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A novel magnesium silicate/diatomite sorbent (MSD) was fabricated using a facile hydrothermal method.
The interaction mechanism of U(VI) on MSD was investigated by batch, spectroscopic and modeling tech-
niques. The maximum adsorption capacity of MSD for U(VI) (31.54 mg/g) is significantly higher than that
of diatomite (12.74 mg/g). XPS analysis indicated that the oxygen-containing groups (e.g., SiAOH) of MSD
were responsible for the high efficient removal of U(VI) from aqueous solutions. The fitted results of sur-
face complexation modeling showed that the adsorption of U(VI) on MSD at pH < 4.0 and pH > 4.5 was
attributed to cation exchange and inner-sphere surface complexation, respectively. These findings sug-
gested that MSD could be a favorable sorbent for the efficient removal of U(VI) in the environmental
cleanup.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Uranium as a kind of actinide has greatly been concerned due to
its radioactivity, significant biological and chemical toxicity [1,2].
Therefore, the removal of uranium from contaminated water has
attracted much attention by a variety of methods such as sorption
[3,4], membrane separation [5], ion exchange [6]. Among these
methods, the sorption process is an attractive treatment method
due to its inexpensive, readily available, highly efficient, easy to
use, environmentally friendly, and so on [7,8]. Owing to its high
porosity and surface activity, diatomite has been extensively used
to remove a variety of environmental pollutants in recent years
[7,9,10]. However, the limited adsorption capacity of diatomite is
rather difficult to apply in practice.

In order to improve the sorption performance, diatomite was
usually modified through various treatment methods such as acid
and alkali treatment [11,12], inorganic and organic modifier [13–
17]. Among them, the inorganic substance deposited diatomite
composite materials had the high sorption capacity for heavy
metal ions. Du et al. found that the a-Fe2O3 and MnO2 nanowires
deposited diatomite were highly efficient adsorbents for the
removal of arsenic or chromium ions [13–15]. Meanwhile, the
magnesium silicate composites were also recently synthesized to
remove organic pollutants and heavy metals [18–22]. Zhang et al.
[22] report that the hierarchical iron oxide@magnesium silicate
magnetic nanorods exhibited strong sorption ability with methy-
lene blue. Wang et al. [21] found that the magnesium silicate hol-
low spheres have the high sorption capacity for methylene blue.
Ou et al. [19] discovered that Fe3O4@MgSiO3 sub-microspheres
were a promising sorbent for Pb2+ ions removal from aqueous solu-
tion. However, most of these syntheses involve tedious procedures
and the longer react time, which greatly reduced the efficiency for
the synthesis process. However, magnesium silicate/diatomite
(MSD) composite can be easily synthesized through a facile, rapid
and green hydrothermal method. This method highly enhanced the
syntheses efficiency, which was due to its omitted the inorganic
substance growth process or the SiO2 spheres synthesis process.
To the authors’ knowledge, the investigation of U(VI) sorption on
magnesium silicate/diatomite (MSD) composite has been rarely
reported.

The objectives of this study were (1) to characterize morphol-
ogy and surface groups of MSD by using scanning electron micro-
scopy (SEM), Fourier transform infrared spectroscopy (FT-IR), X-
ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS); (2) to investigate the effect of water chemistry on the high
efficient removal of U(VI) on MSD by batch techniques; (3) to
determine the sorption mechanisms between MSD and U(VI) by
X-ray photoelectron spectroscopy (XPS) and surface complexation
modeling. The highlight of this study is MSD as a promising adsor-
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bent for the preconcentration and immobilization of uranium in
environmental pollution management.

2. Experimental

2.1. Materials and methods

All chemicals in analytical purity were purchased from Shang-
hai Chemical Reagent Co. Ltd (China) and were used without fur-
ther purification. U(VI) stock solution (120 mg/L) was obtained
by dissolving uranyl nitrate (UO2(NO3)2�6H2O, analytical reagent)
into deionized water. And the main component of the diatomite
sample was SiO2 (P85.0%).

The MSD was synthesized by the modified hydrothermal
method [21]. Briefly, 0.1 g diatomite was homogeneously dis-
persed in 15 mL deionized water, while 0.01 mol ammonia chlo-
ride, 0.003 mol magnesium chloride and 4.8 mL of 28% ammonia
solution were dissolved in 20 mL deionized water. Two solutions
were mixed under vigorous stirring conditions and then were
transferred into a Teflon-lined stainless-steel autoclave (100 mL)
and sealed to heat at 160 �C for 2 h. The MSD was obtained by
washing it with deionized water and ethanol sequent and then
freeze-dried overnight.

2.2. Characterization

The morphologies of raw diatomite and MSD were illustrated
by scanning electron microscopy (SEM). The surface groups of
raw diatomite and MSD were characterized using Fourier trans-
form infrared spectroscopy (FT-IR) (Perkin Elmer spectrum 100,
America) in pressed KBr pellets. The spectral resolution was set
to 1 cm�1, and 150 scans were collected for each spectrum. The
identification of the diatomite and MSD were recorded by Rigaku
X-ray diffractometer (MAC Science Co. M18XHF diffractometer)
with Cu Ka radiation (k = 0.1541 nm). The specific surface areas
were measured by Brunauer-Emmett-Teller (BET) method. The
nitrogen isotherms at 77 K were measured using sorption instru-
ment (TriStarII, Micromeritics Company, USA) to evaluate their
pore structures. The zeta potentials of diatomite and MSD were
measured by ZETASIZER, Nano-ZS90. The change in surface groups
for MSD before and after U(VI) sorption were characterized the X-
ray photoelectron spectroscopy (XPS) on an ESCALab 220I-XL sys-
tem (Thermo-VG Scientific). The XPS data were processed using
the XPSPEAK software (version 4.1).

2.3. Sorption experiments

The sorption experiments were conducted in 10 mL polyethy-
lene test tubes by using batch technique. The raw diatomite or
MSD and NaNO3 solution were added to pre-equilibrate 24 h and
then U(VI) solution was added into the suspensions. The pH of sus-
pensions was adjusted to the desired values by adding negligible
amount of 0.01–1.0 mol/L HNO3 or NaOH solutions. After the sus-
pensions were shaken for 24 h, the liquid and solid phases were
separated by centrifugation it at 9000 rpm for 20 min.

The concentration of U(VI) in supernatant was determined
using Fluorolog-3 fluorescence spectrometer (Johin-Yvon-SPEX
instruments, New Jersey). The amount of U(VI) sorbed on diato-
mite or MSD was calculated from the difference between the initial
concentration (C0) and the equilibrium concentration (Ce). The
sorption percentage (sorption %) and the amount (qe) of U(VI)
sorbed on diatomite or MSD after equilibriumwere expressed from
the following Eqs. (1) and (2):

Sorption % ¼ C0 � Ce

C0
� 100% ð1Þ
qe ¼
ðC0 � CeÞ � V

m
ð2Þ

where C0 and Ce (mg/L) are the initial and the equilibrium concen-
tration of U(VI) remained in solution, respectively. m (g) is the mass
of diatomite or MSD, and V (L) is the volume of suspension. All the
experimental data were the average of triplicate experiments and
the relative errors of data were less than ±5%.

2.4. Surface complexation modeling

The pH-dependent adsorption of U(VI) on MSD were simulated
by using the surface complexation modeling employing diffuse
layer model with the aid of Visual MINTEQ codes [23]. Diffuse layer
model assumed that amphoteric hydroxide functional groups
(SOH) can be reacted with U(VI) species from aqueous solutions.
The protonation and deprotonation constants (logK+, logK�) are
given the following Eqs. (3) and (4):

SOHþHþ ¼ SOHþ
2 logKþ ¼ log SOHþ

2

� �
= ½SOH�½Hþ�� �� � ð3Þ

SOH ¼ SO� þHþ logK� ¼ logð½SO��½Hþ�=½SOH�Þ ð4Þ
Two surface complexation reactions were selected in conjunc-

tion with batch adsorption data, which can be described as Eqs.
(5) and (6):

2XNaþ UO2þ
2 ¼ 2Naþ þ X2UO2 log K1

¼ logð½X2UO2�½Naþ�2=ð½XNa�2 UO2þ
2

h i
Þ ð5Þ

SOHþ UO2þ
2 ¼ SOUOþ

2 þHþ log K2

¼ logð SOUOþ
2

� �½Hþ�=ð½SOH�UO2þ
2 �Þ ð6Þ

At adjustable parameters, the site density (Ns, sites/m2) can be
calculated by Eq. (7):

Ns ¼ Nt � NA=ðCs � SAÞ ð7Þ
where Cs (g/L) refer to solid concentration, respectively. NA (sites/-
mol) and SA (m2/g) are Avogadro constants and specific surface area,
respectively. The total reactive sites concentration (Nt, mol/L) can
be obtained by fitting the potentiometric data. Hence, the site den-
sity for sepiolite was calculated to be 4.48 sites/nm2 for U(VI),
which range from 2 to 20 sites/nm2 for oxides [24].

3. Results and discussion

3.1. Characterization

Fig. 1 shows the characterization of raw diatomite and MSD
sample. As shown by SEM in Fig. 1A, the diatomite sample pos-
sessed a disc-like morphology with a uniform ordered porous
structure. For MSD, a large number of nanowires remained porous
structure was clearly observed (Fig. 1B). As shown in Fig. 1C, the
FT-IR spectrum of raw diatomite showed major adsorption bands
at 3445 and 1630 cm�1 were attributed to the stretching and bend-
ing vibration of water molecules, respectively [25,26]. The bands at
1097, 793 and 481 cm�1 were responded to the asymmetric
stretching, symmetric stretching and bending vibration of
SiAOASi, respectively [27,28]. The broad band at 3445 cm�1 was
due to the stretching vibration of SiAOAH on the surface [29].
For MSD, some typical absorption bands (from 1097 to
1095 cm�1, from 481 to 476 cm�1) were shifted to the lower
wavenumbers, which could be ascribed to the changes in the
microenvironment of these groups. As shown in Fig. 1D, the XRD
patterns of diatomite showed the typical crystalline diffraction
peaks at 2h = 22.0, 28.4, 31.5 and 36.1�, which matched the
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(1 0 1), (1 1 1), (1 0 2) and (2 0 0) planes of SiO2 (JCPDS card no. 39-
1425), respectively. For MSD, low intensity peaks at 2h = 19.5, 34.6
and 60.1� were correspond to the (0 2 0), (2 0 0) and (332) planes
of magnesium silicate (JCPDS card no. 03-0174). Besides, the two
peaks at 2h = 11.1 and 28.2�were also attributed to magnesium sil-
icate phase (JCPDS card no. 03-0519). The other main characteristic
peaks for MSD indicated the stability of the crystalline phase of
diatomite during hydrothermal process. The results suggested that
the poorly crystalline of magnesium silicate was hydrothermally
synthesized on the surface of diatomite.

Based on the nitrogen isotherms shown in Fig. 1E, the specific
surface area of diatomite and MSD calculated by the BET method
were 1.170 and 12.068 m2/g, respectively. The high BET surface
area of MSD was mainly due to the abundant micropores exposed
on the surface of diatomite. According to the calculation from BJH
(Barrett-Joiner-Halenda) method, the total pore volume of diato-
mite and MSD are 0.003 and 0.037 cm3/g, respectively. As inserted
pore size distribution curves in Fig. 1E, the MSD presented an obvi-
ous feature of micropores, whereas the diatomite displayed meso-
pores and macriopores. As shown by zeta potential in Fig. 1F, the
isoelectric point values of MSD and diatomite were 3.2 and 2.5,
respectively. The enhanced isoelectric point value of MSD might
be due to the surface generated magnesium silicate phase [21].
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3.2. Sorption kinetics

Fig. 2 shows the sorption kinetics of U(VI) on MSD and diato-
mite at pH 5.0. It is observed that the amount and rate of U(VI)
sorption on MSD were higher than that on diatomite. The sorption
of U(VI) on diatomite and MSD rapidly increased at the first 3 h and
then maintained the high level sorption after contact time more
than 3 h. It is proposed that the fast removal rate was attributed
to the more sorption active sites of MSD, which facilitated the dif-
fusion of U(VI) from bulk solution onto the surface binding sites
[4,30]. The results suggested that MSD can quickly eliminate
radionuclides in potential practical application [31].

The pseudo-first and pseudo-second-order kinetic models were
employed to simulate the data of sorption kinetics. The equations
of the pseudo-first and pseudo- second-order kinetic models can
be described as Eqs. (8) and (9), respectively [32,33].

lnðqe � qtÞ ¼ ln qe � k1 � t ð8Þ

t
qt

¼ 1
k2 � q2

e
þ t
qe

ð9Þ

where k1 and k2 (g/(mg h)) are the rate constants of pseudo-first
and pseudo-second- order model, respectively. qe and qt (mg/g)
are the sorbed amount of U(VI) at equilibrium and time t (h),
respectively. The corresponding parameters were summarized in
Table 1.

As shown inset of linear plot feature of t/qt versus t in Fig. 2, the
sorption of U(VI) on MSD and diatomite can be satisfactorily sim-
ulated by pseudo-second-order model with high correlation coeffi-
cient (R2 = 0.997). As summarized in Table 1, the equilibrium
sorption capacity of U(VI) on MSD was higher than that of U(VI)
sorption on diatomite.

3.3. Effect of pH and ionic strength

The effect of pH and ionic strength on sorption of U(VI) on dia-
tomite and MSD are given in Fig. 3. The sorption of U(VI) on MSD
was much higher than that diatomite. Magnesium silicate pro-
duced on the diatomite surface enlarged the specific sorption sites.
Besides, the magnesium silicate homogeneous dispersed on the
surface of diatomite formed a uniform exposed structure, which
can enhance the sorption capacity according to the report [34].
As shown in Fig. 3, the sorption of U(VI) on diatomite and MSD
increased with increasing pH from 3.0 to 6.0, then remained the
steady state at pH 6.0–7.5, whereas the decrease of U(VI) sorption
was observed at pH > 7.5. As shown in Fig. S1 in Supplementary
materials, the predominate species of U(VI) in aqueous solution
was UO2

2+ at pH < 5.0, and more multiple positive charged U(VI)
species (e. g, UO2(OH)+, (UO2)3(OH)5+, and (UO2)4(OH)7+ species)
were observed at pH 5.0–8.0, whereas the negative charged U(VI)
species (i.e., UO2(CO3)22�, UO2(CO3)34� species) were observed at
pH > 8.0. As shown in Fig. 1F, the surface of MSD and diatomite
was negative at pH > 4.0. Consequently, the increased sorption of
U(VI) on MSD and diatomite at pH 3.0–6.0 was due to the electro-
static attraction between positive charged U(VI) species and nega-
tive adsorbent surface, whereas the decreased sorption of U(VI) on
MSD at pH > 7.0 was attributed to the electrostatic repulsion of
Table 1
Kinetic parameters of U(VI) sorption on raw diatomite and MSD.

System Pseudo-first-order

qe (mg/g) K1 (g/(mg h)) R2

Diatomite 8.808 0.0721 0.36
MSD 23.4718 0.003 0.39
negative adsorbent surface and negative charged U(VI) species
such as UO2(CO3)22� and UO2(CO3)34� species [35].

The effect of ionic strength on U(VI) sorption onto MSD was also
illustrated in Fig. 3. The sorption of U(VI) on MSD decreased with
increasing ionic strength at pH < 4.0, whereas the sorption of U
(VI) on MSD was independent of ionic strength at pH > 5.0. It is
reported that the outer-sphere surface complexation/cation
exchange was sensitive to ionic strength, whereas inner-sphere
surface complexation was independent of ionic strength [36–38].
Consequently, outer-sphere surface complexation/cation exchange
dominated the sorption of U(VI) on MSD at the low pH, whereas
inner-sphere surface complexation mechanism dominated the
sorption of U(VI) on MSD at high pH values.

3.4. Sorption isotherms

Fig. 4A shows the sorption isotherms of U(VI) on MSD in the
presence of 0.01 mol/L NaNO3. The sorption of U(VI) on MSD
increased with increasing temperature, indicating the interaction
of U(VI) with MSD was promoted at higher temperature. The Lang-
muir and Freundlich models were used to simulate the sorption
data. The Langmuir isotherm model usually described the mono-
layer sorption process that took place on a homogeneous surface.
The Freundlich expression is an exponential equation that repre-
sents properly the sorption data at low and intermediate concen-
trations on heterogeneous surfaces [3]. The equations of
Langmuir and Frenudlich models can be expressed as Eqs. (10)
and (11), respectively [39,40]:

qe ¼
bqmaxCe

1þ bCe
ð10Þ

qe ¼ KFC
n
e ð11Þ

where qmax (mg/g) is the amount of U(VI) at complete monolayer
coverage; b (L/mg) is a constant that relates to the heat of sorption.
Pseudo-second-order

qe (mg/g) K2 (g/(mg h)) R2

56 2.17 1.93 0.997
56 20.72 0.22 0.997
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Table 4
Thermodynamic parameters for U(VI) sorption on MSD.

T (K) DG (kJ/mol) DS (J/(mol K)) DH (kJ/mol)

293 �5.10
308 �6.20 93.63 22.44
323 �7.90
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KF (mg(1�n)Ln/g) is the Freundlich constant and n represents the
degree of sorption dependence at equilibrium concentration. The
corresponding parameters of the Langmuir and Freundlich equa-
tions were listed in Table 2. As shown in Table 2, the sorption of
U(VI) on MSD was better simulated by the Langmuir model than
that of the Freundlich model. The qmax values of MSD and diatomite
calculated from the Langmuir model at pH 5.0 and 273 K were 31.54
and 12.74 mg/g, respectively. As shown in Table 3, the sorption
capacity of U(VI) on MSD was significantly higher than other adsor-
bents such as sepiolite [4], attapulgite [41], quercetin modified Fe3-
O4@SiO2 [42], Na-montomorillonite [8], modified silica gel [43].
These findings indicated that MSD possessed obvious superiority
in sorption capacity.

The thermodynamic parameters were calculated based on the
sorption isotherms at the three different temperatures. The more
details on the calculation of the standard free energy change-
DG0, standard enthalpy change-DH0 and the standard entropy
change-DS0 were provided in Supporting Information (SI). As
shown in Table 4, the negative DG0 values (i.e., �5.10, �6.20 and
�7.90 kJ/mol for U(VI) at 293, 308 and 323 K, respectively) indi-
cated that U(VI) sorption on MSD was a spontaneous process.
Table 2
Parameters of Langmuir and Freundlich models for U(VI) sorption on MSD.

T (K) Langmuir model

qmax (mg/g) b (L/mg) R2

293 31.54 0.62 0.86
308 39.28 0.66 0.89
323 50.33 0.91 0.94

Table 3
Comparison of U(VI) sorption capacity of MSD with other sorbents.

Sorbents Exp. conditions

pH T (K

Sepiolite 6.0 313
Attapulgite 4.0 303
Fe3O4@SiO2 3.7 298
Na-montomorillonite 4.9 298
Modified silica gel 6.0 298
MSD 5.0 293
Concurrently, the decreased values of DG0 with increasing temper-
ature indicated that the sorption reaction was more favorable at
the higher temperature. The positive value DH0 (22.44 kJ/mol)
suggested that U(VI) sorption on MSDwas an endothermic process.
The interaction between U(VI) and MSD combined with two
process: the endothermic process of dehydration of U(VI) from
aqueous solution and the exothermic process of attachment of U
(VI) to MSD surface [4]. Therefore, it was inferred that the
endothermicity of the dehydration process exceeded the exother-
micity of attachment of U(VI) to MSD surface. The positive DS0

value (93.63 J/mol/K) implied some structural changes in U(VI)
on MSD during the sorption process, which leads to an increase
in the disorder of the solid–solution system. The thermodynamic
Freundlich model

kF (mg(1�n) Ln/g) n R2

16.54 0.19 0.71
19.39 0.22 0.75
25.69 0.22 0.82

qmax (mg/g) Reference

)

18.47 [4]
12.98 [33]
12.33 [34]
9.15 [7]
8.46 [35]
31.54 This work
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parameters indicated that the sorption of U(VI) on MSD was an
endothermic and spontaneous process.

3.5. Regeneration and reusability

From the viewpoints of low economic cost and environmental
renewable, it is important to recycle these adsorbents in environ-
mental cleanup. Therefore, the recycling of MSD in the sorption
of U(VI) was investigated as followed: After sorption equilibrium,
the adsorbent was dispersed in 20 mL of 0.5 M Na2CO3 solution
for 24 h, and then the suspension was centrifuged and the sorbent
was washed with Milli-Q water, and then MSD was dried at 60 �C.
As shown in Fig. 4B, the sorption of U(VI) on MSD slightly
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532.0 and 532.8 eV, which were corresponded to the surface lattice
oxygen species (OL), surface adsorbed hydroxyl species (OOH) and
adsorbed water molecules (OH2O) on the diatomite surface in
sequence, respectively [44,45]. According to Fig. 5C, three peaks
Si 2p spectrum of MSD at �102.1, 102.6 and 103.3 eV were in
agreement with the literature reporting data for the binding
energy (BE) value of the Si 2p from the MgAOASi, SiAOASi and
SiAOH, respectively [46,47]. As shown in Fig. 5B and C, O 1s spec-
trum after sorption shifted to lower binding energy, while Si 2p
spectrum shifted to higher binding energy. For example, the bind-
ing energies of OL and OOH were shifted from 531.0 to 530.8 eV and
from 532.0 to 531.8 eV, respectively, whereas the binding energies
of MgAOASi, SiAOASi and SiAOH groups were shifted from 102.1
to 102.4 eV, from 102.6 to 103.3 eV and from 103.3 to 104.3 eV,
respectively. As shown in Fig. 5D, U 4f spectrum displayed two
splitting peaks such as at around 382.0 and 392.0 eV for U 4f7/2
and U 4f5/2, respectively [48]. The XPS results indicated that
oxygen-containing functional groups were responsible to the high
effective sorption of U(VI) on MSD.

3.7. Surface complexation modeling

Fig. 6A and B shows the surface complexation modeling of U(VI)
sorption on MSD and diatomite, respectively. One can see that the
sorption of U(VI) on MSD and diatomite can be satisfactorily fitted
by diffuse layer model with cation exchange (X2UO2 species) and
inner-sphere surface complexation (SOUO2

+ species). As shown in
Fig. 6A and B, the main adsorbed U(VI) species were X2UO2 species
at pH < 4.0, whereas SOUO2

+ species dominated the U(VI) sorption
at pH > 5.0. The fitted results of surface complexation modeling
indicated that the sorption of U(VI) on MSD and diatomite at
pH < 4.0 was cation exchange, whereas inner-sphere surface com-
plexation dominated the sorption of U(VI0 on MSD and diatomite
at pH > 5.0.

4. Conclusions

The novel MSD sorbent was prepared successfully using a facile
hydrothermal method, which provided an environment-friendly
and cost-effective method to design a green, efficient sorption
material. The maximum sorption capacity of U(VI) on MSD at pH
5.0 and 293 K was 31.54 mg/g, which was significantly higher than
of natural clay minerals. According to the analysis of XPS spectra,
the oxygen containing functional groups (e.g., SiAOH) were
responsible for the sorption of U(VI) on MSD. The results of surface
complexation modeling indicated that cation exchange and inner-
sphere surface complexation dominated the sorption of U(VI) on
MSD and diatomite at pH < 4.0 and pH > 5.0, respectively. These
findings revealed that MSD can be used a promising sorbent for
pre-concentration and immobilization of radionuclides in nuclear
waste management.
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