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a b s t r a c t
Due to the extensive use of radioisotopes, effective methods to manage radioactive waste are highly 
required. For this reason, the capture of cesium ion from groundwater and aquatic ecosystems has 
attracted special attention. In the present study, the synthesized titanate nanotubes can be applied 
to remove cesium ion from aqueous solutions through the cation exchange process. In addition, the 
ion exchange properties of titanate nanotubes were investigated by calculation of the adsorption of 
cesium ion through the batch method. Hence, the effect of initial concentration, pH and the contact 
time of solution and exchanger phases on the adsorption value and the optimum conditions for opti-
mal performance of exchanger for the capture of cesium ion were determined. In this regard, the 
titanate nanotube was synthesized hydrothermally at the optimum temperature of 150°C. After that, 
0.1 g of this titanate nanotube was exposed to 50 mg/L of cesium ion at pH = 6 and 25°C temperature 
in 25 mL of wastewater. Batch experiments confirmed that around 85% of cesium ion (4.25 mg/mL) 
could be captured 90 min after induction. In addition, in order to evaluate the biocompatibility of these 
titanate nanotubes, MTT assay was used for their cytotoxicity potential. X-ray diffractometer analysis 
represented a nanoscale composition with anatase phase which showed that the arranged titanate 
nanotube was crystallized and had a BET surface area of 194.4 m2/g. Furthermore, the kinetic data 
were described with pseudo-first and second-order models, and results showed that the Freundlich 
model was more suitable than the Langmuir model to describe the equilibrium of cesium ion.

Keywords: Aquatic pollution; Cesium adsorption; Titanate nanotube; Hydrothermal method

1. Introduction

The growth of the human population besides the 
development of industrial processes leads to increase of the 
production, consumption, and disposal of chemicals and 
contaminants as waste. The ultimate receiver of this increasing 
range of anthropogenic wastes is the aquatic system. This issue 
plays a vital role in ecosystem preservation, human health, and 
civilization. In addition, there is an increasing public demand for 

clean water, and there are concerns over the presence of a vari-
ety of anthropogenic contaminants in the aquatic environment 
[1]. For example, effluent water can be contaminated mostly 
with so many organic dyes which are hardly bio-degradable. 
Furthermore, around 1.4 million km2 of the lands in China were 
covered by a hazardous dense material in January 2013, which 
lead to the death of more than 800 million people. This issue 
leads to evaluate the removal of these chemicals because of their 
potentially genotoxic and carcinogenic influences [2].
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Cesium-137 (137Cs+) with the half-life of 30 years is a 
strong toxic radioactive pollutant produced through fission 
of uranium-235 (235U). This radionuclide emits radioactivity 
for decays, in the form of beta particles and relatively strong 
gamma radiation. Cesium salts, the most well-known form of 
the element, which is easily dissolved in the water, causes seri-
ous concerns about exposure levels of a possible accident that 
may happen in a nuclear reactor; such as those that occurred 
at Three Mile Island in Pennsylvania in 1979, Chernobyl in 
1986 and the last one in 2011 at Fukushima, Japan [3–6].

The data received from several years of observations about 
the leak of radioactive 137Cs+ at Chernobyl accident and nuclear 
power stations in Britain, Germany, and the United States, rep-
resented that radioactive 137Cs+ are accumulated in mushrooms 
[7], mosses [8], lichens [9], and even in plants such as grasses, 
ferns, heathers, and blueberries [10]. Finally, these organisms 
can be directly or indirectly entered into the food chain and 
transferred to other living organisms, including humans [5]. 
These findings have raised concerns about the exposure of 
communities living around it and causing serious threats for 
present and next generations [6,11]. In this regard, because of 
the extensive use of radioisotopes and nuclear power, effective 
methods to manage radioactive wastes are required, this is a 
critical part of the nuclear energy process [12].

There are many practical approaches and technologies 
developed for disposal and removal of radioactive aqueous 
wastes which are produced at different stages of a nuclear 
disaster. Some of these technologies, including co-precipitation 
with ferrocyanides [13], ammonium molybdophosphates 
[14], macrocyclic ethers [15], solvent extraction with dicarbol-
lylcobaltate (III) [16], and ion exchange sorbents [5].

Most of the existing methods are so complicated and 
expensive [17]. Therefore, finding an inexpensive, effec-
tive, specific, and high-efficiency cesium ion adsorbent from 
groundwater and aquatic ecosystems has attracted scientist’s 
attention [18].

To separate 137Cs+ ions from nuclear waste, many inor-
ganic ion exchange sorbents, such as crystalline silicotitanate, 
zeolite, clay minerals, layered zirconium phosphate, and sul-
phide layers, have been studied so far [6,19,20].

Titanate is the salt of the polytitanic acid which [21] has 
constant chemical, thermal, and mechanical features over 
the time [22]. It has been proven that titanate shows great 
potential for applications in adsorption, lithium ion batteries, 
biomedical studies, and oil–water separation, due to its phys-
ical–chemical properties and particular crystalline structure 
[2]. TiO6 octahedral, a layered structure, is the basic struc-
tural unit for titanate nanostructures [23,24]. Layered tita-
nate material represents some attractive features including 
high and fast ion-exchange capacity, and high surface charge 
density [25]. Another feature of titanate which attracts much 
more attention is its ability to transform into titanium dioxide 
(TiO2). This capability allows the use of titanate as flexible 
precursors of TiO2 nanostructure [2]. Considering the crys-
tallinity, morphology, size, content, and surface characteris-
tics, nanostructures of titanate can be synthesized in various 
forms, including titanate nanotubes (TNTs) and nanowires 
are the two most popular representatives of the titanate 
nanomaterial family [21].

Due to their unique ion-exchange properties, titanate 
nanostructures represent a high tendency for binding to 

inorganic cations including radionuclide. Different studies 
reported that TNTs can be easily fabricated at low cost using 
a hydrothermal method [22,26,27].

The ion exchange process is often irreversible when the 
structure collapses upon ion exchange with most of the biva-
lent and trivalent cations (e.g., Hg2+, Pb2+, Cr3+) [21]. But, when 
the diameter of the metal ion is small enough (e.g., 137Cs+) to 
be inserted into the layered spaces of titanate nanostruc-
tures, the reversible ion-exchange process is mainly accrued 
[2]. Layered nanotitanates immobilize the targeted 137Cs+ 
ions using Na+ ions situated using reversible interactions. 
Technically, these nanostructures provide a high surface 
area, which offers a high and fast capacity to adsorb radioiso-
topes [22,28]. The adsorption of 137Cs+ ion during the revers-
ible process provides the possibility of accessing the deposits 
of adsorbents from water resources, and then there will be 
the opportunity to extract 137Cs+ ion from the TNTs during the 
refractory process and use them for further adsorption.

There are several studies showing the widespread use of 
TNTs in drug delivery [26], industrial products [29], tooth-
paste, cosmetics, paints, paper, plastic, and food products 
[30]. In this research, we tried to synthetize TNTs to capture 
137Cs+ ions from aqueous solution. The increasing application 
of TNT brings up a serious concern about the investigation 
of its toxicity. For this reason, the distinct amount of synthe-
sized TNT was analyzed for their cytotoxicity effects.

The main purpose of this study was to investigate the 
conditions in which TNTs can be applied to remove 137Cs+ 
ions from the aqueous environment (i.e., pH, time of expo-
sure, sorbent mass, cesium mass, and temperature) through 
cation exchange process. But, in addition to the main pur-
pose, it was important for us to improve a method to synthe-
size these nanotubes in order to introduce a biocompatible 
nanoparticle in the biological ecosystem. 

2. Experimental setup

2.1. Material and instruments

The chemical materials and reagents utilized in this 
study were of analytical grade which is including NaOH 
(Merck, United States), HCl (Merck, United States), HNO3 
(Merck, United States), TiO2 (Merck, United States), 
CsNO3 (Merck, United States), 137Cs+ (Pars Isotope, Iran), 
and [Si(CH3)2O–]n (Sigma-Aldrich, United States). To iden-
tify the synthesized TNT, crystal structures, amount and 
type of elements, specific surface area, average pore diam-
eters, and cytotoxicity effect of these synthesized nanotubes, 
the following instruments were used subsequently; trans-
mission electron microscopy (TEM) (CM20, 200 kV, Philips, 
Germany), field emission scanning electron microscopy 
(FESEM) (MIRA3TESCAN-XMU), infrared spectroscopy 
(FTIR) (Vector22, Bruker, United States), X-ray diffractome-
ter (XRD) (Philips PW 1130/90), and absorbance microplate 
reader (ELX800, BioTek, United States). The concentration of 
the elements (absorption rate) was measured using atomic 
absorption spectrophotometer (AAS) (model 843, FRG, 
PerkinElmer, United States). The pH adjustments were car-
ried out using pH meter (model 827, Metrohm, Switzerland) 
and agitation of the solution was applied by centrifuge 
instrument (J-21C, Beckman, United States).
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2.2. Preparation of TNT adsorbent 

In this study, TNTs were synthesized hydrothermally, 
similar to Zhu et al. [22] basic protocol but with some modi-
fications. In this regards, 180 mL sodium hydroxide (NaOH) 
10 M solution and 7.0 g TiO2 powder were mixed using a 
magnetic stirrer in a Teflon container. After that, the feed-
stock solution was first autoclaved in an oil bath for 2 h and 
subsequently kept in the oven for 72 h at 150°C to complete 
the synthesis process. The product was then cooled slowly at 
room temperature, washed several times with 0.1 M hydro-
chloric acid and distilled water until reached pH = 6–7, and 
centrifuged at 600 × g for 15 min. The supernatant discarded 
and the sediment was dried in the oven at 300°C for 3 h to 
form the desired adsorbent powder. To access much more 
homogenized powder, the precipitate was passed thorough 
standard sieve containing 220-µm pore size.

2.3. Characterization of TNT adsorbent

Phase identification and crystallite size of the TNT adsor-
bent were determined by XRD analysis using a scan speed 
of 2°/min and Cu Kα (λ = 0.154056 nm) radiation source. 
Formation and microstructure of TNTs were further confirmed 
by FTIR (spectral region 400–4,000 cm), FESEM (50, 20, 10, and 
5 µm) and TEM (200, 100, 60 nm size). Brunauer–Emmett–Teller 
(BET) analysis measured the specific surface area and Barrett–
Joyner–Halenda (BJH) method calculated pore size distribu-
tion through nitrogen adsorption/desorption isotherms.

2.4. Cytotoxicity effect of titanate nanotube 

Fibroblast cells derived from human gingival (HUGU) 
were used for investigation of the cytotoxicity effect of TNT 
(IBRC, Iran). HUGU cells were appropriate candidate for 
cytotoxicity investigations because of the human digestive 
system can be the final receiver of harmful ions from the 
food chain. In this regards, HUGU cells were cultured in 
Dulbecco’s modified eagle medium containing 10% FBS 
and 2 mM L-glutamine at 37°C with 95% humidity and 5% 
CO2. After the cells grow and reach to appropriate numbers, 
1.5 × 104 HUGU cells were seeded in each 96-well plates, and 
then cells were exposed to distinct concentrations of TNT 
(0.01, 0.02, 0.04, 0.08, 0.1, 0.2, 0.4, 0.8, 1, and 10 mg/mL) for 
24 h. MTT method was applied to study the TNT influence 
on cell viability [31]. For this reason, formazan dye absor-
bance was measured at 570 nm (and 630 nm used as a ref-
erence wavelength) with an absorbance microplate reader. 
Cell viability was expressed based on the untreated control 
group (negative control).

2.5. Batch experiments 

2.5.1. Investigation of TNT concentration on adsorption 

For investigation of TNT performance, 0.01–0.25 g of TNT 
was added to 25 mL of cesium solution (50 mg/L) and the 
sample was then placed in a thermostatic shaker (25°C) for 
90 min after the time interval, the supernatant solutions were 
filtered and the concentration of cesium was determined by 
atomic absorption spectroscopy (AAS), and then the absorp-
tion efficiency was calculated. 

2.5.2. Effect of time on cesium absorption

The effect of time for adsorption of cesium ion using 
TNT was analyzed in the range of 10–180 min. For this rea-
son, the optimum titanate concentration (0.1 g) was added 
to 25 mL of cesium solution (50 mg/L). After homogeniza-
tion using thermostatic shaker, the absorption efficiency 
was obtained at the times of 10, 20, 35, 60, 120, and 180 min 
after exposure. This process was calculated using AAS 
technique.

2.5.3. Effects of pH and agitator type on cesium adsorption

In order to evaluate the effect of pH on the adsorption 
rate, 25 mL of cesium ion (50 mg/L) was mixed with 0.1 g 
of TNT at 25°C for 90 min. This solution was performed in 
the several test tubes and then exposed to different acidic 
conditions (pH = 2–7). For each experimental condition, AAS 
analysis was evaluated.

In addition, for investigation of the effect of agitator type, 
either magnetic stirrer or mechanical shaking, the solution 
containing 25 mL of cesium ion (50 mg/L) was mixed with 
0.1 g of TNT at 25°C for 90 min. This solution agitated using 
different types of stirrer mentioned above. Subsequently, the 
adsorption rate of each experimental condition was deter-
mined using AAS.

2.5.4. Effect of temperature on cesium adsorption 

In order to analyze the effect of different temperatures 
on the adsorption rate, 0.1 g of TNT was added to 25 mL of 
cesium solution (50 mg/L). This solution was homogenized 
using a thermostatic shaker for 90 min, in a temperature 
range of 10°C–75°C. The cesium adsorption rates were then 
calculated at different temperature using AAS.

2.5.5. Effect of cesium equilibrium concentration

After adjustment of the pH to the expected range 
(pH ≈ 6), cesium ion was aliquot in several high-density 
25 mL polypropylene bottles (in the different concentration 
containing 10–120 mg/L). Then, 0.1 g of TNT adsorbent was 
added to each of these test solutions, and the samples were 
then placed in a thermostatic shaker for homogenization 
during 90 min. The solutions were then used to determine 
the concentration of cesium ion by AAS.

Furthermore, for isotherm studies, the concentration of 
cesium ion which retained in the titanate nanotube adsorbent 
(mg/g), was calculated by Eq. (1):

q C C V
Me e= ×( )0 −  (1)

According to this formula, V is the aqueous solutions 
volume (mL), M is the sorbent weight (g), and C0 and Ce are 
the initial and final ion(s) concentrations (mg/L), respectively.

In order to identify the nature of adsorption, the exper-
imental data were analyzed with the Freundlich and 
Langmuir formula.
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3. Results and discussion

3.1. Titanate nanotube physicochemical characterization 

Several methods including FTIR, TEM, FESEM, XRD, and 
BET were applied for characterization and confirmation of 
the synthesized TNTs in this study.

3.1.1. FTIR spectrum

Fig. 1 represents the FTIR spectrum at 400–4,000 cm–1 for 
TNT synthesized by hydrothermal method. The presence of 
a peak at 450–700 cm–1 indicates the Ti–O and Ti–O–Ti bond 
which corresponding to skeletal frequency regions. Also, 
finding the peak at 1,600 cm–1 indicates the bending vibration 
of HOH and a peak at 3,400 cm–1 indicate the tensile vibration 
of hydroxyl groups (OH) that confirms the presence of water 
and also hydroxyl groups in the nanotube structure. The peak 
within the range of 900 cm–1 indicates the one-dimensional 
structure of the nanotube titanate.

3.1.2. XRD analysis 

The XRD pattern of nanotube titanate powder is shown 
in Fig. 2. The shortness and expansion of the pixels after TNT 
synthesis in hydrothermal conditions (Fig. 2(b)) indicate 
a change in the morphology of the TiO2 structural pattern 
(Fig. 2(a)) which leads them to a nanoscale composition. 

Experimental analysis represented that both anatase and 
rutile structures are visible in the component. XRD data 
showed score 77 for TNT anatase phase and score 10 for rutile 
phase, which confirmed TiO2 chemical formula. Titanate 
nanotube represented the anatase phase in three identified 
peaks (2θ: 24°, 28°, and 48°) which confirms a structure such 
as A2Ti2O5·H2 and A2Ti3O7. In addition, at 2θ ~ 9.5° a weak 
slope was observed which seems to be related to the distance 
between the TNTs wall layer [32]. The structures of Na2Ti2O4 
(OH)2 or H2Ti2O4 (OH)2 are most probable for TNT in which 
Na+ ion has been replaced by H+ ion during ion exchange pro-
cess. This structure can also be presented as Na2Ti2O5·H2O 
and H2Ti2O5·H2O [33,34].

3.1.3. FESEM and TEM investigation

FESEM and TEM results in Figs. 3 and 4 represent that 
TNTs could be successfully synthesized. Images received 
from this section confirm that the structure and morphology 
of the nanotubes remained largely intact. It was observed 
that these TNTs have the different length ranging around 
50–200 nm. Also, it was observed that these nanotubes have 
10–20 nm diameters. Images with high magnification by 
TEM represent that the inner and outer diameter of these 
nanotubes is around 2–4.5 nm and 10–20 nm, respectively.

3.2. BET analysis

The contact surface area, the mean value of the pore size, 
and the pore volume of the synthesized TNT were determined 
using the BET method. The surface area of the sample was 
calculated to be 194.4 m2/g. As the adsorption rate depends 
on the surface area and the increase in surface area increases 
the adsorption, it is expected that the adsorption rate will 
increase dramatically and significantly due to the large dif-
ference in surface area of the TNTs and the TiO2. Figs. 5 and 6 
are type IV adsorbing and disposing of isotherms of TNTs. 
The hysteresis ring in this isotherm is in accordance with the 
classification of Brunauer–Deming–Deming–Teller, type 3H, 
which indicates the presence of cavities of mesosize 2–50 nm. 
Fig. 5 shows the size distribution of the cavities. The size of 
the cavities of the nanotubes has a wide distribution rang-
ing from 1.5 to 100 nm. The morphology of the nanotubes in 
Fig. 4 shows that the diameters smaller than 10 nm refer to 
the cavities inside the nanotubes, or, in other words, the inner 
diameter of the nanotubes. The cavities larger than 10 nm are 
related to the grinding of the nanotubes. Synthesis of TNT 
shows a significant increase in the specific surface area from 
10 to 194.386 m²/g, which is approximately 20-fold higher 
than titanate material. Table 1 shows surface area, pore vol-
ume, and average pore size of synthesized TNT properties.

3.3. Cytotoxicity effect of TNT 

For investigation of the cytotoxicity effect of TNT, 
different dose ranging from 0.1 up to 10 mg/mL was used 
for MTT assay. Data received from MTT assay represented 
that the TNT on HUGU cells with 0.01, 0.02, 0.04, 0.08, 0.1, 
0.2, 0.4, and 0.5 mg/mL concentrations, had 99.6%, 95.2%, 
93.1%, 91.5%, 89.1%, 84.0%, 80.1%, 78.75%, 75.8%, and 73.6% 
viability, respectively (Fig. 7). These results are in agreement 

Fig. 1. FTIR spectra of the titanate nanotube.

(a)

(b)

(c)

Fig. 2. XRD pattern for (a) TiO2 powder, (b) titanate nanotube, 
and (c) TiO2 derived from high score software as a standard.
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Fig. 3. FESEM images derived from synthetized titanate nanotube.

Fig. 4. TEM images derived from synthetized titanate nanotube.

Fig. 5. Distribution of titanate nanotube pore size at 150°C.
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with the data received from Fenyvesi et al. [26] and Koeneman 
et al. [29] which analyzed CaCO2 cell viability when exposed 
to the different dose of TNT.

3.4. Investigation of different variables for tTNT adsorption rate

This study showed that the pH strongly influences the 
ion adsorption rate. The results in Fig. 8(a) demonstrate that 
the increase of pH up to 6 leads to increase in the amount of 
adsorption of cesium ion. At pH below 3, the acidic condi-
tion leads to the replacement of the H+ ion with Na+ which 
reduced the adsorption capacity of cesium. In addition, at 
pH 6, the adsorption rate decreases due to the presence of 
OH– functional group in the NaOH solution and leads to the 
precipitation of cesium salts. These results are in accordance 
with Dongjiang et al. [27] reports.

To obtain optimal adsorbent content, 0.01–0.25 g per 25 mL 
of nanotube titanate adsorbent were utilized. It was shown 
that by increasing the amount of adsorbent, the adsorption 
rate would also increase as the adsorbent contact surface 
increases. This is because, as a number of adsorbent increases, 
the possibility of contacting particles with adsorbents also 
increases and much more ions can establish on the surface of 

Fig. 6. Adsorption–desorption isotherm of titanate nanotube.

Table 1
Special surface area, pore volume, and pore average size of synthesized titanate nanotube

Pore size (nm) Pore volume (cm3/g) Special surface area (m2/g)
BJH BJH BJH BJH BET
Desorption Adsorption Desorption Adsorption
8.724 2.182 17.09 83.76 194.4

Fig. 7. Cytotoxicity effect of titanate nanotube. HUGU cells were 
treated with titanate nanotubes in different concentrations for 
24 h, and their viability was examined by MTT assay. Untreated 
control (negative control) was considered as 100% viability, and 
data are expressed as the percentage of untreated control. Cells 
treated with 10% DMSO are used as positive control. Data are 
means of three independent repeats for each experiment.
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the adsorbents. As shown in Fig. 8(b), the adsorption of cesium 
ions has increased with increasing the amount of adsorbent.

Moreover, the data received from AAS analysis showed 
the adsorption rate of radioactive cesium by TNTs in the 
experimental conditions of pH = 6 and cesium concentration 
of 50 mg/L, after 10, 20, 35, 60, 120, and 180 min. The uptake 
percentages were 70.5, 75.0, 80.4, 81.2, 82.4, and 83.3, respec-
tively (Fig. 8(b)). This result confirms that elevating the time 
can increase the adoption rate in a gentle slope. 

As shown in Fig. 8(c), in the first 10 min of the adsorption 
process, the adsorption rate is extremely high; and then the 
rate of adsorption decreased. The mechanism of adsorption 
of exchanged ions on the adsorbent can be explained by the 
way that the ions first adsorbed at high speed on the surface 
exchange locations (incorporated in the TNT surface) and 
after the saturation of these sites, these ions entered into the 
internal cavities, which are referred to as the internal influ-
ence of particles (between the TiO6 layers). 

Due to the fact that a distinct number of exchangeable 
positions are active and a certain amount of exchangeable 
ions exist in each unit of ion exchange, by creating a balance 
between two phases and the passage of time, these sites are 
saturated and adsorption reach to the maximum rate, but the 
rate of adsorption is constant.

The inhomogeneity of adsorption sites may be a rea-
son for the multi-rate adsorption characteristics to occur. 

Different access to surface porosity and multiple adsorption 
sites with different adsorption powers leads to heterogeneity 
of the surface and the difference in the rate of adsorption.

The influence of cesium ion concentrations on the ion 
exchange capability of TNT was investigated subsequently. 
It is observed in Fig. 8(d) that due to the increase in the con-
centration of cesium ions in the solution, the adsorption rate 
decreased. Finally, a solution containing 10 mg/L of cesium 
ion represented 100% absorption rate and a solution contain-
ing 120 mg/L of cesium just could be adsorbed only 25% of 
the substance. This phenomenon can be described in such 
a way that by increasing the cesium concentration, the rate 
of available sites for absorption on the surface of the TNT 
adsorbent is less, so the percentage of metal ion adsorption 
decreases.

To study the effect of temperature on adsorption rate, 
25 mL of cesium ions at a concentration of 50 mg/L were 
performed at 10°C–75°C. As shown in Fig. 8(e), the rate of 
absorption increases with increasing temperature from 
10°C to 25°C, but then it showed an irregular pattern by 
decreasing (at 25°C–50°C) and then increasing (at 50°C–75°C) 
the temperature. It is probable that both the chemical and 
physical adsorption mechanisms are simultaneously in 
competition with each other. Therefore, at the first stage of 
interaction (10°C–25°C), chemical interactions are predom-
inant and the reaction is heat releasing. In addition, in the 

(a) (b) (c)

(d) (e) (f )

Fig. 8. Effect of the pH (a), sorbent mass (b), time (c), cesium mass (d), temperature (e), and stirrer type (f) on the cesium uptake.
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next stage, (25°C–50°C) physical interactions predominate, 
and the reaction is heat catching.

The results of agitator type (magnetic stirrer or mechan-
ical shaker) experiments (Fig. 8(f)) showed that the use of a 
magnetic stirrer would cause a condition which cesium ions 
could be adsorbed with much more efficiency using TNT. 

Furthermore, since thermostatic stirrer carries out the 
operation, it is likely that magnetic stirrer would provide bet-
ter conditions for contacting between the two solid phases of 
the nanotube and a solution containing cesium ion [35]. Thus, 
the absorption rate would be at the highest level.

To summarize an optimum condition, 0.1 g of TNT was 
exposed to 50 mg/L of cesium ion at pH = 6 and 25°C tem-
perature in 25 mL of wastewater. The entire solution was 
exposed to a magnetic stirrer at a rate of 150 rpm. The exper-
imental analysis confirmed that after 90 min, around 85% of 
cesium ion (42.5 mg/L) could be absorbed in high efficiency.

3.5. Isotherms 

Modeling of isotherm data can cause a relevance and 
proximity between the predictions and experimental data. 
The adsorption isotherms are mathematical models that 
represent the distribution of the adsorbed substance among 
the solution and the adsorbent; which is based on a set of 
assumptions including the heterogeneity/homogeneity of 
adsorbents, the type of exposure, and the possibility of inter-
action between the adsorbed substance [36]. In this inves-
tigation, Langmuir and Freundlich isotherm models were 
used to analyze the equilibrium information. The isotherm is 
useable for monolayer adsorption onto a surface containing 
a finite number of identical sites. The form of the Langmuir 
isotherm can be described by Eq. (2) [37]:

C
q

C
Q Q b

e

e

e=
°
+

°
1

 (2)

where Ce and qe are the concentration of metal ions remain-
ing in the solution during equilibrium (mg/L) and adsorbed 
after equilibrium (mg/g), respectively. Q° is the maximum 
sorption capacity, which is described based on the amount of 
adsorbed substance at complete monolayer coverage (mg/g), 
and b is considered as a constant which is related to the tem-
perature of adsorption (L/mg). 

The Freundlich isotherm model specifies that the ratio of 
the amount of solute adsorbed to the amount of solute con-
centration is a function of that solution. This model can apply 
for several kinds of sorption sites on the solid, which appro-
priately represents the sorption data at low and intermedi-
ate concentrations on heterogeneous surfaces. The model is 
described in Eq. (3) [38]:

log log logq K
n

Ce F e= +
1

 (3)

where KF is the constant, which is revealing the relative 
ion exchange capacity of the adsorbent, and 1/n is the con-
stant, which is indicating the intensity of the ion exchange/
adsorption.

The parameters, which are calculated from the Freundlich 
and Langmuir models for cesium ion, are summarized in 
Table 2. According to Table 2, the higher correlation coeffi-
cients for the Freundlich model indicate that this model can 
describe the adsorption data better than the Langmuir one. 
The obtained 1/n (0 < 1/n < 1) corresponds to a heterogeneous 
surface with a descriptive distribution of the energy corre-
sponding to the adsorption sites.

3.6. Investigation of the thermodynamic parameters

Thermodynamic parameters were analyzed during the 
adsorption process using Eq. (4) [39]:

lnK H
RT

S
Rd =

∆ °
+
∆ °−  (4)

where ΔH°, ΔS°, T, and R are the standard enthalpy, stan-
dard entropy, the temperature in Kelvin, and the gas con-
stant, respectively. The evaluation of enthalpy and entropy 
can be acquired from the linear variation of ln Kd with bilat-
eral temperature (Fig. 9).

Meanwhile, the standard Gibbs free energy (ΔG°) for 
cesium adsorption was calculated from the following well-
known equation (Eq. (5)):

Table 2
Parameters of Langmuir and Freundlich isotherms at 298 K

Ion Langmuir constants Freundlich constants
Q° 
(mg/g)

b 
(L/mg)

R2 Kf 
(mg/g)

n R2

Cesium 30.581 0.082 0.917 3.516 1.875 0.981

Fig. 9. Influence of the temperature on uptake of the cesium.
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∆ ∆ ∆G H T S° = ° − °  (5)

The amount of ΔH°, ΔS°, and ΔG° are included in 
Table 3. These results represent that the value of ΔH° is 
positive and the final value of ΔG° is negative for cesium ion 

adsorption; which shows that the cesium ion adsorption is 
an endothermic and a spontaneous process in the presence of 
synthesized TNT adsorbent.

3.7. Kinetic analysis

The adsorption rate of cesium ion by TNT was calcu-
lated by equilibrating 0.1 g TNT adsorbent with a series of 
cesium ion solutions for different time intervals. Fig. 8(c) 
shows the amount of cesium adsorption in a distinct period 
of time (min). The results have demonstrated that ~70% of 
the adsorbed cesium take place at a time duration less than 
30 min, and the time required for cesium ion to reach equilib-
rium is around 90 min. 

For investigation of the specific rate constant of the 
cesium adsorption, the kinetic data have been analyzed by 
the reversible first order and pseudo-second-order kinetic 
model. The mathematical linear equation and the plots for 
analyzing the data have been presented in Table 4. 

Figs. 10 and 11 demonstrate the reversible first order and 
pseudo-second-order kinetic model diagrams for cesium 
adsorption, respectively. The associated kinetic parameters 
have been evacuated and the only best-fit plot is shown in 
Table 4. The results received from the analysis of the pres-
ent data represented that cesium adsorption on nanotube 
titanate has been best described by a pseudo-second-order 
kinetic equation (R2 = 1.000).

4. Conclusion

In this study, TNTs can be fabricated by hydrothermal 
method at low cost, in order to remove cesium ion discarded 
to the aqueous environment. The results obtained from the 
XRD and BET analysis represented a nanoscale structure with 

Table 3
Thermodynamic parameters for cesium adsorption onto 
nanotube titanate

Cesium 
ion

Temperature 
(K)

–ΔG° 
(kJ/mol)

ΔH° 
(kJ/mol)

ΔS° 
(kJ/K mol)

285 24.401
293 25.089
298 25.518 0.080 0.086

305 26.119
318 27.236
338 28.954
348 29.813

Table 4
Kinetic parameters for the adsorption of cesium adsorption 
onto nanotube titanate

Ion Kinetic models Parameters
Cesium First order

log( ) log
2.303

qt qe qe
K1 t− = −

Pseudo-second-order
t
qt

1

K2qe
2

1
qe
t= +

K2

R2

K2

R2

0.009
0.773

–0.093
1.000

Fig. 10. First order kinetic plot of cesium adsorption on nanotube 
titanate.

Fig. 11. Pseudo-second-order kinetic plot of cesium adsorption 
on nanotube titanate.
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anatase phase which has a specific surface area of 194.4 m2/g. 
AAS and kinetic analysis on TNT sample further determined 
the optimized experimental condition for cesium adsorption 
using TNT. Utilization of 300°C as calcination temperature 
maintains a highly stable tubular morphology of nanotubes 
in anatase phase. Furthermore, cesium adsorption using the 
prepared TNT represented an endothermic and a sponta-
neous process. Moreover, based on the data received from 
MTT assay it was shown that TNT can be considered as a 
safe adsorbent, which can be widely used for the removal of 
aquatic pollutant.
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