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To obtain an adsorbent for uranium with superb adsorption capacity, rapid adsorption rate and quick
magnetic separation, magnetic calcium silicate hydrate (MCSH) is fabricated through in situ growth of
calcium silicate hydrate (CSH) onto the surface of the magnetic silica microspheres via a sonochemical
method. Chemical components, structural and morphological properties of MCSH are characterized by
FTIR, XRD, TG, VSM, SEM, TEM and N, adsorption-desorption methods. The results show that MCSH
with mesoporous structure is constructed by an agglomeration of of CSH nanosheets. The BET specific
surface area and saturation magnetization of MCSH are determined to be 196 m*g and 15.4 emu/g,
respectively. Based on the synthetic MSCH, adsorption isotherms, thermodynamics and kinetics are
investigated. The adsorption mechanism fits the Langmuir isotherm model with a maximum adsorption
capacity of 2500 mg/g at 298K. The calculated thermodynamic parameters demonstrate that the
adsorption process, which is in accordance with a pseudo-second-order model, is spontaneous and
endothermic. MCSH exhibits a quick and highly efficient adsorption behavior, and more than 80% of
uranium (1000mg/L) is adsorbed in the first 10 min. The superb adsorption capacity and rapid adsorption
rate are likely attributed to the ultrahigh specific surface area and facile exchanges of uranium ions and
calcium ions of CSH ultrathin nanosheets. These results demonstrate that MSCH is an excellent adsorbent
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for uranium removal from aqueous systems.

1 Introduction

Uranium is one of the most hazardous contaminants because of
its long half-life, high radiological and biological toxicity.!!!
Therefore, it is extremely important to choose a suitable and
effective method to remove uranium from aqueous systems. In
the various processes, adsorption has attracted most interest
because of its cost-effectiveness, versatility and simplicity of
operation to remove uranium'®. A number of materials have been
developed and modified for adsorption, for example titanium
dioxide ©!, aluminum oxide ™, magnesium oxide ™!, carbon ™,
zeolite "', and layered double hydroxides !,

Based on the special structure and excellent performance, CSH
has shown excellent potential in the safe disposal of low and
intermediate level radioactive waste. CSH consists of silica
chains connected to CaO sheets and a number of Ca atoms that
may be located in the interlayers between the Ca-silicate sheets.”’
The advantages of this adsorbent are as follows: (1) a high
surface area containing surface hydroxyl groups and hydrated
Ca®* ions to which various chemical entities can be attached or
used for ion-exchanged "'l; (2) CSH may control the long-term
release of radio nuclides because of its long-term stability and
high immobilization potential for cations “2]; (3) its low cost,
availability, innocuity and environment-friendly nature. Up to
date, an increasing interest has been focused on the development
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of mesoporous CSH due to its larger specific surface area and
higher adsorption capacity. For example, the CSH spheres have a
well-defined 3D network structure built up by nanosheets, which
exhibit ultra-high drug loading capacities."*! Chitosan-coated
CSH mesoporous microspheres are the promising adsorbents and
exhibit a quick and highly efficient adsorption behavior toward
heavy metal ions."'¥

Unfortunately, CSH is usually a kind of superfine powder, which
is easy to lose in the processes of adsorption and difficult to
separate from aqueous systems after batch adsorption
experiments.”"> As an ideal adsorbent, magnetical materials have
attracted extensive interest due to their quick and effective
separation from the U617 Among magnetic
adsorbents, magnetic mesoporous nanostructures are excellent
adsorption materials, because they not only exhibit a high specific
surface area owning to the abundant interparticle spaces or
intraparticle pores, but also have better magnetic properties than
powder adsorbents due to weaker Brownian motion. "%
Compared with co-precipitation, sol-gel and hydrothermal
methods, the sonochemical method is an excellent method for
synthesizing mesoporous nanostructures, because a number of
cavitation bubbles resulting from ultrasonic irradiation may
contribute to the mesoporous nanostructures of the resulting
products, and ultrasound can promote and accelerate some
homogeneous chemical reactions."* Nevertheless, it is difficult
to prepare magnetic hierarchical nanostructures consisting of an

treated water.
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iron oxide core and CSH shell using the conventional method of
adding magnetic particles during the process of sonochemical
reaction. It is because TEOS rapidly hydrolyzes and reacts with
Ca® cations in basic aqueous solution under ultrasonic
irradiation, forming nanosheets of CSH, few of which coat onto
magnetic particle surfaces in the self-assembly process. To our
knowledge, little work has been reported on magnetic
mesoporous CSH as an adsorbent for uranium ion.

In this paper, we report a strategy to prepare an adsorbent
consisting of iron oxide core and mesoporous CSH shell
(illustrated in Scheme 1). The Ca** cations are rapidly adsorbed
onto the Fe;0,@Si0, surface via electrostatic attraction because
the surface of magnetic silica microspheres is full of compact
negative charges. In addition, surface modifications of Fe;O,
offer an abundance of surface hydroxyl groups to link Ca®*
cations. The shell of CSH nanoplatelets forms by an in situ
growth technique under ultrasonic irradiation. The use of an in
situ growth method allows CSH nanoplatelets to become strongly
anchored onto the surface of the magnetic core'®). The magnetic
characteristics is helpful for the separation. The core—shell
structure renders high specic surface areas.”” In addition, its
application in the removal of uranium from aqueous systems was
investigated. The effects of experimental factors on uranium
sorption, adsorption  kinetics
thermodynamics, were systematically evaluated. The results
demonstrate that CSH has high uranium removal efficiency and
can be separated quickly from the treated water.

as well as relevant and

% csH

TEOS

Schemel. Illustration of the strategy for the preparation of MCS

2. Materials and methods
2.1. Chemicals.

FeCl3-6H,0, Ca(NO;),-4H,0, tetracthyl orthosilicate (TEOS),
ethanol, and concentrated ammonia solution (28 wt%) were
purchased from Tianjin Kemiou Chemical Reagent Company.
UO,(NO;3),:6H,O0 was from Beijing Chemical Reagent
Procurement Station of Chinese Pharmaceutical Company. All
chemical reagents were of analytical grade and used without
further purification.

2.2. Materials for Synthesis of MCSH.

Synthesis of Fe;0,/Si0, Microspheres. The
Fe;0,/Si0, microspheres were prepared according to a previous
method. ?"* Typically, FeCly-6H,O (2.7g), and sodium acetate
(7.2g) were dissolved in ethylene glycol (100 mL) under vigorous
stirring. The obtained yellow solution was transferred into a
Teflon-lined stainless-steel autoclave, and was heated at 200°C
for 8 h. The black product, The obtained Fe;0,, was washed with
ethanol and deionized water for several times, and dried in
vacuum at 60 °C for 12h. Fe;O, (0.10 g) was treated in HCI
aqueous solution (50 mL, 0.1M) under ultrasonic vibration for 10
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min. Then it was thoroughly washed with deionized water and
redispersed in deionized water (20.0 mL). The aqueous dispersion
of the magnetite particles was added to a mixture of ethanol (80
mL) and concentrated ammonia solution (1.0 mL, 28 wt %).
Afterward, TEOS (30mg) was added dropwise and the reaction

s allowed to proceed at 30 °C for 6 h. The Fe;04/SiO,

microspheres were washed with ethanol and water.

Synthesis of MCSH. An aqueous dispersion of the Fe;0,/SiO,
(60 mL, 0.003 g/mL) was added to a three-neck round-bottom
flask charged with the solution of Ca(NOs), (100mL,
0.008g/mL), and the reaction mixture was stirred for 10 min at
30°C. NaOH aqueous solution (8.5mL, 1M) and 0.56mL TEOS
were separately injected into the resulting mixture. Thereafter, the
container was irradiated by ultrasound (ultrasonic cleaner
ultrasonic base, 40 kHz, 500 W) for 20 min. The product was
separated and collected with a magnet, followed by washing.
Finally, the as-prepared sample was freeze-dried overnight.
Synthesis of CSH. In a typical synthetic procedure'”, 5mL 1M
NaOH aqueous solution and 0.34mL TEOS were injected into
65mL 0.046M Ca(NOs;), aqueous solution. The resulting mixture
was ultrasonically irradiated for 20min. The product was
separated by centrifugation, washed with ethanol and water, and
dried at 60 °C for 3h.

2.3. Characterization

Qualitative chemical structure assessment was done by FT-IR
analysis with an AVATAR 360 FT-IR spectrophotometer using a
KBr pellet technique. The crystal structure of samples was
analyzed by XRD patterns of the solid products, using a Rigaku
X-ray powder diffractometer with Cu-Ka radiation (k
0.154178nm). Morphology was characterized using TEM and
SEM. TEM observation was performed on a Tecnai G* 20 S-
TWIN with an accelerating voltage of 200 kV. SEM images were
taken by a JEOL JSM-6480 with an energy-dispersive X-ray
spectroscopy (EDS) instrument. The magnetic hysteresis loops of
samples were measured by a vibrating sample magnetometer
(VSM, Lakeshore 7304) at room temperature. Nitrogen
adsorption—desorption measurements (BET method)
performed at liquid nitrogen temperature using a micromeritics
ASAP 2010 M instrument. The concentrations of uranium ions
and calcium ions in the solution were analyzed using ICP-AES
(Optima-7000DV).

were

2.4. Removal of uranium

Uranium removal experiments were performed in a series of
conical flasks (100mL) in which a given dose of adsorbents was
shaken together with the uranium solution (50mL) of given
concentration and pH value in a thermostatic water shaker at
speed of 200 rpm. The solution pH was adjusted with 0.5M
HNO; or NaOH solution. After the sorption reached equilibrium,
the solid material was separated out magnetically. The adsorption
capacity (g, mg/g) was calculated using the following equation:
_(C,-C)V

9=y (1
Where C, and C; are the initial and equilibrium concentration
(mg/L), respectively. V is the volume of the solution (L), and W is
the mass of MCSH. The adsorption removal efficiency of
uranium from aqueous solution was calculated as follows:
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Where Cyis the final concentration%’ng/L) of uranium.

The curve of thermogravimetric analysis (Figure 3) of MCSH is

identified by two regions of weight loss. The first region is
45 characterized by a relatively quick weight loss up to 200°C due to

the loss of adsorbed water and crystal water.”" In the second

region, the major weight loss between 200-600°C is attributed to

dehydration of CSH.[”] MCSH exhibits a large amount of water

and hydroxyl groups in the structure, most likely due to low
shown in Figure 1, which is used to characterize the composition * overa.lll crystallinity. ™ The results arei .in agreement with those
of the samples. Across the three samples, a typical Fe-O-Fe p rovided by FTIR anq XRD. In addition, thoe e;?]a pe of €O
vibration of magnetite phase is observed at 580 cm’!, 2 increases the mass loss in the range of 330 -600°C.

indicating the high content of ferrite in MCSH. After SiO, coats
oonto the surface of Fe;O; nanoparticles (curve b), the
characteristic absorption peak at 1086cm™ corresponds to Si-O-Si *
antisymmetric stretching vibrations.” As shown in curve ¢, a
wide and strong peak at about 1054 cm™ is ascribed to the
stretching vibration of framework and terminal Si-O-Si
groups."**! The characteristic adsorptions at 458 cm™ and 878
cm’' are attributed to Si-O bending vibration .*The water
molecules and hydroxyl groups of the CSH-phases cause a broad
band in 3100-3500 cm™' region as well as an -OH bending mode
between 1633 to 1663 cm™. ! The bending vibration band at
0 1633 cm’ has shifted by about 30 cm™ units, which indicates

greater restriction due to incorporation or association of water

molecules into the host structure. ?* In addition, small amount of 20 40 60 80

CaCO; is present in MCSH, which is due to the carbonation when 2 Theta (degree)

. -1 . .
exposed to air. Therefore, the 1460 cm™ band is attributed to Fig.2 Powder XRD patterns of (a) Fe;0x, (b) Fe;04/SiO,, and (¢)MSCH
25 carbonate stretching modes.

3. Results and discussion
3.1 Structural Characterization.

FTIR spectra of Fe;0,, Fe;04/SiO,, and MCSH samples are

[
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Wavenumbericm™) Fig. 3 Curves of thermogravimetric analysis of MSCH

Fig.1 FTIR tra of Fe;04 (a), Fe;04/Si0; (b), and MCSH . . . . .
'8 spectra of Fe:0, (a), Fe;04/510; (b). an © VSM is employed to investigate the magnetic properties of Fe;Oy

and MCSH, and the magnetic hysteresis loop of the samples is
illustrated in Figure 4. The saturation magnetizations of Fe;Oy
and MCSH are 59.7 and 15.4 emu/g, respectively. The saturation
magnetization of MCSH is clearly lower than that of Fe;O,,
which may be caused by the surface spin canting effects and the

The crystal phases of magnetic products are investigated by XRD

30 analysis. Six diffraction peaks (220, 311, 400, 422, 511,and 440) ¢
are identified and indexed to the spinal phases for iron oxides,
which are in good agreement with Fe;O0, (Magnetite, JCPDS19-

0629). In Figure 2b and 2c, the sharpness of XRD reflections
show that the crystal structure of Fe;O4 has not changed after
3s modification with amorphous Si0,.*® The XRD pattern of the
MCSH (Figure 2C) has a broad peak located at 29.6°due to the
unique amorphous nanostructure of CSH, which is similar to the
previously reported data for CSH.'Y!. Despite decades of
research, the precise structure of CSH is still under debate
a0 because its complex nature has a poor crystallinity. ** The
limitation on the knowledge of its structure, therefore, has
hindered the identification of the CSH adsorption mechanism.

%

surfactant coating reducing the total magnetic moment of
nanoparticles. ***31  Previous research shows that the
magnetization value of CNC@Fe;0,@8Si0, decreases with the
increasing amounts of TEOS, which indicates that SiO, greatly
influences the magnetic properties of FesO,. ¥ A simple
experiment, in which MCSH from the homogeneous dispersion is
attracted to the wall of the vial in 60 s in the presence of an

70 external magnetic field, shows that MCSH retains a high

magnetic response in magnetic field to satisfy the need of
magnetic separation.

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Room-temperature magnetic hysteresis loops of Fe;O4, and MCSH.
3.2 Morphological Characterization.

SEM images of MCSH surface are shown in Figure SA, Ca, Si
and Fe maps are displayed in color in Figure 5 B-D. EDS element
mappings clearly show homogeneous distributions of Ca, Si and
Fe throughout the production. From the TEM images of MCSH
(Figure 6), the dark Fe;O, nanoparticles could be clearly
observed to be embedded in the light grey CSH. The core of
Fe;0, magnetic nanoparticles can be determined to be about 100
nm in diameter, while the entire CSH particles consist of warped
thin nanosheets. The nanosheet edges show CSH with a
thickness, which is equal to the thickness of a single unit cell of
1.4 nm tobermorite (2.8 nm). This result is consistent with data
report previously.” The warped ultrathin nanosheets stack
together forming nanoporous structures. The structural features of
MCSH are highly desirable for uranium removal due to the large
specific ~ surface area, mesopores, and interconnected
microchannels.

Figure 7 shows typical nitrogen adsorption-desorption isotherm
and pore size distribution of MCSH. According to the
International Union of Pure and Applied Chemistry (IUPAC)
definitions of porosity, the sorption curve of MCSH (Figure 7A)
is described as a type H3 hysteresis loop derived from plate-like-
particle aggregates with slit-shaped pores, "% which is
consistent with the TEM observation. The steep increase at P/P,
0.9-1.0 in Figure 7A suggests the presence of a macroporous
structure '*!. The pore-size-distribution curve (Figure 7B) shows
most of the pores are in the range of 5-50nm in diameter, which

30 contribute to most of the pore volume. The Brunauer-Emmett-

Teller (BET) is measured to be 196 m%g, which is relatively
higher than other magnetic materials. The mesoporous structure
provides a significantly high specific surface area, high
adsorption capacity and fast uptake kinetics, so the mesoporous

microspheres are promising adsorbent toward uranium ions'' ¥,

———— 10 pm i r—|1I]m

Fig. 5 SEM images ofMCSH (A), EDS mapping of Ca, Si and Fe (B-D)

Fig.6 TEM images of
40 MCSH.
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Fig. 7 Nitrogen adsorption—desorption isotherm (A) and BJH-desorption
pore size distribution curve (B) of the as-prepared MCSH.

3.3 Application in removal of uranium.

45 3.3.1 Effect of Initial pH and adsorbent dosage
The pH value of adsorption medium is one of the most important
parameters who can influence the chemical properties of uranium
and adsorbents . The influence of pH on the adsorption of
uranium on MCSH was investigated using 50 mL of uranium 200

so mg/L and 0.05g¢ MCSH at pH 2.0-12.0 at 298K for 120 min. In
general, common adsorbents have the preferable adsorption
capability in very narrow pH regions. *® However, Figure 8
shows high removal efficiencies (96.3-98.9%) and no significant
influence of pH on uranium removal for MCSH in the wide range

Page 4 of 9

4 RSC Advances, [year], [vol], oo—o00

This journal is © The Royal Society of Chemistry [year]



Page 5 0of 9

%)

20

25

30

RSC Advances

of pH 4-12. The excellent adsorption ability may be attributed to
the fact that CSH exhibits a large number of structural sites
available for cation and anion binding "**%. The removal rate at
pH 8 decreases slightly, which is probably caused by the reduced
number of ions. In addition, the removal rate of uranium at pH 2
clearly decreases. To explain this phenomenon , the
concentration of calcium ion after adsorption at pH 2 is measured
by ICP-AES, and reveals that it is twice larger than that of other
pH, indicating CSH structure has been destroyed in part under
strong acidic conditions. The focus of interaction of uranium and
CSH is usually in high-pH solutions, because the immobilization
of low- and intermediate-level radioactive waste in cementitious
materials is in highly alkaline conditions. However, the pH values
of industrial effluents or wastewaters usually are in the relatively
acidic range " Therefore, pH 5 is adopted in further
experiments.

1004
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Fig. 8. Effect of pH value on adsorption property of uranium by
MCSH. (Adsorption dosage: 0.05 g, Cy = 200 mg/L, retention
time: 120min, T = 298K and pH 2-
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Fig. 9 The effect of adsorbent dosage on the uptake of uranium by MSCH

(Adsorption dosage: 0.005-0.120 g, Cy = 200 mg/L, retention time:
120min, T = 298K and pH 5)

To evaluate the effect of the adsorbent dosage on the adsorption,
the removal of uranium by MCSH at different adsorbent dosages
(0.005-0.120 g) for the uranium concentration of 200 mg/L at
298K for 120 min is studied. Experimental results (Figure 9)
reveal that the removal efficiency of uranium by 0.005g
adsorbent is nearly 90%, which suggests that MCSH is a
potentially efficient adsorbent for the treatment of waste water
with high concentrations of uranium. The percentage of uranium
removal approaches equilibrium (99.23%) at a dosage of 0.06 g

35

45

65

MCSH. In considering the removal efficiency and the cost, 0.06g
is considered as an optimum dosages and is used for further study.
3.3.2 Sorption isotherms

Isotherms studies can describe how adsorbates interact with
adsorbents, which is critical in optimizing the use of adsorbent
and designing a desired adsorption system *®!. Adsorption
isotherms of MCSH at temperatures of 298K and 318K are
investigated in varying initial uranium concentration from 50 to
5000 mg/L at the conditions of 60 mg adsorbent, pH 5. Figure 10
shows that the adsorption of uranium increases with the
increasing of temperature, which demonstrates that adsorption
capacity is enhanced at higher temperatures.

To examine the relationship between absorbed (ge) and aqueous
concentration (Ce) of uranium at equilibrium, the Langmuir (eq 3)
and Freundlich (eq 4) models are used to describe this adsorption
process.

c_1,c
g Qb O, 3)
logg, =logK, +llog C,
n “

Where b is a equilibrium constant (L/mg), Q,, is the maximum
adsorption capacity (mg/g), Kr is an indicator of adsorption
capacity, and n is the adsorption intensity. All adsorption data
obtained are fitted to both models as shown in Figure S1 and S2.
The relative parameters of the Langmuir and Freundlich models
were calculated and listed in Table 1. According to the
correlation coefficients, we conclude that the Langmuir isotherm
is more suitable to characterize the uranium adsorption behavior
on MCSH than the Freundlich model. Langmuir isotherm
assumes that the uptake of metal ions occurs on a homogeneous
surface by monolayer adsorption, and Freundlich isotherm is
based on heterogeneous surfaces. Therefore, uranium is adsorbed
in the form of a monolayer coverage on the surface of CSH.

3000
2500
2000
Gl
1500
E
@
< 1000 4
500 —a— 298K
——318K
04
T T T T T T T T
0 300 600 900 1200 1500 1800 2100
Ce (mgiL)

Fig. 10 Effect of uranium concentration on the adsorption of uranium by
MCSH. (Adsorption dosage 0.06 g, Cyj= 50-5000 mg/L, reaction time
120min, T = 298K and 318K, and pH 5).

Table 1 Isotherm parameters for adsorption of uranium on MSCH

Langmuir constants Freundlich constants

T

(K) Qm b KL R2 KF n R2
(mg/g) (L/g)  (L/mol)

298 2500  0.022 5127 0.999 138.8 226 0.810

318 2778  0.028 6663 0.999 136.0 2.12 0.826

70

The maximum adsorption capacity (Q,,) can be evaluated from
the slope of the Langmuir plots. Q,, at 298K and 318K are 2500

This journal is © The Royal Society of Chemistry [year]
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mg/g and 2778 mg/g, respectively. These two values show
MCSH with superb adsorption capacity. Some research suggests
that ion exchange plays a key role for heavy metal ion removal in
this superior type of adsorption process.>*"!

The adsorption standard enthalpy (AH°), standard entropy (AS°)
and standard free energy (AG°) for uranium adsorption on MCSH
base on Egs. 5-7.

5

K, 7% %)

AG’=-RThK, (6)

an 3 AS() _AH() (7)
“ R RT

where K; is the Langmuir isotherm constant, R is the gas constant
(8.314 I mol™ K™!) and T is the thermodynamic temperature (K).
The values of AH® and AS® are calculated from the linear plot of
InK;. vs 1/T (Figure S3) using Van’t Hoff equation (Eq.7). The
thermodynamic parameters are listed in Table 2. The negative
value of AG° reveals that the adsorption is a spontaneous process,
and the values of AG° become more negative with elevated
temperature indicating that adsorption progresses more favorably
at higher temperatures due to a greater driving force of
adsorption. The positive value of AH° indicates that the
adsorption is endothermic, which also shows that uranium
adsorption becomes more favorable at higher temperatures.The
positive value of AS° implys that the increased randomness with
adsorption of uranium on MCSH probably because the number of
desorbed water molecules is larger than that of the adsorbed
uranium ion. Therefore, the adsorption of uranium on MCSH is
controlled by the positive entropy change. *"!

Table 2. Thermodynamic parameters for adsorption of uranium on MCSH

Temp(K) AG°(kl/mol)  AH°(kJ/mol)  AS°(J/mol/K)
298 -21.164
10.38 105.92
318 -23.277

30 3.3.3 Adsorption Kinetics

The residence time of sorption reaction determines the efficiency
of sorption™, so the experiments of time dependence of uranium
adsorption are carried out from 3 to 120 min at the conditions of
1000 mg/L uranium, 60 mg adsorbent, pH 5, 298K and 318K. As
can be seen in Figure 12, the sorption of uranium ions appears to
take place in two distinct steps: an initial very rapid phase in a
few minutes, the removal of more than 80% in 10 min, where
adsorption is instantaneous by external surface adsorption. The
high initial uptake rate is attributed to high surface area and the
mesoporous structure of CSH. Based on structural properties, a
rapid diffusion of uranium occurs from solution to the external
surfaces of adsorbent. A relatively slower second phase occurs in
which intraparticle diffusion controls the adsorption rate until
finally the metal uptake reaches equilibrium. In the slow phase
uranium is presumably adsorbed by the cationic exchange
between calcium ions and heavy metal ions, indicating ion
exchange is one of the adsorption mechanisms in this case.

To study the kinetic mechanism which controls the adsorption
process, the pseudo-first-order model (eq 8) and pseudo-second-
order model (eq 9) are used, 139, 401
parameters are given in Table 3.

and the calculated kinetic

ln(qg —q,): Ing, —k,t ®)
r_ 1t 9
qt quez qe

where g. and g, are the amount of uranium adsorbed (mg/g) at
ss equilibrium and time ¢ (min), respectively; ki(min) and k,
(g/mg-min) are the pseudo-first-order rate constant and the
pseudo-second-order rate constant , respectively. k; can be
determined from the intercept of a plot of In(g.-gq,) versus t
(Figure S4). Values of k, are calculated from the plots of #/g.
0 versus t (Figure S5) for the adsorbent samples.
The correlation coefficients in Table 3 demonstrate that the
absorption of uranium follows a pseudo-second-order kinetic
model. It is predicted that adsorption behavior involves valence
forces through sharing of electrons between metal ions and
os adsorbent."! The calculated value of adsorption capacity is in
agreement with the value of experimental adsorption capacity,
accordingly the model adopted is reasonable.

830 1
820 r
- 8104
=]
£
o 800+
(=2
-EQQBK
790 4 —+— 318K
780 4
T T T T T T T T T T T
0 20 40 60 80 100 120
Time (min)

Fig.11. Effect of reaction time on the adsorption of uranium by MSCH
70 (Adsorption dosage 0.06 g, Cp = 1000 mg/L, reaction time: 3-120 min, T
=298K and 318K, and Ph 5).

Table 3 Kinetic parameters for adsorption of uranium on MCSH

parameters 298K 318K
q. (exp) 811.78 826.02
Pseudo-first-order

K, 0.0001  0.000002

R’ 03936 0.3493

qe(cal) 1703 1959

Pseudo-second-order

K 0.01055  0.04298

R’ 1.0000 1.0000

ge(cal) 813.01 826.45

3.3.4 Effect of coexisting cations and adsorption mechanism

75 Natural underground water and wastewater commonly contain
other metal cations, which may compete with uranium in the ion
exchange process. Furthermore, the effects of coexisting cations
on uranium adsorption might be helpful for understanding the
adsorption mechanisms. Fig.12 shows the influence of metal

so cations on uranium adsorption. The concentration of uranium and
each of the coexisting ions were maintained at 500 mg/L. The
uranium removal rate decreased less than 5% in the presence of
Zn** or Cu** ions, indicating that these coexisting ions had no
remarkable influence on the adsorption of uranium onto MCSH.

ss However, the effect of AI** ions was larger than that of the other
cations.

Previous studies have shown that the molecular
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environment of adsorbed uranium is mainly dominated by O and
Si atoms 9. It is generally accepted that aluminium can partly
replace silicon in the bridging sites of SiO, tetrahedra in CSH
[47:48] Therefore, AP** ions thus have an obvious impact on the
uranium adsorption onto CSH due to the change of adsorbent
structure. Compared to the experiments without competitive
cations, the uranium removal capacities was decreased more than
15% in presence of K*, Na* or Mg®*. Some previous studies
reported that alkali ions might be adsorbed in the structure of
CSH by the chemical binding force. With the alkali-binding into
CSH, Ca/Si ratio in CSH decreased." As recent research of
the mechanisms of magnesium corrosion shown, magnesium
could react with CSH and destroy its durability.®"! The
competition between metal ions and uranium for the active
adsorption sites does not have seriously impact on its adsorption
effect due to the remarkably high adsorption capacities and
plentiful active sites of CSH. The structure and composition
changes of CSH may dominantly cause the decrease of uranium
removal rate.

100 -
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20
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None K Na Mg Zn Cu Al

Fig.12 Effect of coexisting ions for uranium onto adsorbent (uranium:
500 mg/L, other ion:500 mg/L,adsorption dosage: 0.006g, retention time:
120min, T = 298K and pH 5).

0.18 1
0.16 - .
0.14 1 hd

0.12 1
0.10

0.08 4

Molar of calcium ions (mmol)

0.06 4

0.1

T T T
0.2 0.3 0.4 0.5

Molar of adsorbed ions (mmol)

0.0

Fig. 13 Molar of exchanged calcium ions vs molar of adsorbed uranium
ions. (Adsorption dosage 0.06 g, Cy = 200-5000 mg/L, reaction
time:120min, T = 298K and pH 5).

The ultrahigh specific surface area and large pore volume of CSH
are vital factors for high adsorption efficiency and superb
adsorption capacity, but the intrinsic nature of adsorbent
sometimes is more crucial for the enhancement of absorptive

property. The single unit cell of 1.4 nm tobermorite (2.8 nm) has
been observed by TEM (Fig.6 D), the structure of which is
illustrated in Scheme S1.”%' The double central layer of CaO

35 octahedra is sandwiched between the silicate chains in the

tobermorite-like CSH, and the parallel layered structure contains
Ca®* ions and water molecules. To further study the adsorption
mechanisms, the concentrations of calcium and uranium ions are
analyzed. Fig.13 shows a nearly linear relationship of the molar

40 amount of uranium removal and the amount of calcium increment

in the solution, which confirms that uranium ions and calcium
ions took ion exchange reaction during the adsorption process.
CSH possesses the ultrathin nano-structure, which is benefit for
the exchange between calcium ions on the surface or in the

45 interlayers and ions in the solution, resulting in high adsorption

efficiencies. The charge and ionic radii of Ca®* ion is consistent
with those of the adsorbed uranyl ion. The ionic radius of the
uranyl ion is only 0.004 nm larger than Ca’*ion™®, which is
helpful to retain the structure of CSH during the ion exchange

50 process.

3.3.5 Comparison adsorption capacity between MCSH and
CSH

In order to clarify the effect of magnetic iron oxide on the
adsorption capacity of CSH, we compared uranium removal rate

ss of MCSH and CSH in different concentrations of uranium. As

shown in Fig. 14, the uranium from 200 mg/L to 2000mg/L can
be almost entirely adsorbed by two sorbents, suggesting both
sorbents with excellent performance in the common
concentration range. The amount of uranium loading by CSH

0 decreased slightly when the original concentration levels ranging

from 3000 mg/L to 5000 mg/L, and that of MCSH declined rather
rapidly. The removal rate of uranium ions is around 59.4 and
88.3% for MCSH and CSH in the concentration of 5000mg/L,
respectively. Compared with CSH, magnetic iron oxide has poor

65 adsorption capacity, so the amounts of the active adsorption sites

in MCSH are lower than those of CSH. Although CSH has higher
adsorption capacities due to more active sites in superb high
concentration, such high concentration of uranium is extremely
rare in natural underground water and wastewater. CSH and

70 MCSH have almost the same adsorption capacity in the common

concentration range, but the magnetic materials can be separated
quickly from the treated water.
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Fig.14 The removal rate of uranium by MCSH and CSH(adsorption
dosage: 0.006g, retention time: 120min, T = 298K and pH 5)

4. Conclusions
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In summary, MCSH is successfully synthesized through in situ
growth of CSH onto the surface of the Fe;0,@SiO, microspheres
via a sonochemical approach. MCSH has a large surface area and
facilitates efficient magnetic separation. The adsorption isotherms
are well fitted by the Langmuir model which indicates a
monolayer adsorption. MCSH shows superb adsorption capacity
(2500 and 2778 mg/g at 298 and 318 K, respectively) with the
main adsorption mechanism may be attributed to ion exchange
between uranium ions and calcium ions. The adsorption kinetics
data are fitted well to the pseudo-second order model. MCSH
exhibits a quick and high efficient adsorption behavior, with the
removal of more than 80% of uranium (1000mg/L) in 10 min.
The calculated thermodynamic parameters demonstrate that this
process is spontaneous and exothermic. With the superb
adsorption capacity, rapid adsorption rate and quick magnetic
separation from the treated water, MCSH has potential as an ideal
magnetic adsorbent for uranium removal from aqueous solution.
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