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Abstract
Silver oxide titanate nanotubes  (Ag2O@TNTs) and silver oxide titanate nanofibers  (Ag2O@TNFs) were synthesized by 
hydrothermal method with high alkalinity and used as adsorbents to remove iodine ions from aqueous solutions. The syn-
thesized adsorbents, characterized by using X-ray Diffraction, Fourier Transform Infrared Spectroscopy, Scanning Electron 
Microscope, Transmission Electron Microscopy, and Brunauer–Emmett–Teller and Zeta-potential analysis. We evaluated 
iodine ion adsorption on  Ag2O@TNTs and  Ag2O@TNFs based on various factors like contact time, pH, initial concentra-
tion, adsorbent weight, and temperature through batch experiments. Our findings identified the optimal conditions for  I− ion 
adsorption: pH 7, an initial concentration of 100 mg  L−1, 0.05 g of adsorbent per 20 ml, temperature = 25 ± 1 °C, and about 
30 min of contact time. The pseudo-second-order model best describes the adsorption kinetics, and the Langmuir model 
fits the adsorption isotherms more closely. The maximum uptake capacity of  I− ions was found from the Langmuir model 
for  I− ions was 344.83 (mg  g−1) and 277.77 (mg  g−1) at 298 K and removal rates of 83.4% and 78.8%, for  Ag2O@TNT and 
 Ag2O@TNF, respectively. The separation factor  (RL) value for  Ag2O@TNT is 0.67 and for  Ag2O@TNF is 0.65, which 
confirms the of favorability adsorption. Thermodynamic assessments show that both adsorbents undergo favorable, sponta-
neous, and endothermic adsorption processes, offering an efficient mechanism for  I− ion extraction from aqueous solutions. 
A comparative assessment revealed that titanate nanotubes outperform titanate nanofibers in terms of  I− ion adsorption 
capacity and efficiency.
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Introduction

Nuclear industries such as nuclear reactors and nuclear med-
ical centers can release hazardous radioactive materials to 
the environment during normal or accident condition. Radio-
active materials have the ability to damage human health due 
to emitting ionizing radiations, even in very low concentra-
tions. One of the most dangerous radioactive materials is 
iodine, which can be released into the environment during 
nuclear accidents (Zhang et al. 2017). Radioactive iodine 
is one of the uranium fission products, which has the abil-
ity to dissolve in water and easily enter to the environment 
through nuclear waste leakage and an accident at a nuclear 
reactor (Yang et al. 2013a) such as Chernobyl, in 1986 and 
Fukushima, Japan in 2011. Radioactive iodine isotopes have 
different half-lives rang, from about 8.4 days (for 131I) to 
1.57 ×  107 years (for 129I) (Zhang et al. 2017). Not only is 
129I known as a deleterious long half-life time radioactive 
iodine isotope devastating environment owing to its high 
mobility and penetrating to the food chain, but the short half-
life radioactive iodine isotopes also cause serious devasta-
tion influence on the to the human body (Yang et al. 2013b; 
Yang et al. 2013a). Radioactive iodine can accumulate in 
the human body and lead to thyroid cancer, leukemia and 
metabolic disorders (Lefevre et al. 1999; Zhang et al. 2017). 
Therefore, considering their pernicious effects on human and 
environment, removal of radioactive iodine ions from the 
wastewater must seriously be taken into account.

Various methods have been employed for iodine removal 
from wastewater, including ion exchange (Decamp and Hap-
pel 2013), chemical precipitation (Mao et al. 2017), adsorp-
tion (Ikari et al. 2015) and membrane separation (Yang et al. 
2016). Also, various compounds such as copper,  Cu2o/Cu, 
activated carbon and zeolite by above methods have been 
focused on the radioactive iodine remove (Lefevre et al. 
1999; Lefèvre et al. 2000, 2003; Nguyen et al. 2012; Yuan 
et al. 2016; Zhang et al. 2017). In some researches, mineral 
materials and organic–inorganic composite adsorbents, such 
as Ca(ALG)2–Cu2O, Ca(ALG)2–AgCl, Ca(ALG)2–Ag, have 
been used to remove iodine (Zhang et al. 2012; Ikeda et al. 
1994; Chmielewská-Horváthová and Lesnỳ 1995). The most 
common of these methods of removing iodine from aque-
ous solutions is adoption, due to its features such as high 
efficiency, low cost and easy reduction.

Previous studies have shown that  I− anions easily react 
with silver oxide  (Ag2O) particles and become insoluble sil-
ver iodide (Mostata et al. 2015; Mu et al. 2017; Korobeinyk 
et al. 2018; Zia et al. 2021; Wang et al. 2022). However, 
using  Ag2O without applying any support can bring some 
disadvantages for  I− adsorption procedure. The  Ag2O nano-
particles, due to their small size, may aggregate and form 
aggregated particles, which reduces the absorption of iodine. 
This problem could be addressed by dispersing the  Ag2O 
nanoparticles on the surface of a support material. Addition-
ally, the separation of nanoscale adsorbents from the solu-
tion is facilitated if the sorbent molecules are fixed on the 
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surface of a suitable support (Yang et al. 2013a). Among the 
variety of support materials tested as a support of  Ag2O nan-
oparticles,  TiO2 exhibits good practical function. The  Ag2O 
nanocrystals have similar surfaces with the surface of the 
titanate nanostructures in crystallography, which means that 
the oxygen arrangement of  Ag2O is similar with the oxygen 
arrangement of titanate surface. Therefore, oxygen atoms are 
shared and bonded at the interface between the two phases, 
resulting in  Ag2O nanoparticles firmly adhering to the sur-
face of titanate nanostructures (Bo et al. 2013). In addition, 
the titanate substrate has good thermal, chemical and radio-
chemical.  TiO2 nanostructures have variety of morphology 
such as 0D (quantum dots), 1D (nanowire, nanotubes, etc.), 
2D (nanosheets, nanoflakes, etc.), and 3D (nanoparticles, 
nanoflowers, etc.). 1D of titanate nanostructures usually syn-
thesized via hydrothermal method which have high specific 
surface area with oxygen atoms at their surfaces (Reghunath 
et al. 2021). The  Ag2O nanocrystals have similar surfaces 
with the surface of the titanate nanostructures in crystallog-
raphy, which means that the oxygen arrangement of  Ag2O 
is similar with the oxygen arrangement of titanate surface. 
Therefore, oxygen atoms are shared and bonded at the inter-
face between the two phases, resulting in  Ag2O nanoparti-
cles firmly adhering to the surface of titanate nanostructures 
(Bo et al. 2013). In addition, the titanate substrate has good 
thermal, chemical and radiochemical.

Titanium dioxide  (TiO2) is a very versatile material that 
can be used to synthesize various forms of adsorbents with 
high specific surface such as nanowires, nanofibers, nano-
tubes, nanosheets, nanorods, and nanobelts (Tri Yunarti 
et al. 2021). The advantages of  TiO2 are good thermal and 
chemical stability, low toxicity for the environment and 
humans, and low cos (Almarbd and Abbass 2022).  TiO2 
nanostructures are effective sorbents for radionuclides due to 
their radiochemical stability and low solubility in both acidic 
and alkaline solutions (Tatarchuk et al. 2019). Previous stud-
ies have shown that the addition of  Ag2O to synthesized 
 TiO2 nanoabsorbents is feasible, as it does not affect their 
crystal structure or morphology (Tri Yunarti et al. 2021).

There are a number of research conducted on adsorp-
tion of iodine ions by attaching  Ag2O particles on the large 
surface area adsorbents so that, the attached  Ag2O centers 
absorb  I− ions from wastewater. The adsorption of iodine 
ions by grafted titanate nano-lamina and layered sodium 
vanadate-based sorbents are previously reported (Bo et al. 
2013; Sarina et al. 2014). In similar studies, the adsorption 
of iodine ions using silver oxide titanat nanotube and silver 
oxide titanat nanofiber which were synthesized by hydro-
thermal method have also been reported, (Yang et al. 2008; 
Yang et al. 2011; Yang et al. 2013a; Yang et al. 2013b). Pre-
vious studies in BET analysis of  TiO2 nanoparticles shows, 
its specific surface area is 50  m2.g−1. But after hydrother-
mal treatment and morphology change and the formation of 

titanate nanotubes and nanofibers, the specific surface area 
becomes larger (Davit et al. 2004; Reghunath et al. 2021). 
Therefore, the advantage of nanotubes and nanofibers mor-
phology compared to  TiO2 nanocrystals is to increase the 
specific surface area. The increase in the specific surface 
area provides the conditions for more binding of the  Ag2O 
nanocrystals on their surface and ultimately leads to more 
iodine absorption.

In this study, it has been tried to synthesize  Ag2O@TNT 
and  Ag2O@TNF with efficient absorption by changing the 
synthesis method of previous studies. The applied changes 
include increasing the concentration of NaOH from 10 to 
15 M (increasing alkalinity) and increasing the hydrothermal 
temperature in two stages. Also, Characterization of syn-
thesized  Ag2O@TNT and  Ag2O@TNF adsorbents and the 
effect of various adsorption parameters such as contact time, 
adsorbent concentration, temperature, pH and iodine ion 
concentration of aqueous solutions, furthermore, were inves-
tigated. The equilibrium results correlated with diverse iso-
therm models (Langmuir, Freundlich and Temkin), kinetic 
and thermodynamic parameters have been studied in detail. 
In addition, a feasibility study on the real waste of a radi-
opharmaceutical production center was performed and the 
results indicated that 131I has been absorbed by  Ag2O@TNT 
and  Ag2O@TNF and the activity of the 131I has decreased 
after equilibrium.

Materials and methods

All the chosen reagents were of analytical grade and pur-
chased from Merck Company. The solutions were prepared 
with deionized water (DW). The iodine solution stock was 
prepared by dissolving  NaIO3 in DW. The  Ag2O particle 
was prepared by dissolving  AgNO3 in DW.  TiO2 powder 
and NaOH were used for TNT and TNF nanostructure syn-
thesis. The initial pH of solutions was regulated by nitric 
acid  (HNO3; 99.9%) or sodium hydroxide (NaOH; 99.9%) 
solutions and Metrohm pH meter model 744. Sartorius 
Electrical Balance model ED224S, Laboren Oven, Centri-
fuge model Rotina 380, Heater & stirrer IKA RCT basic, 
and thermometer model Testo 106 were used for conduct-
ing the experiments. Synthesis of adsorbent was done by 
using hydrothermal reactor, which was designed and made 
of stainless steel 316 L as well as conventional autoclaves 
with Teflon liner by volume of 200 ml. Characterizations of 
the synthesized adsorbents were determined by XRD model 
STADI MP-STOE Company (Germany), FT-IR model Vec-
tor22 Brucker Company (USA), SEM model Zeiss EVO18 
(Germany), TEM model PHILIPS-EM 208 (Netherland) and 
BET model Quantachrome NOVA 2.2 system (USA). Titra-
tion Set model Metrohm titron plus 848 was used for I-ion 
concentration analysis (Swiss).
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Synthesis of  Ag2O@TNT and  Ag2O@TNF

Ag2O@TNT and  Ag2O@TNF were synthesis by the high alka-
linity hydrothermal method. At the first step, 5 g of  TiO2 powder 
was mixed with 150 ml of 15 M NaOH solution and stirred 
at room temperature by a magnetic stirrer for 120 min, then 
transferred to an ultrasonic bath for 30 min to obtain a homoge-
neous solution. In the second step, the mixture was poured into 
a 200 ml stainless steel hydrothermal reactor with a PTEE con-
tainer inside. The hydrothermal reactor was heated in an oven 
first at 100 °C for 12 h, then the temperature was increased to 
130 °C for 12 h for titanates nanotube. For titanates nanofibers 
synthesis, the hydrothermal reactor was heated in an oven first 
at 120 °C for 12 h, then the temperature was increased to 150 °C 
for 12 h. After the heating process, the hydrothermal reactor was 
left in the oven for a further 24 h, and the temperature gradually 
decreased. Then, the TNT or TNF precipitate was washed once 
with 0.1 M HCl solution and several times with distilled water 
until the pH of the solution remaining from washing step reach 
to about 7. The TNT and TNF precipitate were collected by 
centrifuging and then dried in oven at 50 °C for 24 h.

In the third step, in order to synthesize  Ag2O@TNT and 
 Ag2O@TNF, the  Ag2O particles were deposited on TNT and 
TNF as follows: 5 g of TNT or TNF was added in 450 ml of 
0.1 M silver nitrate  (AgNO3) solution, and a 0.1 M NaOH 
solution was added dropwise to the reaction container in order 
to adjust the pH value to 12. Then, the mixture was stirred for 
60 h at room temperature to complete the reaction and firmly 
bind  Ag2O particles on the TNT and TNF surface. Then, the 
precipitates were collected and washed with distilled water 
until the pH value fixed to about 7. Finally,  Ag2O@TNT and 
 Ag2O@TNF precipitate were dried in an oven at 50 °C for 
24 h. Summarized steps of the synthesis  Ag2O@TNT and 
 Ag2O@TNF as follows: 

Adsorption experiments

The adsorption experiments of this research were imple-
mented on batch technique with nonradioactive  I− ions 
in aqueous solution in a flask. The solution containing of 
 I− ion (50–350 ppm) was mixed with the 0.05 g of adsor-
bent at contact time (2–120 min) and pH values (3–10). 
The flask was placed in a heater stirred at 150 rpm. The 
initial pH of  I− solutions was adjusted by adding 0.01 M 
 HNO3 or NaOH solutions. Following the adsorption exper-
iments and after equilibrium, the samples were centrifuged 
at 4000 rpm for 20 min to separate the solid and liquid 
phases. Then, the residual concentration of the iodine 
ions was determined by using the potentiometric titration 
method with a silver electrode and a silver nitrate solution 
by Metrohm Auto-Titration Set. The equilibrium uptake 
 (qe mg.g−1) and removal efficiency or uptake (%R) of the 
iodine ions were calculated according to the Eqs. (1) and 
(2), respectively:

where  C0 and  Ce (mg/L) are the initial and equilibrium metal 
ion concentrations, respectively, V and m are the liquid vol-
ume (L) and the weight of dried used adsorbent (g).

Desorption experiments

Desorption experiments were investigated in batch system 
using pure water and 0.1 M aqueous solutions of NaCl and 

(1)qe =
C0 − Ce

m
× V

(2)R% =
C0 − Ce

C0

× 100
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 HNO3. The AgI@TNT and AgI@TNF adsorbents satu-
rated with  I− ions were placed in contact with the desorp-
tion solution for 12 h and 24 h at room temperature. Then 
Auto-Titration Set measured the concentrations of  I− ions 
released into the solution.

Results and discussion

Characterization of adsorbents

XRD analysis

Characterization of the crystalline phase of the synthe-
sized TNT,  Ag2O@TNT, AgI@TNT (a) and TNF,  Ag2O@
TNF, AgI@TNF (b) were determined by X-ray powder 
diffract meter (STV_MP STOE Company, Germany) and 
their patterns are shown in Fig. 1a and b. In this study, Cu 
Kα radiation (λ = 1.5405 Å) was used, and the samples 
were scanned in a 2θ range angles from 5 to 99° at a scan-
ning rate of 0.015°/S. The XRD analyses of both TNT and 
TNF show the peak are included anatase (A) and rutile (R) 
structure (Liu et al. 2013a, b, c; ElShorafa et al. 2023). 
The peaks at 2θ ≈ 25.3°, 38.4°, 48.35°, and 52.39°, which 
correspond to the planes (101), (004), (200), and (105), 
identified the anatase structure, according to JCPDS file 
No. 021-1272 (Emran and Alsahli 2021; Sun et al. 2015). 
The peaks at 2θ ≈ 29° and 35°, which correspond to planes 
(101), (110), determined the Rutile structure (ElShorafa 
et al. 2023). The diffraction peaks attributed to anatase and 
rutile of TNT and TNF are according to JCPDS file No. 
75-1537 (Morad et al. 2020). The XRD analyses of both 
TNT and TNF show a distinct peak at 2θ° ≈ 10 which cor-
respond to the plane (100), can be attributed to interlayer 
space of TNT and TNF (Liu et al. 2013a, b, c). In addition, 

this plane confirms that titanate materials are formed 
by the octahedron slab unit (Bo et al. 2013). Moreover, 
peaks at 2θ ≈ 32° and 38° which correspond to the planes 
(111), (200), were assigned to  Ag2O indexed according to 
JCPDS file No. 76-1393 (Gao et al. 2017; Villavicencio et 
al. 2020). The diffraction peaks situated at 2θ ≈ 22.40°, 
23.70°, 25.31◦, 39.25° and 46.35°, are corresponding to the 
planes (100), (002), (101), (110), (112) were assigned to 
AgI indexed according to JCPDS file No. 09-0374 (Cheng 
et al. 2013; Khan et al. 2019; Chao et al. 2020). 

When  Ag+ ions are spread onto the TNT and TNF titan-
ate surface in a neutral condition, silver hydrate interme-
diates, Ag(OH)n(H2O)m, are formed. The silver hydrate 
intermediates, dehydrate by sharing surface oxygen atoms 
of the  TiO6 octahedron slabs plane (100) bond on the  TiO6 
octahedra. Due to the sharing of surface oxygen atoms, a 
serious deformation of the surface plane (100) occurs, and 
as a result, the diffraction intensity of this plane decreases. 
On the other hand, the exchange of  Ag+ ions with  Na+ ions 
in the interlayer space, causes the deterioration of crystal-
linity and the reduction of diffraction intensity. When the 
iodine ions diffuse onto the  Ag2O nanocrystals,  I− ions 
capture by  Ag2O and convert to AgI nanocrystals on the 
titanate surface of TNT and TNF absorbents. When iodine 
ions spread on  Ag2O nanocrystals placed on the surface of 
TNT and TNF,  I− ions are absorbed by  Ag2O and become 
AgI nanocrystals. AgI nanocrystals are attached firmly to 
the surface of TNT and TNF through binding of silver 
atoms to oxygen atoms of Ti–O frameworks (Yang et al. 
2011).

According to Fig. 1, the diffraction peaks of TNT and 
TNF remain after adding  Ag2O, but their intensity has 
decreased due to the exchange of  Na+ ions with Ag + ions 
(Li et al. 2012; Xu et al. 2012). Furthermore, comparison 
of XRD patterns indicates that  Ag2O has been attached on 
TNT and TNF and  I− ions are attached to silver.

Fig. 1  XRD graphs of (a) for TNT,  Ag2O@TNT, and AgI@TNT, as well as (b) for TNF,  Ag2O@TNF and AgI@TNF
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FT‑IR analysis

The structure of  Ag2O@TNT and  Ag2O@TNF adsorbents 
was confirmed by FT-IR analysis. The FT-IR spectra are in 
the range between 400 and 4000  cm−1, and the results have 
been illustrated in Fig. 2a and b, respectively. The absorption 
peak at 400–800  cm−1 corresponded to the stretching vibra-
tion of Ti–O or Ti–O–Ti (Rodrigues et al. 2010; Sheng et al. 
2012; Abbasizadeh et al. 2013). The peak obtained in the 
region of 3200–3550  cm−1 corresponded to the stretching 
vibration of hydroxyl groups (O–H), which show the pres-
ence of water on the surface and interlayer space. The peak 
of 1600–1650  cm−1 also confirmed the presence of water, 
which is related to the H–O–H bending vibrations of water 
molecules (Emadzadeh et al. 2015; GallardoáAmores et al. 

1994; Peng et al. 1995). The strongest peak in the range of 
513–550  cm−1 can correspond to the stretching vibration of 
the Ag–O group (Yong et al. 2013).

SEM and TEM analysis

The morphology of  Ag2O@TNT and  Ag2O@TNF was 
characterized by SEM and TEM. Figure 3a and b shows 
high-resolution SEM images of  Ag2O@TNT and  Ag2O@
TNF for surface analysis details. These details include par-
ticle distribution, morphology, surface structure and parti-
cle size of the adsorbents. The SEM image confirmed that 
more  Ag2O@TNT and  Ag2O@TNF nanostructures were 
synthesized in the form of two-dimensional tube and fiber 
species. The SEM images indicate that the diameter  Ag2O@

Fig. 2  FT-IR graphs of (a)  Ag2O@TNT and (b)  Ag2O@TNF

Fig. 3  SEM images of (a)  Ag2O@TNT and (b)  Ag2O@TNF
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TNT and  Ag2O@TNF are interlaced each other and length 
of  Ag2O@TNT distribution within 32–45 nm, 45–170 nm 
and for  Ag2O@TNF 21–35 nm and 51–185 nm (Zima et al. 
2012; Zhang et al. 2015; Xu et al. 2012; Okada et al. 2015; 
Filipowicz et al. 2014).

TEM images of  Ag2O@TNT,  Ag2O@TNF is shown in 
Fig. 4a and b. TEM images illustrating the  Ag2O nanocrys-
tals distributed on the external surface of the titanate nano-
tubes and nanofibers. Also, the TEM images indicated 
that AgI crystals are attached to the titanate nanotubes and 
nanofibers (Yang et al. 2011; Yang et al. 2013b; Okada et al. 
2015; Filipowicz et al. 2014; Liu et al. 2013a, b, c).

BET analysis

Surface areas and pore volumes analysis The specific sur-
face area of  Ag2O@TNT and  Ag2O@TNF sorbents were 
determined by the Brunauer–Emmett–Teller (BET) through 
nitrogen adsorption isotherms. Moreover, the average pore 
size distribution of  Ag2O@TNT and  Ag2O@TNF was 
characterized by Barrett–Joyner–Halenda (BJH) method. 
The specific surface area and pore size distribution of the 
samples are presented in Table  1. The comparison BET 
surface area and the  I− removal capacity of  Ag2O@TNT 
and  Ag2O@TNF and other  Ag2O-based adsorbents are pre-
sented in Table 4.

One of the advantages of the TNT and TNF compared to 
spherical  TiO2 morphology is the increase in specific sur-
face area. The BET analysis of  TiO2 nanoparticles shows, its 
specific surface area is 50  m2.g−1. The BET analysis of syn-
thesized  Ag2O@TNT and  Ag2O@TNF adsorbents for this 
work show the specific surface area of them are about 105.4 
and 80.5  m2.g−1. Therefore, the advantage of nanotubes and 
nanofibers morphology compared to  TiO2 nanocrystals is to 
increase the specific surface area. The increase in the spe-
cific surface area provides the conditions for more binding of 
the  Ag2O nanocrystals on their surface which can ultimately 
lead to more  I− absorption.

Zeta‑potential analysis

In order to study the zeta-potential, the synthesized  Ag2O@
TNT and  Ag2O@TNF nanoadsorbents were dispersed in 
double distilled water. The stability of nanoparticles depends 
upon the electrical potential and the surface charge. The 
surface potential of charge particle increases with increase 
in zeta potential. The zeta potential of synthesized  Ag2O@
TNT and  Ag2O@TNF nanoadsorbents are − 12.5 mV and 
− 23.3 mV respectively, as shown in the Fig. 5a and b.

Adsorption properties of  Ag2O@TNF and  Ag2O@TNT

Effect of pH

The pH value is one of the important parameters in changing 
the adsorption of ions on adsorbents. The effect of pH on 
the adsorption of  I− on  Ag2O@TNT and  Ag2O@TNF was 
investigated in the pH range of 3–10, at 25 °C, 0.05 g adsor-
bents, 100  mgL−1 initial  I− ions concentration and contact 
time of 30 min. The 0.1 M  HNO3 and 0.1 M NaOH solution 
have been used to change and adjust the pH value. In each 
test, after 30 min, the precipitate was collected by centrifug-
ing for about 20 min, and the concentration of  I− ions after 
equilibrium sorption was determined by potentiometric titra-
tion method with silver electrode and silver nitrate solution.

As shown in Fig. 6a, the ability of  I− anion absorption by 
 Ag2O@TNT and  Ag2O@TNF decreases in acidic media, 
especially at pH ≤ 3, due to the change in the structure of 

Fig. 4  TEM images of (a)  Ag2O@TNT and (b)  Ag2O@TNF

Table 1  Specific surface area and pore size distribution of  Ag2O@
TNT and  Ag2O@TNF

Nanostructure Specific surface area  (m2.
g−1)

Pore size (nm)

Ag2O@TNT 105.4 3.078
Ag2O@TNF 80.5 3.078
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these nanoparticles. This phenomenon has been reported in 
previous literatures (Mu et al. 2016). In addition, under basic 
condition (pH > 9), the uptake ability of the  Ag2O nanoparti-
cles decreased again because of hydroxide ion competition.

The pH changes, have a very important effect on the syn-
thesis process of TNT and TNF, alkaline pH causes  TiO2 
bonds to break, and acidic pH during acid washing causes 
rolling and formation of nanotubes or nanofibers. When 
strong NaOH combines with  TiO2, some of the Ti–O–Ti 
bonds are broken and an intermediate compound contain-
ing Ti–O–Na and Ti–OH is formed. Then this intermedi-
ate compound forms a layered structure whose main units 
are  TiO6-octahedra.  TiO6 octagons, by sharing common 
edges with other octagons, form thin zigzag layers with 

 Na+ and  OH− between them. Washing with acid causes  Na+ 
in between the layers to be replaced by  H+, which process 
changes the surface charge of the layers and separates the 
titanate layers from each other and rolls and transforms the 
layers into titanate nanotubes and titanate nanofibers (Tsai 
and Teng 2006; Nhat and Hsunling 2015; Hsin-Hung and 
Shang-Lien 2007).

Effect of adsorbent dosage

Adsorbent dose is one of the basic parameters in adsorption 
processes. The effect of adsorbent dose on absorption rate 
was tested and investigated by using different amounts of 
synthesized  Ag2O@TNT and  Ag2O@TNF (0.01, 0.03, 0.05, 

Fig. 5  Zeta potential of synthesized  Ag2O@TNT (a) and  Ag2O@TNF (b) nanoadsorbents

Fig. 6  Optimization of adsorption parameters: pH (a), adsorbent dosage (b) and time (c)
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0.1 and 0.2 g) at 25 °C, 0.05 g adsorbents, 100  mgL−1 initial 
 I− ions concentration and contact time of 30 min as shown 
in the Fig. 6b. The optimal dose of adsorbent was obtained 
after using 0.05 g of adsorbent. As the figure illustrates, 
the ability to remove  I− ions by  Ag2O@TNT and  Ag2O@
TNF increases with increasing adsorbent dosage due to the 
increased availability of active sorption positions.

Effect of contact time and kinetic modeling

Contact time plays an important role in the investigate 
adsorption kinetics. The adsorption kinetics of  I− ions on 
 Ag2O@TNT and  Ag2O@TNF were studied as a function 
of contact time varying from 2 to 120 min. For this experi-
ment, 0.01 g of  Ag2O@TNT or  Ag2O@TNF adsorbents 
were added to 20 ml of NaI solution with an initial  I− ion 
concentration of 100 mg/L in a flask at a temperature of 
25 °C and pH 7.

Figure 6c, illustrates the results of these experiments, 
at the beginning of contact with the adsorbent, the rate of 
absorption of  I− ions are fast because of more available 
active reactants  (Ag2O), but after about 10 min, the rate of 
absorption decreases due to active gradual occupancy of the 
sites until it reaches equilibrium, this occurred after about 
30 min. At equilibrium, the uptake percentage of  I− ions by 
 Ag2O@TNT was 93.2%, and by  Ag2O@TNF was 72.5%.

Kinetic models describe the mechanism of the adsorp-
tion process. In this work, the experimental data were used 

to interpret the kinetic data, applying two pseudo-first and 
second-order kinetic models as Eqs. (3) and (4), respec-
tively (Ho and McKay 1998, 1999):

where  qt and  qe (mg.  g−1) are the  I− uptakes at time t (min) 
and at equilibrium, respectively, and  k1  (min−1) and  k2 (g. 
 mg−1  min−1) are the corresponding rate constants.

The kinetic results show that the adsorption of  I− ions 
on  Ag2O@TNF and  Ag2O@TNT are fast and the adsorp-
tion rate can be fitted with a pseudo-second-order kinetic 
model with high correlation coefficients  (R2 = 0.9991 for 
 Ag2O@TNT) and  (R2 = 0.9983 for  Ag2O@TNF). The 
values of  qe,  k1,  k2, and correlation coefficient  (R2) of 
both  Ag2O nano-titanate are presented in Table 2, which 
were calculated using the slope and intercept of the lines 
in Fig. 7a and b. The findings show that the absorption 
kinetics corresponds to a pseudo-second-order model and 
shows that the  R2 value is satisfactory and linear.

(3)qt = qe − qeexp(−k1t)

(4)
t

qt
=

1

k2q
2
e

+
t

qe

Table 2  Parameters of pseudo-
first and second-order models of 
 I− ions adsorption onto  Ag2O@
TNT and  Ag2O@TNF

Adsorbents Kinetic model

Pseudo-first-order Pseudo-second-order

qe(mg.  g−1) K1(min−1) R2 qe(mg.  g−1) K2(g.  mg−1  min−1) R2

Ag2O@TNT 10.3633 − 0.05204 0.2693 8.06451 0.78859 0.9991
Ag2O@TNF 14.30869 − 0.05319 0.2618 6.61813 1.56378 0.9988

y = 0.124x + 0.0195
R² = 0.9991
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Fig. 7  Pseudo-second-order kinetics for  I− ions (a)  Ag2O@TNT and (b)  Ag2O@TNF powder
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Effect of initial ions concentration and adsorption 
isotherms

The effect of the initial ion concentration is an important 
parameter to check and determine the absorption capacity of 
the adsorbent. To study the adsorption isotherms, the initial 
ion concentration parameter has been used and Langmuir, 
Freundlich and Temkin isotherm models have been utilized 
to determine the adsorption isotherm of  I− ions in  Ag2O@
TNT and  Ag2O@TNF. For this purpose, 20 ml of NaI solution 
with different initial  I− ions concentrations ranging from 100 
to 350 mg  L−1 were prepared. Then 0.05 g of  Ag2O@TNT or 
 Ag2O@TNF adsorbents were added in a flask at 25 °C tem-
perature, contact time 30 min, and the optimized pH values 7.

Figure 8 shows that the adsorption capacity of  Ag2O@TNT 
and  Ag2O@TNF decreases after the concentration of 100 mg 
 L−1 of  I− ions, due to the occupation of the adsorption sites by 
 I− ions. Therefore, 100 mg  L−1 of  I− ions concentration was 
selected as an optimum concentration.

Langmuir adsorption isotherm model

The Langmuir adsorption isotherm theory describes the pro-
cess by which the amount of a layer of an adsorbent that forms 
on the outer surface of the adsorbent. After the absorption 
layer is formed on the absorbent surface, no further absorp-
tion occurs and the absorption capacity of the absorbent is 
completed (Dada et al. 2012). Equation (5) provides the linear 
expression of the Langmuir isotherm model (Kowanga et al. 
2016):

(5)
Ce

qe
=

1

KLqe
+

1

qmax

Ce

In this context:  Ce it shows the equilibrium concentra-
tion of the adsorbate (mg  L-1);  qe signifies the amount of 
ion adsorbed for each gram of adsorbent at equilibrium (mg 
 g-1);  qmax to express the peak monolayer coverage ability 
(mg  g-1); and  KL denotes the constant associated with the 
Langmuir isotherm (L  mg-1). The  qmax and  KL values can 
be obtained from the slope and y-intercept of the Langmuir 
linear plot  (Ce/qe) against  Ce, depicted in Fig. 9. The details 
of Langmuir isotherm parameters are presented in Table 3. 
The adsorption tendency between the adsorbed substance 
and the adsorbent can be predicted using the separation 
factor  (RL).  RL provides important information about the 
specificity of the absorption process. The  RL value indicates 
whether the type of isotherm is favorable (0 <  RL < 1) or not 
 (RL > 1), while an RL value of 1 indicates linear adsorption 
and 0 indicates irreversible adsorption. The separation fac-
tor equation is mentioned in Eq. (6) (Kowanga et al. 2016):

In this equation,  KL is the Langmuir constant, and  Co is 
the initial concentration of the ion.

Freundlich adsorption isotherm model

A Freundlich adsorption isotherm model is used to describe 
the adsorption characteristics of heterogeneous surface 
(Dada et al. 2012).

The linear form of the Freundlich adsorption isotherm 
model is presented mathematically with the Eq. (7) (Kow-
anga et al. 2016):

where  qe is the amount of adsorbed ions at equilibrium (mg 
 g−1),  Kf is the Freundlich constant related to sorption capac-
ity (mg  g−1), 1/n is the intensity of the adsorption, and  Ce is 
the equilibrium concentration of adsorbate (mg  L−1).

The linear Freundlich graph, plotting log  qe against log  Ce 
as depicted in Fig. 9, therefore, the values of 1/n and kf can 
be determined from its gradient and y-intercept, respectively. 
Table 3 lists the Freundlich isotherm parameter details.

Temkin adsorption isotherm model

The Temkin adsorption isotherm theory states that the heat 
of adsorption for all molecules in the layer decreases linearly 
as opposed to logarithmically with the coverage (Dada et al. 
2012). Equation (8) presents the linear isotherm of Temkin 
adsorption (Dada et al. 2012):

(6)RL =
1

1 + KLC0

(7)log qe = log kf +
1

n
logCe
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Fig. 8  Effect of initial concentration on the absorption of  I− ions by 
 Ag2O@TNT and  Ag2O@TNF powder
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where  qe is the amount adsorbed at equilibrium (mg  g−1),  AT 
is Temkin isotherm equilibrium binding constant (L  g−1),  bT 
is Temkin isotherm constant (kJ  mol−1), RT is the universal 

(8)qe =
RT

bT
lnAT +

RT

bT
lnCe

gas constant (8.314 J  mol−1  K−1), T is the temperature at 
298 K, and  Ce is the equilibrium concentration of adsorbate 
(mg  L−1).

The values of  AT and  bT were determined from the slope 
and intercept of the linear Temkin plot of  qe versus Ln  Ce, 
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Fig. 9  Langmuir, Freundlich and Temkin adsorption isotherm plots for the sorption  I− ions on the  Ag2O@TNT and  Ag2O@TNF

Table 3  Parameters of 
Langmuir, Freundlich and 
Temkin adsorption isotherm 
models of  I− ions adsorption 
onto  Ag2O@TNT and  Ag2O@
TNF

Adsorbents Isotherm models

Langmuir parameters Freundlich Temkin

qmax
(mg.  g−1)

KL
(L.mg−1)

RL R2 Kf
(mg.g−1)

n R2 AT
(L.g−1)

bT
(kJ.mol−1)

R2

Ag2O@TNT 344.83 0.0048 0. 67 0.9935 11.084 4.898 0.9854 1.8148 103.147 0.97
Ag2O@TNF 277.77 0.0052 0.65 0.9913 10.310 4.690 0.9807 1.8139 106.151 0.97
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as shown in Fig. 9. The values of Temkin isotherm param-
eters are presented in Table 3.

Based on the correlation coefficients and experimental 
data of this study, the  R2 values of the Langmuir Isotherm 
model are 0.9935 and 0.9913 for  I− ions adsorption on 
 Ag2O@TNT and  Ag2O@TNF, respectively. Therefore, the 
Langmuir isotherm model fits the adsorption data better than 
the Freundlich and Temkin models. These results indicate 
 I− ions adsorption on the  Ag2O@TNT and  Ag2O@TNF 
occurs with the formation of monolayer adsorption.

RL values are in the range of 0 to 1, which shows that 
 Ag2O@TNT and  Ag2O@TNF are effective adsorbents 
for  I− ions and the absorption process is favorable and 
irreversible.

Table 4. Comparison of the maximum  I− adsorption 
capacities, pH and BET of  Ag2O@TNT and  Ag2O@TNF 
and other  Ag2O-based adsorbent in previous studies. The 
comparison of the results shows that  Ag2O@TNT and 
 Ag2O@TNF have an acceptable absorption capacity for 
 I− ions, therefore, these adsorbents prepared in this study 
have the potential to be an efficient adsorbent for the removal 
of  I− ions.

According to the BET results and the maximum adsorp-
tion capacity of the synthesized nanosorbents, it can be con-
cluded that due to the greater surface area of  Ag2O@TNT 
than  Ag2O@TNF, more  Ag2O nanoparticles are placed on 
its surface and as a result,  I− ions more were absorbed by 
 Ag2O@TNT.

Effect of temperature and thermodynamic studies

In thermodynamic studies, the effect of temperature on 
the adsorption of  I− ions on  Ag2O@TNT and  Ag2O@TNF 
adsorbents were investigated in the temperature range of 15, 

25, 30, 40, 50 and 60 °C, while other parameters were opti-
mal, In the conditions that other studied parameters were in 
optimum value mode as shown in the Fig. 10.

To investigate the absorption process, thermodynamic 
parameters such as enthalpy change ΔH° (kJ  mol−1), entropy 
change ΔS° (kJ  mol-1  K−1) and free energy change (ΔG°) 
which describe the adsorption of ions on  Ag2O@TNT and 
 Ag2O@TNF are taken into account Eq. (9) (Piccin et al. 
2011; Erhayem et al. 2015; Atta and Akl 2015):

where  Kd is the distribution coefficient, R is the universal gas 
constant (8.314 J  mol−1  K−1), T is the temperature in Kelvin, 
ΔS° is standard entropy, and ΔH° is standard enthalpy.

The standard free energy change (ΔG°) can be calculated 
from the Eq. (10):

(9)ln Kd =
ΔS◦

R
−

ΔH◦

RT

Table 4  Comparison of the 
maximum  I− adsorption 
capacities, pH and BET of 
 Ag2O@TNT and  Ag2O@TNF 
and other  Ag2O-based adsorbent

Adsorbents type Maximum adsorp-
tion capacity(mg/g)

pH range BET surface area
(m2.g−1)

References

Ag2O-T3NT 571.1 4–7 156.5 (Yang et al. 2011)
Ag2O-TNL 431.5 7 143.8 (Bo et al. 2013)
Ag2O-TNF 381 7 24.6 (Yang et al. 2011)
Ag2O@Mg (OH)2 380.7 6 78.19 (Chen et al. 2018)
Ag°/Ag2O 326 6–7 – (Yu et al. 2018)
Ag2O-Na2Nb2O6·H2O 291.9 6–9 –  (Liu et al. 2015)
3D  Ag2O-Ag/TiO2 208 – 153.7 (Liu et al. 2015)
2-Ag2O@MCM-41 31.1 4–10 724.8 (Wenlin et al. 2022a)
5-Ag2O@MCM-41 83.2 4–10 520.6 (Wenlin et al. 2022a)
12.5-Ag2O@MCM-41 134.6 4–10 395.1 (Wenlin et al. 2022a)
Halloysite/  Ag2O 57.7 7–8 73.8 (Wenlin et al. 2022b)
Ag2O@ChNF aerogels 304.8 – 179.71 (Runan et al. 2017)
Ag2O@TNT 344.83 7–8 105.4 This Work
Ag2O@TNF 277.77 7–8 80.5 This Work
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TNT and  Ag2O@TNF powder
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Thermodynamic parameters (ΔG°, ΔH° and ΔS°) were 
computed by using the linear plot of ln  Kd vs 1/T for  I− ions 
adsorption on  Ag2O@TNT and  Ag2O@TNF as shown in 
Fig. 11. The estimate values of thermodynamic parameters 
for the adsorption of I.− ions at different temperatures are 
presented in Table 5

The results of thermodynamic parameters show that ΔH° 
values are positive for  Ag2O@TNT and  Ag2O@TNF synthe-
sized adsorbents, while ΔG° values are negative. This indi-
cates that adsorption of iodine ions on the both synthesized 
adsorbents are endothermic and spontaneous, and this state 
makes the process stable.

As ΔG° values become increasingly negative with rising 
temperatures, it points to enhanced adsorption efficiency at 
elevated temperatures (Atta and Akl 2015; Liu et al. 2013a, 
b, c). As ΔG° values become increasingly negative with 
increasing temperature, it indicates an increase in adsorp-
tion efficiency at high temperatures (Atta and Akl 2015; Liu 
et al. 2013a, b, c). At 298.15 K, ΔG° values for  Ag2O@TNT 
and  Ag2O@TNF are − 1.153 and − 0.357 kJ  mol−1, respec-
tively, it shows that the adsorption of  I− ions on  Ag2O@TNT 
is more favorable than  Ag2O@TNF. However, the absolute 
values of ΔG for both adsorbents remain below 20 kJ  mol−1, 
indicating that the adsorption of  I− ions on the adsorbents 
is mainly through physical adsorption (Yousefipour et al. 
2023). The enhanced physical adsorption on the  Ag2O@
TNT surface can be attributed to its superior specific surface 
area.

(10)ΔG◦ = ΔH◦ − TΔS◦
Conclusion

In this research, it has been tried to synthesize modified 
 Ag2O@TNTs and  Ag2O@TNF adsorbents with the ability 
to absorb more iodine ions by increasing the alkalinity and 
reducing the time. The experimental results of this research 
shows that  Ag2O@TNTs and  Ag2O@TNF synthesized by 
hydrothermal method can be an effective adsorbent for the 
adsorption of  I− ions from aqueous solutions under opti-
mized conditions of pH 7, contact time about 7 min, T 
25 ± 1 °C and mass of adsorbents 0.05 g per 20 ml. The 
kinetic, isotherm and thermodynamic studies confirmed 
the experimental results. The sorption kinetic studies show 
that the best-fitting kinetic model describe the adsorption 
mechanism as a linear form of pseudo-second-order model 
with regression coefficient  (R2 = 0.9991 for  Ag2O@TNT and 
 R2 = 0.9988 for  Ag2O@TNF). Moreover, according to the 
isotherm experimental data, the best-fitting isometric model 
to describe the relationship between  I− ions and  Ag2O@
TNT and  Ag2O@TNF adsorbents is Langmuir model white 
regression correlation  (R2 = 0.9935 for  Ag2O@TNT and 
 R2 = 0.9913 for  Ag2O@TNF). These experimental data indi-
cated the adsorption was monolayer for both synthesized 
adsorbents. The maximum uptake capacity of  I− ions was 
found from the Langmuir model for  I− ions was 344.83 (mg 
 g−1) and 277.77 (mg  g−1) at 298 K and removal rates of 
83.4% and 78.8%, for  Ag2O@TNT and  Ag2O@TNF, respec-
tively. The  RL value for  Ag2O@TNT is 0.67 and for  Ag2O@
TNF is 0.65, which confirms the of favorability adsorption.
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Table 5  Thermodynamic parameters for I-ions on  Ag2O@TNT and  Ag2O@TNF

Sorbents ΔH°(kJ  mol−1  k−1) ΔS° (J  mol−1  k−1) ΔG°(kJ  mol−1)

293.15 298.15 303.15 313.15 323.15 333.15

Ag2O@TNT 0.62937 0.0060 − 1.153 − 1.183 − 1.214 − 1.275 − 1.335 − 1.396
Ag2O@TNF 0.335054 0.00812 − 0.357 − 0.369 − 0.381 − 0.405 − 0.428 − 0.452
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Thermodynamic parameters show that the adsorption 
of  I− ions in the process of  Ag2O@TNT and  Ag2O@TNF 
is possible spontaneously and endothermically. Due to the 
large surface area of TNT and TNF, they acceptable ability 
to absorb  Ag2O, so  I− ion adsorption capacity on  Ag2O@
TNT and  Ag2O@TNF is also high and fast.

Comparing the results of this work with similar pro-
jects indicates that  I− ions by synthesized  Ag2O@TNT and 
 Ag2O@TNF are fast and efficient adsorbents. These adsor-
bents can be easily synthesized and have a good ability in 
wastewater treatment. The tubular and fibrous structure of 
these adsorbents has made them easily separated from the 
wastewater after absorbing the ions treatment. Moreover, 
due to the strong chemical bond between  Ag+ and  I− ions 
and efficient physical placement of ions in  Ag2O@TNT 
and  Ag2O@TNF and no desorption, they have good sta-
bility for the safe disposal of radioactive iodine after the 
absorption process and are safe for the environment.
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