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Abstract: Halloysite/Ag,O (Hal/AgyO) nanomaterials were prepared by growing Ag,O nanopar-
ticles on the surface of nanotubular halloysite using silver nitrate solution under alkaline condi-
tions. The nanomaterials were characterized by X-ray diffraction (XRD), transmission electron
microscopy (TEM), and Ny adsorption. Good dispersion of Ag,O nanoparticles with average sizes
of 6.07 & 2.5 nm and 8.04 £ 3.8 nm was achieved in the nanomaterials when using different con-
centrations of alkali. The nanomaterial with 6.36% Ag,O (Hal/Ag,O-2) exhibited rapid adsorption
to iodide (I7); adsorption equilibrium can be reached within 100 min. The adsorption capacity of
I~ on Hal/Ag,0O-2 is 57.5 mg/g, which is more than 143 times higher than that of halloysite. The
nanomaterial also showed a better adsorption capacity per unit mass of Ag,O due to the better
dispersion and less coaggregation of Ag,O in the nanomaterial than in the pure Ag,O nanoparticles.
Importantly, Hal/ Ag,O-2 exhibited high selectivity for I, and its I~ removal efficiency was hardly
affected by the coexistence of C1~, Br—, or 5042, as well as the initial pH of the solution. With an
excellent adsorption performance, the prepared Hal/ Ag,O nanomaterial could be a new and efficient
adsorbent capable of the adsorption of radioactive I~ from aqueous solution.
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1. Introduction

With the development of nuclear energy, large amounts of radionuclides (such as 1?’I,

1311 137 2387y, 239Py, and 24! Am) are produced and inevitably released into the natural
environment, posing a serious threat to public health and environmental protection [1,2].
Among them, radioactive iodine is of the greatest environmental concern because of its high
mobility and long half-life [3]. The high mobility of iodine is primarily due to its anionic
nature in aqueous environments. It exists as iodide (I”) and iodate (I03~), depending on
the redox conditions and pH [4], both of which are repulsed from the negative surface
charges on most sediments and minerals. Of these two species, I~ is more commonly found
in the natural environment with suboxic to reducing conditions and a pH of approximately
4-10 [5]. The half-life of *T'is 1.6 x 107 years [6], so 1291 released into the environment
poses a long-term risk to humans and the environment. Exposure to even slight amounts
of radioactive iodine could lead to a rise in diseases, such as mental retardation, metabolic
disorders, and thyroid cancer [7]. Therefore, the efficient elimination and solidification of
radioactive iodine, especially iodide, are important tasks.
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In recent decades, different methods, such as adsorption [8-11], oxidation [12], pho-
tocatalysis [13], and membrane electrolysis [14], have been used to eliminate radioactive
I~ from nuclear wastewater. Of these methods, adsorption has been extensively explored
and demonstrated to be the most applicable technology due to the system’s flexibility, high
elimination efficiency, and low energy input [5,15,16]. For the adsorption method, the
adsorbent is a critically important factor affecting the removal efficiency. Many materials,
such as activated carbon [17], natural minerals [5,18], metal compounds [19,20], and Ag,O
composites [21], have been used as adsorbents. Remarkably, Ag,O composites featuring
Ag,0 nanoparticles loaded on the surface of different supports are very attractive be-
cause of the strong affinity between iodide and silver. Titanate nanofibers/nanotubes [22],
nanolaminas [21], and TiO, 3D spheres [13] have been reported to support Ag,O, and the
generated composites showed excellent adsorption performance for I". However, for all
these composites, the supports should be synthesized first, making the preparation process
of the Ag,O composites costly and cumbersome.

Halloysite is a naturally occurring dioctahedral 1:1 clay mineral with a unique nan-
otubular morphology that is inexpensive and easily available worldwide [23]. The nan-
otubular morphology of halloysite results from the wrapping of the structural layers, and
the wrapping process is driven by the lattice mismatch between the adjacent octahedral
AlQg sheets and tetrahedral SiOy4 sheets [24]. For each halloysite nanotube, the internal
surface consists of a gibbsite-like array of aluminol (Al-OH) groups, whereas the external
surface is composed of siloxane (Si-O-5i) groups. Generally, the external diameter of hal-
loysite nanotubes ranges from ca. 30 to 190 nm, and the internal diameter ranges from ca.
10 to 100 nm [25]. With these nanoscale dimensions, halloysite possesses a high specific
surface area and pore volume, which are advantageous, as well as natural availability,
low cost, and environmental compatibility, making halloysite an ideal support for the
preparation of composites. In previous works, different nanoparticles/molecules, such
as Fe30O4, MnOy, TiO,, Ag, Au, enzymes, etc. [26-30], were supported onto halloysite
to prepare composites that have superior adsorption, catalysis, and release performance.
However, to the best of our knowledge, there are few reports on supporting Ag,O on the
external surface of halloysite to remove radioactive I™.

Consequently, this work aimed to prepare halloysite/Ag,O nanomaterials by support-
ing Ag,O on the surface of halloysite and to assess the feasibility of applying the prepared
nanomaterials for the removal of I~ from aqueous solutions. The results indicated that the
Agr0 nanoparticles in the nanomaterial existed primarily on the external surface of the hal-
loysite, with better dispersion and less coaggregation than the unsupported nanoparticles.
The halloysite/ Ag,O nanomaterial exhibited fast kinetics, high adsorption capacity, and
selectivity for radioactive I, enabling its promising application for radioactive pollution
control. The fundamental knowledge derived from this study is also important for the
development of new efficient adsorbents based on halloysite in the future.

2. Materials and Methods
2.1. Materials and Chemicals

Raw halloysite was collected from Dafang, Guizhou Province, China. The raw hal-
loysite was purified by manual selection to remove impurities, and the chemical composi-
tion (wt%) of the purified halloysite was: SiO,, 45.13; Al,O3, 38.09; Fe,O3, 0.19; MgO, 0.06;
Na;O, 0.08; K»0O, 0.05; P03, 0.02; TiO,, 0.03; and loss, 16.60. The purified halloysite sample
was dried overnight at 120 °C and ground, and the resulting powder sample is referred to
herein as Hal.

Analytical grade reagents such as AgNO3 and NaOH were used for the synthesis
of Ag,O. KCl, KBr, and K;SO4 were AR grade and, in addition to 68.0% HNOj3;, were
purchased from Sinopharm Chemical Reagent Co., Ltd. Nonradioactive KI (Sigma-Aldrich,
St. Louis, MO, USA) was used as the source of I” in the adsorption experiments because it
has the same chemical reaction properties as radioactive iodine [31,32]. All chemicals were
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used as received, without further purification. Deionized water (resistivity, 18.2 M()-cm)
was used in all of the experiments.

2.2. Preparation of Halloysite/Ag,O Nanomaterials

Halloysite/Ag,O nanomaterials were prepared using the following procedures: Hal
powder and a 0.1 mol/L AgNOs solution with a solid /solution ratio of 1 g/100 mL were
placed into a conical flask, and then the suspension was stirred at 700 rpm for 2 h. Then,
10 mL of a NaOH solution with the designated concentration was added dropwise into the
conical flask using a peristaltic pump at a flow rate of 0.1 mL/min while vigorously stirring
the suspension. After stirring for 8 h, the solid was collected and washed thrice with
15 mL deionized water, and then dried at 80 °C overnight, to yield the halloysite/Ag,O
nanomaterial. Specifically, 0.01 mol/L and 0.05 mol/L NaOH solutions were used to
prepare the halloysite/ AgoO nanomaterials, and the obtained nanomaterials were denoted
Hal/AgyO-1 and Hal/Ag,0O-2, respectively. Pure Ag,O nanoparticles (denoted as Ag,O-
NPS) were also prepared for comparative purposes, and its preparation procedure was
reported in our previous work [15].

2.3. Characterization

X-ray diffraction (XRD) patterns were recorded on a Panalytical Empyrean multifunc-
tion X-ray diffractometer (Panalytical, Almelo, The Netherlands), equipped with a Cu Ko
radiation course and a three-dimensional (3D) PIXcel detector under a target voltage of
40 kV and current of 40 mA. A continuous scanning mode with a step size of 0.026° and a
30 s per step counting time was used to collect the patterns.

Transmission electron microscopy (TEM) measurements were carried out using an
FEI Tecnai G2 F20 S-TWIN microscope (FEI, Hillsboro, OR, USA), which was operated at
a 200 kV accelerating voltage. The samples were dispersed in ethanol and sonicated for
3 min, then a droplet of the sample suspension was dropped on a 200-mesh Cu grid coated
with a carbon film, and the copper grid was left to stand for at least 10 min to prepare the
TEM specimens.

Low-temperature nitrogen (N;) adsorption-desorption isotherms were measured at
a liquid nitrogen temperature using a Quantachrome Autosorb-iQ2-MP gas adsorption
analyzer (Quantachrome, Boynton Beach, FL, USA). The samples were outgassed at 200 °C
for 12 h under vacuum conditions before measurement. The multiple-point Brunauer—
Emmett-Teller (BET) method was used to calculate the specific surface area, Sggr, of the
sample from the N, adsorption data [33]. The total pore volume, V., was evaluated
based on N uptake at a relative pressure of ca. 0.99. The Barrett-Joyner-Halenda (BJH)
method was used to derive the pore size distribution (PSD) curves of the samples from the
adsorption branch of the isotherms [34].

2.4. Adsorption Experiments

The adsorption performance of the samples was studied by carrying out batch ad-
sorption experiments. In a typical run, 50 mg of adsorbent was mixed with 20 mL of an
I~ solution at the specified concentration in a 50 mL centrifuge tube. For kinetics testing,
the mixture in the centrifuge tube was shaken at a rate of 200 rpm in a platform shaker to
ensure complete mixing. The adsorption time spanned from 10 min to 24 h. At the end of
each time interval, each centrifuge tube was centrifuged and the supernatant was taken
and passed through a 0.45 um PTFE filter. The concentration of I~ in the supernatant was
determined using a Dionex ICS-90 Ion Chromatography (IC) system (Dionex, Sunnyvale,
CA, USA) with an AG23 guard and AS23 analytical column. A 14 mM NayCO3/1.75 mM
NaHCOj; solution was used as the eluent.

A very similar experimental procedure to the kinetics testing procedure was used
to obtain the adsorption isotherms except the shaking time was fixed at 12 h. NaOH
(0.1 mol/L) or HNOs3 (0.1 mol/L) was used to adjust the pH values of the suspensions. To
study the effect of pH on adsorption, the initial pH value of the I~ solution was adjusted to
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approximately 4-10. The competitive adsorption of I” by the nanomaterial was tested in
the presence of high concentrations of other anion, such as CI-, Br~, or SO42~ (1.5 mmol/L
for I7, 10 mmol/L for each competitive ion). All adsorption experiments were performed
at room temperature, and blank experiments confirmed the absence of centrifuge tube wall
adsorption and I™ loss due to volatilization.

The I” removal efficiency, E(%), was calculated using the following equation:

E(%) = [(Co — C)/Co] x 100 @

where Cy and C; (mmol/L) are the concentrations of I~ in the reaction solution before and
after adsorption for time ¢ (h), respectively. The amount of I~ adsorbed per unit mass of
the adsorbent at equilibrium, Q. (mg/g), was calculated as follows:

Qe =(Cp — Ce) x M/m ()

where C, is the I~ concentration in the reaction solution at equilibrium, M is the molar
mass of I, and m (g) is the amount of adsorbent in 1 L of I solution.

3. Results and Discussion
3.1. Characterization of the Hal Support and Hal/Ag,O Nanomaterials

As revealed by the XRD pattern of Hal (Figure 1a), the main phase of Hal is 7A-
halloysite with the (001) reflection at 0.74 nm [35]. This Hal support was of high purity
as there were no other reflections found from the XRD pattern. The diffraction pattern of
AgrO-NPS exhibits distinct peaks at 26.76, 32.98, 38.29, 55.25, and 65.86° (20) (Figure 1b),
which are consistent with the known diffraction pattern of silver oxide (Power Diffraction
of File No. 41-1104), and are attributed to the (110), (111), (200), (220), and (311) reflections,
respectively [36]. As calculated using the Scherrer formula in our previous work, Ag,O-
NPS has nanoscale dimensions, with an average particle size of 18.4 nm [15]. Figure 1c,d
show the XRD patterns of the nanomaterials Hal/ Ag,O-1 and Hal/ Ag,O-2, respectively.
The XRD pattern of Hal/Ag,O-1 shows no obvious difference from that of Hal (Figure 1c),
perhaps because the amount of Ag,0O in this sample is minor or the size of the Ag,O
particles is ultrafine. In the XRD pattern of Hal/Ag,O-2 (Figure 1d), a new peak at 32.93°
(20) appeared, and this peak can be attributed to the (111) reflection of Ag,O. These results
indicated the presence of silver oxide in the nanomaterials and that the amount of Ag,O
increased with the concentration of NaOH used in the preparation process.

The TEM image showed that the Hal particles possessed a typical cylindrical morphol-
ogy and contained a transparent central area that runs longitudinally along the cylinder
(Figure 2a), indicating that the halloysite particles were hollow and open ended. As ob-
tained from the statistical measurements of several TEM images, the length of Hal varies
from ca. 0.1 to 1.0 um, and the external diameter ranges from ca. 20 to 60 nm with the
lumen diameter from ca. 9 to 22 nm. However, it should be noted that the validity of
these morphological data is limited by the small number of particles measured in the
TEM images.

The TEM images of the Hal/ AgrO nanomaterials revealed that the Ag,O nanoparticles
were well dispersed on the surface of the halloysite nanotubes (Figure 2b—d). In contrast,
pure Ag,O nanoparticles tended to aggregate dramatically. For example, the AgyO-NPS
used for comparison in this study agglomerated considerably, resulting in aggregates
on the micrometer scale in size [15]. As shown by Figure 2b, a small amount of Ag,O
nanoparticles could be found on the outer surface of the Hal/Ag,O-1 sample, and the
average size of these Ag,O nanoparticles is 6.07 &= 2.5 nm from the statistical measurement
(inset of Figure 2b). For Hal/Ag,O-2 prepared using 0.05 mol/L NaOH, the amount of
Ag,0O nanoparticles on the surface of Hal increased significantly, and the average size of the
AgyO nanoparticles increased slightly with a measured value of 8.04 £ 3.8 nm (Figure 2¢,d).
In our previous work, we found that the amount and size of the Ag,O nanoparticles
also changed with the concentration of silver nitrate [15]. These results indicated that
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supporting Ag,O nanoparticles on halloysite can significantly decrease its coaggregation
and that the amount and size of the Ag,O nanoparticles in the nanomaterials can be readily
controlled by adjusting the preparation conditions, such as the concentration of NaOH or
silver nitrate. In addition, a small amount of Ag,O nanoparticles were also found in the
lumen of the halloysite nanotubes (Figure 2d).
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Figure 2. TEM images of (a) Hal, (b) Hal/Ag,O-1 (inset is the histogram of Ag,O particle sizes),
(c,d) Hal/AgyO-2 (inset of Figure 2d is the histogram of Ag,O particle sizes), an (e) EDS spectrum of
Hal/Agy0O-2, (f) HR-TEM image of a Ag,O nanoparticle and (g) its integrated pixel intensities.
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The EDS result (Figure 2e) for Hal/ Ag,O-2 confirms the presence of Ag and O elements
in the nanomaterials, and the Ag,0 loading amounts in the nanomaterials were calculated
using the Ag content from the EDS data, and are listed in Table 1. The fringes of the
nanoparticles show a lattice spacing of 0.238 nm (Figure 2e,f), corresponding to the (200)
plane of Ag,O nanocrystals, which confirms that the nanoparticles on the surface of the
sample are nanoscale Ag,O particles.

Table 1. Porous structural data, and Ag and Ag,O contents of the samples.

Samples SgeT (M?/g) Viotal (mL/g) Wag (wt) 1 W ag,0 (Wt%) 2
Hal 67.7 0.3344 - -
Hal/Ag,0O-1 73.8 0.4003 0.64 0.69
Hal/Ag,O-2 65.2 0.4146 5.92 6.36

1 Wag (Wt%), the Ag content of each Hal/Ag,O composite, which is the average value of the Ag content from the
EDS data. 2 W Ag,0 (Wt%), the Ag,O content of each Hal/Ag,O composite, which was calculated from the Wag
using the following equation: Wag,0 = Wag x (107.9 + 8)/107.9.

The N; adsorption—desorption isotherms and PSD curves of Hal and the Hal/Ag,O
nanomaterials are presented in Figure 3A,B, respectively. The isotherm shapes for Hal and
both Hal/Ag,O nanomaterials are similar, and can all be designated as type IV(a) with
H3 hysteresis loops (Figure 3A), according to the updated classification of IUPAC [37].
This type of isotherm is characteristic of mesoporous structures. Compared with Hal,
the hysteresis loops of both Hal/Ag,O-1 and Hal/Ag,O-2 were weakened. This result
suggested that the mesopores in the nanomaterials were diminished compared with Hal.
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Figure 3. (A) N, adsorption—-desorption isotherms of (a) Hal, (b) Hal/AgyO-1, and (c) Hal/Ag,O-2;
(B) PSD curves of (a) Hal, (b) Hal/Ag,O-1, and (c) Hal/ Ag,O-2.

Two distinct mesoporous populations centered ca. 2.4 nm and 13.1 nm, respectively,
were found in the PSD curve of Hal (Figure 3B(a)). The former was ascribed to the
slit-shaped longitudinal pores, which were formed in the degassing process, and the
latter was ascribed to the lumen of Hal [38]. For both nanomaterials, the PSD curve
featured the mesopore populations attributable to the two types of pores mentioned above
(Figure 3B(b,c)), but the distribution of the population at ca. 13.1 nm is narrower than that
of Hal. This result may be explained by the occupation of the halloysite lumen by some
Ag,0O particles, as indicated by the TEM images (Figure 2d). The mesopore populations
from 3 to 9 nm in the nanomaterials arose from the interval space or stacking of Ag,O
particles on the surface of the halloysite, and these types of mesopores should be related to
the content of Ag,O. Compared with Hal/Ag,O-1, Hal/Ag,O-2 indeed has more pores
ranging from 3 to 9 nm (Figure 3B(b,c)), and this is probably related to the higher content
of Ag,O in Hal/Ag,O-2.
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The Sgpt of Hal is 67.7 m?2/ g (Table 1), which is slightly higher than the Sggr values
of the halloysite samples studied in our previous works [15,31]. This result is due to
the Hal nanotubes in this study exhibiting smaller dimensions. As shown in Table 1,
Hal/Ag,0O-1 exhibited a higher Sggr value than Hal, and this is attributed to the presence
of Ag,O nanoparticles on halloysite. However, with the increase in the amount of Ag,O
nanoparticles, i.e., in the case of Hal/Ag,O-2, a lower Sgpr value than Hal was exhibited
(Table 1). This result can be explained by two plausible reasons: 1) part of the lumen of
the halloysite was occupied by some Ag,0 particles, resulting in a decreased Sggt for the
nanomaterials; 2) the density of Ag,O is greater than that of halloysite, and because Sggt
is the surface area per gram of sample, the nanomaterial with more Ag,O should have a
lower Sggr. The Vo, values of both nanomaterials are higher than that of Hal (Table 1),
which is attributed to the presence of more interparticle pores in the nanomaterials.

3.2. Performance of the Hal/Ag,O Nanomaterial for I~ Adsorption

Due to its higher content of Ag,O nanoparticles, Hal/Ag,O-2 was selected for the
I” adsorption tests in this study. It is worth noting that the I~ adsorption performance
of the prepared nanomaterials could vary with the content of Ag,O; however, testing
on this front will be studied as part of another investigation. As shown in Figure 4a,
Hal/AgyO-2 adsorbed I~ rapidly and the equilibrium can be reached within 100 min. This
rapid adsorption of I~ is attributed to the fact that most of the adsorption sites (Ag,O
nanoparticles) for I” existed on the outer surface of the nanomaterials, which is readily
accessible to I, resulting in a rapid approach to the steady state.

100 70
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80 Hal/Ag,0-2 o—©
o 9 ] ] .
a9 ' 4 501 it
601 = =
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wo, = 307 £
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b | e,
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Figure 4. (a) Adsorption kinetics of I~ on Hal/Ag,O-2, (b) adsorption isotherms of I~ on Hal and
Hal/AgyO-2 (inset is the I~ removal efficiency from the solutions with different initial concentrations
of I~ on Hal/Ag,0-2), (c) the effect of pH on I~ adsorption on Hal/Ag,O-2, and (d) I~ removal
efficiency of Hal/AgyO-2 under competitive adsorption conditions.

The adsorption isotherm results revealed that Hal has negligible adsorption to I~
with a Qe of 0.4 mg/g while Hal/AgyO-2 has a much higher Q. at 57.5 mg/g (Figure 4b),
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which demonstrates that the introduction of Ag,O nanoparticles in Hal dramatically in-
creases its I~ adsorption capacity. As shown in Table 2, the Q. value of Hal/Ag,O-2 is
compared with other materials reported in the literature. It was found that the Q. value
for Hal/AgyO-2 is considerably higher than the values for black carbon [39], minerals
(chrysotile, ferrihydrite, cuprite) [5,40,41], and layered double hydroxides [42] in the litera-
ture. However, Hal/ Ag,O-2 exhibited a lower adsorption capacity than the Ag,O-grafted
titanate nanolamina and nanofibers (Table 2), which is attributed to the lower Ag content
in our material. As explained in the paper, the average weight percentage of Ag in the
Ag,O-grafted titanate nanolamina was as high as 40.3% [21], which is significantly higher
than that in the materials prepared in this study (see Table 1). With a high adsorption
capacity, in terms of removing radioactive iodine, 1 g of Hal/Ag,O-2 was able to clean up
11.5 L of wastewater containing 5 ppm of radioactive iodine. To compare the I~ adsorption
efficiency of Hal/Ag,O-2 with that of pure Ag,O-NPS, the equilibrium adsorption capac-
ity of Hal/AgyO-2 normalized to per unit mass of Ag,O content, Qe-m, was calculated
according to Qe and Wag, 0 (Table 1) using the following equation:

Qe = (Qe — 0.4 % (1 — (Wag,0/100))/(Wag,0/100) §)

The obtained Qe for Hal/Ag,O-2 is 898.4 mg/g, which is significantly larger
(4.4 times larger) than that for pure Agy,O-NPS (201.9 mg/g [15]). This result is mainly
attributed to the better dispersion of Ag,O nanoparticles supported on halloysite. As
shown by the inset of Figure 4b, Hal/ Ag,O-2 could remove 95% of I~ from the solution
when the initial I~ concentration was 1.0 mmol/L, and 100% of I~ could be removed when
the initial I~ concentration was 0.5 mmol/L or lower. These results strongly indicated that
the prepared Hal/Ag,O nanomaterial has the potential to be an efficient adsorbent for the
removal of radioactive iodide from wastewater.

The pH shows no obvious effect on the I~ removal efficiency in the range of ca. 4-10
(Figure 4c), suggesting that the adsorption process was not affected by hydrogen or hydrox-
ide ions. As shown in Figure 4d, the I removal efficiency of the Hal/ Ag,O nanomaterial
waved slightly but remained high enough with the coexistence of C1~, Br~, or SO42~, even
when the concentration of C1~, Br—, or SO42~ was several times higher than that of I~
(the concentration of I~ was 1.5 mmol/L, and the concentration of each competitive ion
was 10 mmol/L). This result suggests that the prepared nanomaterial possesses a high
selectivity to I~ adsorption. The lower Gibbs energy of the reaction of Ag,O with I” than
with the competing anions could explain the high selectivity of the nanomaterial; hence,
the reaction of Ag,O with I™ is thermodynamically favored over that with C1~, Br~, or
SO42~ [21].

Table 2. Comparison of adsorption capacities of different adsorbents for I".

Adsorbents I” Adsorption Capacities Ref.
Hal/Ag,O-2 57.7mg/g This work

Black carbon ~2mg/g [39]

Activated carbon ~12.7mg/g [17]

Chrysotile bundles 413mg/g [5]

Ferrihydrite <0.127 mg/g [40]

LDH 58mg/g [42]

Calcined LDH 96.1mg/g [42]

Cuprite (Cuy0) ~0.15mg/g [41]

Ag,O-grafted titanate nanolamina 431.8 mg/g [21]

AgyO-grafted titanate nanofibers 381 mg/g [22]

3.3. Adsorption Mechanism

The XRD patterns of Hal/Ag,O-2 after adsorption of I~ with low and high initial con-
centrations (0.5 and 2.0 mmol/L initial I~ concentrations, respectively; solid /solution ratio
50 mg/20 mL; 12 h) are shown in Figure 5. The iodide-loaded samples were highlighted
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with the suffix “-I,”, where n indicates the initial concentration of I~ in mmol/L. After
adsorption of I, the (111) reflection of silver oxide at 32.93° (20) in Hal/ Ag,O-2 (Figure 5a)
disappeared in both XRD patterns of Hal/ Ag,O-2-I,, (Figure 5b,c), indicating the diminish-
ment or disappearance of Ag,O in the nanomaterials. At the same time, new peaks at 22.27,
23.66, 39.18, and 46.17° (26) appeared in the XRD patterns of Hal/Ag,O-2-1, (Figure 5b,c),
which can be attributed to the (100), (002), (110), and (112) reflections of iodargyrite. These
results indicated that the Ag,O nanoparticles in the nanomaterials reacted with I~ to form
iodargyrite during the adsorption process. The weaker intensities of the peaks attributed
to iodargyrite in Hal/ AgyO-2-Ij 5, compared to that in Hal/Ag,O-2-1,y, were because of
the lower content of iodargyrite in Hal/ Ag,O-2-1 5. The adsorption mechanism could be
surmised as the following reaction:

217 (aq) + AgrO + HyO — 2AglI (Iodargyrite, s) + 20H™ (aq) 4)

O lodargyrite

® Silver Oxide

(c)

Hal/Ag,0-2-1,,

Intensity

Hal/Ag,0-2-1,

Hal/Ag,0-2

lodargyrite, Agl (PDF#09-0374)

—110

I-102

I—103

F—112
2

10 20 30 40 50 60 o
26/°

Figure 5. XRD patterns of (a) Hal/Ag,O-2 and (b,c) Hal/ Ag,O-2 after adsorption of I" at different

concentrations.

According to this equation, the theoretical I~ adsorption capacity per gram of Ag,O
(4.3 mmol) should be 1095.8 mg (8.6 mmol). Therefore, the efficiency of Ag,O utilized for
the adsorption of I, Egjiver Oxide-U (%), of the samples can be calculated using the following
equation: Esjyer Oxide-U = Qm-z/1095.8. The calculated Esjiyer oxide-u for pure AgrO-NPS
and Hal/Ag,0-2 is 18.4% and 82.0%, respectively. This result indicated that supporting
Ag,0O nanoparticles on halloysite significantly increased the efficiency of Ag,O utilized for
the adsorption of I".

Finally, because of the low solubility of the iodargyrite generated during the adsorption
process, the Hal/ Ag,O nanomaterial prepared in this study could be an ideal material to
solidify radioactive I~ in solution, retard its mobility, and further reduce its risk.

4. Conclusions

In this study, halloysite/ Ag,O nanomaterials were prepared by growing Ag,O nanopar-
ticles on the surface of nanotubular halloysite. The average sizes of the Ag;O nanoparticles
were 6.07 & 2.5 nm and 8.04 + 3.8 nm when the concentration of alkali solution was 0.01
and 0.05 mol/L, respectively. In the nanomaterials, the Ag,O nanoparticles mainly exist
on the external surface of the halloysite, with better dispersion and less coaggregation
than the pure Ag,O nanoparticles. The adsorption of I~ by the nanomaterial with 6.36%
Ag,0O (Hal/AgyO-2) was rapid, and adsorption equilibrium was reached within 100 min.
The adsorption capacity of I~ on Hal/Ag,O-2 was 57.5 mg/g, which was significantly
higher than that of halloysite (0.4 mg/g). The nanomaterial also showed a better adsorption
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capacity per unit mass of Ag,O than pure Ag,O nanoparticles, and the efficiency of Ag,O
utilized for the adsorption of I~ was 82% while that of the pure Ag,O nanoparticles was as
low as 18.4%, and this was attributed to the better dispersion of Ag,O nanoparticles on
halloysite. Moreover, Hal/ Ag,O-2 exhibited high selectivity for adsorption to I~, and its
I~ removal efficiency was hardly affected by the coexistence of C1~, Br~, or S0,42~. The
initial pH of the I~ solution also showed no obvious effect on the I~ removal efficiency.
Low-solubility iodargyrite was generated during the adsorption process. These results
indicated that the prepared Hal/Ag,O nanomaterial could be a new and efficient adsorbent
capable of the adsorption of radioactive I~ from aqueous solution.
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