotting
In K, versus g, for the adsorption of Th(IV) onto TNTs
(Fig. 11) and extrapolating g, to zero [28, 34-36] are 8.79
(T =293 K), 894 (T =313 K) and 9.15 (T = 333 K)
(Table 2), respectively. Standard entropy change (AS°) is

calculated using the equation: (%) = —AS°, The average

standard enthalpy change (AH®) is then calculated from the
expression: AH® = AG® 4+ TAS®. The values obtained from
these equations are tabulated in Table 3. A positive value of
the standard enthalpy change (AH®) shows that the adsorp-
tion of Th(IV) onto TNTs is endothermic. One possible
explanation to this positive entropy is that Th(IV) is solved
well in water, and the hydration sheath of Th(IV) has to be
destroyed before its adsorption onto TNTs. This dehydration
process needs energy, and it is favored at high temperature.
The removal of water from ions is essentially an endothermic
process, and it appears that the endothermicity of the
desolvation process exceeds that of the enthalpy of adsorp-
tion by a considerable extent [23, 27, 35]. As is expected for a
spontaneous process under the experimental conditions, it is
clear that the free energy changes (AG®) of Th(IV) adsorp-
tion onto TNTs is more negative at higher temperature,
which indicates that the spontaneity of the adsorption pro-
cess increases with the rise in temperature. The positive
value of entropy change (AS°) implies some structural
changes in sorbate and sorbent during the adsorption process,
which leads to an increase in the disorderness of the solid-
solution system [23, 27]. The thermodynamic analysis
derived from temperature-dependent adsorption isotherms
shows that the adsorption of Th(IV) onto TNTs is sponta-
neous and endothermic.

Table 1 The parameters for Langmuir and Freundlich adsorption isotherms of Th(IV) onto TNTs at different temperatures

T (K) Langmuir Freundlich

Gmax (g g7 b (L mol™") Kr (mg' ~"L" g7 n R
293 50.97 0.089 0.995 8.72 0.645 0.987
313 69.76 0.082 0.996 9.59 0.680 0.988
333 95.24 0.110 0.996 11.99 0.629 0.987
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Fig. 11 The linear fit of In K; versus ¢, (In K; = A + Bg,) for
Th(IV) adsorption on TNTs, pH = 3.0, I = 0.01 mol L~! NaClO,,
m/V = 0.5 g L', initial Th(IV) concentration = 10-40 mg L~

Table 2 Constants of linear fit of In K, versus ¢, (In K; = A + Bg,)
for Th(IV) adsorption onto TNTs

T (K) A B R

293 8.79 —0.054 0.995
313 8.94 —0.053 0.993
333 9.15 —0.065 0.988

Table 3 Values of thermodynamic parameters for the adsorption of
Th(IV) onto TNTs

TK) AG° (I mol™") AH° (KJmol™!)) AS° J mol™! K7}
293 —21.41 35.98 195.9

313 —23.26 38.05 195.9

333 —25.33 39.91 195.9
Conclusion

In the light of the finding of this work, the following main
conclusions can be stressed: The adsorption capacity of
Th(IV) onto TNTs is very high. The Langmuir isotherm
model described the data better than the Freundlich model.
Langmuir model fitted the adsorption data of Th(IV) onto
TNTs better than the Freundlich model. The adsorption
of Th(IV) onto TNTs was also dependent on HA/FA and
coexisting electrolyte ions in aqueous solution under our
experimental conditions. The adsorption of Th(TV) onto
TNTs is exothermic and spontaneous. Therefore, TNTs
exhibit promising application in the field of nuclear science
and technology for the enrichment and solidification of
radionuclides.
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