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ABSTRACT: Radioactive iodine isotopes that are produced in nuclear power
plants and used in medical research institutes could be a serious threat to the health
of many people if accidentally released to the environment because the thyroid
gland can absorb and concentrate them from a liquid. For this reason, uptake of
iodide anions was investigated on microrosette-like δ-Bi2O3 (MR-δ-Bi2O3). The
MR-δ-Bi2O3 adsorbent showed a very high uptake capacity of 1.44 mmol g−1 by
forming insoluble Bi4I2O5 phase. The MR-δ-Bi2O3 also displayed fast uptake
kinetics and could be easily separated from a liquid after use because of its novel
morphology. In addition, the adsorbent showed excellent selectivity for I− anions in
the presence of large concentrations of competitive anions such as Cl− and CO3

2−,
and could work in a wide pH range of 4−11. This study led to a new and highly
efficient Bi-based adsorbent for iodide capture from solutions.
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1. INTRODUCTION

Radioiodine is an inevitable product of nuclear fission, which is
highly radioactive and acutely toxic, and could present a health
risk upon people once it is released to the environment. The
half-life of radioiodine differs from about 8 days (131I) to 1.6 ×
107 years (129I), and its potential toxicity is due to
bioaccumulation through the food chain and subsequent
dysfunction of the thyroid gland.1,2 In the 1950s, open-air
atomic bomb testing released a large amount of radioisotope of
iodides such as 131I. Furthermore, the nuclear power plant
accidents such as Chernobyl and Fukushima disasters resulted
in the leakage of radioactive iodides.3−6 In addition to the
release from nuclear power plants, radioactive iodine has also
been used in the treatment of thyroid cancer and as a result,
radioactive wastewater is discharged by numerous medical
research institutes.7−9 For instance, 131I, a radionuclide widely
used in hyperthyroidism, thyroid cancer diagnosis and
metabolic therapies,10 is habitually dumped into domestic
sewer systems and it is one of the radioactive species most often
detected in the drain outlet.11−14 In addition to a tiny amount
of iodate ions in highly oxidizing aqueous environment, iodine

is present in the −1 valence state as the iodide anion (I−) and is
stable almost over the entire pH range.
Various methods have recently been proposed to immobilize

these carcinogenic substances onto organic15,16 or inorganic
compounds.17−19 For instance, anion exchange resin20 and
compounds containing Bi(III),21 Pb(II),22 Hg(II),23 Ag(I),24

and Cu(I)23,25,26 have been reported as adsorbents to remove
the radioactive 131I ions from waste streams at nuclear power
plants. However, organic materials like resin are unstable under
high dose of radiation and elevated temperatures, whereas the
inorganic materials are of relatively low adsorption capacities
with extremely slow uptake kinetics because of small specific
surface area. More recently, we reported a novel adsorbent
structure for the highly efficient and selective capture of
radioactive iodine from water, where silver oxides (Ag2O)
nanocrystals which play a role as immobilization center for I−

were anchored onto the surface of titanate nanostructures (i.e.,
nanofibers, nanotubes, and nanosheets).27−30 The I− anions in
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fluids can easily access the Ag2O nanocrystals and be efficiently
trapped by forming AgI precipitate that tightly attaches to the
adsorbent. The adsorption capacities of 125I− anions by the
Ag2O-based adsorbents are as high as 4.5 mmol per gram.27−30

Furthermore, Nenoff and co-workers have developed layered
hydrotalcite-like Bi-I-oxides as waste forms for I− anions
precipitation.31,32 It was found that the phase composition and
I weight loading of the Bi−I−O are determined by the Bi:I ratio
in an acidified Bi nitrate solution. This finding highlighted new
direction for in situ precipitation synthesis of Bi-based
radioactive iodine waste forms.
Although Ag2O-based adsorbents displayed high adsorption

capacity and selectivity for radioactive I− anions, the high costs
of silver limits its practical application.33 Herein, microrosette-
like δ-Bi2O3 (hereafter, microrosette-like δ-Bi2O3 is referred to
as MR-δ-Bi2O3) was fabricated via a simple hydrothermal
process in the presence of glycine and bismuth nitrate
pentahydrate as the raw materials.34 It was found that the
MR-δ-Bi2O3 could quickly react with I− anions by forming
Bi4I2O5 microcrystals and its sorption capacity is as high as
∼1.44 mmol g−1. Compared with other iodide sorption
materials, the MR-δ-Bi2O3 adsorbent shows good performance
in high uptake capacity with fast kinetic and high selectivity (see
Table S1 in the Supporting Information). In addition, the large
microsized δ-Bi2O3 substrate could be easily separated from
water by facile sedimentation process. Compared with the
expensive Ag2O nanocrystal-based adsorbents, the δ-Bi2O3
adsorbent could be more economical and promising for
practical application.

2. EXPERIMENTAL SECTION
2.1. Preparation of MR-δ-Bi2O3. The MR-δ-Bi2O3 material was

fabricated via a facile hydrothermal method.32,35 A typical synthesis
procedure is as follows. First, 4 mmol Bi(NO3)3·5H2O (Sinopharm
Chemical Reagent Co., Ltd. ≥99.0%) and 20 mmol NH2CH2COOH
(Aladdin Chemistry Co. Ltd. ⩾99.0%) were dissolved in 60 mL
deionized water, followed by vigorous stirring for 5 min at room

temperature. Subsequently, the mixture was sonicated for 30 min by an
ultrasonic generator. The mixture was put into a Teflon-lined stainless
steel autoclave with a capacity of 100 mL. The autoclave was sealed
and heated at 140 °C for 24 h. Then, the autoclave was cooled to
room temperature naturally. Finally, the products were washed with
absolute ethanol and deionized water several times followed by drying
under vacuum at 60 °C for 24 h.

2.2. Equilibrium Adsorption Test. In the present study, the
anion adsorption experiments were carried out with nonradioactive
127I− (NaI) in aqueous solution because of the high radiation dose and
toxicity of 131I & 129I. The equilibrium uptake capacities of the MR-δ-
Bi2O3 sorbents for I− anions were conducted through batch
experiments which were implemented using a series of concentrations
of I− anion solutions ranging from 1 μmol L−1 to 10 mmol L−1 (the
amount of adsorbent = 1 g L−1, 25 °C, pH = 6.5). For comparison, the
same amount of α-Bi2O3 (purchased from Aladdin Chemistry Co. Ltd.
⩾99.0%, the mean grain size is below 1 μm) was used as a control. All
the samples with iodide solutions were equilibrated for over 48 h at
room temperature with magnetic stirring. Afterward the solids and
solutions were separated by centrifugation and the supernatants were
analyzed by ultraviolet spectrophotometer (UV−vis) to determine the
remaining iodide anions in the solutions.30

2.3. Kinetics of Adsorption. The kinetics of I− adsorption by
MR-δ-Bi2O3 were determined using iodide concentrations of 0.4, 0.8,
and 1.2 mmol L−1 (the amount of adsorbent = 1 g L−1, 25 °C, pH =
6.5). The suspensions were equilibrated for different periods while
stirring at room temperature. After appropriate time interval, the
supernatants were separated from solids and analyzed as described
above.

2.4. Selective Adsorption and the Influence of pH on I−
Immobilization. The selective uptake of I− anions by MR-δ-Bi2O3
adsorbent in the presence of high concentrations of Cl−, NO3

−, SO4
2−,

and CO3
2− anions was investigated. Briefly, 50 mg of adsorbent was

dispersed into 50 mL aqueous mixture solution containing 80 μmol
L−1 NaI and 80 mmol L−1 of Cl−, NO3

−, SO4
2−, or CO3

2− anions.
Uptake of I− anions as a function of solution pH ranging from 4 to 11
was also done by adjusting the pH with dilute HNO3 and NH3·H2O
solutions with the initial concentration of I− set at 0.4 mmol L−1.

2.5. Desorption Test of the Precipitated I− anions. Leaching
or desorption was examined in various aqueous solutions. The 20 mg
of adsorbents saturated with I− anions were collected via the

Figure 1. (a) SEM images of the as-obtained MR-δ-Bi2O3 adsorbent at low magnification, inset: a feature of individual flowerlike structure at high
magnification; (b) XRD patterns of the adsorbent before and after iodide anion adsorption; (c) schematic illustration of the conversion of δ-Bi2O3 to
the Bi4I2O5 structure.
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centrifugation and rinsed with deionized water three times to remove
the remaining I− in the solution and the adsorbents were redispersed
into 20 mL of different concentration NaCl and Na2CO3 solutions.
The suspension was stirred for more than 48 h at room temperature
and the I− anion concentrations of the solutions were determined by
UV−vis spectroscopy as described above.
2.6. Characterization. The micromorphologies of the samples

before and after sorption of I− anions were obtained on a scanning
electron microscope (SEM; Hitachi, S-4800 with an accelerating
voltage of 5 kV). The composition of the sample after adsorption of
iodide anions was determined by energy-dispersive X-ray (EDX)
spectroscopy attached on the same microscope. High-resolution
transmission electron microscopy (HRTEM) images were taken on
a JEOL JEM-2100F field emission electron microscope under an
accelerating voltage of 200 kV. The crystallized phases were identified
by powder X-ray diffraction (XRD) analysis using an X-ray
diffractometer (DX-2700, China) with Ni-filtered Cu Kα radiation
(λ = 1.5406 Å) at 40 kV and 30 mA with a fixed slit. The Brunauer−
Emmett−Teller (BET) specific surface area was measured by using
nitrogen adsorption on a Micromeritics TriStar surface area and
porosity analyzer. The X-ray photoelectron spectroscopy (XPS) data
were obtained on a Kratos Axis Ultra DLD electron spectrometer
using 150 W Al Kα radiation. Raman spectra were recorded on a
microscopic confocal Raman spectrometer (Renishaw 1000 NR) with
an excitation of 514.5 nm laser light. Besides, the iodide anion
adsorption value was obtained via UV−vis. The filtrate was analyzed
by UV−vis spectroscopy (MAPADA 3200PC Spectrometer) for the
absorbance intensity using a reading at 227 nm.

3. RESULTS AND DISCUSSION
3.1. Structure and Morphology of Phases. The

morphologies of the hydrothermally synthesized hierarchical
δ-Bi2O3 rosette structures were examined by SEM (Figure 1). A
typical low-magnification SEM image of the as-synthesized MR-
δ-Bi2O3 (Figure 1a) clearly reveals that the sample consists of
fluffy flower-like microspheres with an average diameter of 0.4−
0.6 μm with a specific surface area of 24.4 m2 g−1 by the
Brunauer−Emmett−Teller (BET) method (see Figure S2 in
the Supporting Information). Furthermore, the enlarged SEM
image (inset in Figure 1a) demonstrates that the fluffy
flowerlike microspheres were assembled by large number of
nanosheets. Powder XRD pattern (Figure 1b) shows many
characteristic peaks, which can be indexed as δ-Bi2O3 crystalline
phase (JCPDS, Card No. 27−0052). Additionally, the HRTEM
investigation demonstrates that the nanosheets were assembled
from numerous nanoparticles (see Figure S1a in the Supporting
Information), i.e., the substructure of the nanosheets is sphere
architecture and the exposed plane of these nanoparticles is
(111) plane (see Figure S1b−d in the Supporting Information).

3.2. Adsorption Isotherm. The I− anion equilibrium
uptake isotherm of MR-δ-Bi2O3 is shown in Figure 2a. This
isotherm suggests that the maximum uptake capacity of MR-δ-
Bi2O3 can reach up to 1.44 mmol g−1. However, the uptake
capacity of commercial α-Bi2O3 is only 0.22 mmol g−1. The
uptake capacity of the MR-δ-Bi2O3 compound is much higher

Figure 2. Removal of iodide anions from solutions by MR-δ-Bi2O3. (a) The isotherms of I
− uptake by MR-δ-Bi2O3 and α-Bi2O3 over 48 h (25 °C,

pH = 6.5). The photo in the inset depicts the adsorbent in I− aqueous solution (left) and sedimentation changes after 30 min (right) and the
deionized water was set as a control. (b) Removal of I− anions as a function of the anion concentration in water. (c) I− adsorption kinetics of MR-δ-
Bi2O3. (d) I

− adsorption kinetics in 0.4 mmol L−1 I− anions with different concentrations of Cl− as a competitive anion.
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than that of the Cu(I) based adsorbents. For instance, the
maximum capacity of copper(I) sulfide minerals is ∼48 μmol
g−1 and that of the Cu2O mineral is as low as 2 μmol g−1 (see
Table S1 in the Supporting Information).25,26 As shown in
Figure 2b, the iodide anions with a concentration of ≤1.2 mmol
L−1 can be completely removed by the MR-δ-Bi2O3 adsorbent,
and about 84.6% of iodide anions were taken up when the
concentration of iodide anions was at 1.6 mmol L−1. Besides, its
capacity of adsorption increases with temperature rising (see
Figure S4 in the Supporting Information). As shown in the
inset photo of Figure 2a, the white MR-δ-Bi2O3 adsorbent
turned to bright yellow color after the sorption of I− anions.
According to the XRD pattern in Figure 1b, a new phase
indexed as Bi4I2O5 formed during the uptake process,36 which
can be explained by eq 137

+ +

→ +

−

−

Bi O (s) I (aq) (1/2)H O(I)

(1/2)Bi I O (s) OH (aq)
2 3 2

4 2 5 (1)

This result is different from that previously reported by Tayler
et al.,21 where insoluble Bi5O7I was formed after the capture of
I− anions. Furthermore, the Bi4I2O5/MR-δ-Bi2O3 composite
exhibits high stability to thermal treatment. For instance, the
composite will convert to Bi5O7I when it is heated higher than
300 °C (see Figure S5 and eq S1 in the Supporting
Information). This property avoids the release of the adsorbed
iodine during the radioactive waste disposal process (see eq S1
in the Supporting Information).
The interaction between adsorbent and iodate ions (IO3

−) in
solution was also explored. Unfortunately, there is no change
observed from the XRD pattern of the adsorbent collected from
the KIO3 solution compared with the pristine MR-δ-Bi2O3
adsorbent (see Figure S6 in the Supporting Information). This
result is in sharp contrast to the situation in NaI solution. In
addition, compared to the sharp color contrast after interaction
with NaI solution (see Figure S7a in the Supporting
Information), the color of the adsorbent remained constant
in the KIO3 solution (see Figure S7b in the Supporting
Information). So on the basis of this study, it can be concluded
that the MR-δ-Bi2O3 adsorbent is not able to capture IO3

− ions
from an aqueous solution.
3.3. Structural Evolution of Used Adsorbent. The

adsorbent after uptake of I− anions was washed and
characterized by TEM. As shown in Figure 3a, the adsorbent
appears to maintain the flower-like morphology after the uptake
of iodide. The EDP in Figure 3b demonstrates the existence of
both cubic δ-Bi2O3 phase and monoclinic Bi4I2O5 phase, which
is in good agreement with the XRD data. As can be seen from
Figure 3c, one set of the fringe spacing of 0.291 nm is
corresponding to the (312) plane of the monoclinic Bi4I2O5.
The other fringe spacing of 0.319 nm in Figure 3d belongs to
the (111) plane of cubic δ-Bi2O3 phase. Moreover, some
stacking faults (SFs) were observed after reaction of I− anions
from the HRTEM image of the lattice of the MR-δ-Bi2O3
adsorbent (Figure 3d). However, these stacking faults could
hardly be detected from the lattice of the MR-δ-Bi2O3
adsorbent before adsorption (see Figure S1c, d in the
Supporting Information). This could be ascribed to the huge
difference in structure between cubic δ-Bi2O3 and monoclinic
Bi4I2O5. As shown in Figure 1b, the numerous SFs result in the
disappearance of diffraction peaks at 27.9 and 32.3°, which are
assigned to (111) and (200) planes of δ-Bi2O3.

The XPS analysis of adsorbent before and after use was
performed for the composition analysis of the samples. Figure 4
is a typical XPS survey spectrum and high-resolution XPS
spectra of different atoms. Before adsorption of I− anions, the
two strong peaks at Bi region of 158.8 and 164.1 eV are
assigned to Bi 4f7/2 and Bi 4f5/2 (Figure 4b), respectively, which
are characteristics of Bi3+.38 The O 1s core level spectrum
(Figure 4c) can be fitted well with two peaks. The peak at 529.5
eV is characteristic of a bismuth−oxygen bond in Bi2O3,

39 and
the other peak at 531.8 eV is attributed to the chemisorbed
H2O or OH− on the surface, respectively. After adsorption of I−

anions by forming Bi4I2O5 on the surface, the I 3d core level
appears at the binding energies of around 630.2 eV (I 3d3/2)
and 618.7 eV (I 3d5/2), respectively (Figure 4f), which is in
good agreement with those reported in other bismuth
oxideiodides.40,41 At the meantime, the O 1s spectrum of the
adsorbent after I− anions adsorption is quite different. As
shown in Figure 4e, the main peak at 529.5 eV (Bi−O) remains
after uptake of I− anions, and the peak at 531.4 eV (OH)
becomes weak substantially. Additionally, the newly formed

Figure 3. TEM images of I-MR-δ-Bi2O3. (a) TEM image at low
magnification shows that the used adsorbent retained the same
morphology after uptake of iodide. (b) Electron diffraction rings of the
I-δ-Bi2O3. (c) HRTEM image of the mixed-phase of nanoparticles. (d)
The enlarged image with three obvious stacking faults. (e) EDX
patterns of the selected area in TEM image of the used sorbent
particles showing iodine. (f) Elemental mapping of the particles in the
TEM image.
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weakest peak at 532.8 eV should be ascribed to the CO2
molecules adsorbed on the surface of adsorbent.42,43

The Raman spectra of MR-δ-Bi2O3 and I-MR-δ-Bi2O3 are
displayed in Figure 5. Apparently, a well-defined peak below

200 cm−1 has been detected from the hydrothermally
synthesized MR-δ-Bi2O3, which is assigned to lattice vibrations
(external modes are characteristically sharper than internal
modes).44 This result is similar to that of the niobium or
tantalum-doped δ-Bi2O3 system,44 and is quite different from
that δ-Bi2O3 films whose characteristic peak is at 618 cm−1.45,46

After uptake of I− anions, the main peak of the MR-δ-Bi2O3
adsorbent shifts from 148 to 139 cm−1, caused by the Bi−I
external symmetric stretching vibration.47,48 Meanwhile, a weak
broad band appears at 271 cm−1, which is assigned to modes
involving motion of the adsorbed iodine atoms.48

3.4. Uptake Kinetics. The kinetics of the I− uptake by the
MR-δ-Bi2O3 adsorbent are plotted for different I− anion
concentrations of 0.4, 0.80, and 1.2 mmol L−1 as shown in

Figure 2c. The removal percentage for I− anions reached 100,
90, and 84% on MR-δ-Bi2O3 in the first 15 min at the initial
concentration of 0.4, 0.8, 1.2 mmol L−1, respectively, and the I−

anions could be captured completely in 90 min (Figure 2c).
Compared with the kinetics of traditional Cu and Pb-based
adsorbents,22,26 the MR-δ-Bi2O3 adsorbent is faster and thus
more efficient in terms of sorption kinetics for the removal of I−

anions. The high adsorption kinetics could be ascribed to the
nanosheet assembled fluffy structure of the MR-δ-Bi2O3. First,
the I− anions were easily accessed by the δ-Bi2O3 nanosheets
through the fluffy structure. As shown in the inset of Figure 2a,
the rosette-like adsorbents can readily disperse in the solution
of I− anions. Second, the δ-Bi2O3 nanosheets composed of
nanoparticles were more reactive with the I− anions compared
with the conventional microsized adsorbents. In addition, the
adsorbent maintained rosette morphology after the sorption of
I− anions (see Figure S3b in the Supporting Information),
which assures that the adsorbents can settle down in 30 min for
facile separation of the adsorbents from solutions for ultimate
safe disposal (inset of Figure 2a). This property could
significantly reduce the cost of the separation and make it
feasible for practical application.
Furthermore, the adsorption kinetics was explained by the

pseudo-second order model49 given as follows

= −
dq
dt

k q q( )2 e
2

(2)

Where k2 (g mmol−1 h−1) is the second-order rate constant.
Integrating for the boundary conditions q = 0 to q = qt at t = 0
to t = t is simplified as

= +t
q k q q

t
1 1

t 2 e
2

e (3)

=h k q2 e
2

(4)

where qt (mmol/g) represents the adsorption capacity at t (h),
h is the initial sorption rate (mmol g−1 h−1); k2 and qe can be
obtained from the intercept and slope of plotting t/qt versus t.

Figure 4. XPS spectra of MR-δ-Bi2O3 adsorbent before and after uptake of I− anions: (a) survey scan; (b) Bi4f and (c) O1s of MR-δ-Bi2O3; (d) Bi4f,
(e) O1s, and (f) I3d of I-MR-δ-Bi2O3.

Figure 5. Raman spectra of MR-δ-Bi2O3 adsorbent before and after
uptake of I− anions.
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The initial adsorption rate (h), the equilibrium adsorption
capacity (qe) and the pseudo-order rate constants k2 are
obtained from the slope and intercept of the plots of t/qt
against t.
The plot t/qt versus t for various I

− concentrations is shown
in Figure 6 and the pseudo-second-order adsorption rate

constants for different initial concentrations were summarized
in Table 1. It was observed that the pseudo-second-order rate

constant (k2) decreased, whereas the initial adsorption rate (h)
increased with increased initial I− concentration. The
adsorption was analyzed by using pseudo-second-order kinetic

model which is used to predict the kinetic behavior of
adsorption with chemical adsorption being the rate controlling
step.50 As displayed in Figure 6 and Table 1, the estimated
equilibrium adsorption capacities at 0.4, 0.8, and 1.2 mmol L−1

were 0.40, 0.8, and 1.19 mmol g−1, respectively, which are in
good agreement with the experimental results.

3.5. Selective Uptake and Leaching Test. To investigate
the selective uptake of I− anions by the MR-δ-Bi2O3 adsorbent,
we conducted the uptake test in the presence of high
concentrations of Cl−, SO4

2−, CO3
2−, and NO3

− anions. As
shown in Figure 2d, the uptake of I− anions was lower as the
concentration of Cl− anions increased. For instance, 83.3% and
32.6% of the I− anions could be collected by the MR-δ-Bi2O3
adsorbent, when the concentration of Cl− anions were 20 and
1000 times of the I− anions (0.4 mmol L−1), respectively. The
influence of a large excess of Cl−, SO4

2−, CO3
2−, and NO3

− (80
mmol L−1) on the uptake of I− anions (80 μmol L−1) is
illustrated in Figure 7a. Apparently, more than 99% of the I−

anions were removed from the NO3
− solutions, whereas the I−

uptake values were 75.2, 74.4, and 34% for the Cl−, SO4
2−, and

CO3
2− competitive anions, respectively. In comparison with

that of the commercial α-Bi2O3 (Figure 7a), the uptake
selectivity of MR-δ-Bi2O3 is excellent. To elucidate the
adsorption selectivity of MR-δ-Bi2O3, the hydrolysis process
of Bi4I2O5 in the presence of Cl− or CO3

2− anions was analyzed
(see the effect of competitive anions on Bi4I2O5 waste form in
the Supporting Information). The thermodynamic calculation
exhibited that the Gibbs energy for the reaction between MR-δ-
Bi2O3 and I− anions is lower than that for the reaction between
MR-δ-Bi2O3 and Cl−, but it is higher than that for the reaction
between MR-δ-Bi2O3 and CO3

2− (see the reaction energy
calculation of MR-δ-Bi2O3 and NaI (or NaCl/NaCO3) in the
Supporting Information). Thus, the MR-δ-Bi2O3 adsorbent
displayed higher selectivity for Cl− than CO3

2−. For instance,
the selective sorption percentage of MR-δ-Bi2O3 can reach 96%
at pH = 6.5 (CCl:CI = 1000), higher than that of previously
reported Bi5O7I (93%) or BiOI (<10%) (see Table S1 in the
Supporting Information).31 For these sorption materials, the
equilibrium concentrations of I− anions as a function of pH and
competitive anions were summarized in equations S28−35 in
the Supporting Information. It was found that Bi4I2O5 (MR-δ-
Bi2O3) shows more advantageous toward I− selective capture
than that of Bi5O7I or BiOI. In addition, the I− anion leaching

Figure 6. Pseudo-second-order kinetics model for iodide anion
adsorption on the MR-δ-Bi2O3 adsorbent.

Table 1. Pseudo-second-order Adsorption Rate Constants at
Different Initial Concentrations

pseudo-second-order

C0
(mmol L−1)

K2
(g mmol−1 h−1)

h (mmol g−1

h−1) R2
qe (cal)

(mmol g−1)

0.4 86 13.7 1 0.40
0.8 22 14.01 0.999 0.80
1.2 11 16.04 0.998 1.19

Figure 7. Influence of competitive anions and pH on uptake. (a) Effect of high concentration of NO3
−, Cl−, SO4

2−, and CO3
2− on the removal of I−

anions by MR-δ-Bi2O3 and α-Bi2O3 (competitive anions is 1000 times higher than that of I− in molar ratio). (b) Immobilization percentage of I−

anions in the pH range of 4 to 11. Inset: color change of suspension in different pH environments.
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amount from Bi5O7I that is formed on the surface of the α-
Bi2O3 adsorbent31,51 is larger than that of Bi4I2O5 under the
condition of competitive anions. So compared with commercial
α-Bi2O3, the MR-δ-Bi2O3 has a superior ability of antisolubility
in high concentration of competitive anions.
Furthermore, leaching or desorption tests of the used

adsorbent were conducted to evaluate the sorption reversibility
of the MR-δ-Bi2O3 adsorbent. Sorption irreversibility is
desirable for radioactive waste treatment since it can ensure
the release of the adsorbed radioactive species and thus avoid
the resultant secondary pollution. The iodide ions are
irreversibly adsorbed, and hence they need not be made into
a ceramic or glass waste form but can be disposed of separately
if it cannot be incorporated in ceramic or glass waste form.
Similar to the adsorption selectivity, the leaching behavior is
important when the leaching is solubility controlled. We found
that the quantity of the I− anions released into pure water from
a used sample is very low or below the detection limits, and the
I− anion release was almost not affected with the temperature
rising (see Figure S4 in the Supporting Information). However,
as shown in Table 2, the presence of small amounts of Cl− or

CO3
2− anions can cause a slight increase in the amount of

leached I− anions from the MR-δ-Bi2O3 adsorbent, and a
further increase in Cl− or CO3

2− anions significantly enhanced
the leaching of I− anions from the used adsorbent.
3.6. Uptake in Weak Acid−Base Medium. To determine

the influence of pH on the capture of I− anions by the
adsorbent, we conducted the tests in the pH range of 4−11. As
shown in Figure 7b, the uptake efficiencies of MR-δ-Bi2O3
decreased with increasing pH, especially in a basic environment.
For instance, the I− anions in 50 mL NaI aqueous solution with
concentration of 50 ppm could be completely adsorbed in the
pH range of 4−6. However, only 63% of the I− anions were
removed by the MR-δ-Bi2O3 adsorbent when the pH value
increased to 11. As shown in eq 5, the OH− ions can participate
in the reaction which results in the conversion of newly formed
Bi4I2O5 to Bi2O3. So in weak acid and basic environment, the
yellow adsorbent gradually became shallow (inset of Figure 7b).
The thermodynamic calculation exhibited that the Gibbs
energy for hydrolysis of Bi4I2O5 decreases slightly when the
pH value increases from 9 to 12 (see the effect of pH values on
Bi4I2O5 waste form in the Supporting Information). This
indicates the amount of the released I− anions will increase
slightly with the pH value increasing, which is in good
agreement with the experimental result. Besides, the relation-
ship between equilibrium concentration of the released I−

anions and pH value was calculated to be pI = 15.3 − pH
(see eq S10 in the Supporting Information), which means the
hydrolysis of Bi4I2O5 is extremely sensitive to pH value.

+

⇌ + +

−

−

Bi I O (s) 2OH (aq)

2Bi O (s) 2I (aq) H O(l)
4 2 5

2 3 2 (5)

4. CONCLUSION
In summary, the results presented here confirm that δ-Bi2O3
microrosette assembled from nanosheets is an ideal adsorbent
for capture of I− anions from water. For instance, a very high I−

uptake capacity of 1.44 mmol g−1 has been achieved. The key to
this uptake of I− anions is to promptly form insoluble Bi4I2O5
species on the δ-Bi2O3 nanosheet. Additionally, the MR-δ-
Bi2O3 also displayed fast uptake kinetics and superior selectivity
for I− anions in the presence of large concentrations of
competitive anions such as Cl− and CO3

2−. Given the merits of
this adsorbent such as high adsorption capacity, selectivity, and
fast kinetics, it may be a cost-effective candidate for the uptake
of I− anions for practical application.
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