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by a facile one-step method, which combined the Mg(OH), formation with Ag,0 deposition. The synthe-
sized products were characterized by a wide range of techniques including powder X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM),
selected area electron diffraction (SAED), and nitrogen physisorption analysis. It was found that Ag,0
nanoparticles anchored on the Mg(OH), nanoplates show good dispersion and less aggregation relative

f\(g (Vg;:_l")i;"nanoplates to the single Ag,0 nanoaggregates. In addition, iodide (") removal by the Ag,0@Mg(OH), nanocomposite
Ag,0@Mg(OH), nanocomposite was studied systematically. Batch experiments reveal that the nanocomposite exhibits extremely high I~
One-step method removal rate (<10 min), and I~ removal capacity is barely affected by the concurrent anions, such as CI~,
Simultaneous removal SO%~, CO%~ and NO3. Furthermore, I~ and UO3* could be simultaneously removed by the nanocomposite
I~ and UO,?* with high efficiency. Due to the simple synthetic procedure, the excellent removal performances for

iodine and uranium, and the easy separation from water, the Ag,0@Mg(OH), nanocomposite has real
potential for application in radioactive wastewater treatment, especially during episodic environmental
crisis.
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1. Introduction

Recently, the concern on nuclear waste leakage has drawn
increasing attention globally since the nuclear accident at Fukush-
ima in 2011 [1]. The radioactive iodine is one kind of the major by-
products of uranium and plutonium fission, and the half-life of
radioiodine isotope differs from about 8 days (**'I) to 1.6 x 107 -
years (1?°I) [2-4]. In addition, radioactive iodine is also widely
applied to the diagnosis and treatment of various diseases [5,6].
For instance, '3, often used in hyperthyroidism, thyroid cancer
diagnosis and metabolic therapies [7], is habitually dumped into
domestic sewer system, and thus is one of the radionuclides most
often detected in the medical sewage [8-10]. Because of the nons-
elective uptake of iodine isotope by human body, radioactive
iodine can be accumulated in the human thyroid gland and lead
to increase of metabolic disorders, mental retardation, and thyroid
cancer, especially for children [11]. Studies on iodine speciation in
aqueous environment have demonstrated that pH, salinity, natural
organic matter (NOM) and microorganisms are involved in regulat-
ing iodine biogeochemical processes [11,12]. Dominant iodine spe-
cies include iodide (I"), iodate (I03), and organo iodine in the
natural environment [13,14]. It has been proposed that 1™ is the
major species in deep radioactive waste repositories and is stable
almost over the entire pH range [4,15]. Due to the poor removal
abilities of many nanomaterials to anions, the implementation in
developing nanomaterials for the efficient immobilization of
radioactive iodine anions, especially I, from aqueous environment
is lagged [15].

Various nanomaterials, such as organic anion exchange resins
[16], clay minerals [15,17], Ag-based materials [18-27], layered
double hydroxide [28-31], and compounds containing Hg?* [32],
Bi3* [4,33], and Cu® [34,35], have been recently studied for the
treatment of water contaminated by radioactive I-. However,
organic anion resin are unstable under high dose of radiation and
elevated temperatures [36], and many inorganic materials often
display relatively low removal capacities and slow uptake kinetics
[4,24]. Among these materials, Ag,0 is a potential capture agent for
radioactive I~ because of the efficient I~ immobilization by Ag,0 to
form Agl precipitate. Nevertheless, it has been found that the smal-
ler the nanoparticles are, the higher the tendency of aggregation
becomes, which stems from high surface free energy. The forma-
tion of aggregates could significantly decrease the surface area of
Ag,0, thereby leading to a sharp deterioration of activity and effi-
ciency [24]. Therefore, using Ag,0O directly for the treatment of
radioactive I~ is impractical. Anchoring Ag,0O nanoparticles onto
the supported-materials could reduce the aggregation of Ag,O
nanoparticles, and thus may improve their performance in I~
uptake. Recently, many Ag,O-based nanocomposites have been
reported for the efficient removal of radioactive I~ [19-24]. For
example, Ag,0 anchored titanate nanotubes, nanofibers and
nanolamina have been reported to act as scavengers for highly effi-
cient and selective capture of I~ [19,20]. In addition, Ag,0 grafted
sodium niobate nanofibers also showed good removal performance
for I” [24]. These findings have provided new insights into the effi-
cient capture of radioactive iodine. However, some shortcomings
of the reported supported-materials, such as complexity of prepa-
ration, high cost and sensitivity to solution pH, still limit the wide
application of Ag,0. Thus, the search for new substrate that is
facilely synthesized and stable under complicated conditions is
still crucial and urgent.

As a nontoxic, low cost and environmentally friendly material,
nanoscale brucite (nano-Mg(OH),) is widely applied in the envi-
ronmental remediation [37-43]. For instance, Li et al. reported that
self-supported flowerlike Mg(OH), could recycle rare earth ele-
ments from low concentration wastewater via ion-exchange [37].

A strategy was proposed by Liu et al. to simultaneously realize both
the recycle of Mg(OH), nanoadsorbent and enrichment of diluted
Cr(VI) from wastewater, which was based on the reversible phase
transformation between platelet-like Mg(OH), nanoparticles and
rod-like MgCO5-3H,0 bulk crystals [39]. In addition, Mg(OH),
micro/nanorods also showed highly selective adsorption capacity
and fast adsorption rate for the removal of dilute anionic dye,
and the adsorbed dye was successfully desorbed by carbonation,
resulting in a ~4000 fold enrichment of the dye solution [40]. It’s
well established that nano-Mg(OH),, having a hexagonal symme-
try structure [44], usually exhibits nanoplate-like morphology with
a large specific surface area [45], which can potentially provide an
ideal substrate for Ag,0 nanoparticle loading. Moreover, nano-Mg
(OH), could be facilely synthesized by the hydrolysis of periclase
(MgO), which is abundant in nature, and thus could be helpful to
greatly reduce the preparation cost. In particular, Chen et al.
recently reported that a high uranium removal capacity of Mg
(OH), could be found when the initial uranium concentration
crosses over a threshold [46]. Therefore, Mg(OH), nanoplates can
not only act as a substrate for Ag,0 nanoparticles, but also remove
uranium efficiently from solution. That is, Ag,O coupled with Mg
(OH), can be potentially applied to the simultaneous removal of
iodine and uranium from radioactive wastewater. However, to
the best of our knowledge, no research has been reported on the
removal of radioactive iodine, especially on the simultaneous
removal of iodine and wuranium, by Ag,0@Mg(OH),
nanocomposite.

Herein, Ag,0@Mg(OH), nanocomposite is successfully prepared
by a facile one-step method, which combined the Mg(OH), forma-
tion with Ag,0 deposition, and the removal ability of the nanocom-
posite to ™ is systematically investigated. In addition, considering
the fact that multiple radionuclides can coexist in radioactive
wastewater, the simultaneous removal of I~ and UO3* by the
nanocomposite is also investigated.

2. Materials and methods
2.1. Materials

All chemicals are commercially available and used as received
without further purification. AgNOs, MgO and Nal were purchased
from Sinopharm Chemical Reagent Co., Ltd., and are of analytical
grade. UO,(NOs3),-6H,0 was obtained from Beijing Chemical Indus-
try. Analytical grade nitric acid (HNOs3) and sodium hydroxide
(NaOH) were used to adjust the pH whenever necessary. Deionized
water was used in all experiments.

2.2. Preparation of Ag,0@Mg(OH ), nanocomposite

The Ag,0@Mg(OH), nanocomposite was synthesized using a
facile one-step method at room temperature. In a typical proce-
dure, 0.46 g (2.71 mmol) AgNO; was first dissolved into 50 mL of
deionized water. Then 0.40 g of MgO (10 mmol) was slowly added
into the AgNOs solution under continuously stirring. After 12 h of
stirring, the precipitate was collected by centrifugation, washed
three times with deionized water, and then dried in the vacuum
at 60 °C for 12 h. The finally obtained precipitate was designated
as sample SOMH-1. For comparison, different amounts of AgNO;
(0.095 and 0.85 g) were used to obtain Ag,0@Mg(OH), nanocom-
posite with different Ag,0 loadings by the same procedures, which
were labeled as samples SOMH-2 and SOMH-3, respectively. The
loading of Ag,0 in the nanocomposite is determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES, optima
7300 DV) after sample dissolved by HNOs solution. In addition,
Mg(OH), nanoplates were prepared under the same experimental
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conditions but without addition of AgNOs. Unsupported Ag,0
nanoparticles were synthesized by adding NaOH dropwise into
the AgNOs solution until the pH value reached 9.8 and stirring
for 12 h at room temperature. The detailed contents of reactants
and loaded Ag,0 are listed in Table S1.

2.3. Characterizations

Several analytical techniques were used to characterize the syn-
thesized products. The structure and phase composition of the syn-
thesized products were analyzed by X-ray powder diffraction
(XRD) with a Japan MXPAHF X-ray diffractometer equipped with
graphite-monochromatized Cu Ko irradiation (A =1.541841A),
with a scanning rate of 0.01 °s~! in the 20 range of 10-70°. The size
and morphology of the products were observed by JEOL JSM-6700F
cold field-emission scanning electron microscopy (FESEM) and
GeminiSEM 500 schottky field-emission scanning electron micro-
scopy. The elements distribution of the products were analyzed
by X-MAXN energy-dispersive X-ray spectroscopy (EDX). Transmis-
sion electron microscopy (TEM) images were obtained on a Hitachi
model H-800 transmission electron microscope with an accelerat-
ing voltage of 200 kV. Nitrogen sorption data was performed at a
Micromeritics Tristar I 3020M automated gas adsorption analyzer
utilizing Barrett-Emmett-Teller (BET) calculation for surface area.
The zeta potential of the materials was determined with Nano-
Brook Omni Zeta Potential Analyzer (Brookhaven Instruments Cor-
poration, America).

2.4. I~ removal experiments

Considering the toxicity of radioactive iodine isotope, the
removal experiments were carried out with non-radioactive '%’I
as surrogate. A stock solution containing I~ was prepared by dis-
solving Nal in deionized water, and a series of solutions used dur-
ing the experiments were prepared by diluting the stock to the
desired concentrations. All batch experiments were carried out
by mixing 0.05 g of the nanocomposite material with 50 mL of I~
solution under stirring at room temperature. The solution pH
was adjusted using diluted HNO3; and NaOH solution. The effects
of pH, contact time, equilibrium concentration of I, and coexistent
anions (Cl~, SO3~, CO3~ and NO3) on I~ removal performance were
systematically investigated by the same procedures. The precipi-
tate after I~ immobilization was separated from the solution by
centrifugation at 10,000 rpm for 10 min. The residual concentra-
tion of I in the supernatant was determined using a UV-Vis spec-
trophotometer (TU-1901, Beijing Purkinje General Instrument Co.,
Ltd., China) at 226 nm. The coefficient of determination value R?
calculated from the calibration line is 0.9995. Inductively coupled
plasma mass spectrometry (ICP-MS, Plasma Quad3) was used
when the residual I~ concentration is of trace. All removal experi-
ments were run in triplicate, and averaged values were reported.
The amount of I~ removed at time t, q; (mg/g), the amount of I~
removed at equilibrium, q. (mg/g), and removal percentage W%,
were calculated according to following equations, respectively:

qt:@ (1)
i ‘e \

=G @

wog — (G = €)100% (3)

G

where C; (mg/L), C; (mg/L), and C. (mg/L) are the liquid phase con-
centration of I at initial, any time t and equilibrium, respectively. V

is the volume of the solution (mL), and m is the mass of the scav-
enger added (mg).

2.5. Leaching test of I"-loaded nanocomposite

When the removal of I~ by Ag,0@Mg(OH), nanocomposite
reached the uptake saturation, the samples were collected via cen-
trifuge (10,000 rpm, 10 min) and rinsed with deionized water three
times. Then, the obtained precipitate was redispersed into 50 mL of
solution with pH value ranging from 3.0 to 7.0, and the suspension
was shaken for 72 h at room temperature. Leaching amounts of I~
were determined by ICP-MS measurement.

2.6. Simultaneous removal of I~ and UO3*

To study the simultaneous removal performance of Ag,0@Mg
(OH), nanocomposite for iodine and uranium, the test is performed
by adding 0.05 g of the nanocomposite into 50 mL of solution con-
taining I~ and UO%". In the kinetic study, iodine and uranium kept
fixed concentrations of 200 mg/L respectively, and samples were
collected at preset time intervals for measurement. Additionally,
the effect of initial uranium concentration on the removal perfor-
mance for I~ and UO3* was also investigated by the same proce-
dures. The residual concentration of iodine and uranium in the
solution was determined using UV-vis spectrophotometer and
ICP-AES, respectively.

3. Results and discussion
3.1. Characterization of Ag,0@Mg(OH), nanocomposite

Phase composition and structure of the samples prepared with
and without AgNO; were firstly identified by XRD technique.
Fig. 1a shows the XRD pattern of the sample obtained in the
absence of AgNOs. All of the diffraction peaks can be well indexed
to the hexagonal brucite (Mg(OH),) with the lattice parameters
a=3.130A, c=4.710A, and space group P3m1 (JCPDS file 86-
0441), and no characteristic peaks belonging to periclase (MgO)
starting material can be detected, indicating that the MgO powders
dispersed in aqueous solution has completely transformed into
brucite under current experimental conditions. Fig. 1b depicts
the typical XRD pattern of the sample obtained with AgNO;

¢ : Mg(OH), = Ag,0 (JCPDS: 75-1532)
%*: Ag,0 T g s =
s | 3 5 E§
< l 1 L <
*
¢
Z (b) Ag,0@Mg(OH),
[
2 . * F R R E.
. (a) Mg(OH),
.
A e
é = \Ig(Oll)z(ICPDS 86-0441)
= -~ Q s o P~
' g | e =z 8
= T [ hrd
T T T T T
10 20 30 40 50 60 70

20 (degree)

Fig. 1. Representative XRD patterns of the as-synthesized Mg(OH), nanoplates (a)
and Ag,0@Mg(OH), nanocomposite (b). Standard XRD patterns for Mg(OH),
(JCPDS: 86-0441) and Ag,0 (JCPDS:75-1532).
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(sample SOMH-1 in Table S1). The result reveals the appearance of
strong characteristic diffraction peaks belonging to cubic Ag,0O
(JCPDS file 75-1532, space group Pn3m), besides the characteristic
diffractions peaks of Mg(OH),, indicating the coexistence of Ag,0
and Mg(OH), in the prepared product.

The morphology and surface texture of commercial MgO, and
Mg(OH), samples with and without Ag,O modification were
observed by FESEM and TEM. The FESEM observations show that
the commercial MgO is mainly aggregates consisting of nano-
spheres (Fig. ST and its inset), while the Mg(OH), without Ag,0
modification exhibits a hierarchical architecture assembled by
interwoven Mg(OH), nanoplates with a thickness of ca. 5nm
(Fig. 2a and inset B). TEM analyses further reveal that the subunits
constructing the hierarchical architectures are quasi hexagonal
plates (Fig. 2b), in accordance to the growth habit of brucite crystal.
Corresponding SAED patterns of the nanoplates clearly exhibit a set

of similarly regular diffraction spots, and the spots can be indexed
as hexagonal brucite with the zone axis [001] (e.g., inset in
Fig. 2b), indicating the single-crystal nature of the nanoplates.
After MgO powders were dispersed into AgNOs solution and stirred
for 12 h at room temperature, however, the final precipitate turns
into dark brown (Fig. 2c inset A), entirely different from the white
Mg(OH), (Fig. 2a inset A). Corresponding SEM results reveal that
the product is still a interwoven nanoplate-like morphology
(Fig. 2c), but massive nanoparticles can be distinguished from the
surface of Mg(OH), nanoplates (Fig. 2c inset B). Combining with its
XRD result (Fig. 1b), it can be identified that the nanoparticles
should be Ag,0. Furthermore, the EDX analysis demonstrates that
the product contains a large number of O, Mg and Ag, as well as a
small amount of Cu and Au (Fig. 2d), here the element Cu comes
from copper substrate and Au from the sample preparation of
SEM analysis. Meanwhile, the elemental mappings show the

Intensity

' .
Energy (keV)

Fig. 2. SEM and TEM images of the Mg(OH), nanoplates (a and b) and Ag,0@Mg(OH), nanocomposite (c and e). The EDX and element mapping analyses of the Ag,0@Mg
(OH), nanocomposite (d). A representative HRTEM image of a Ag,0 nanoparticle on the Mg(OH), nanoplate (f).
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homogeneous distribution of Mg and Ag in the product, and the
density of Mg is far higher than that of Ag (Fig. 2d), indicating that
the Ag,0 nanoparticles are uniformly dispersed on the surface of
Mg(OH),. These results confirm the formation of Ag,0@Mg(OH),
nanocomposite. Moreover, the microstructures of the Ag,0@Mg
(OH), nanocomposite are further characterized by TEM and
HRTEM, as depicted in Fig. 2e and f. One can find from Fig. 2e that
large numbers of nanoparticles are uniformly anchored onto the
surfaces of Mg(OH), nanoplates even after a few minutes of ultra-
sonic treatment, and no separated individuals or aggregates of
nanoparticles can be found, indicating the strong affinity between
Ag,0 nanoparticles and Mg(OH), nanoplates. Fig. 2e also shows
that the average size of the nanoparticles is ca. 5 nm, which can
ensure the high exposure of Ag,0 nanocrystals to the contami-
nated water, and thus a high capture efficiency to I” ions. The rep-
resentative HRTEM image of a Ag,0 nanoparticle on the surface of
the Mg(OH), nanoplate (circled in Fig. 2e) reveals its single-
crystalline nature, owing to their clearly resolved lattice fringes
and corresponding fast Fourier transform (FFT) dots (Fig. 2f and
its inset). The resolved fringes with interplanar spacing of
0.136 nm and 0.272 nm correspond to (222) and (11 1) planes
of Ag,0 cubic phase, respectively (Fig. 2f). It can be safely con-
cluded from the aforementioned results that the Ag,0@Mg(OH),
nanocomposite can be easily harvested by a simple one-step route,
and the Ag,0 nanocrystals are homogeneously anchored on the Mg
(OH); nanoplates.

—— Mg(OH),
(@) —— Ag,0@Mg(OH),
Mg 1s Ols Mg Aguer
5 Ag3 Ag3d
i O Aguer 8P g\l Mg 2p
.2 "—/JAL\‘ Cls Mg 2s1
3 L
=
(LSS W
1200 1000 800 600 400 200 0
Binding energy (eV)
(C) N/Mg(OH)Z
N 531.17 eV
& P
& Ag0 :
Z 532.02¢V/ ; O 1s
=
\
= \.u--
536 534 532 530 528
Bingding energy (eV)

The surface structure and composition of the obtained Mg(OH),
nanoplates with and without Ag,0 modification was further deter-
mined by XPS over the energy range of 0-1350eV. As shown in
Fig. 3a, compared with survey spectrum of Mg(OH),, it can be
unambiguously seen that pronounced core level peaks of Ag,
besides O and Mg, appeared in the survey spectrum of Ag,0@Mg
(OH), nanocomposite, which is in good accordance with the corre-
sponding results of EDX analysis (Fig. 2d). According to the high
resolution scan of Ag 3d (Fig. 3b), the photoelectron peaks at
368.0 and 374.0eV can be reasonably assigned to the Ag" of
Ag,0 [23]. The asymmetric O 1s peak can be deconvoluted into
three peaks by using XPS peak-fitting program (Fig. 3c). The peaks
at 531.17, 532.02 and 532.61 eV could be ascribed to OH™ of Mg
(OH), [47,48], the lattice oxygen atoms of the Ag,0 [49,50], and
the adsorbed H,0 [51], respectively. This further confirms the suc-
cessful synthesis of Ag,0@Mg(OH), nanocomposite.

The specific surface area of substrate material is a crucial
parameter for active removal agent loading, and thus affect the
removal capacity and efficiency of the nanocomposite material.
Herein, the nitrogen adsorption/desorption analyses of the Mg
(OH), nanoplates with and without Ag,0 modification were also
investigated. Fig. 4 shows representative N, adsorption/desorption
isotherms of the samples. From which one can see that both the Mg
(OH); nanoplates and Ag,0@Mg(OH ), nanocomposite show typical
IV isotherms with H3 hysteresis loops. As H3 and H4 hystereses are
usually found on solids consisting of aggregates or agglomerates of
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Fig. 3. XPS survey spectra of the as-synthesized Mg(OH), nanoplates and Ag,0@Mg(OH), nanocomposite (a). High resolution scans of Ag 3d (b) and O1s (c) spectra of the
Ag,0@Mg(OH), nanocomposite. High resolution scans of Mg 2p of the Mg(OH), nanoplates with and without modification (d).
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Fig. 4. N, adsorption/desorption isotherms of the Mg(OH), nanoplates and Ag,-
0@Mg(OH), nanocomposite.

particles forming slit shaped pores (plates or edged particles like
cubes) with uniform (type H4) or nonuniform (type H3) size and/
or shape [52], the result further confirms that both the prepared
Mg(OH), nanoplates and Ag,O@Mg(OH), nanocomposite are hier-
archically structured. The BET specific surface areas calculated
from N, adsorption/desorption isotherms are 105.60 m?/g for the
Mg(OH), nanoplates and 78.19m?/g for the Ag,0@Mg(OH),
nanocomposite, respectively. The large specific surface area and
nanoplate-like morphology of the Mg(OH), indicates that the Mg
(OH), nanoplates have abundant space and site available for the
dispersion of Ag,O nanoparticles without aggregation, and thus
could significantly improve I~ removal efficiency and capacity. In
addition, the surface area decrease of Ag,0@Mg(OH), nanocom-
posite, compared with that of the Mg(OH),, could be ascribed to
the formation of Ag,O nanoparticles on the surface of Mg(OH),
nanoplates.

In order to understand the formation details of Ag,0@Mg(OH),
nanocomposite, the pH evolution of reaction system for Mg(OH),
nanoplates or Ag,0@Mg(OH), nanocomposite (sample SOMH-1)
was first monitored over time. As shown in Fig. S2, for the system
of Mg(OH), nanoplates, the pH quickly increases from 6.7 to 10.8
within 5 min, and then keeps a constant value. This is because
MgO are easily hydrolyzed to generate Mg(OH), [53], and the

OAg

formed Mg(OH), will partially dissociate to produce Mg?* and
OH™ ions, leading to a quick rise in solution pH. For Ag,0@Mg
(OH), nanocomposite system, a similar evolution phenomenon
can be observed. Nevertheless, note that the pH gradually
decreases from 10.4 to 9.8 after 5 min of reaction (Fig. S2), indica-
tive of the initial formation of Mg(OH), nanostructured substrates
and subsequent deposition of Ag,O nanoparticles. Because of the
dissociation of initially formed Mg(OH), nanoplates, the concen-
tration of OH™ ions on the surfaces and around Mg(OH), nano-
plates may be relatively higher than those in solution. As a
consequence, Ag* ions in aqueous solution can combine with the
dissociated OH™ to form insoluble hydroxides (AgOH) depositing
on the surface of Mg(OH), nanoplates. As we know, AgOH is insta-
ble [20], and thus it would further dehydrate and finally transform
into stable Ag,0. With the continuous consumption of the dissoci-
ated OH™ by Ag", the solution pH gradually decreases until the
complete deposition of Ag* (schematically depicted as Process 1
in Fig. 5). This can also be supported by the positive correlation
of the deposited Ag" with the dissolved Mg?* in solution (Fig. S3).
Nevertheless, Fig. S3 also unambiguously shows that the molar
ratio of the dissolved Mg?* to the deposited Ag* is much lower than
the stoichiometric ratio of 0.5, indicating that other processes may
be involved in the deposition of Ag,0. In this context, the Mg 2p
XPS analyses for the Mg(OH), nanoplates with and without Ag,0
modification were further performed. The high resolution spectra
show that the binding energy of Mg 2p in the nanocomposite shifts
to higher energy side relative to Mg(OH), nanoplates (Fig. 3d). It
can be due to the formation of Mg—O—Ag bonds in the nanocom-
posite, leading to the decrease of electron cloud density of Mg—O
bond. Similar results have been also reported by Xiong et al. [54].
In their work, the binding energy of Mg 1s was observed to shift
to higher energy side after adsorption of Pb by MgO, which was
ascribed to the formation of Mg—O—Pb bond in the adsorbed prod-
uct. Zhu's group also reported that the Ag,0 nanocrystals can be
firmly anchored onto the external surface of the titanate nanoma-
terials (nanolamina, nanotubes and nanofibers) by sharing oxygen
atoms at well-matched interfaces between the two phases
[19,20,22]. It’s well established that Mg(OH), possess a hexagonal
layered basic structure [55,56]. Specifically, one layer of magne-
sium cations are sandwiched between every two layers of hydroxyl
groups, and OH-Mg-OH layers is along the [0 0 1] direction, per-
pendicular to the nanoplates (e.g., Figs. 2b and 5) [55,57]. High
exposure of active hydroxyl groups have high affinity to Ag* ions,
thereby forming Ag,O by sharing O with Mg atoms, and finally
offering another possible route for the deposition of Ag,O onto
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Fig. 5. Schematic illustration for synthesis of the Ag,0@Mg(OH), nanocomposite.
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the Mg(OH), nanoplates (schematically depicted as Process 2 in
Fig. 5). Therefore, a plausible formation mechanism of the Ag,-
O@Mg(OH), nanocomposite is proposed, and schematically illus-
trated in Fig. 5. The corresponding chemical reactions involved in
the formation of the nanocomposite are formulated as follows:

MgO + H,0 — Mg(OH), (4)
Mg(OH), sMg*" + 20H" (5)
Ag" + OH™ — AgOH (6)
2AgOH — Ag,0 + H,0 (7)

3.2. Removal of I" by Ag,0@Mg(OH), nanocomposite

The pH value of the solution is one of the factors most affecting
I~ removal behavior by inducing the changes in the surface charges
of the scavengers [4,58]. Thus, the pH-dependent experiments
were first carried out at initial pHs from 3.0 to 12.0, initial I~ con-
centration 200 mg/L, and contact time 6 h. The removal percent-
ages of the Ag,0@Mg(OH), nanocomposite (sample SOMH-1) to
I~ approach to 100% and are nearly unchanged over the tested
pH range (Fig. 6a). Such an excellent removal performance could
be attributed to the coupled existence of Ag,O nanoparticles and
Mg(OH), nanosubstrates. Usually, Ag,O nanoparticles can partly
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dissolve at acidic medium (pH < 6.0), and thus their abilities to cap-
ture I~ anions decrease [24]. While, the Mg(OH), substrate with
basic nature has a level-off effect on the pH of the I removal sys-
tem, avoiding the dissolution of Ag,0 nanopraticles. Here, the final
pHs of solution after removal treatment are measured to be ca. 9.0
at initial pH 3.0-7.0 (Fig. 6a), confirming the level-off effect of Mg
(OH), on the solution pH. It appears that the present Ag,0@Mg
(OH), nanocomposite exhibits very high removal ability to I~
anions over a wide pH range, which can circumvent the drawbacks
of previously reported Ag,0-based scavengers that were only used
within the limited pH range [19,20,24], and thus can be potentially
applied to practical radioactive wastewater treatment. Moreover,
according to the pH-dependent experiments, a neutral pH 7.0 is
selected in the following removal experiments.

The effect of contact time on the removal of I~ was investigated
at pH 7.0, initial I concentration 200 mg/L, and the contact times
ranging from 5 to 150 min. Fig. 6b shows that the removal percent-
age of the Ag,0@Mg(OH), nanocomposite (sample SOMH-1) to I~
has reached 60% within the first 5 min, and I~ can be completely
removed after subsequent 5 min, exhibiting an extremely high
removal efficiency. When I~ concentration further increases to
300 mg/L, the complete removal of I~ is still achieved within
20 min (inset in Fig. 6b). Moreover, under the same conditions,
the complete removal of 200 mg/L I~ by single Ag,O material
(Fig. S4a and b) needs more than 30 min (Fig. 6b). The relative
lower removal rate of the single Ag,O can be attributed to the
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Fig. 6. Effects of pH (a), contact time (b), and low I~ concentration (d) on the removal of I by the Ag,0@Mg(OH), nanocomposite. Final solution pH after I~ removal in the pH-
dependent experiments (a). I~ sorption isotherms of the Mg(OH), nanoplates and Ag,0@Mg(OH), nanocomposite (c). Inset in Fig. 6b: effect of contact time on the removal of

I~ by the Ag,0@Mg(OH), nanocomposite at 300 mg/L of initial I concentration.
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strong aggregation between the Ag,0 nanoparticles (Fig. S4a and
its inset), leading to the decrease in specific surface area and low
exposure to I7-bearing solution. However, the hierarchical Mg
(OH), structure assembled by interleaving nanoplates with large
specific surface area, could possess abundant space for the deposi-
tion of Ag,O nanoparticles, avoiding the aggregation of Ag,0O
nanoparticles (Fig. 2e) and thus ensuring a high exposure of Ag,0
nanoparticles to I” anions. As a result, a high I~ removal efficiency
can be harvested. In addition, it is well known that the surface
charge of material is neutral at the point of zero charge (PZC),
and the surface is positively charged below the pHpzc. Here, the
pHpzc of Mg(OH), nanoplates and Ag,0@Mg(OH), nanocomosite
were also measured, respectively. The results show that the pHs
at the PZC are 11.2 for Mg(OH), nanoplates, which is consistent
with the previous research [59,60], and 11.7 for the nanocomposite
(Fig. S5). Such a high pHpzc of the nanocomposite facilitates the
fast removal of I~ anions due to the strong electrostatic attraction
between I~ and the nanocomposite.

Moreover, the I~ equilibrium sorption isotherms of the
nanocomposite and Mg(OH), nanoplates were determined at pH
7.0 and contact time 6 h, respectively. As shown in Fig. 6¢, the max-
imum removal capacity of the nanocomposite to I~ is about
368.60 mg/g, and is significantly higher than that of the Mg(OH),
nanoplates (19.52 mg/g), indicating that the Mg(OH), nanoplates
in the nanocomposite mainly act as a substrate for the uniform
loading of Ag,O nanoparticles. The removal capacity of the
nanocomposite to I~ is also higher than or comparable to those
of previously reported Ag,0O-based nanomaterials, such as Ag,0-
layered sodium vanadate (215.96 mg/g) [21], Ag;0-sodium niobate
nanofibers (295.92 mg/g) [24], Ag,0-Ag/TiO, microspheres
(213.45 mg/g) [23], and Ag,0-titanate nanomaterials [nanolamina
(431.83 mg/g) [20], nanofibers (571.52 mg/g) and nanotubes
(381.13 mg/g) [19]]. In addition, the removal ability to trace I~ by
the nanocomposite was also investigated. As shown in Fig. 6d,
when the initial concentration of I~ varies from 1 to 10 mg/L, the
removal percentages are nearly 100%, and residual I~ concentra-
tions are less than 0.05 mg/L, exhibiting an excellent removal per-
formance of the nanocomposite to trace of I".

The effect of Ag,0 loading in the nanocomposite on the Ag uti-
lization efficiency was further investigated. The actual amount of
Ag,0 loaded was obtained from ICP-AES data, and thus the Ag uti-
lization efficiency can be calculated. As listed in Table S2, the aver-
age weight percentage of Ag,0 in sample SOMH-1 is measured to
be 34.74 wt¥%, corresponding to a 3.00 mmol Ag atoms per gram
for the nanocomposite. Therefore, the theoretical maximum
removal capacity of I~ goes to be 380.79 mg/g (3.00 mmol/g).
According to the actual maximum removal capacity of I~ obtained
from I~ equilibrium sorption isotherms experiment [368.60 mg/g
(2.90 mmol/g)], the Ag utilization efficiency of the nanocomposite
is up to 96.80%. When the Ag,0 loading decreases from 34.74 wt%
(sample SOMH-1) to 11.27 wt% (sample SOMH-2), the Ag utiliza-
tion efficiency still keeps a very high value of 96.61%. Conse-
quently, Ag,0 loading of the nanocomposite can be adjusted to
meet the different needs of variously contaminated water. How-
ever, as the Ag,0 loading further increases to 53.41 wt% (sample
SOMH-3), the Ag utilization efficiency decreases to 86.26%. The
observed behavior can be attributed to the fact that the aggrega-
tion of nanoparticles occurs with the further increment of Ag,0
loading, which is verified by the SEM analysis of sample SOMH-3
(e.g., Fig. S6). As a result, the Ag utilization efficiency is limited.

3.3. Mechanism of I removal by Ag,0@Mg(OH ), nanocomposite
After removal of I~ from solution, the final precipitate turns to

be bright yellow (inset in Fig. 7a), indicating that Agl precipitation
occurs in the nanocomposite. For further unveiling the removal

mechanism of I~ by the Ag,0@Mg(OH), nanocomposite, a series
of techniques, including SEM, TEM, EDX and XRD, were used to
characterize the sample after I~ immobilization. As shown in
Fig. 7a, I -loaded nanocomposite still displays a hierarchical struc-
ture consisting of interwoven nanoplates, and massive nanoparti-
cles with a mean diameter of ca. 10 nm can be seen on the
nanoplates (Fig. 7b). Clearly, the size of nanoparticles after uptake
of I" is slightly larger than the initial Ag,O nanoparticles (Fig. 2e),
which is consistent with the previous findings of Yang et al. [19]
and Mu et al. [24] In addition, the corresponding EDX spectrum
(Fig. 7c¢) and element mapping analyses (Fig. 7d) distinctly show
the existence of iodine element in the sample, confirming the
immobilization of I~ by the nanocomposite scavenger. Meanwhile,
characteristic diffraction peaks of Agl (JCPDS file 09-0374, space
group P63mc) can be evidently observed from the XRD pattern of
the sample (Fig. 8a), while the diffraction peaks belonging to
Ag,0 crystal disappear, further identifying that the I~ removal
occurs following reaction (8):

Ag,0 + 21" + H,0 = 2Agl + 20H" (8)

Therefore, the almost intact morphology and texture of the
nanocomposite after I~ immobilization ensure the facile separation
of the used scavenger from the solution for ultimate safe disposal,
which could make it feasible for practical application.

3.4. Selective uptake and leaching test

In natural waters, some other anions generally coexist with I~
[33], and such coexistence may influence the removal behavior of
scavengers to I". Cl™ is one of the commonest anions found in nat-
ural water, especially in the seawater [61]. Furthermore, chlorine
and iodine are situated in the same group of periodic table, and
thus have similar chemical properties. Herein, the selective uptake
experiment of I~ by the Ag,0@Mg(OH), nanocomposite in the
presence of CI~ was conducted with various molar ratios of CI~
to I” [I” concentration is fixed to be 50 mg/L (0.39 mmol/L)] and
a contact time 6 h. One can find from Fig. 9a that the coexistent
Cl™ has little effect on the removal capacity of I". Even in the sim-
ulated seawater, where the concentration of Cl™ is up to 130.40 g/L,
2608 times that of 50 mg/L I~ [62], the removal percentage is still
over 94% (Fig. 9a). This result should be attributed to the large dif-
ference in the Gibbs energy of the reactions between Ag,0 and I,
and Ag,0 and Cl. The energy for the reactions between Ag,0 and
[~ (=32 kJ/mol) is lower than that for the reaction between Ag,0
and CI~ (+41 kJ/mol) [19,20]. Evidently, the reaction with I~ is ther-
modynamically much more preferred than that with ClI-. More-
over, the effects of other common anions, such as SO5~, CO%~ and
NO3, on the removal of I~ by the Ag,0@Mg(OH), nanocomposite
were also investigated, and the results were depicted in Fig. S7.
When the molar ratio of anions SO3~, CO3~, or NO3 to I™ is up to
100:1, the removal percentages of I~ by the nanocomposite still
approach 100%, showing negligible effect of those concurrent
anions on the I removal. In short, it can be concluded that the Ag,-
0@Mg(OH), nanocomposite possesses high selectivity to I, indi-
cating a profound potential for radioactive iodine removal in
practical environmental wastewater.

In addition, sorption irreversibility is desirable for radioactive
waste treatment since it can ensure the stability of the immobi-
lized radioactive species and thus avoid the resultant secondary
pollution. Herein, leaching behavior of the used scavenger was
studied at initial pHs from 3.0 to 7.0, and agitation time 72 h. It
was found that the amount of I~ anions released from the used
scavenger is very low or even below detection limits over the wide
pH range (Fig. 9b). Therefore, the formed Agl-Mg(OH), precipitate
shows a good stability after I~ sequestration even though the used
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Fig. 7. SEM (a), TEM (b), EDX (c) and element mapping (d) analyses of I -loaded nanocomposite.

scavenger encounters the leaching of acidic wastewater after land-
fill, and thus reduces the risk of secondary pollution.

3.5. Simultaneous removal of I and UO3*

In practical contexts, multiple radionuclides, like 238U, '37Cs,
131 1291 90gr and 9°Tc, usually coexist in radioactive wastewater
[1,63]. A large number of conventional techniques have been used
for the removal of a single class of contaminant individually
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Fig. 8. XRD patterns of "-loaded nanocomposite (a), I~ and UO3"-loaded nanocom-
posite (b), and UO3*-loaded Mg(OH), (c).

[18,23,33,64-66]. However, the different physical and chemical
properties of the various contaminant classes make the treatment
of radioactive wastewaters more complicated. Thus, the develop-
ment of facile and green materials to simultaneously remove the
multiple radionuclides from wastewaters is urgent.

Herein, the removal tests of iodine and uranium by Ag,0@Mg
(OH), nanocomposite were systematically investigated, using I~
and UO3" as iodine and uranium sources, respectively. Firstly, the
kinetics of the simultaneous removal of I~ and UO%" was investi-
gated at contact time 0-120 min, and individual iodine and ura-
nium concentrations 200 mg/L. As shown in Fig. 10a, the removal
percentage of UO3" is up to 60.73% within first 5 min, exhibiting
a higher removal rate than that of I~ (40.41%). After subsequent
5 min, the removal of I~ and UO3" synchronously reaches an equi-
librium state (96.82% of I~ and 99.39% of UO%* removed), indicating
that the nanocomposite has still very high removal efficiency to
concurrent I~ and UO3" ions. Furthermore, the effect of uranium
concentration on I~ and UO3* removal were examined at contact
time 6 h and iodine concentration 200 mg/L. Fig. 10b shows that
low concentrations of uranium (<200 mg/L) almost have no effect
on the I” removal. Specifically, as the coexistent uranium concen-
tration is 200 mg/L, the removal percentage of I~ is 96.82%. Even
though the coexistent uranium reaches 1000 mg/L, the removal
percentage of I~ is still up to 88.67% (Fig. 10b), exhibiting an excel-
lent I removal performance in the coexistence of UO%". On the
other hand, the removal percentages of UO3" always keep very high
values, approaching to 100%, over the tested uranium concentra-
tion range (Fig. 10b). These results indicate that the Ag,0@Mg
(OH),; nanocomposite has an outstanding performance for simulta-
neous removal of I and UO3".

In order to ascertain the individual role of Ag,0 and Mg(OH), in
the nanocomposite played in I~ and UO3* simultaneous removal,
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Fig. 9. Effect of CI~ concentration on the removal of I~ by the Ag,0@Mg(OH),
nanocomposite (a), and effect of pH on the leaching amount of I~ from the used
scavenger in water (b).

the removal behaviors of Ag;0 nanoparticles and Mg(OH), nano-
plates to UO3%" were investigated, respectively. It can be distinctly
observed from Fig. 10c that Mg(OH), nanoplates show excellent
removal performance to U03*, while Ag,O nanoparticles exhibit
negligible removal to I". Combined with the excellent I~ removal
of the Ag,0@Mg(OH), nanocomposite and negligible I~ removal
of Mg(OH), nanoplates, it can be concluded that Ag,0 and Mg
(OH), in the nanocomposite system play different roles in the
simultaneous removal of I~ and UO3*, and Ag,0 nanoparticles
and Mg(OH), substrate are responsible for the removal of I~ and
U0%*, respectively. Therefore, concurrent I~ and UO3" ions can be
simultaneously removed by the Ag,0@Mg(OH), nanocomposite
from aqueous solution. In addition, for further understanding the
simultaneous removal details of I~ and U0%*, a wide range tech-
niques, including SEM, EDX and XRD, were used to characterize
the used nanocomposite. Fig. S8a and its inset reveals that the
nanocomposite after removal treatment still exhibits interwoven
nanoplate-like morphology with massive nanoparticles. Corre-
sponding EDX (inset in Fig. S8b) and element mapping analyses
(Fig. S8b and c) clearly show the coexistence of iodine and uranium
with homogeneous distribution areas, confirming the simultane-
ous immobilization of the two elements by the nanocomposite.
Furthermore, XRD analysis reveals that except for the characteris-
tic diffraction peaks belonging to Mg(OH), and Agl, two extra weak
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simultaneous removal of I~ and UO3* by the Ag,0@Mg(OH), nanocomposite. (c)
Effect of initial uranium concentration on the uranium removal capacity of Ag,0
nanoparticles and Mg(OH), nanoplates, respectively.

and broad peaks near 12° and 26° occur in the used nanocompos-
ite, as highlighted by red circles in Fig. 8b. Similar finding has been
reported by Chen et al. [46]. They investigated the sorption inter-
action between nano-Mg(OH), and uranyl in water, and suggested
the two weak and broaden diffraction peaks as a uranium-rich
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phase. In order to further confirm the uranium-rich phase, the syn-
thesized Mg(OH), nanoplates (Fig. 2a and b) were added into
4000 mg/L uranium solution and stirred for 24 h for the sufficient
sorption. After that, the solution was centrifuged to obtain the pre-
cipitate. The corresponding XRD result demonstrates that the main
phase is metaschoepite (UO5-nH,0) (JCPDF 43-0364) in addition to
Mg(OH), (Fig. 8c). Therefore, the uranium-rich phase formed on
the surface of Mg(OH), nanoplate should be metaschoepite. Con-
sidering the facile preparation process and excellent performance
in simultaneous removal of iodine and uranium, the Ag,0@Mg
(OH), nanocomposite can be potentially used in practical radioac-
tive wastewater treatment.

4. Conclusion

In summary, the hierarchical Ag,0@Mg(OH), nanocomposite
was successfully prepared via a facile one-step method, and the
surface deposition of Ag,0 nanoparticles occurred by the combina-
tion of Ag" with OH™ ions and subsequent decomposition from
AgOH to Ag,0 on the preformed Mg(OH), nanoplates, as well as
the formation of Mg—O—Ag bonds on the surface of Mg(OH),
nanoplates, finally leading to Ag,0@Mg(OH), nanocomposite. The
as-synthesized nanocomposite exhibits high removal efficiency,
removal capacity, and selectivity uptake to I~ from solution.
Ag>0 nanoparticles in the nanocomposite play the main role in
the immobilization of I~ by forming Agl precipitate. While the
nanoplate-like Mg(OH), not only acts as a valid supported sub-
strate for anchoring and dispersion of Ag,0 nanoparticles, but also
has a level-off effect on the pH of the I~ removal system. Therefore,
the nanocomposite exhibits very high removal ability to [~ anions
over a wide pH range, which can circumvent the drawbacks of pre-
viously reported Ag,0O-based scavengers that were only used
within the limited pH range [19,20,24]. The formed Agl particles
firmly anchor onto the surface of Mg(OH), nanoplates. Thus, the
used scavenger can be readily separated from water for safe dis-
posal, and avoid the secondary pollution. Furthermore, the
nanocomposite also shows excellent performance for simultane-
ous removal of iodine and uranium. Therefore, Ag,0@Mg(OH),
nanocomposite is a suitable candidate for the emergent treatment
of multiple radionuclides in radioactive wastewater during and
after nuclear leakages.
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