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A B S T R A C T   

The efficient removal of iodide (I− ) from water is challenging to accomplish because of the large size and low 
charge of I− . In this study, halloysite/Ag2O composites were prepared, characterized, and used to remove I− from 
water. The Ag2O nanoparticles primarily resided in the lumen of halloysite in the composites, whose amount and 
size can be readily controlled by adjusting the concentration of Ag+ during the preparation process. Moreover, 
there is rapid adsorption of I− by the composites, whose kinetics followed a pseudo-second-order model. With a 
solid/liquid ratio of 50 mg/20 mL and an initial pH of 7.5 ± 0.2, the maximum I− adsorption capacity of 
composites with an approximately 0.98% and 2.42% Ag2O content was 13.7 mg/g and 39.99 mg/g, which is 48 
and 142 times higher than that of raw halloysite, respectively. Importantly, the composites exhibited high se
lective adsorption to I− , and their I− removal efficiency is barely affected by the presence of Cl− , Br− , or SO4

2− . 
The high adsorption capacity of the composite is driven by the small particle sizes of Ag2O due to the spatial 
confinement of the lumen of halloysite and the newly formed nanopores between Ag2O particles and the inner 
wall of halloysite. After capturing the radioactive I− , the composites are expected to constitute a low radiological 
hazard because of the shielding provided by the halloysite wall. Taken together, these results suggest the hal
loysite/Ag2O composites could be a promising adsorbent suitable for use in the efficient removal of radioactive I−

from nuclear wastewater.   

1. Introduction 

Radioactive iodine, a by-product of uranium fission, can be released 
into water, soils, and atmosphere through nuclear weapon tests, nuclear 
medicine treatments, and especially via nuclear accidents, such as those 
which occurred at Three Mile Island in the USA in 1979, at Chernobyl in 
Russia in 1986, and at Fukushima in Japan in 2011. The Fukushima 
Daiichi accident released 1.5 × 107 kg 131I into the environment (Von 
Hippel, 2011). Further, radioiodine is potentially problematic in 
groundwater at radiological waste disposal sites. For example, radio
iodine has been identified as a risk at the Hanford and the Savannah 
River sites in the USA, where its concentration in groundwater is well 
above the drinking water standard (Kaplan et al., 2014). This is a hazard 
because the radioiodine in water is easily ingested by humans through 

food chain which causes a number of health problems. It is well known 
that exposure to even small amounts of radioactive iodine can lead to an 
increase in metabolic disorders, mental retardation, and thyroid cancer 
in humans (Theiss et al., 2016; Yu et al., 2020). Therefore, carrying out 
the efficient removal of radioactive iodine from water is a task of great 
importance. 

In aqueous environments, when natural organic matter is limited, 
iodine exists primarily as iodide (I− ) and iodate (IO3

− ) depending on the 
redox conditions and pH (Yu et al., 2019). Of these two species, I− is 
more commonly found in suboxic to reducing conditions with a wide pH 
range of 4–10 in natural water environment (Fuge and Johnson, 2015). 
In the last decades, much research has focused on how to remove I− from 
water, for which different methods were tried, such as adsorption 
(Choung et al., 2013), photocatalysis (Wang et al., 2019), oxidation 
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(Bichsel and Von Gunten, 1999), and membrane electrolysis (Tanno 
et al., 1986), to name a few. Among them, adsorption is currently the 
most applicable technology because of the system's flexibility, low en
ergy input, and inexpensive operation costs (Choung et al., 2013; Yu 
et al., 2015a). 

Different adsorbents, such as activated carbon (Hoskins et al., 2002), 
anion exchange resins (Decamp and Happel, 2013), natural minerals 
(Morimoto et al., 2011; Yu et al., 2019), metal (Ag, Hg, or Cu(I)) com
pounds (Balsley et al., 1996; Liu et al., 2015; Liu et al., 2016), and silver 
oxide composites (Yang et al., 2011; Bo et al., 2013), have been reported 
capable of removing radioactive I− . In a recent paper, covalent organic 
framework-based materials as adsorbents to radioactive I− and other 
pollutants was critically reviewed (Liu et al., 2021). Remarkably, the 
Ag2O-composites featuring Ag2O nanoparticles dispersed upon carriers, 
such as nanotubes (Yang et al., 2011), nanofibers (Yang et al., 2008), 
nanolaminas (Bo et al., 2013), or 3D spheres (Liu et al., 2015), are 
considered very attractive because of their high adsorption capacities 
and the strong affinity between I− and silver. Yet for almost all the re
ported Ag2O-composites (Yang et al., 2008; Yang et al., 2011; Bo et al., 
2013; Liu et al., 2015), the Ag2O nanoparticles existed on the external 
surface of the carriers, which may lead to Ag2O nanocrystals readily 
detaching from the carriers in some circumstances. On the other hand, in 
the process of preparing those reported Ag2O-composites, it is usually 
necessary to first synthesize the carriers (Yang et al., 2011; Liu et al., 
2015), rendering the preparation process of Ag2O-composites both 
cumbersome and costly. 

Halloysite (Al2(OH)4Si2O5⋅2H2O) is a naturally occurring dioctahe
dral 1:1 clay mineral with a unique nanotubular morphology, being 
inexpensive and readily available worldwide (Joussein et al., 2005). Its 
nanosized tubular morphology results from the wrapping of layers that 
is driven by the mismatch between the smaller octahedral sheet and 
larger tetrahedral sheet in the 1:1 layer (Bates et al., 1950; Tan et al., 
2013). Generally, tubular halloysite is ca. 0.02–30 μm in length and has 
an external diameter that varies from ca. 30 to 190 nm, with an internal 
diameter of ca. 10–100 nm (Yuan et al., 2015). These sizes of tubular 
halloysite vary according to different deposits whose genesis and 
occurrence conditions differ (Pasbakhsh et al., 2013). Given its special 
nanosized tubular morphology, the specific surface area and pore vol
ume of halloysite normally exceed those of other clay minerals (such as 
kaolinite), making it an excellent carrier to load with various chemical 
species, such as adsorbent (Wei et al., 2019), drugs (Tan et al., 2015), 
catalysts (Zeng et al., 2017), and even antibacterial agents (Shu et al., 
2017). In particular, the lumen size of halloysite is greater than 10 nm, 
so it is sufficiently large to accommodate nanoparticles. In recent years, 
not only Ag nanoparticles and nanorods (Ouyang et al., 2016; Zeng 
et al., 2017) but also copper‑nickel alloy nanoparticles (Abdullayev 
et al., 2011) and carbon nanodots (Wu et al., 2017) were successfully 
loaded into the lumen of halloysite; the generated composites have 
sound structural stability and notable corresponding catalytic, scav
enging or antibacterial properties. To our best knowledge, however, 
there are no reports yet on the preparation of a halloysite/Ag2O com
posite as an adsorbent for the removal of radioactive I− . 

In the present work, halloysite/Ag2O composites were prepared, in 
which Ag2O nanoparticles were primarily loaded into the lumen of 
halloysite. The prepared composites were characterized by various 
techniques and used as adsorbents to radioactive I− from water. Because 
Ag2O nanoparticles primarily resided in the lumen of halloysite, the 
halloysite/Ag2O composites possessed high structural stability, and it is 
anticipated that after capture of the radioactive I− the composites will 
show a low radiological hazard, due to shielding from the halloysite 
wall. The fundamental knowledge derived from this study is important 
for potential applications of halloysite for radioactive pollution control 
and the development of new efficient adsorbents in the future. 

2. Materials and methods 

2.1. Chemicals and materials 

Crystalline potassium iodide (KI) (Sigma-Aldrich) was used as the 
source of I− . Non-radioactive iodine (127I) was used in the I− uptake 
experiments because it has the same chemical reaction properties as 
radioactive iodine (Ikari et al., 2015; Yang et al., 2011). AgNO3 (AR 
Grade), KCl (AR Grade), NaOH (AR Grade), and 68.0% HNO3 were all 
purchased from Sinopharm Chemical Reagent Co., Ltd. Deionized water 
(resistivity, 18.2 MΩ⋅cm) was used in all the experiments. All chemicals 
were used as received, without further purification. The raw halloysite 
sample was collected from Danjiangkou, Hubei Province, China. The 
sample was purified by hand-selecting to remove the visible impurities 
(such as ferrites with the brown color), then dried at 120 ◦C overnight 
and ground. The resultant powder sample is referred to hereon as Hal. 

2.2. Preparation of the halloysite/Ag2O composites 

Each halloysite/Ag2O composite was prepared according to the 
following procedures: 1 g of dried Hal powder was placed into a 
chamber, and the chamber then vacuumized using a pump for 3 h to 
remove the air from the lumen of halloysite; after that, 100 mL AgNO3 
solution with designated concentration was dropped into the chamber 
via a funnel with a stopcock under vacuum. Upon completing this 
addition of AgNO3 solution, the stopcock was fully opened to connect 
the chamber to the air, and halloysite/silver nitrate suspension was 
stirred for 3 h, to ensure the silver nitrate moved into the lumen of 
halloysite. The halloysite harboring the silver nitrate in its lumen was 
collected via filtering, after which 50 mL of a 0.01 mol/L NaOH solution 
was added, dropwise, onto the solid while vigorously stirring it. After 
stirring for 24 h, the solid was collected and washed thrice with 
deionized water, and then dried at 70 ◦C for 24 h, to yield the halloysite/ 
Ag2O composites (Hal-Ag2O). Specifically, 0.2 mol/L and 0.5 mol/L of 
silver nitrate solution were used to prepare the halloysite/Ag2O com
posites: these obtained composites were denoted as Hal-Ag2O-1 and Hal- 
Ag2O-2, respectively. For comparative purposes, Ag2O nanoparticles 
(denoted as Ag2O-NPS) were prepared by adding 0.1 mol/L of the NaOH 
solution into 0.1 mol/L of an AgNO3 solution, using a procedure similar 
to that for the Hal-Ag2O preparation. 

2.3. Characterization 

X-ray diffraction (XRD) data were collected on a Panalytical Empy
rean multifunction X-ray diffractometer, equipped with a three- 
dimensional (3D) PIXcel detector. All the XRD patterns were collected 
at 40 kV and 40 mA using a continuous-scanning mode with a 0.026o 

step size and counting time of 30 s per step. 
Transmission electron microscope (TEM) images were obtained 

using an FEI Tecnai G2 F20 S-TWIN microscope operated at an accel
erating voltage of 200 kV. The specimens were prepared this way: 
samples were ultrasonically dispersed in ethanol for 5 min, then a 
droplet of the sample suspension was then dropped onto a lacy carbon- 
coated 200-mesh Cu grid which was left to stand for at least 10 min 
before being transferred into the microscope. 

Low-temperature nitrogen (N2) adsorption-desorption isotherms 
were measured using a Quantachrome Autosorb-iQ2-MP gas adsorption 
analyzer at a liquid‑nitrogen temperature. Before their measurement, 
the samples were outgassed at 200 ◦C for 12 h under vacuum conditions. 
The total specific surface area of the sample, SBET, was calculated from 
the N2 adsorption data by using the multiple-point Brunauer-Emmett- 
Teller (BET) method (Brunauer et al., 1938), and the total pore volume, 
Vtotal, was evaluated based on the N2 uptake at a relative pressure of ca. 
0.99. The pore size distribution (PSD) curves were derived using the 
Barrett-Joyner-Halenda (BJH) method from the adsorption branch of 
the isotherms (Barrett et al., 1951). 
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X-ray photoelectron spectroscopy (XPS) analyses were performed 
using a Thermo Fisher Scientific Escalab 250 instrument equipped with 
a monochromatic Al Kα source and operated at 1486.8 eV while taking 
the measurements. The base pressure in the spectrometer analyzer 
chamber was below 5 × 10− 8 mbar. The charge neutralizer filament was 
utilized during all experiments to control the charge of the samples. 
Spectra were collected from 0 to 1350 eV, using an X-ray spot size of 
400 μm with a pass energy of 100 eV for the wide scan and 30 eV for 
individual elements. The quantitative analysis of XPS data was con
ducted in Thermo Avantage v5.934 software and the residual back
ground was removed by implementing the Smart approach. All binding 
energies were referenced to the C1s line positioned at 284.8 eV. 

2.4. Iodide adsorption experiments 

A stock solution of I− (5 mmol/L) was prepared by dissolving KI in 
deionized water. For the kinetics testing, a continuous technique is used 
that does not affect the time interval based continuous sampling. The 
experiment was performed by adding 0.5 g of adsorbent to 200 mL of the 
I− solution, and this mixture was strongly shaken in a platform shaker to 
ensure its complete mixing. The adsorption time spanned 5 to 1440 min. 
At the end of each time interval, 0.5 mL of each suspension was taken 
and passed through a 0.22 μm PTFE filter. The residual aqueous I−

concentrations were determined using a Dionex ICS-90 Ion Chroma
tography (IC) system with an AG23 guard and AS23 analytical column, 
with a 14 mM Na2CO3/1.75 mM NaHCO3 solution as the eluent. 

The adsorption isotherms were obtained by carrying out batch 
adsorption experiments. In a typical run, 50 mg of adsorbent was added 
to 20 mL of an I− solution with the scheduled concentration in a 50 mL 
centrifuge tube. Initial and final pH was measured using a pH meter. 0.1 
M NaOH or 0.1 M HNO3 was used to adjust the pH values of the sus
pensions. After a predetermined time for achieving adsorption equilib
rium, the suspensions were centrifuged and ensuing their supernatants 
used for the I− concentration analysis. The selective uptake of I− by the 
composites was also tested in the presence of high concentrations of Cl− , 
Br− , or SO4

2− anions. Specifically, 50 mg of adsorbent in 20 mL of 
aqueous solution containing 10 mM KCl (KBr, or K2SO4) and 1 mM KI 
was shaken for 24 h, then the concentration of I− ions in the solution 
after adsorption was measured to determine the adsorption capacity of 
the adsorbent. All adsorption experiments were conducted at room 
temperature (25 ± 1 ◦C) unless otherwise noted, and each adsorption 
point was the average of duplicate or triplicate experiments. Blank ex
periments confirmed the absence of wall adsorption or I− loss to 
volatilization. 

The amount of I− adsorbed per unit mass of the adsorbent at time t 
(h), qt (mg/g) was calculated as follows: 

qt = (C0 − Ct)×M/m (1)  

where C0 and Ct (mmol/L, mM) are the concentration of I− in the re
action solution before and after adsorption for time t (h), respectively. M 
is the molar mass of I− , and m (g) is the amount of adsorbent in 1 L of I−

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

E(%) = [(C0 − Ct)/C0 ] × 100 (2)  

3. Results and discussion 

3.1. Characterization of samples 

The XRD pattern of Hal revealed that its main phase is 7 Å-halloysite 
with the 001 reflection at 0.74 nm (Fig. 1a). A minor amount of 
natroalunite impurity was also observed in the Hal sample, as indicated 
by the 012, 021, 113, and 303 reflections at 18.1o, 30.0o, 30.2o, and 48.0 
(2θ), respectively (Fig. 1a). As seen in Fig. 1b, a new peak at 32.8o (2θ) 
appeared in the XRD pattern of Hal-Ag2O-2, which can be attributed to 

the 111 reflection of silver oxide. This result indicated silver oxide was 
present in the halloysite silver oxide composite. However, the silver 
oxide cannot be detected on the XRD pattern of Hal-Ag2O-1 (not shown), 
perhaps because of the ultra-fine size of its particles and its minor 
amount in this sample (see the following). 

The XRD pattern of Ag2O-NPS appears in Fig. 1c, it being consistent 
with the known diffraction pattern for silver oxide (Power Diffraction of 
File No. 41–1104) (Welton-Holzer et al., 1989). The diffraction lines of 
Ag2O are broadened, thus indicating the Ag2O particle is nanometer in 
size. The Scherrer formula (D = kλ/βcosθ) was used to evaluate the 
crystallite size of the Ag2O particles, where k is the shape factor whose 
value is 0.89 (assuming that the particles are spherical), β is the integral 
breadth of the Bragg reflection, λ is the wavelength of the X-ray radia
tion, and θ is the Bragg angle (Burton et al., 2009). The calculated 
average particle size of Ag2O was found to be 18.4 nm (See Table S1 in 
the Supporting Information). 

The TEM image of Hal (Fig. 2a) clearly shows the halloysite particles 
are cylindrical in shape and contain a transparent central area that runs 
longitudinally along the cylinder, indicating that the halloysite particles 
were hollow and open-ended. As measured statistically from several 
TEM images (not shown), the length of Hal varies from 0.2 to 1.0 μm and 
the inner lumen diameter of Hal ranged from ca. 12 to 22 nm. It should 
however be noted that the accuracy of these dimensions is limited by the 
number of particles observed in the TEM images. For the halloysite/ 
Ag2O composites, Ag2O nanoparticles were mainly existed in the inner 
lumen of halloysite nanotubes (Fig. 2b-d); a small amount of Ag2O 
nanoparticles could also be found on the outer surface (Fig. 2b-c) and the 
edge surface (Fig. 2d) of the nanotubes. These results are directly 
attributable to the vacuumization process during the preparation of the 
composites. Assisted by atmospheric pressure, the aqueous silver nitrate 
solution could enter the lumen of halloysite, where the silver resource 
component would have been retained due to the capillary forces and 
finally converted into Ag2O in the lumen of halloysite. In addition, the 

Fig. 1. XRD patterns of the halloysite (a), halloysite/Ag2O composite (b), and 
Ag2O nanoparticles (c). 
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aluminum hydroxyl on the inner surface of halloysite could be adsorp
tion sites for silver source, which is helpful to make the silver nitrate 
solution enter the lumen of halloysite. The Ag2O nanoparticles found on 
the outer and edge surface is because there are also hydroxyl groups 
existed on the out surface (due to the crystallographic defects) and the 
edge surface of halloysite (Yuan et al., 2008), which could be adsorption 
sites for silver source (converted into Ag2O finally). Compared with the 
Ag2O nanoparticles in the lumen of halloysite, the small size and amount 
of the Ag2O nanoparticles on the outer and edge surface may relate to 
the low content of silver source. The EDS result (Fig. 2e) for the com
posite samples confirms the presence of silver and oxygen elements, 
while the Si and Al elements confirm the matrix halloysite in the 
composite. 

Both the amount and size of Ag2O nanoparticles in the inner lumen of 
halloysite can be readily controlled by adjusting the concentration of the 
Ag+ in the aqueous silver nitrate solution. For Hal-Ag2O-1, which was 
prepared using 0.2 mol/L of silver nitrate, a small amount of Ag2O 
nanoparticles averaging 5 nm in size formed in the lumen of halloysite 
(Fig. 2b). For Hal-Ag2O-2 prepared using 0.5 mol/L of silver nitrate, the 
average size of Ag2O nanoparticles in the lumen increased to 10–15 nm 
and their abundance increased markedly (Fig. 2c-d). It is noteworthy 
that the size of Ag2O nanoparticles in the composites will be restricted 
by the lumen size of halloysite. The fringes of the Ag2O nanoparticles 
show the lattice spacing of 0.203 nm and 0.238 nm (Fig. 2f), corre
sponding to the (− 112) and (200) planes of Ag2O nanocrystals. This 
result confirms the nanoparticles in the lumen of halloysite are nano
scale Ag2O particles. 

As Fig. 3a shows, the Ag2O-NPS agglomerated considerably, result
ing in mass that was micrometers in size. When observed under high 
magnification, evidently this agglomerate is composed of small particles 
with an average size of ca. 20 nm (Fig. 3b), which is consistent with the 
result calculated by the Scherrer formula. The circular streaking in the 
SAED pattern (inset of Fig. 3b) further indicated the agglomerate was 
composed of randomly orientated, crystalline Ag2O nanocrystals. From 
those results, it can be inferred that the prepared composite of Ag2O and 
halloysite is able to decrease the coaggregation of Ag2O nanocrystals 
due to the spatial confinement of the lumen of halloysite, which could 
thereby improve the effective surface area of these nanoparticles and 
augment their reaction activity. 

The N2 adsorption-desorption isotherms for Hal, Hal-Ag2O-1, and 
Hal-Ag2O-2 can all be designated as type IV(a) with H3 hysteresis loops 
(Fig. 4A, a-c), according to the updated IUPAC classification (Thommes 
et al., 2015). This type of isotherm is characteristic of mesoporous 
structures (Yu et al., 2015b). When compared with Hal, both Hal-Ag2O-1 
and Hal-Ag2O-2 exhibit weakened hysteresis loops, suggesting the 
diminishment of some mesopores in these halloysite Ag2O composites. 
The isotherm of Ag2O-NPS is best characterized as being a type II 
isotherm with an insignificant H3 hysteresis loops (Fig. 4A-d); this 
suggests only a few mesopores existed in Ag2O-NPS. The PSD curve of 
Hal revealed two distinct mesoporous populations centered at ca. 2.3 nm 
and 15.5 nm, respectively (Fig. 4B-a). The former one is ascribed to the 
slit-shaped longitudinal pores formed during the degassing process, in 
which the rolled layers of tubular halloysite are separated from each 
other in response to dehydration of halloysite (Tan et al., 2013). The 

Fig. 2. TEM images of Hal (a), Hal-Ag2O-1 (b), Hal-Ag2O-2 (c-d), and the EDS spectrum of the prepared composite from the dashed square in d (e). (f) An HRTEM 
image of an Ag2O crystal. 

Fig. 3. TEM images of Ag2O-NPS at low (a) and high (b) magnification. Inset in (b): SAED pattern of the area in the dashed circle.  
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latter mesopore population (centered at ca. 15.5 nm) was identified as 
the lumen of halloysite. Both PSD curves of Hal-Ag2O-1 and Hal-Ag2O-2 
featured the mesopores populations attributable to slit-shaped longitu
dinal pores and the lumen of halloysite (Fig. 4B, b-c), but their intensity 
of the populations at ca. 15.5 nm is lower than that of Hal. This result is 
best explained by the Ag2O particles occupying part of the halloysite 
lumen, such that Hal-Ag2O-2 sustained a lower mesopore population at 
ca. 15.5 nm than did Hal-Ag2O-1 because more Ag2O particles existed in 
Hal-Ag2O-2 (Fig. 2b-d). The mesopore populations from 3 to 5 nm in the 
PSD curves of Hal-Ag2O-1 and Hal-Ag2O-2 could have arisen from the 
stacking or interval space of Ag2O particles in the composites, and these 
kinds of pores should be related to the content of Ag2O. Indeed, Hal- 
Ag2O-2 has more mesopores that ranged from 3 to 5 nm than Hal-Ag2O-1 
(Fig. 4B, b-c), which is probably related to greater Ag2O content of Hal- 
Ag2O-2. As shown in Fig. 2b and c, new nanopores were formed between 
Ag2O particles in the lumen or between Ag2O particles and the inner 
wall of halloysite in Hal-Ag2O-2. The PSD curve of Ag2O displays two 
mesoporous populations centered at 2.4 nm and 5.8 nm, respectively, 
which could be derived from the intercrystalline mesopores space. 

The SBET of Hal is 56.3 m2/g, which is higher than those of Hal-Ag2O- 
1 and Hal-Ag2O-2 (Table 1). Two plausible reasons can explain this 
result: 1) the Ag2O particles occupy part of the lumen of halloysite, 
resulting in a decreased SBET of the prepared composites; 2) the Ag2O has 
a greater density than that of halloysite and because SBET is the surface 
area per gram of sample, the composite with Ag2O should have a lower 
SBET than does raw halloysite. It was found from Table 1 that Ag2O-NPS 
exhibited the lowest SBET value at 11.6 m2/g, likely because of the sig
nificant aggregation of its Ag2O nanoparticles (Fig. 3) and the high 
density of Ag2O. Assuming that silver nitrate filled the pore volume of 
halloysite and completely converted into Ag2O during the composite 
preparation process, the Ag2O contents per composites, Ws (%), can be 
estimated from the total pore volume of Hal (Vtotal-Hal, mL/g) and con
centration of silver nitrate (Csilver nitrate, mol/L) using the following 

equation: Ws = (Vtotal-Hal÷1000 × Csilver nitrate×127)/(Vtotal-Hal÷1000 ×
Csilver nitrate×127 + 1). The calculated Ws values are presented in 
Table 1; there, the Ws of Hal-Ag2O-1 is as low as 0.98%. It should be 
pointed out that these Ws values in Table 1 are underestimated because 
the outer and edge surfaces of halloysite also retained a small amount of 
silver nitrate (eventually converted into Ag2O) during the composite 
preparation process. This caveat is corroborated by the results of TEM 
(Fig. 2b-d). The low Ag2O content of Hal-Ag2O-1 may help to explain 
why silver oxide cannot be detected in the XRD pattern. 

3.2. Performance of samples for iodide adsorption 

To establish the equilibrium time and determine the kinetics of the 
adsorption process, I− adsorption on Hal-Ag2O-2 was studied as a 
function of adsorption time. Hal-Ag2O-2 was chosen for this because of 
its high Ag2O content (Table 1). As evinced by Fig. 5a, the adsorption of 
I− by Hal-Ag2O-2 is rapid and can reach equilibrium within 180 min. 
This fast adsorption ensued because the adsorption mechanism involved 
is based on the preferable chemical reaction between Ag2O and I− . 
Unlike its chemical adsorption, the physical adsorption of I− usually 
takes a longer time to attain the adsorption equilibrium, because, for this 
mechanism, the adsorption is established by sufficient surface contact 
and distribution between adsorbent and adsorbate (Sato et al., 2011). In 
a previous work, the equilibrium time for minerals (such as illite) to 
physically adsorb I− is ca. 2 weeks (Kaplan et al., 2000), a significantly 
longer duration than that demonstrated in the present study. To ensure 
the adsorption equilibrium was reached, a period of 1440 min was set as 
the contact time for the following adsorption experiments. 

The kinetics curve was fitted using the pseudo-second-order kinetic 
model (Yuan et al., 2013), whose linear form given by. 

t
/

qt = 1
/(

kqe
2)+ t

/
qe (3)  

where qt and qe (mg/g) are the amount of I− adsorbed per unit mass of 
the adsorbent at time t (min) and at equilibrium, respectively, and k (g/ 
mg⋅min) is the pseudo-second-rate constant of adsorption. As conveyed 
in Fig. 5b and Table 2, which provide the fitting results, the adsorption 
of I− by Hal-Ag2O-2 fits Eq. (3) quite well. Hence, the kinetics of this 
adsorption system can be robustly classified as pseudo-second-order, 
implying that the rate-limiting step may be chemical adsorption. 

As shown in Fig. 6a, Hal-Ag2O-1 is able to remove 96.0% of I− from 
the solution with the initial I− concentration is 0.25 mmol/L, and 100% 
of I− can be removed when the initial I− concentration is 0.1 mmol/L or 
lower; Hal-Ag2O-2 is able to remove 78.2% of I− from the solution with 

Fig. 4. N2 adsorption-desorption isotherms (A) and PSD curves (B) of Hal (a), Hal-Ag2O-1 (b), Hal-Ag2O-2 (b), and Ag2O-NPS (d).  

Table 1 
Specific surface area, total pore volume, and Ag2O contents of the samples.  

Samples SBET (m2/g) Vtotal (mL/g) Csilver nitrate
a (mol/L) Ws

b (%) 

Hal 56.3 0.3902 – – 
Hal-Ag2O-1 41.3 0.4455 0.2 0.98 
Hal-Ag2O-2 38.8 0.2706 0.5 2.42 
Ag2O-NPS 11.6 0.0215 0.1 –  

a Csilver nitrate, the concentration of silver nitrate used to prepare the halloysite/ 
Ag2O composites. 

b Ws, the silver oxide content of each composite. 
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an initial I− concentration of 1.0 mmol/L, and 100% of I− from solution 
when the initial I− concentration is 0.5 mmol/L or lower; however, the 
I− removal efficiency of Hal is just less than 4.6% even when the initial 
concentration of I− is as low as 0.05 mmol/L. These results strongly 
indicated that composite formed by Hal and Ag2O significantly 
increased the I− adsorption ability of halloysite. 

The adsorption isotherm results revealed that Hal has a very low 
maximum adsorption capacity (Qm) to I− , at 0.28 mg/g, (Fig. 6b, 
Table 2), which is consistent with previous research that has shown clay 
minerals to have a negligible I− adsorption capacity (Yu et al., 1996; 
Miller et al., 2015), due to the large size and low charge of I− . However, 
we recently found chrysotile bundles capable of significant adsorption to 
I− with a Langmuir adsorption capacity of 4.13 mg/g, for which the 
wedge-shape nanopores among the neighboring chrysotile nanotubes 
were crucial for I− adsorption (Yu et al., 2019). The Qm of Hal-Ag2O-1 
and Hal-Ag2O-2 is 13.72 mg/g and 39.99 mg/g (Fig. 6a, Table 2), which 
is approximately 48 and 142 times higher than that of Hal, respectively. 
Further, the Qm value is higher for Hal-Ag2O-2 than Hal-Ag2O-1 
(Fig. 6a), which is consistent with the content of Ag2O in those two 

composites. This result revealed that the adsorption ability of the pre
pared composites is strongly related to the Ag2O contents of the com
posites. The I− adsorption capacity of the halloysite/Ag2O composites 
prepared in this study was significantly higher than that of other ad
sorbents (Table S2), such as clay minerals, ferrihydrite, layered double 
hydroxides, and black carbon (Yu et al., 1996; Liang and Li, 2007; 
Choung et al., 2013; Miller et al., 2015), making them promising can
didates for the removal of I− . 

pH is one of the most important factors that can affect solid-liquid 
adsorption, and the effect of which on adsorption was usually studied 
in the literature (Qiu et al., 2018; Li et al., 2020; Yu et al., 2020), because 
pH can affect the surface nature of adsorbent and also the speciation of 
adsorbate in solution. In this study, the I− removal efficiency shows no 
obvious change in the pH range of 5–9 (Fig. 7a), suggesting the 
hydrogen ions or hydroxide ions did not affect the adsorption process. 
The ionic strength also shows no obvious effect on the adsorption of I−

by the prepared composite (Fig. 7a), reflecting a strong affinity between 
the composite and I− (Hayes et al., 1987). 

As shown by Fig. 7b, the I− removal efficiency of the halloysite/Ag2O 
composites is barely affected by the existence of Cl− , Br− , or SO4

2− , even 
when the concentration of competing anions was 10 times that of iodide 
ions. This result is explained by the lowest Gibbs energy of the reaction 
of Ag2O with I− than with Cl− , Br− , or SO4

2− ; hence, the reacting of 
Ag2O with I− is thermodynamically favored over that with Cl− , Br− , and 
SO4

2− (Bo et al., 2013). This result suggests the prepared composite 
possesses high selective adsorption to I− . 

3.3. Adsorption mechanisms 

Both XPS and XRD were used to study the adsorption mechanisms. As 

Fig. 5. Adsorption kinetic of I− on Hal-Ag2O-2 (a) and the linear fitting plot based on pseudo-second-order kinetic model (b), for an initial I− concentration of 1.0 
mmol/L, at pH = 7.5 ± 0.2. 

Table 2 
Kinetics constants for Hal-Ag2O-2 and adsorption capacity of I− for the different 
samples.  

Kinetics constant Sample Qm (mg/g) Qm-s (mg/g)a 

k (g/mg⋅min) 0.024 Hal 0.28 – 
qe (mg/g) 39.4 Hal-Ag2O-1 13.72 1369.50 
R2 0.999 Hal-Ag2O-2 39.99 1642.36 
– – Ag2O-NPS 201.85 –  

a Qm-s was calculated based on the following equation: Qm-s = (Qm-0.28)/Ws. 

Fig. 6. The I− removal efficiency, E(%), from solutions with different I− initial concentrations, solid/liquid ratio = 50 mg/20 mL, pH = 7.5 ± 0.2 (a); Adsorption 
isotherms of I− on samples (b). 
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seen in Fig. 8a, I3d peaks emerged in the XPS survey scan spectrum after 
I− adsorption, qualitatively revealing the presence of iodine in Hal- 
Ag2O-2-I. To determine the chemical environment of silver and iodine, 
high resolution XPS Ag3d and I3d spectra were obtained (Fig. 8b-c). For 
Hal-Ag2O-2, the Ag 3d5/2 peak was located at 368.7 eV (Fig. 8b), which 
is characteristic for Ag2O crystals (Liang et al., 2019). Yet after its 
adsorption of I− , the Ag 3d5/2 peak of Hal-Ag2O-2-I underwent a nega
tive shift with a central binding energy at 368.4 eV (Fig. 8b). This shift 

indicated that AgI has formed, whose binding energy of Ag 3d5/2 peak is 
lower than Ag2O because of the lower electronegativity of iodine than 
oxygen. The XPS I 3d5/2 spectrum of Hal-Ag2O-2-I confirmed the for
mation of AgI, by virtue of the characteristic I 3d5/2 peak at 619.4 eV 
(Liang et al., 2017). The peaks attributed to AgI were also discernible in 
the XRD pattern of Hal-Ag2O-2-I, and the intensity of its peaks assigned 
to Ag2O was significantly diminished when compared with those Hal- 
Ag2O-2 (Fig. 8d), indicating that part of Ag2O was converted to AgI after 

Fig. 7. The effect of pH and ionic strength on I− adsorption on Hal-Ag2O-1 (a); I− removal efficiency of the prepared composite under competitive adsorption (b). 
Initial I− concentration 1 mmo/L, Cl− , Br− , or SO4

2− concentration of 10 mmol/L, respectively, solid/liquid ratio = 50 mg/20 mL. 

Fig. 8. XPS survey spectra of the halloysite (Hal), halloysite/Ag2O composite (Hal-Ag2O-2), and halloysite/Ag2O composite after adsorption of iodide (Hal-Ag2O-2-I) 
(a); high-resolution XPS Ag3d spectra of Hal-Ag2O-2 before and after adsorption of I− (b); high-resolution XPS I3d spectra of Hal-Ag2O-2 after adsorption of I− , KI was 
used as a reference (c); XRD patterns of Hal-Ag2O-2 before and after adsorption of I− (initial I− concentration 0.5 mmol/L, 24 h) (d). 
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the adsorption process. Accordingly, we may surmise the iodide 
adsorption mechanism is based on this reaction below: 

2I− (aq)+Ag2O+H2O→2AgI(s)+ 2OH− (aq) (4) 

According to Eq. (4), the theoretical I− adsorption capacity per gram 
of Ag2O (4.31 mmol) should be 1095.77 mg (8.62 mmol), but we found a 
much lower Qm of 201.85 mg/g for Ag2O-NPS (Table 2). This is because 
the aggregation of Ag2O nanocrystals in Ag2O-NPS decreased the 
effective surface area and further reduced the efficiency of the Ag2O 
nanoparticles. To compare the I− adsorption efficiency of halloysite/ 
Ag2O composites with pure Ag2O, the adsorption capacity normalized to 
per unit mass (g) of Ag2O content, Qm-s, was calculated according to 
values of Ws (Table 1) and Qm (Table 2). Evidently, the Qm-s of Hal-Ag2O- 
1 is slightly larger than the theoretical adsorption capacity (Table 2). An 
explanation for this result is the underestimation of Ws, as discussed 
above. The Qm-s of Hal-Ag2O-2 is 1642.36 mg/g (Table 2), also larger 
than the theoretical adsorption capacity and even larger than that of the 
Hal-Ag2O-1. Besides the underestimation of Ws, the newly formed 
nanopores between Ag2O particles and the inner wall of halloysite 
(Fig. 2c-d) may contribute to this high Qm-s of Hal-Ag2O-2. This is 
because the nanopores can significantly modify the mineral-water 
interface chemistry. For example, the properties of water in nanopores 
deviate significantly from those of bulk water, in that the density, sur
face tension, and dielectric constant of water in nanopores were smaller 
than those of bulk water (Levinger, 2002); in nanopores the surface 
charge of alumina is modified when compared to alumina particles, 
leading to a nearly 10-fold increase in surface-normalized adsorption 
anions on nanoporous alumina (Wang, 2014). Therefore, the aluminum 
hydroxyl in the newly formed nanopores in the Hal-Ag2O-2 composite is 
expected to have the ability to adsorb I− , whereas the raw halloysite is 
incapable of adsorption. 

Further advantages of the halloysite/Ag2O composites prepared in 
this study can be postulated, for example, the composites after capture of 
the radioactive I− will likely be of low radiological hazard due to the 
radioactive I− primarily sequestered in the lumen of halloysite and 
because of the shielding of the halloysite wall. For the immobilization of 
radionuclides, the lattice sites or lattice gaps of a mineral can trap the 
radioactive anion or cation based on an isomorphism, mineral phase 
substitution, or eutectic mixture, which has been well studied (Trocel
lier, 2001; Zhu et al., 2020). Finally, the nanopores or modified nano
pores may also have the potential to immobilize radionuclides. 

4. Conclusions 

In this study, halloysite/Ag2O composites (Hal-Ag2O) were prepared 
with the help of a vacuum process, and the Ag2O nanoparticles primarily 
resided in the lumen of halloysite in these composites. The amount and 
size of Ag2O nanoparticles in the composites are easily controlled by 
adjusting the concentration of Ag+ during the preparation process. Two 
composites with a ca. 0.98% and 2.42% Ag2O content (respectively, Hal- 
Ag2O-1 and Hal-Ag2O-2) were successfully prepared. The adsorption of 
I− by Hal-Ag2O-2 with its 2.42% Ag2O content is rapid and can reach 
equilibrium within 180 min. The kinetics for adsorption of I− by Hal- 
Ag2O-2 closely followed a pseudo-second-order model. The I− adsorp
tion capacity of Hal-Ag2O-1 and Hal-Ag2O-2 is 13.7 mg/g and 39.99 mg/ 
g, respectively, which is significantly higher than that of raw halloysite 
(0.28 mg/g). The prepared composites feature high selective adsorption 
to I− , and their I− removal efficiency is hardly impaired by the co- 
occurrence of Cl− , Br− , or SO4

2− , even when the latter's concentration 
is 10 times that of iodide ions. The composites' high adsorption capacity 
stems from the small particles size of Ag2O that is governed by their 
spatial confinement in the lumen of halloysite as well as the newly 
formed nanopores between Ag2O particles and the inner wall of hal
loysite. Additionally, because Ag2O mainly resided in the lumen of 
halloysite, it is expected these composites, once they capture radioactive 
I− , will pose a low radiological hazard due to shielding of the halloysite 

wall. Collectively, these results indicate the halloysite/Ag2O composites 
could function as a promising adsorbent material for efficiently 
removing radioactive I− from water, and the lumen of halloysite or 
nanopores of other porous minerals may also harbor some of the po
tential to immobilize radionuclides. 
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