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ABSTRACT

The number of carboxyl groups on the surface of hydrothermal carbon spheres (HCSs)
has been largely increased by simply heating at lower temperature in air. The textural
properties of the carboxyl-rich hydrothermal carbon spheres were characterized using
Boehm titrations, scanning electron microscopy, Fourier transform infrared spectrometer
(FT-IR), and elemental analysis (EA). The result of Boehm titrations indicated that the
content of carboxyl groups on HCSs increased significantly from 0.53 to 3.81 mmol/g
after heat treatment at 300°C, which was also confirmed by FT-IR and EA qualitatively.
The ability of heat-treated HCSs has been explored for the removal and recovery of tho-
rium from aqueous solutions, and the influences of different experimental parameters,
such as solution pH, heat treatment temperature, contact time, initial thorium concentra-
tion, temperature, and ionic strength on adsorption, were investigated. The Th(IV) sorp-
tion capacity of HCSs increased from 17.76 to 69.93mg/g after heat treatment at 300°C
for 5h. Adsorption kinetics was better described by the pseudo-second-order model and
the adsorption process was well defined by the Langmuir isotherm. Thermodynamic
parameters indicated that the adsorption process was feasible, endothermic, and
spontaneous in nature. Selective adsorption studies showed that the heat-treated HCSs
could selectively remove Th(IV), and the selectivity coefficients were improved after heat
treatment in the presence of coexisting ions, Na(l), Ni(ll), Sr(Il), Mn(I), Mg(ID),
Zn(I), and Hg(II). The adsorbed heat-treated HCSs could be effectively regenerated by
1.0mol/L HCI solution for the removal and recovery of Th(IV). Complete removal
(~100%) of Th(IV) from 1.0 L artificial sea water containing 25.0mg Th(IV) ions was
possible with 1.5 g heat-treated HCSs.
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1. Introduction

Thorium is found in the tetravalent state and con-
centrated in natural sediments either in detrital rein-
state minerals, such as monazite, rutile, and thorianite,
or adsorbed onto natural colloidal-sized materials in
the nature [1] and has been extensively used in many
areas like nuclear fuel, alloy, and laboratory investiga-
tions [2]. Besides its industrial importance, these activ-
ities generate a wide diversity of wastewaters
containing isotopes of thorium and its daughter prod-
ucts, which can cause dangerous consequences for
human beings by affecting the ecosystems [3]. The
lethal dose of Th** nitrate or chloride by intravenous
injection is 25-30 mg kg ' in rabbits [4]. Therefore, the
removal and recovery of thorium from contaminated
groundwater has attracted more and more attention.

Over the last few decades, a variety of technolo-
gies, such as solvent extraction [5,6], ion exchange [7],
and adsorption, have been developed for the removal
and recovery of thorium from radioactive wastes in
consideration of the dual significance of the potential
environmental health threat and use as nonrenewable
resource of nuclear energy, among which adsorption
is an attractive method because of its high efficiency,
ease of handling, and the availability of different
adsorbents. Numerous adsorbents have been used for
the removal of thorium from the wastewaters, such as
natural [8-11] and modified clays [12-17], micro-
organisms [18], carbon materials [19-21], zeolite
[22,23], and cellulosic materials [24].

A promising adsorbent suitable for use in extreme
environments, such as high temperature, high radiation
damage rate, and aggressive chemical environments,
might be carbonaceous materials, because of their
higher radiation and thermal and chemical stability
than that of organic exchanger resins and familiar inor-
ganic sorbents [24]. Nowadays, carbonaceous materials
such as activated carbon [24,25], carbon nanotubes
[26,27], carbon fiber [28], and mesoporous carbon
[29,30] are being widely used in the area of metal sepa-
ration and wastewater treatment, but their perfor-
mances of adsorption are not desirable; furthermore,
they are usually prepared under harsh and/or high
energy-consuming conditions [31]. Hydrothermal car-
bon spheres (HCSs) were chosen to be the sorbent in
this work. They could be prepared from saccharides
and other biomass, such as glucose [32], sucrose [33,34],
fructose [35], starch [36], and cellulose [37,38] under fac-
ile and mild hydrothermal process without using any
organic solvents, catalysts, or surfactants at moderate
temperatures [39]. HCSs have the inherent characteris-
tics of carbon materials, such as thermal and radiation
stabilities. Meanwhile, HCSs have relatively abundant
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oxygen-containing functional groups (OFGs) [40],
which make them more advantageous to subsequent
surface chemical function and sorption separation.

In our previous work, our group has prepared car-
boxyl-rich hydrothermal carbon spheres through low-
temperature heat treatment in air and found that it is
an excellent adsorbent toward uranium (VI) in the
aqueous solution, the U(VI) sorption capacity of HCSs
increased from 55.0 to 179.95 mg/g after heat treatment
at 300°C for 5h [41]. However, to the best of our knowl-
edge, the HCSs have not been reported for adsorption
of thorium from aqueous system so far. Therefore, it
would be interesting to explore the possibility of HCSs
for the environmental purpose mentioned above.

In the present report, the carboxyl-rich hydrother-
mal carbon spheres have been prepared by simply
heating at lower temperature in air. Various techniques
were used to characterize the structure and textural
property of HCSs, including Boehm titrations, Fourier
transform infrared spectroscopy (FT-IR), scanning elec-
tron microscopy (SEM), and elemental analysis (EA).
The ability of heat-treated HCSs has been explored for
the removal and recovery of thorium from aqueous
solutions. The parameters that affect the thorium(IV)
sorption, such as solution pH, contact time, initial tho-
rium(IV) concentration, ionic strength, and tempera-
ture, have been investigated. The adsorption achieved
equilibrium within 80min and followed a pseudo-
second-order equation. Results have been analyzed by
Langmuir and Freundlich isotherm; the former was
more suitable to describe the sorption process. Thermo-
dynamic parameters indicated the adsorption process
was an endothermic process and spontaneous.

2. Materials and methods
2.1. Materials

For the preparation of a stock thorium(IV) solution,
0.2457 g Th(NO5)4-5H,0 was dissolved in 20mL 0.1 M
HCl, and then the solution was transferred to a
100-mL volumetric flask and diluted to the mark with
distilled water to produce a thorium(IV) stock solution
(1mg/mL). The thorium solutions were prepared by
diluting the stock solution to appropriate volumes
depending upon the experimental requirements. All
other reagents were of AR grade.

2.2. Preparation of carboxylate-rich hydrothermal carbon
spheres

Hydrothermal carbon spheres were prepared
according to Wang et al. [32] with minor revision.
Typically, 2.0g glucose and 15mL deionized water
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were transferred into a 25-mL Teflon-lined stainless
steel autoclave, sealed, and heated at 180°C for 16 h.
When the reaction was completed, the autoclave was
cooled to room temperature, and the black precipitate
was collected and washed with water, pure ethanol,
and acetone until the filtrate was neutral, and the final
product was dried at 80°C for 6 h and was designated
as HCSs.

The HCSs were then further treated in a muffle
furnace in air at a temperature range of approximately
100-300°C. The heat-treated solids were washed thor-
oughly with deionized water and subsequently etha-
nol until neutral and then dried in a vacuum oven at
50°C for 12 h. The heat-treated samples were denoted
as HCSs-100, if heat-treated at 100°C, and so on.

2.3. Characterization

The OFGs content of HCSs was examined by
Boehm titrations [42]. Surface morphology was charac-
terized on a JEOL JSM-5900 scanning electron micros-
copy. The FT-IR spectra were recorded on Nicolet
Nexus 870 Fourier transform infrared spectrometer
using the KBr pellet technique (1:50) with the resolu-
tion 2cm ™. CHN content was determined by a CAR-
LO1106 elemental analysis device.

2.4. Adsorption experiments

The Th(IV) adsorption was studied as a function of
pH, heat treatment temperature, contact time, initial
thorium concentration, temperature, and ionic strength.
The batch sorption studies were performed in a recip-
rocating water bath shaker with concussion speed of
200 rpm. In the experiments, 50 mg of sorbent was sus-
pended in 50 mL solution containing different amounts
of Th(V) concentration and different initial pH
(adjusted with 0.1 mol/L HCl and 0.1 mol/L NaOH).
The concentration of thorium ions in the solution was
determined by the arsenazo III method with a 721-type
spectrophotometer at 665 nm [10]. The amount of tho-
rium ions adsorbed per unit mass of the HCSs and the
Th(IV) removal were calculated by Egs. (1) and (2).

_ (Ci - Ce)V
Te="w M
Removal/% = Co (; Ce. 100% 2
0

where g, is the adsorption capacity of the HCSs (mg/g);
Cop and C, are the thorium concentration in the initial
and equilibrium solution (mg/L), respectively; C; is the
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thorium concentration of the initial solution subtracted
the precipitated part at the fixed pH; V is the volume of
aqueous solution (L); and W is the mass of HCSs (g).

3. Results and discussion
3.1. Characterization

The weight-loss ratios, elemental analyses, and car-
boxyl content of the heat-treated HCSs are shown in
Table 1. Notably, the weight-loss ratio became higher
with the increase in temperature, probably due to the
volatilization and decomposition of some incompletely
polymerized monomers, oligomers, and/or small mol-
ecules on HCSs frameworks. The content of carboxyl
groups increased from 0.53 to 3.60 mmol/g after heat-
ing at 300°C for 1h, and only to 3.81 mmol/g for 5h.
It could be deduced that the formation of freshly gen-
erated carboxyl groups was a relatively rapid chemical
process and the heating time had little influence on
the carboxyl group content. It was shown that there
was no nitrogen in any tested samples, so the oxygen
content can be calculated by subtracting the sum of
carbon and hydrogen from 100. Both C% and H%
decreased remarkably with the heat treatment temper-
ature increasing, which also supported the results
from Boehm titration and FT-IR spectra below.

The FT-IR spectra of the pristine and heat-treated
HCSs are shown in Fig. 1. The band at 3,440 was
attributed to the O-H (hydroxyl or carboxyl) stretch-
ing vibration and C-OH (hydroxyl, ester, or ether)
bending vibrations [40]. The two peaks at 1,710 and
1,640 cm™" were correspond to C=O stretching of the
aromatic carboxylic moiety (C¢Hs-C=0) [43]. Obvi-
ously, all materials were rich in OFGs such as car-
boxyl and hydroxyls, moreover, and it was much
more significant that the intensity of the adsorption
bands at 1,710 and 1,640cm ! increased gradually
along with the rise of the heat treatment temperature.
The results provided more direct evidence that heat
treatment had a great influence on the content of car-
bonyl groups on HCSs. According to the results of
Boehm titrations, the freshly carbonyl groups after
heat treatment, especially at higher temperature, were
mainly in the form of carboxyl groups.

The SEM images of pristine HCSs and HCSs-300 in
Fig. 2 displayed that the carbon products appear to
have perfect spherical shape, but seriously adhered.
And the morphology of HCSs had no obvious changes
after heat treatment.

3.2. The effect of solution pH

The pH of aqueous solution is an important
variable for the Th(IV) adsorption on HCSs due to
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Table 1
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The influence of heating time and temperature on the weight-loss ratio, element, and carboxyl groups content

Content of carboxyl groups

Element content (wt.%)° (mmol/g)

Sample Weight-loss ratio®(%) C H o 1h 3h 5h
Pristine HCSs - 64.16 4.41 31.43 0.53

HCSs-100 7.6 63.56 3.90 32.54 0.76 0.86 0.91
HCSs-150 10.1 62.08 3.97 33.95 1.27 1.35 1.44
HCSs-200 13.4 60.96 2.98 36.06 1.79 1.87 1.89
HCSs-250 22.7 59.20 2.76 38.04 2.11 2.52 2.70
HCSs-300 41.0 57.77 2.49 39.74 3.60 3.71 3.81

“Weight-loss ratio was obtained by the ratio of the loss weight after heat treatment for 5h to the weight of pristine HCSs.

PThe samples tested element content was heat-treated for 5h, and the oxygen content was calculated by subtracting the sum of carbon

and hydrogen from 100.

1710cm-11640cm!

3440cm™’

2500 2000 1500 1000 500

Waven umbers(cm"1 )

4000 3500 3000

Fig. 1. FT-IR spectra of pristine HCSs (a), HCSs-100
(b), HCSs-200 (c), HCSs-250 (d), and HCSs-300 (e).

influencing the metal speciation and surface metal
binding sites [12]. The effect of pH on the Th(V)
adsorption onto HCSs and HCSs-300 was carried out
on the pH range 2.0-6.0 at 298.15K, and the results
are displayed in Fig. 3. The initial concentration of
Th(V) is 50mg/L, due to the hydrolysis of thorium,
so the concentration of Th(IV) under different pH was
also displayed. The adsorption capacity of Th(IV), as
well as the removal ratio was strongly affected by the
solution pH. The sorption amount of HCSs and HCSs-
300 increased from pH 2.0 to 3.5 and reached the max-
imum adsorption capacity of 12.62 and 42.67 mg/g at
pH 35 and then declined. Simultaneously, the
removal of Th(IV) due to adsorption and precipitation
increased sharply from pH 3.0 to 6.0 and reached

about 90% at pH 6.0. Therefore, the efficiency of
Th(IV) onto HCSs and HCSs-300 could be controlled
by the initial pH of the solid/liquid reaction. The reac-
tion for low adsorption capacity in high acidity was
the competition between the excess of H" ions and
positively charged cations species present in the med-
ium [12]. ThAV) has a very complex chemistry in
terms of hydrolysis, such as [Th(OH)I**, [Th(OH),]*,
[Th(OH);]* and Th(OH), [3], then the increasing of
pH led to a decrease in positive surface charge, which
results in lower electrostatic pull of the charged Th(IV)
hydrolysis products and the negative charged group
of HCSs. Therefore, we speculated that the obtained
removal ratio after pH 3.5 was due to the sorption of
Th(IV) and the precipitation of Th(OH),. The solution
pH at 3.5 was selected as the optimal value for
adsorption of Th(IV) on HCSs and used for the
following experiments.

3.3. The effect of heat treatment temperature

The previous research indicated that the pH of
solution is one of the most crucial parameters for the
Th(IV) adsorption, which can affect the surface charge,
the metal speciation and surface metal binding sites.
The optimal adsorption pH value of HCSs was 3.5.
The effect of heat treatment temperature on the Th(IV)
adsorption onto HCSs was carried out using
50 ug/mL initial thorium concentration at 298.15K,
and the results are displayed in Fig. 4. The sorption
capacity of pristine HCSs was 11.56 mg/g and greatly
increased to 33.88 mg/g when heat-treated at 250°C
and then grew more slowly subsequently, which could
be attributed to the newly generated carbonyl groups
on the surface of carbon spheres acting as the Th(IV)
adsorption activity sites.
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Fig. 2. SEM images of HCSs (a) and HCSs -300 (b).
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Fig. 3. The effect of initial solution pH on Th(IV) adsorp-
tion onto HCSs and HCSs-300 (Co=50mg/L, t=120 min,
V=50mL, T=298.15K, and W=>50 mg).

3.4. The effect of contact time

The effect of contact time on adsorption of Th(IV)
on HCSs and HCSs-300 was investigated to determine
the equilibrium point. The variation of adsorption
amount with vibrating time was studied using
50 ug/mL initial Th(IV) concentration at pH 3.5 and
298.15K. As shown in Fig. 5, the uptake of Th(IV)
onto HCSs and HCSs-300 increased sharply at the
beginning and then gradually reached equilibrium
after 80 min. Therefore, shaking time of 80 min was
found to be appropriate for maximum sorption of
Th(dV) on HCSs and HCSs-300 and was used in all
subsequent experiments.

3.5. Adsorption kinetics

In order to explain the controlling mechanism of
adsorption processes such as mass transfer and chemi-
cal reaction, pseudo-first-order and pseudo-second-
order kinetic equations were applied to describe the

HCSs HCSs-100 HCSs-150 HCSs-200 HCSs-250 HCSs-300

Fig. 4. The influence of heating temperature on the Th(IV)
adsorption capacity of HCSs (Co=50mg/L, t=120min,
V=50mL, T=298.15K, pH=3.5, and W=50mg).

kinetic characteristic of Th(IV) onto HCSs. The
pseudo-first-order kinetic model is usually given as
Eq. (3) [44].

In(ge — q¢) = Inge — kat 3)

where k; (min™') is the rate constant of first-order
adsorption, g. and g, are the amounts of Th(IV)
adsorbed (mg/g) at equilibrium and time “t”, respec-
tively. Using Eq. (3), linear plot of In(ge—q¢) vs. t was
plotted (Fig. 6). The ki, ge a1, and correlation coefficient
(R*) were calculated from the plot and presented in
Table 2.

The pseudo-second-order kinetic model is always
given as Eq. (4) [45].

t 1 t

r_ .t 4)
a0 kag?  qe (
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Fig. 5. The effect of contact time on Th(IV) adsorption onto
HCSs and HCSs-300 (Cp=50mg/L, V=50mL, pH=35, T
=298.15K, pH =3.5, and W=50mg).
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Fig. 6. The pseudo-first-order adsorption kinetics.

where k, (min™!) is the rate constant of second-order
adsorption. Using Eq. (4), linear plot of t/g; vs. t was
plotted (Fig. 7). The k, ge a1, and correlation coefficient
(R were calculated from the plot and presented in
Table 2.

Table 2
Adsorption kinetics of Th(IV) adsorption onto HCSs
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As shown in Table 2, the square of correlation
coefficients (R?) of pseudo-second-order equation was
better than the value of the pseudo-first-order equa-
tion. Moreover, the values of the amounts of Th(IV)
adsorbed on HCSs and HCSs-300 at equilibrium, g ca
(16.39 and 47.62mg/g) were very close to the experi-
mental values, feexp (13.67 and 43.30mg/g). There-
fore, the adsorption process was more in favor of the
pseudo-second-order equation, which indicated that
adsorption involved chemical reaction in adsorption
in addition to physical adsorption [46].

3.6. Effect of initial Th(IV) concentration

The initial concentration provides an important
driving force to overcome all mass transfer resistance
of thorium between the aqueous and solid phases [47].
The effect of initial Th(IV) concentration on sorption
was studied at 288.15-318.15K and revealed in Fig. 8
and Fig. 9. The adsorptive capacity increased with the
increase in the initial Th(IV) concentration until equi-
librium was reached. The maximum adsorption capac-
ities of HCSs and HCSs-300 were found to be 15.13
and 57.50mg g ' respectively, at 308.15K.

3.7. Adsorption isotherm

The equilibrium adsorption isotherms are one of
the essential data to understand the mechanism of the
adsorption systems. Langmuir and Freundlich equa-
tions are the most frequently used for describing sorp-
tion isotherms. The Langmuir model is based on
assumptions of adsorption homogeneity such as
equally available adsorption sites, monolayer surface
coverage, and no interaction between adsorbed spe-
cies. The Langmuir equation can be described by the
linearized Eq. (5) [48].

C 1 C
B Wt (5)
e QmKL Jm

where C, is the equilibrium concentration (mg/L), ge
is the amount of solute sorbed per unit weight of

Pseudo-first-order kinetics

Pseudo-second-order kinetics

Adsorbents Jeexp (MG/ ) Je,cal (Mg g_l) k;y (min™?) R? Jecal Mg/ g) k, (min™?Y) R?
HCSs 13.67 11.35 44x1072 0.575 16.39 32x107° 0.983
HCSs-300 43.30 44.68 6.6x1072 0.960 47.62 3.0x107° 0.999
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Fig. 7. Pseudo-second-order adsorption kinetics.
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Fig. 8. The effect of initial concentration on Th(IV) adsorp-
tion onto HCSs (V=50mL, pH=3.5, t =80 min, T=298.15
K, and W=50 mg).

sorbent (mg/g), gm is the Langmuir constant, which
represents the saturated monolayer sorption capacity
(mg/g). Kp is a constant related to the energy of
adsorption.

The Freundlich model can be applied to nonideal
sorption on heterogeneous surfaces as well as multi-
layer sorption [49]. The empirical Freundlich equation
can also be transformed into linearized Eq. (6).

Inge = InKg + %ln C. (6)

where C. is the equilibrium concentration (mg/L), ge
is the amount of solute sorbed per unit weight of sor-
bent (mg/g), K is the Freundlich constant related to
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Fig. 9. The effect of initial concentration on Th(IV) adsorp-
tion onto HCSs-300 (V=50mL, pH=35, t=80min, T=
298.15K, and W=50mg).

the adsorption capacity, and n is relevant to the
adsorption intensity.

The linearized form of Langmuir and Freundlich
adsorption isotherms obtained from Figs. 8 and 9 is
presented in Figs. 10-13, respectively. And the adsorp-
tion constants evaluated from the isotherms with the
correlation coefficients (R?) are given in Table 3. The
value of R* showed that Langmuir isotherm model fit-
ted better with the experimental data than Freundlich
isotherm model. Moreover, the saturated monolayer
sorption capacities (9,,) of HCSs and HCSs-300 were
15.79, 17.14, 17.76, and 65.06, 69.44, 69.93mg/g,
namely with the increase in temperature, the saturated
monolayer sorption capacity added, which indicated
that the sorption of Th(IV) onto HCSs and HCSs-300
was endothermic.

3.8. Adsorption thermodynamics

Thermodynamic parameters such as enthalpy
(AH"), entropy (AS®), and Gibbs free energy (AG®) are
useful in defining whether the sorption reaction is
endothermic or exothermic, and spontaneity of the
adsorption process [50]. The thermodynamic data are
calculated using the following Egs. (7) and (8).

AS°  AH®
Inkg = - — o @)
AG® = AH® — TAS® )

where kg is the distribution coefficient (mL/g), AS” is
the change of entropy (J/molK), AH" is the change of
enthalpy (kJ/mol), T is the absolute temperature in
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Fig. 10. The Langmuir adsorption isotherm models of Th
(IV) adsorption onto HCSs.
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Fig. 11. The Langmuir adsorption isotherm models of Th
(IV) adsorption onto HCSs-300.

Table 3
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Fig. 12. The Freundlich adsorption isotherm models of Th
(IV) adsorption onto HCSs.
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Fig. 13. The Freundlich adsorption isotherm models of Th
(IV) adsorption onto HCSs-300.

Isotherm constants and correlation coefficient for Th(IV) adsorption onto HCSs

Langmuir isotherm

Freundlich isotherm

Adsorbents T (K) K dm (mg/g) R? n Kg R?

HCSs 288.15 0.0337 15.79 0.968 1.72 0.97 0.905
298.15 0.0463 17.14 0.981 1.95 1.53 0.918
308.15 0.0698 17.76 0.989 2.46 2.69 0.951

HCSs-300 288.15 0.0589 65.06 0.980 1.68 5.02 0.908
298.15 0.0612 69.44 0.987 1.72 5.80 0.937
308.15 0.0787 69.93 0.989 1.82 7.08 0.917
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Fig. 14. The adsorption thermodynamics of Th(IV) on
HCSs.

Kelvin (K), and R is the gas constant (8.314 J/mol-K).
AH® and AS° can be calculated from the slope and
intercept of the straight line (Fig. 14). The change of
Gibbs free energy values is calculated from Eq. (8).

The values of thermodynamic parameters for the
sorption of Th(IV) at different temperature are given
in Table 4. The positive value of enthalpy change AH
indicated that the sorption process was endothermic.
The negative value of AG® at different temperatures
confirmed the feasibility and spontaneous nature of
adsorption process. Further, the increase in the value
AG® with the decreasing temperature indicated that
higher temperature favored the sorption process. The
positive value of AS® reflected the affinity of the HCSs
and HCSs-300 for Th(IV) and confirmed the increased
randomness at the solid-solution interface during
adsorption.

3.9. The effect of ionic strength

The effect of ionic strength on the adsorption capa-
bility of HCSs-300 was investigated. The ionic strength
of Th(IV) solutions was adjusted by varying the con-
centration of KNOj in the range of 0.01-0.3mol/L. As
shown in Fig. 15, an increase in the ionic strength

Z.-W. Zhou et al. | Desalination and Water Treatment 54 (2015) 2516-2529

from 0.01 to 0.1mol/L had a rapid decrease in the
amount of Th(IV) ions adsorbed and had little effect
from 0.1 to 0.3 mol/L. The sorption capacity of Th(IV)
was 30.27 mg/g at the K™ concentration of 0.01 mol/L
and declined to 17.19mg/g at 0.1 mol/L. This phe-
nomenon could be attributed to two reasons: (1) The
presence of KNOj in the solution which screened the
electrostatic interaction between the charges on HCSs-
300 surface and the Th(IV) ions in solution and also
competed with the Th(IV) ions for surface adsorption
sites. (2) Ionic strength of solution influenced the
activity coefficient of Th(IV), which limited their trans-
fer to sorbent’s surface.

3.10. Selective adsorption

In order to further study the sorption selectivity of
pristine HCSs and HCSs-300 for thorium, experiments
were performed in a solutions containing eight foreign
cations including thorium ion. The results in the Fig. 16
indicated that the HCSs-300 showed a better adsorption
capacity toward Th(IV) than the co-existing ions.

Further, selectivity coefficient (Sp:)\p) for tho-
rium ions relative to competing ions was studied by
the Eq. (9).

hit

Ky
K

)

STh‘H /Mn+ -

where KI"and KY"' are distribution coefficients of
thorium ions and other ions, respectively.

The relative selectivity coefficient S, is calculated
according the Eq. (10).

5. = SHCss—300 (10)
SHcss

The results of Ky, Sy e and S, are listed in the

Table 5. As it could be seen that the values of Ky,

Stpe+ et and Sy of HCSs-300 were much greater than

HCSs, therefore the selective properties of HCSs

toward Th(IV) were improved by heat treatment.

Table 4
The thermodynamic parameters of Th(IV) adsorption onto HCSs

AG” (k] /mol)
Adsorbents AH” (k] /mol) AS° (J/mol K) 288.15 K 298.15K 308.15 K
HCSs 12.20 30.82 —8.87 —9.18 —9.48
HCSs-300 12.61 49.31 —14.20 —14.69 -15.18
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Fig. 15. The effect of ionic strength on Th(IV) adsorption
onto HCSs-300 (Cp=50mg/L, pH=3.5, t=80min, V=50
mL, T=298.15K, and W=50mg).
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Fig. 16. Selective sorption capacity of coexistent ions (Co=
10mg/L, pH=3.5, t =80 min, V=150mL, T=298.15K, and
W=40mg).
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3.11. Desorption and regeneration

Repeated availability is an important factor for an
advanced adsorbent. Such adsorbent not only pos-
sesses higher adsorption capability, but also shows
better desorption property, which will significantly
reduce overall cost for adsorbent. Desorption tests of
HCSs-300 were tried with HCI solutions in the concen-
tration range from 0.1 to 2.0mol/L. AS shown in
Fig. 17, higher acidity promoted the desorption pro-
gress. So, the reusability experiments were conducted
adopting 1.0mol/L HCI as desorbing agent and the
results are shown in Table 6. After five consecutive
sorption/desorption cycles, the sorption capability
decreased from 42.67 mg/g in the first cycle to 35.86
mg/g in the fifth cycle, while the recovery of Th(IV)
ions decreased from 98.56 to 90.12%. The results indi-
cated HCss-300 could be efficiently regenerated by 1.0
mol/L HCI and reused with only slight impact on its
Th(IV) sorption capability after five cycles.

3.12. Test with artificial seawater

In order to demonstrate the adsorption potential of
HCSs-300, experiments were performed in simulated
seawater. Simulated seawater containing 25.0 mg/L Th
(IV) having the composition NaCl (41.5g/L), Na,SO,
(6.9g/L), KCl (1.1g/L), NaHCO; (0.34 g/L), KBr (0.16
g/L), H3BO; (0.16 g/L), NaF (5.00 mg/L), MgCl,-6H,O
(18.79g/L), CaCl,2H,O (2.63g/L), and SrCl,-6H,O
(0.04 g/L) was used [51]. The effect of adsorbent dose
on the removal of Th(IV) from seawater was investi-
gated (Fig. 18). It was observed that the percentage
removal of thorium increased with increase in the
mass of HCSs-300 and almost complete removal
(#100%) of Th(IV) from the wastewater containing
25.0mg/L was achieved with 1.5 g HCSs-300 in 1.0 L.

Table 5
Selective adsorption properties of pristine HCSs and HCSs-300

Ka(mL/g) S
Elements Pristine HCSs HCSs-300 Pristine HCSs HCSs-300 S,
Th(IV) 687.87 9005.10 - - -
Mg(I) 159.84 117.98 7.78 210.85 27.11
Na(D) 64.87 157.84 19.17 157.60 8.22
Zn(ID) 164.24 407.28 7.57 61.08 8.07
Mn(ID) 78.81 110.75 15.78 224.61 14.24
Ni(ID 92.89 389.42 13.39 63.88 4.77
Sr(I) 195.33 360.10 6.37 69.08 10.85
Hg(II) 280.04 333.44 4.44 74.60 16.80
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Fig. 17. Effect of HCl concentration on Th(IV) desorption.

Table 6
Five cycles of uranium adsorption-desorption with 0.1
mol/L HCl as desorbing agent

Adsorption

Cycle Capacity (mg/g) Removal (%) Desorption (%)
1 42.67 0.85 98.56

2 40.13 0.80 97.48

3 39.56 0.79 95.26

4 36.73 0.73 93.13

5 35.86 0.72 90.12

Table 7
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Fig. 18. Th(IV) ion removal from artificial seawater by
HCSs-300.

3.13. Th(1V) sorption performance of HCSs-300 with other
adsorbents

The Th(IV) sorption capacity of HCSs-300 was com-
pared with other adsorbents, as shown in Table 7, the
Th(IV) sorption capacity of HCSs-300 (69.44 mg-g ") at
298 K was even larger than that of Alumina (17.40
mg-g ') diglycolamide functionalized multi-walled car-
bon nanotubes (10.58 mg-g~') and PAMAM dendron-
functionalized styrene divinyl benzene (36.20 mg-g™ ).
Obviously, HCSs-300 was a perfect adsorbent toward
Th(IV) with cheap price, large adsorption capacity, and
ease of handling.

Sorption capacity of Th(IV) on HCSs-300 with other adsorbents

Sorption properties

Temperature Time  Sorption capacity
Adsorbents (K) pH (h) (mg/g) References
HCSs-300 298 3.5 1.33 69.44 This work
Perlite 303 4.5 0.5 4.40 [8]
Al-pillared rectorite 293 +2 1.88 +0.05 10 30.16 [11]
5-mercapto-1-methyltetrazole modified 298 +1 2.0 24 29.61 [12]
bentonite mineral
Diatomite 303 25+0.1 48 25.06 [16]
Alumina 298 +1 2.32+0.05 6 17.40 [17]
Activated carbon 303 4.0 0.5 18.30 [19]
Oxidized multi-wall carbon nanotubes 293 +2 1.9+0.02 1.0 12.76 [20]
Diglycolamide functionalized multi-walled 298 4.0 2.0 10.58 [21]
carbon nanotubes
PAN/zeolite composite 303 4.0 0.75 40.83 [22]
PAMAM dendron-functionalized styrene 298 5.0 2.0 36.20 [52]
divinyl benzene
Algae-yeast/silica gel biosorbent 298 4.0 2.0 26.95 [53]
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4. Conclusion

In this paper, hydrothermal carbon spheres
(HCSs) with large number of carboxyl groups on
the surface were prepared by simply heating at
lower temperature in air, and the textural properties
of carboxyl-rich hydrothermal carbon spheres were
characterized using Boehm titrations, scanning elec-
tron microscopy, Fourier transform infrared spec-
trometer, and elemental analysis. The content of
carboxyl groups on HCSs increased significantly
from 0.53 to 3.81 mmol/g and the micro-morphology
has not obviously changed after heat treatment at
300°C. The sorption performances were controlled by
solution pH, heat treatment temperature, contact
time, initial thorium concentration, temperature, and
ionic strength. The Th(IV) sorption capacity of HCSs
increased from 17.76 to 69.93mg/g after heat treat-
ment at 300°C for 5h. The adsorption of Th(IV)
from aqueous solution on HCSs and HCSs-300 was
fitted to the Langmuir adsorption isotherms and
pseudo-second-order kinetics models. And the ther-
modynamic parameters, such as AG’, AH° and
AS’, clearly indicated that the adsorption process
was feasible, spontaneous, and endothermic in nat-
ure. Selective adsorption studies showed that the
heat-treated HCSs could selectively remove Th(IV) in
the solution containing a great deal of competing
ions. Desorption and regeneration test indicated that
HCSs-300 can be effectively regenerated and reused
for Th(IV) sorption. The research results suggested
that HCSs-300 may be a good candidate for applica-
tion in selective separation of thorium from seawater
and other Th-containing aqueous media.
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