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ABSTRACT: Selenium is of great concern owing to its acutely toxic characteristic at elevated dosage and the long-term
radiotoxicity of 79Se. The contents of selenium in industrial wastewater, agricultural runoﬀ, and drinking water have to be
constrained to a value of 50 μg/L as the maximum concentration limit. We reported here the selenium uptake using a structurally
well-deﬁned cationic layered rare earth hydroxide, Y2(OH)5Cl·1.5H2O. The sorption kinetics, isotherms, selectivity, and
desorption of selenite and selenate on Y2(OH)5Cl·1.5H2O at pH 7 and 8.5 were systematically investigated using a batch
method. The maximum sorption capacities of selenite and selenate are 207 and 124 mg/g, respectively, both representing the
new records among those of inorganic sorbents. In the low concentration region, Y2(OH)5Cl·1.5H2O is able to almost
completely remove selenium from aqueous solution even in the presence of competitive anions such as NO3−, Cl−, CO32−,
SO42−, and HPO42−. The resulting concentration of selenium is below 10 μg/L, well meeting the strictest criterion for the
drinking water. The selenate on loaded samples could be desorbed by rinsing with concentrated noncomplexing NaCl solutions
whereas complexing ligands have to be employed to elute selenite for the material regeneration. After desorption, Y2(OH)5Cl·
1.5H2O could be reused to remove selenate and selenite. In addition, the sorption mechanism was unraveled by the combination
of EDS, FT-IR, Raman, PXRD, and EXAFS techniques. Speciﬁcally, the selenate ions were exchanged with chloride ions in the
interlayer space, forming outer-sphere complexes. In comparison, besides anion exchange mechanism, the selenite ions were
directly bound to the Y3+ center in the positively charged layer of [Y2(OH)5(H2O)]+ through strong bidentate binuclear innersphere complexation, consistent with the observation of the higher uptake of selenite over selenate. The results presented in this
work conﬁrm that the cationic layered rare earth hydroxide is an emerging and promising material for eﬃcient removal of selenite
and selenate as well as other anionic environmental pollutants.

■

INTRODUCTION
Selenium (Se) is an essential trace element for humans, which
participates in thyroid hormone metabolism, antioxidant defense
systems, and immune function.1 However, selenium is acutely
toxic when the intake is higher than 400 μg per day.2 Several
incidents of selenium poisoning have been reported in
Hubei (China), Shanxi (China), and Punjab (India).3 It is necessary to strictly control the selenium concentration in industrial
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wastewater, agricultural drainage water, and drinking water.
As for drinking water, World Health Organization (WHO) provisional guideline for selenium is set at 40 μg/L and the maximum
Received:
Revised:
Accepted:
Published:
8606

April 18, 2017
June 23, 2017
June 26, 2017
June 26, 2017
DOI: 10.1021/acs.est.7b02006
Environ. Sci. Technol. 2017, 51, 8606−8615

Article

Environmental Science & Technology
contaminated selenium level has to be below 50 μg/L.2 In China,
the selenium limit in drinking water is 10 μg/L.3 To meet these
criterions, eﬃcient removal of selenium from the contaminated
water is highly desirable. In addition, 79Se is a long-lived radionuclide in used nuclear fuel with a half-life of 2.952 × 105 years.
Its removal from high level nuclear waste is also of great concern
and challenge.4
Methods of selenium removal from aqueous solution mainly
include sorption, coagulation, membrane separation, chemical
reduction, and biological accumulation.2 Among these, sorption is considered as an eﬃcient, simple, and low-cost process,
particularly suitable for removing contaminated selenium at
low levels and point-of-use applications.5 Inorganic titanium
oxide,6−9 aluminum oxide,10−13 iron oxides,14−22 mixed metal
oxides,23−26 and other minerals27−32 were commonly used for
this application. However, due to the limited activated sites for
sorption, most of the inorganic oxide sorbents exhibit low
capacity for capturing selenium. In addition, the uptake of
selenium is almost negligible at high pH values because the
surface of oxides would be negatively charged in such pH ranges
and repulse against anionic selenite and selenate.
Layered double hydroxides (LDHs), consisting of positively
charged brucite-type layers balanced by exchangeable anions in
the gallery, have received extensive attention as anion exchange
sorbents.33,34 The ﬁrst detailed investigations on the sorption of
selenium by LDHs were reported by You et al.35 It was found that
the sorption capacities of selenite were 120 and 98 mg/g for
Mg−Al and Zn−Al LDHs intercalated with chloride ions.
Other similar aluminum-based LDHs materials were also used to
remove selenium from aqueous solutions.36,37 Due to potential
health risk of dissolving Al in drinking water, considerable
investigations of selenium removal were dedicated to alternative
Mg−Fe LDHs sorbents.38,39 It should be noted that carbonates
often hold the preference to occupy the interlayer space during
synthesis, which would decrease the exchange capability of
selenite and selenate. Thanks to the “memory eﬀect”, the LDHs
can still exhibit excellent anion exchange properties even after
calcined at high temperature.40,41 In addition, Chubar et al.42,43
introduced a facile alkoxide-free sol−gel method to prepare an
Mg−Al−CO3 LDH with labile exchangeable carbonates.
The selenite and selenate removal capacities of this sorbent
reach as high as 160 and 90 mg/g at pH 5, respectively. Though
LDHs are well-known and -investigated cationic 2D layered
sorbents that are tailored for anion exchange application, similar
synthetic inorganic cationic layered materials are extremely
scarce.
More recently, Fogg and co-workers44−47 and Geng et al.48−50
prepared families of cationic layered rare-earth hydroxides (LRHs),
for example, RE2(OH)5(NO3)·nH2O and RE2(OH)5Cl·nH2O
(RE = Y, Sm−Lu). Initial investigations have conﬁrmed interlayer nitrate and chloride anions in these structures could be
exchanged with common inorganic (e.g., sulfate) and organic
dicarboxylate anions. However, no documents revealed the anion
exchange properties of these materials with inorganic anionic
contaminants in the environment, such as selenite, selenate,
perchlorate, pertechnetate, and arsenate. In addition, the charge
density of LRH layers was reported to be higher than that of
LDH,48 which may give rise to improved anion exchange abilities.
In this work, we reported the selenium removal proﬁle of
a cationic layered rare-earth hydroxide, Y2(OH)5Cl·1.5H2O.
The sorption kinetics, isotherms, selectivity, and desorption of
selenite and selenate on Y2(OH)5Cl·1.5H2O were systematically
investigated using a batch method. In addition, the sorption

mechanism was also unraveled by the combination of energydispersive spectroscopy (EDS), Fourier transform infrared spectroscopy (FT-IR), Raman, powder X-ray diﬀraction (PXRD),
and X-ray absorption ﬁne spectroscopy (XAFS) techniques.
The selenium uptake ability of LRH was also compared with
other types of cationic inorganic sorbents such as NDTB-1,
Mg−Al-LDH, SLUG-21, and Yb3O(OH)6Cl·2H2O, clearly
demonstrating its advantages in terms of uptake capacity and
eﬃciency.

■

MATERIALS AND METHODS
Synthesis and Characterization. Y2(OH)5Cl·1.5H2O was
synthesized via a hydrothermal route described previously46 with
mild modiﬁcations. Typically, 1.50 g (4.95 mmol) of YCl3·6H2O
was added to 0.32 g (8.00 mmol) of NaOH and 0.32 g
(5.48 mmol) of NaCl in 15 mL of H2O in a 20 mL Teﬂon-lined
autoclave. The resulting mixture was heated to 150 °C for
100 min, kept at 150 °C for 12 h, and cooled to room temperature in 24 h. The microcrystalline solids of Y2(OH)5Cl·
1.5H2O were obtained after ﬁltered, washed with deionized
water, and dried in air at room temperature. The detailed
synthesis routes of other inorganic cationic materials, including
NDTB-1,51,52 Mg−Al-LDH,53 SLUG-21,54−56 and Yb3O(OH)6Cl·
2H2O,57 are described in the Supporting Information (SI).
Batch Experiments. All the experiments were conducted at
25 °C under atmospheric conditions using the batch sorption
method. The solid/liquid ratio performed in all batch experiments was 2 g/L. 0.01 mol/L NaCl was used as the background
electrolyte to control the ionic strength. The pH values were
adjusted to the desired value with NaOH and HCl solutions in
5 min. Twenty mg of Y2(OH)5Cl·1.5H2O was added into 10 mL
of aqueous solution containing 500 mg/L of selenium. For the
removal of selenium at low concentrations, we performed the
sorption experiments at three respective concentrations of
selenium, 10 mg/L, 1 mg/L, and 100 μg/L. The resulting mixture
was stirred for a desired contact time and separated with a
0.22 μm nylon membrane ﬁlter (SANJIA Biochemical Supplies).
The concentrations of selenium in aqueous solution were
measured by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES, Thermo Fisher Scientiﬁc iCAP 7000)
and/or inductively coupled plasma mass spectrometry (ICP-MS,
Thermo Scientiﬁc). Samples were diluted for measurements
when required especially in the dissolution studies.
The eﬀect of other competing anions was performed by
adding 0.25 mM NaCl or NaNO3 or Na2SO4 or Na2CO3 or
Na2HPO4 to a 0.0125 mM (1 mg/L) selenium solution
without adding any background electrolyte. The desorption of
selenite and selenate from the saturated Y2(OH)5Cl·1.5H2O
was conducted by rinsing with NaCl (pH ∼ 7), NaOH-NaCl, or
Na2CO3 solutions at diﬀerent concentrations, the starting concentration of selenium is 500 mg/L. The desorption performance
was evaluated by the ratio of the contents of selenium in aqueous
solution after rinsing with eluents and the total amounts of
selenium sorbed on Y2(OH)5Cl·1.5H2O. The total amounts of
selenium on the saturated Y2(OH)5Cl·1.5H2O were determined
after dissolving the solid samples in 1.0 M HNO3. The details of
sorption kinetics studies, Y3+ dissolution kinetics experiments,
reusability of Y2(OH)5Cl·1.5H2O, ionic strength experiments
and eﬀect of pH experiments are described in SI, S5−S8.
EXAFS Data Collection and Analysis. Samples for EXAFS
analysis were prepared using an approach similar to that used for
the batch experiments. After ﬁltration, the wet samples were
sealed and directly sent for measurement. For comparison, the
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Figure 1. Characterizations of the microcrystalline Y2(OH)5Cl·1.5H2O material. (a) TEM morphology, (b) crystal structure, (c) EDS mapping proﬁles
of Y2(OH)5Cl·1.5H2O, and (d) calculated and experimental PXRD patterns.

rods of ca. 2 × 0.5 μm. The identiﬁed interplanar distance of
0.33 nm is close to that of (400) plane (SI Figure S1). As shown
in Figure 1b, Y2(OH)5Cl·1.5H2O exhibits a typical 2D layered
structure similar to layered double hydroxides (LDH).46,49 Each
hydroxide connects three Y atoms in the term of μ3 coordination
mode. There are two types of crystallographically independent
yttrium atoms in the structure: one is in a 8-coordinate square
antiprism geometry and the other in a 9-coordinate tricapped
trigonal prism (SI Figure S2). The yttrium and hydroxide
ions are constructed into a dense positively charged layer of
[Y2(OH)5(H2O)]+. The interlayer separation is 8.37 Å. Chloride
anions are located in the interlayer space balancing the charge
and exhibit weak electrostatic interaction with the layers.
In addition, EDS mapping proﬁle clearly shows that this sample
only contains Y, O, and Cl (Figure 1c). Thermogravimetric
analysis (TGA, SI Figure S3) was applied to determine the
content of lattice water in Y2(OH)5Cl·1.5H2O, which is consistent with the formula proposed. The experimental PXRD
pattern of Y2(OH)5Cl·1.5H2O (Figure 1d) is consistent with that
of the calculated one, conﬁrming the phase purity of this material
(>95% purity). Before sorption experiments, it is necessary to
conﬁrm the stability of Y2(OH)5Cl·1.5H2O in aqueous solution
at diﬀerent pH values. SI Figure S4 shows that Y2(OH)5Cl·
1.5H2O can well retain the structure at neutral/alkaline conditions and would transform to another unknown phase below
pH 7. Meanwhile, we observed obvious dissolution when pH < 6.7.
The dissolution kinetics experiments of Y2(OH)5Cl·1.5H2O
before and after Se sorption at pH 7 and 8.5 were performed. The
dissolved yttrium (Y) concentrations were determined to be low
at 13.98 mg/L and 4.34 mg/L in the absence of Se species,
corresponding to 1.28% and 0.40% of the raw materials at pH 7
and 8.5, respectively. In addition, the dissolved yttrium (Y)

results of dry samples were also provided. Se K-edge X-ray
absorption spectra were recorded at the beamline 14W1 at
Shanghai Synchrotron Radiation Facility (SSRF). The electron
beam energy of the storage ring was 3.5 GeV, and the maximum
stored current was approximately 250 mA. The measurement
was carried out with a Si (111) double-crystal monochromator in
the transmission mode and employs ionization chambers as
photo detector. The energy of the monochromator was corrected
by referring to the ﬁrst inﬂection point of Pt foil. Dry and wet
samples were measured at 25 °C. Each sample was measured
twice, and the spectra were averaged. No obvious beam-induced
oxidation can be observed during the data collection process.
The Se K-edge XAS data were analyzed in terms of the standard
procedures by using Demeter.58 Normalized absorption coeﬃcients were obtained using the Athena software and EXAFS
theoretical ﬁttings were performed using the Artemis software.
Theoretical phase and amplitude functions were calculated from
the program FEFF 9.0.59 Fitting procedure was performed on the
k3-weighted FT-EXAFS from 3.0 to 13 Å−1. An R window of
1−3.5 Å was used for the ﬁtting in Se(IV)-related samples.
The amplitude reduction factor S02 were determined by ﬁtting
the reference Na2SeO3 and Na2SeO4, and ﬁxed at 0.86 for Se
K-edge. According to the Nyquist formula Nind = 2ΔRΔk/π, the
number of the independent parameters of the data set were 16.
Thus, it is reasonable to include it in the ﬁt of the nearest Se−O
shell and even higher Se−Y shell.

■

RESULTS AND DISCUSSION
Characterization. Highly crystalline Y2(OH)5Cl·1.5H2O
sample was synthesized hydrothermally using YCl3·6H2O,
NaOH, and NaCl as raw materials. TEM image (Figure 1a)
showed that Y2(OH)5Cl·1.5H2O crystallizes as monodispersed
8608
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Figure 2. Sorption kinetics of Se(IV) and Se(VI) on Y2(OH)5Cl·1.5H2O at (a) pH 7 and (b) 8.5. Sorption isotherms of Se(IV) and Se(VI) on
Y2(OH)5Cl·1.5H2O at (c) pH 7 and (d) 8.5. (Phase ratio = 2 g/L, contact time = 12 h, background = 0.01 M NaCl).

Figure 3. Release of Cl− when Se(VI) (a) and Se(IV) (b) sorption onto Y2(OH)5Cl·1.5H2O at pH 7 (Phase ratio = 2 g/L, C0(Se)=500 mg/L);
(c) Se(IV) desorption from Y2(OH)5Cl·1.5H2O with NaCl-NaOH and Na2CO3 solutions. (A-1 M NaOH-1 M NaCl, B-1 M NaOH-4 M NaCl, C-3 M
NaOH-1 M NaCl, D-0.01 M Na2CO3, E-0.1 M Na2CO3, F-0.5 M Na2CO3, G-1 M Na2CO3); (d) The reusability of Y2(OH)5Cl·1.5H2O for removing
selenate and selenite.

concentrations were determined to be extremely low at 0.36 mg/L
and 1.83 mg/L after selenite sorption at pH 7 and 8.5, respectively

(SI Figure S5 and Table S1). Such low dissolution percentages
indicate that Y2(OH)5Cl·1.5H2O is hydrolytically stable at these
8609
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Table 1. Uptake of Se(IV,VI) onto Y2(OH)5Cl·1.5H2O Material. Experimental Conditions: m = 20 mg, V = 10 mL, m/V = 2 g/L,
contact time: 12 h
Se(IV)

Se(VI)

sample

pH

initial (μg/L)

ﬁnal (μg/L)

removal (%)

Kd (mL/g)

pH

initial (μg/L)

ﬁnal (μg/L)

removal (%)

Kd (mL/g)

Se
Se
Se
Se+ NaNO3
Se+NaCl
Se+Na2SO4
Se + Na2CO3
Se+ Na2HPO4

7.17
7.15
7.34
7.39
7.34
7.44
8.03
9.16

10 000
1000
100
1000
1000
1000
1000
1000

5.72 (±0.5)
3.46 (±1.8)
1.32 (±0.6)
1.71 (±1.2)
1.90(±1.4)
5.56 (±1.0)
7.97 (±0.2)
9.82 (±3.5)

99.9
99.8
98.7
99.5
98.3
97.4
99.2
99.1

8.8 (±0.7)×105
1.9 (±1.0)×105
4.7 (±2.1)×104
1.3 (±1.1)×106
5.7 (±4.3)×105
9 (±1.4)×104
6.1 (±0.2)×104
5.7 (±2.1)×104

7.48
7.34
7.42
7.29
7.49
7.34
8.00
8.98

10 000
1000
100
1000
1000
1000
1000
1000

4.84 (±0.7)
2.08 (±0.8)
0.81 (±0.4)
1.61 (±0.8)
2.45 (±0.4)
2.47 (±1.2)
8.48 (±1.5)
7.44 (±0.4)

99.9
99.9
99.2
99.5
98.9
98.1
99.2
99.3

1.1 (±1.5)×106
2.9 (±1.2)×105
8.1 (±4.0)×104
4.0 (±1.8)×105
2.1 (±0.4)×105
2.8 (±1.4)×105
6.0 (±1.1)×104
6.6 (±0.5)×104

releasing amounts of Cl− were measured by ion chromatography.
The solid/liquid ratio was 2 g/L. In order to avoid the eﬀect of
additional Cl−, the pH values were adjusted to 7 using HNO3
solution. As shown in Figure 3a and b, when the uptake of
selenium increases as a function of contact time, the content of
Cl− released from Y2(OH)5Cl·1.5H2O increases for both of
Se(IV) and Se(VI) correspondingly, which clearly indicates that
the sorption of selenate and selenite onto Y2(OH)5Cl·1.5H2O
follow ion exchange mechanism. In addition, though the ﬁnal
percentage of Cl− released from Y2(OH)5Cl·1.5H2O is almost
the same for selenate and selenite, the releasing kinetics
behaviors are diﬀerent. Moreover, the sorption capacity of
selenite is much higher than that of selenate, indicating additional
driving forces besides ion exchange for the case of Se(IV). The
underlying mechanism accounting for these observations was
further conﬁrmed and is discussed later in the EXAFS analysis
section.
Another four materials with cationic extended structures,
NDTB-1, Mg−Al-LDH, SLUG-21, and Yb3O(OH)6Cl·2H2O,
were also synthesized to evaluate their sorption properties
toward selenite and selenate for comparison (SI Figure S8).
These four materials hold the maximum Se(IV) and Se(VI)
sorption capacities of <80 and 70 mg/g, which are both signiﬁcantly lower than those of Y2(OH)5Cl·1.5H2O. In addition,
SI Table S3 summarizes the sorption capacities of common
inorganic selenium sorbents in the literatures. Most of them only
show moderate sorption capacity at acidic pH value. Until now,
the highest sorption capacities of Se(IV) and Se(VI) were
reported to be 12042 and 6062 mg/g at neutral and alkaline
solution, respectively. By contrast, our present work reaches high
records of 207 and 124 mg/g for Se(IV) and Se(VI) removal
using Y2(OH)5Cl·1.5H2O at pH 7.
Se Removal at Low Concentration. In addition to holding
a high sorption capacity, it is also necessary to test if Y2(OH)5Cl·
1.5H2O can remove selenium based pollutants at low concentrations to meet current criterions for selenium discharged into
water. Generally, the selenium wastewater contains selenium
contents ranging from 3 μg/L to 33 mg/L (SI Table S4).2
Therefore, we performed the sorption experiments at 10 mg/L,
1 mg/L, and 100 μg/L Se(IV,VI) in near-neutral pH solutions.
As shown in Table 1, compared with the initial and ﬁnal Se concentrations, both of Se(IV) and Se(VI) removal percentages
reach as high as 98%. The distribution coeﬃcients are in the
range of 4.7(±2.1) × 104 to 1.3(±1.1) × 106 mL/g. With a ﬁnal
selenium concentration of lower than 6 μg/L, the solution
treated with Y2(OH)5Cl·1.5H2O can fully meet the standards
of China for drinking water of <10 μg/L selenium and of
U.S. EPA below 50 μg/L selenium. Recently, Farha et al. reported

conditions. Furthermore, trivalent rare earth ions are generally considered to possess low toxicity and environmental
impact.60,61
Sorption Kinetics and Isotherms. The eﬀect of solution pH were investigated at pH ranging from 7 to 11 on the
removal of selenate and selenite by Y2(OH)5Cl·1.5H2O.
As shown in SI Figure S6, the Se(IV,VI) sorption by
Y2(OH)5Cl·1.5H2O increases with the decrease of pH, which
indicates that OH− partially compete with Se(IV) and Se(VI) to
enter the structure of Y2(OH)5Cl·1.5H2O. In this work, we chose
pHs 7 and 8.5 to explore the sorption properties and mechanism.
Sorption kinetics of Se(IV) and Se(VI) on Y2(OH)5Cl·
1.5H2O were investigated as a function of the contact time at
pH 7 and 8.5 with an initial selenium concentration of 500 mg/L,
respectively. As shown in Figure 2a and b, the uptake of selenium
by Y2(OH)5Cl·1.5H2O increased rapidly with the increase of
contact time. The sorption process reached equilibrium within
5 h. To ensure complete sorption, the isotherm experiments were
conducted for 12 h, and the results are revealed in Figure 2c, d,
and SI Table S2. All the sorption isotherms can be well ﬁtted to
the Langmuir model (SI). Impressively, Y2(OH)5Cl·1.5H2O
possesses high sorption capacities toward both Se(IV) and
Se(VI) at two selected pH values. The maximum sorption
amount of Se(IV) is 207 mg/g at pH 7. With increasing of the pH
value to 8.5, the maximum capacity of Se(IV) decreases to
150 mg/g. Similar phenomenon is observed in Se(VI) sorption.
Generally, pH value is considered as an important parameter to
control the ion distribution between the solid−liquid interfaces
during the sorption process. It not only aﬀects the selenium
species in solutions, but also changes the surface charge of the
sorbents. As shown in SI Figure S7, the percentage of HSeO3−
and SeO32− are 95% and 5% at pH 7, respectively, while SeO32−
dominates at pH 8.5 (63%). Se(VI) is present as only one
species, SeO42−, at these two pH values. For Se(IV), the speciation is dominated by HSeO3− at pH 7 and by SeO32− at pH 8.5
respectively. Therefore, the charge of the anionic species greatly
depends on pH values. An increase of pH value would induce
more negative charge onto the surface of yttrium hydroxide,
resulting in enhanced repulsion toward the anionic selenium
species. In addition, the hydroxide ions would participate in
competitive anion exchange reaction, which also contributes to
the decrease of sorption capacities at high pH values. Compared
to Se(VI), Y2(OH)5Cl·1.5H2O exhibited higher sorption toward
Se(IV). Speciﬁcally, the maximum sorption capacity of Se(IV)
was 150 mg/g whereas that was 102 mg/g for Se(VI) at pH 8.5.
Considering Cl− ions are distributed in the interlayer space, they
might be exchanged with Se(IV) and Se(VI) during the sorption processes. To conﬁrm this hypothesis, the time-dependent
8610
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of OH− in free water and associated with hydrogen bonds.64
The coordinated water molecules that bind to Y3+ ions are
conﬁrmed by peaks at 1645, 792, and 640 cm−1. After the
incorporation of Se(VI), a new peak at 860 cm−1 occurs, which is
attributed to v(Se−O) vibrations of SeO42−.42 The broad peak
between 575 and 700 cm−1 in Se(IV)-sorbed materials is
assigned to Se−O vibration of a mixture of HSeO3− and SeO32−
species.42 As for Se(IV)-sorbed materials, the band at 545 cm−1 is
slightly red-shifted, indicating the formation of Y−O−Se bonds.
This would lead to the partial ion exchange of coordinating OH−,
which can be further conﬁrmed by the obvious decrease of the
bands from 3329 to 3572 cm−1. This is also consistent with the
weakening of the hydrogen bond network in the LRH structure
after Se(IV) uptake.
All these results conﬁrm that Se(IV) and Se(VI) are successfully sorbed onto Y2(OH)5Cl·1.5H2O, which is also further
supported by Raman and EDS measurements (Figures S11 and
S12, see details in SI). In addition, the interlayer spacing of
Y2(OH)5Cl·1.5H2O (SI Figure S13) increases after sorption with
both Se(IV) and Se(VI). As for Se(IV), the d spacing of
Y2(OH)5Cl·1.5H2O increases from 8.37 to 9.85 Å. The increase
of 1.48 Å in d spacing is exactly the same with that of
Zn−Al-LDH reported by Mandal et al.65 After sorbed with
Se(VI), the d spacing of Y2(OH)5Cl·1.5H2O increases from
8.37 to 9.22 Å. Such an increase in d spacing indicates that both
selenite and selenate have entered into the crystallographic
interlayer space. Furthermore, EDS analysis (SI Figure S12)
shows that the amount of chloride ions greatly decreases after
the sorption. Therefore, an anion exchange mechanism of
Se(IV)/Se(VI) with interlayer chloride ions in Y2(OH)5Cl·
1.5H2O was also conﬁrmed, which is also responsible for the high
sorption capability toward Se(IV) and Se(VI) even at alkaline
conditions, setting Y2(OH)5Cl·1.5H2O apart from inorganic
oxide sorbents. The ionic strength experiments indicated that the
selenite ions are sorbed by Y2(OH)5Cl·1.5H2O through innersphere complexation and the sorption of selenate ions onto
Y2(OH)5Cl·1.5H2O is through simple outer-sphere complexation based ion exchange process (SI Figure S14).
Much stronger evidence conﬁrming the interaction mechanism comes from the extended X-ray absorption ﬁne structure
(EXAFS) spectra, which were collected in transmission mode
from samples with sorbed selenium. Spectra of sodium selenate
and selenite were also measured for comparison. In order to
exclude the possible structural diﬀerence induced by drying
treatment, we also collected the XAFS data in wet conditions.
X-ray absorption near edge structure (XANES) was initially
analyzed to conﬁrm no redox reaction occurs for Se(IV)/Se(VI)sorbed Y2(OH)5Cl·1.5H2O at pH 7 and 8.5 during the EXAFS
measurements (Figure 4 and SI Figure S15). Figure 5 illustrates
the k3-weighted spectra and the radial structure functions (RSFs)
around selenium atom from the Fourier transforms of the XAS
oscillation of the Se-sorbed Y2(OH)5Cl·1.5H2O at pH 7 and 8.5
with an initial Se concentration of 500 mg/L. The distances have
not been corrected for phase shifts, so we corrected the
abscissa as R + ΔR. The ﬁtting results are shown in Table 2.
There is a signiﬁcant diﬀerence in the radial distribution functions of the Fourier-transformed data in Se(IV) bound on the
Y2(OH)5Cl·1.5H2O surface versus the free Na2SeO3 (Figure 5b
and SI Figure S14). In Se(IV)-sorbed samples, clear evidence of
two shells can be observed. The ﬁrst peak at 1.32 Å is ﬁtted with
three Se−O paths with a bond length of 1.70−1.71 Å, while the
second one at 3.05 Å originates from Y backscattering and is
ﬁtted with two Y−Se paths at distances of 3.21−3.26 Å (Table 2).

that the remnant solution concentration was around 20 μg/L after
treated the water samples containing 1000 μg/L selenium with a
metal−organic framework material, NU-1000.62 By contrast,
the selenium removal using the Y2(OH)5Cl·1.5H2O material
achieves a deeper level. Furthermore, even in the presence
of competitive anions such as NO3−, Cl−, SO42−, CO32−, and
HPO42− with high concentrations, the uptake of selenium are
still higher than 97% with the distribution coeﬃcients of >3.5 ×
104 mL/g. The remnant selenium concentrations are <10 μg/L
except for the case with the presence of HPO42− (9.82 ± 3.5 μg/L
for the ﬁnal concentration of Se(IV)), much lower than the discharged concentration. Such excellent features make it possible
for real application of cleaning up selenium pollutants in the
environment.
Desorption and Reusability Results. To desorb the
selenium from Y2(OH)5Cl·1.5H2O, the selenium loaded samples
after sorption with an initial selenium concentration of 500 mg/L
were dispersed at various NaCl solutions with the concentrations
in the range of 0.01−6 mol/L in a contact time of 12 h. As shown
in SI Figure S9, the desorption amount of Se(VI) increases with
the increase of NaCl concentrations. The maximum contents of
selenate released from the loaded samples at pH 7 and 8.5 are
86% and 74%, respectively, indicating that the selenate sorption
on Y2(OH)5Cl·1.5H2O is reversible and can be eluted with noncomplexing Cl− ligand, similar to that of anion exchange resins.
However, in comparison, selenite anions cannot be desorbed
even by washing with the concentrated NaCl solution. In order
to desorb selenite from the loaded samples, complexing ligands,
such as OH− and CO32−, were used, which have been veriﬁed as
eﬃcient eluents for Se(IV) in previous literatures.35,37,41 We
therefore tested NaOH-NaCl and Na2CO3 solutions with
diﬀerent concentrations to regenerate the samples saturated
with selenite at pH 7. As shown in Figure 3c, with the increase of
NaOH concentration, the desorption percentage of Se(IV)
increases. An Se(IV) desorption percentage of 68% is achieved
using a 3 M NaOH-1 M NaCl solution. Furthermore, 1 M
Na2CO3 solution is also an eﬃcient eluting reagent, which can
remove 88% of Se(IV) from saturated solid samples.
The reusability of a sorbent is important and valuable for its
practical applications. The reusability of Y2(OH)5Cl·1.5H2O for
removing Se(IV) and Se(VI) were conducted for multiple regeneration cycles. The experiments were performed with solid/
liquid ratio of 2 g/L using Se(IV) or Se(VI) solution (10 mg/L)
at pH 7. 0.01 mol/L NaCl solution was used as the background
electrolyte to control the ionic strength. Se(VI) and Se(IV) were
eluted by 5 M NaCl solution and 3 M NaOH-1 M NaCl solution, respectively. As shown in Figure 3d, Y2(OH)5Cl·1.5H2O
exhibited excellent sorption−desorption regeneration toward
Se(VI), with the removal and desorption percentage of ∼100%
over all four cycles. The removal eﬃciency of selenite by
Y2(OH)5Cl·1.5H2O decreased from 99.3% to 73.5% during
the ﬁrst run of regeneration. After four cycles of sorption−
desorption, Y2(OH)5Cl·1.5H2O could still remove 63.4% of
selenite. The diﬀerential reusability of Y2(OH)5Cl·1.5H2O
toward selenate and selenite indicates that Se(IV) could be
immobilized in Y2(OH)5Cl·1.5H2O with additional drive forces
compared to that of Se(VI).
Sorption Mechanisms. SI Figure S10 shows the results of
FT-IR spectra of the original Y2(OH)5Cl·1.5H2O and Se-sorbed
materials, all samples were dried and measured. The original
adsorbent shows a band at approximately 545 cm−1, which can be
ascribed to the vibration of Y−O−Y bond.63 A series of bands
from 3329 to 3572 cm−1 are attributed to the stretching modes
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the range of 1.65−1.68 Å (Table 2). Such complexation mode is
consistent with that of tetrahedral SeO42− structure. In addition,
there are some small features at 2−3 Å in the FTs as the Se(VI)
reference. In order to clarify if higher Se−Y shell contributes or
not, we also tried to ﬁt the EXAFS spectra of Se(VI)-sorbed
sample with two coordination shell (Se−O and Se−Y). The best
ﬁtting results are shown in Table 2, which display unacceptable
structure errors for the Se−Y coordination shell. Therefore,
the higher Se−Y shell should not be considered in the Se(VI)sorbed sample, which cannot be distinguished from the Se(VI)
reference. These interpretation is highly consistent with that
Se(VI) is sorbed onto Y2(OH)5Cl·1.5H2O through outer-sphere
complexation.
In addition, to compare with wet samples, the EXAFS spectra
of dry samples were also collected and ﬁtted as shown in
SI Figure S16 and Table 2. Compared to the wet samples, the
coordination number of Se−O shell is slightly smaller in the
dry samples. The obvious bond length discrepancies of Se−Y
were also observed, which is induced by drying treatment. However, the coordination modes deduced from EXAFS spectra of
dry samples are still consistent with those collected from the wet
ones.
In brief, combined with batch experiments and various characterization, especially EXAFS spectra, we can conclude that the
sorption of Se(VI) onto Y2(OH)5Cl·1.5H2O is through simple
ion exchange of Cl− in the original structure by forming an outersphere complexation. For Se(IV) sorption, the mechanism is

Figure 4. Se K-edge XANES spectra of Se(IV,VI) sorbed Y2(OH)5Cl·
1.5H2O at pH 7 and 8.5.

In this case, it can be concluded that an inner-sphere complex
forms between one Se atom and two surface oxygen atoms that
are directly bonded to two respective Y atoms, that is, bidentate
binuclear complexation mode.
For Se(VI)-sorbed samples, a strong peak at 1.28 Å for Se(VI)sorbed samples according to the Fourier transform (FT) magnitude, which is attributed to the backscattering of the oxygen
atoms in the complexation sphere. It can be well ﬁtted to four
oxygen atoms around one selenium atom with a bond distance in

Figure 5. K3-weighted Se K-edge EXAFS spectra of wet Se(IV) and Se(VI) samples in free and sorbed Y2(OH)5Cl·1.5H2O at pH 7 and 8.5 (a,c) and
their respective Fourier transforms (b,d): solid lines(), experimental data; dotted lines (○), theoretical ﬁt; phase shifts (Δ) are not corrected on FTs.
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of Se(IV) and Se(VI) at pH 7 were measured. As shown in
SI Figure S20 and Table S6, the ﬁtted spectra and parameters are
consistent with those samples with high Se loadings.
Environmental Implications. The excess of selenium and
long-term radiotoxic 79Se are of great concern in the environment. Natural and synthetic inorganic mineral materials are
widely used to remove selenium from aqueous solution, but previous reports mostly focused on investigations of the interaction
mechanism more than removal performances (capacity, kinetic,
selectivity, regeneration, etc.) for applications. In addition, the
selenium uptake is negligible at high pH values because the
surfaces of inorganic oxides are usually negatively charged and
therefore repulse against anionic selenium species. The forgoing
results clearly demonstrate the powerful potential of layered rareearth hydroxides (LRHs) in removal of selenium-based anionic
pollutants. Taking Y2(OH)5Cl·1.5H2O as an example, it not only
exhibits extremely high sorption capability toward selenite and
selenate as new record values, but is also able to almost completely remove low concentration of selenium in the presence
of competitive anions. Such excellent features originate from
unique sorption mechanisms, where Se(IV) forms a strong
bidentate binuclear inner-sphere complex while Se(VI) forms a
weak outer-sphere complex in the interlayer space of Y2(OH)5Cl·
1.5H2O during the anion exchange reaction, as clearly illustrated
by the combined batch experiments and EXAFS investigations.
The reveal of the sorption mechanism shed light on material
screening with better anion removal performances, that is,
cationic extended structure can provide electrostatic interactions
as one of the key driving forces while coordination-available
Lewis acid centers (herein Y3+) would introduce additional
eﬀect on capturing anionic species. Furthermore, we believe
this type of sorbent can be extended to remove other oxoanionic pollutants such as AsO43−, PO43−, Cr2O72−, CrO42−, and
TcO4−,66,67 from aqueous environments. At current stage, the
microcrystalline feature of Y2(OH)5Cl·1.5H2O would limit its
further large-scaled column test. However, several strategies are
currently investigated in our laboratory to prepare granular or
ﬁber composites appropriate to actual ﬁeld situations. Anion
exchange resins,68,69 chitosan,10,29,70 and cellulose38,71 are
chosen as the support host candidates.

Table 2. Structural Parameters of Se(IV) and Se(VI) Samples
Derived from Se K-edge EXAFS Data
sample
dry Na2SeO3
wet Na2SeO3
dry sample
Y2(OH)5Cl
-Se(IV)-pH7
wet sample
Y2(OH)5Cl
-Se(IV)-pH7
dry sample
Y2(OH)5Cl
-Se(IV)-pH8.5
wet sample
Y2(OH)5Cl
-Se(IV)-pH8.5
Dry-Na2SeO4
wet-Na2SeO4
dry sample
Y2(OH)5Cl
-Se(VI)-pH7
wet sample
Y2(OH)5Cl
-Se(VI)-pH7
dry sample
Y2(OH)5Cl
-Se(VI)-pH8.5
wet sample
Y2(OH)5Cl
-Se(VI)-pH8.5

bond
type

CNa

R(Å)b

σ2(Å2)c

ΔE

Se−O
Se−O
Se−O
Se−Y

3.0
3.1 ± 0.2
2.9 ± 0.3
2.0 ± 0.4

1.71
1.71
1.71
3.25

0.0014
0.0013
0.0017
0.0127

9.0 ± 0.7
9.8 ± 1.1
8.6 ± 0.8
3.4 ± 0.7

Se−O
Se−Y

3.2 ± 0.5
2.0 ± 0.4

1.70
3.21

0.0013
0.0090

9.1 ± 1.1
2.2 ± 0.7

Se−O
Se−Y

2.9 ± 0.3
1.8 ± 0.4

1.71
3.26

0.0016
0.0137

7.8 ± 0.9
2.5 ± 0.6

Se−O
Se−Y

3.1 ± 0.4
1.9 ± 0.3

1.70
3.22

0.0011
0.0133

9.5 ± 0.9
2.1 ± 0.5

Se−O
Se−O
Se−O

4.0
4.1 ± 0.4
3.7 ± 0.4

1.65
1.65
1.67

0.0010
0.0011
0.0010

8.0 ± 1.3
9.6 ± 1.1
7.2 ± 1.1

Se−O

4.2 ± 0.4

1.65

0.0008

6.7 ± 1.3

Se−O

3.8 ± 0.4

1.68

0.0018

7.7 ± 0.9

Se−O

4.3 ± 0.4

1.66

0.0014

8.6 ± 1.1

CN means coordination number. bError: R ≤ ± 0.02 Å. cDebye−
Waller factors. Error: σ2 ≤ ± 0.0008 Å2. The R-factor is a standard
function deﬁned by the Standards and Criteria Committee of the
International XAFS Society, which weights the quality of the ﬁt.
R-factor ≤0.01.
a

much more complicated. During the sorption of Se(IV) at
pH 7 and 8.5 by Y2(OH)5Cl·1.5H2O, both ion exchange and
inner-sphere complexation mechanisms occur. As the sorption
proceeds, the Cl− is released out by ion exchange with selenite
(Figure 3c). Considering large amounts of HSeO3− are present,
which results in the fact that less Cl− releasing in the early contact
time compared to the case of Se(VI) sorption. More importantly,
the increase of pH during the sorption of Se(IV) provides the
direct evidence for that inner sphere coordination of Se(IV) to
the Y3+ center in term of bidentate binuclear complexation which
is also veriﬁed by EXAFS results. This process is accompanied
by the partial exchange with OH− groups that are originally
bound to Y3+ (SI Figure S17). Interestingly, change of pH is not
observed for the case of SeO42−.
To conﬁrm whether the ion exchange and inner-sphere complexation proceed one after another, we measured the EXAFS
spectra of Se(IV)-sorbed Y2(OH)5Cl·1.5H2O at pH 7 with
diﬀerent contact time (1, 12, and 24 h). From SI Figure S18 and
Table S5, no obvious structural change can be observed. There is
a second shell in all the spectra that can be ﬁtted with two Y−Se
paths, indicative of bidentate binuclear complexation. That
means the inner-sphere complexation occurs rapidly after ion
exchange of Cl− with selenite. All the selenite ions are eventually
sorbed on Y2(OH)5Cl·1.5H2O by inner-sphere complexation.
The proposed sorption processes are illustrated in SI Figure S19.
To explore the sorption mechanism under the environmentally
relevant conditions, the EXAFS spectra of Y2(OH)5Cl·1.5H2O
samples treated with low concentrations (20 and 50 mg/L)
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