
Introduction

Nuclear technology represents a significant role 
in various fields, including energy, materials, medical 
treatment, etc. However, that leads to a large amount 
of radioactive industrial waste, which is hard to 
handle [1, 2]. In addition to industrial production, 
the discharge of radioactive pollutants may also be 
caused by force majeure disasters, such as the leakage 
of Fukushima nuclear power plant in 2011 caused 
by the tsunami [3, 4]. In the most circumstances, 
radionuclides are in a cationic state with water as the 

medium. And among these fission nuclides, 134Cs and 
137Cs are important radioactive heavy metal pollutant, 
which presents high radioactivity, high mobility, with  
a half-life of 30 years, and may migrate continuously  
in the environment [5]. Once absorbed by human, 
134Cs and 137Cs release β and γ ray, which concentrated 
in human muscle and lead to cell carcinogenesis.  
It will further bring about long-term effects and genetic 
hazards such as leukemia, infertility or even fetal 
malformation [6, 7, 8]. Thus, improper handling will 
pose a threat to environmental security and even human 
health. 

For the disposal of cesium, much researches on 
radionuclide treatment methods had been carried 
out. At present, radionuclide is mainly treated  
by inorganic, inorganic-polymer composites and  
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bio-adsorbents [9]. To be specific, the treatment 
methods can be summarized as chemical precipitation, 
solvent extraction, membrane separation, ion exchange 
and evaporation [10]. The use of a large number of 
salts in chemical precipitation method is likely to cause 
the anion or pH of precipitant in water exceeding the 
standard. Some extractants in solvent extraction are 
highly toxic, which makes the original toxic pollutant 
solution can’t be treated essentially. In addition, 
the membrane separation method has high energy 
consumption and low recovery, while the membrane 
pollution remains a serious problem. Last but not 
least, the biological treatment requires strict treatment 
conditions, but may receive low treatment efficiency  
[11, 12]. In comparison, ion exchange/adsorption method 
has been widely used in the removal of radioactive 
elements and pollutant treatment in aqueous solution 
because of high efficiency, simplicity, high selectivity 
and strong adaptability [13, 14]. For cesium and other 
hazardous or radioactive waste metals, the main 
adsorption materials are clay minerals, natural/artificial 
zeolite, multivalent metal phosphate and composite 
ion exchange materials, metal ferrocyanide, titanium 
silicon compounds [10, 15, 16]. The clay minerals, with 
low permeability and good buffering performance, 
are often utilized in horizontal or vertical barriers 
in landfills. The bentonite is the most widely used 
clay mineral for underground disposal of radioactive 
wastes [17, 18]. Bentonite is a traditional clay mineral 
adsorption material and represents as an effective 
adsorption method to reduce radionuclides. High cation 
exchange capacity and large specific surface area exist 
in bentonite particles, providing sufficient surface 
adsorption pore sites. At the same time, the adsorption 
affinity of bentonite is also in high level. However, its 
tolerance in severe alkali environment is one of the 
disadvantages, and the negative charge on its surface is 
not feasible for effective ion exchange. To improve the 
adsorption performance, this paper used the inorganic 
method as acid activation for ion exchange modification. 
Actually, the cesium concentration is not constant, 
and it may diminish or increase with time passing. 
Therefore, in this paper we conducted a wider range of 
concentration to investigate the adsorption mechanism 
of cesium by modified bentonite. 

In this paper, unmodified bentonite and three 
modified bentonite using ion-exchange method were 
utilized as adsorbents, while CsCl (Nonradioactive 
cesium) solution as solvent. The effects of reaction time 
and initial concentration were investigated, combing 
with adsorption kinetic and isothermal models to 
analyze the adsorption performance. Besides of this, we 
also researched on the effects of temperature, solution 
pH value and adsorbent dosage. For the internal 
structure and adsorption mechanism of bentonite before 
and after adsorption, scanning electron microscopy 
(SEM) and X-ray diffraction (XRD) tests were also 
conducted. 

Experimental  

Materials and Methods

Preparation of Solutions and Sorbents

The contaminated radionuclide researched in 
this paper is non-radioactive cesium chloride (CsCl), 
because of the similar properties with radioactive 
cesium [19, 20]. The selected sorbent is bentonite, which 
is purchased in Suzhou, China. The modified bentonite 
with different properties had been used and compared 
via modification process. The modified bentonite 
is modified by sodium chloride (NaCl), potassium 
chloride (KCl) and magnesium chloride (MgCl2) 
solution separately through ion exchange, and they are 
numbered as Bentonite, Na-Bentonite, K-Bentonite and 
Mg-Bentonite. All the reagents or chemicals used in the 
tests are analytical grade. Sodium hydroxide (NaOH) 
and hydrochloric acid (HCl) solution are used to 
investigate the effect of pH and acid-base conditions on 
the adsorption reaction. All test solutions were prepared 
with double-distilled water.

Experiments

Effect of Initial Concentration

1.0 g of bentonite was added into 50 ml of Cs+ 
solution with ion concentrations of 0.1 mmol/L,  
0.3 mmol/L, 0.5 mmol/L, 0.8 mmol/L and 1.0 mmol/L 
respectively, and the solid-liquid ratio is 1:50. When the 
pH value is 7, oscillate at the room temperature of 20ºC 
at the speed of 150 R/min for 3 hours, equilibrium and 
static adsorption at 20ºC  for 8 hours, and then centrifuge 
at 4000 R/min for 10 minutes. The concentration of 
each ion in the supernatant was determined by atomic 
absorption spectrometry, and the adsorption capacity 
of each ion was calculated by subtraction method. 
Other than these, Initial Concentration of 3 mmol/L, 
5 mmol/L and 8 mmol/L were also tested, but not 
included in this section. The aim was to investigate 
the influence of excess initial concentration, and these 
results are analyzed in isotherm model fitting. Cs+ 
removal results were calculated based on the following 
equations [21, 22]. The equation of unit adsorption 
capacity at equilibrium is: 

 

0 e(C C ) VQe m
− ×=

                  (1)

The Qe represents unit adsorption capacity at 
equilibrium. V is the volume of solution, and m is 
the weight of bentonite dosage. C0 and Ce are the 
concentration of Cs+ before and after adsorption 
equilibrium (mmol/g) [23]. The removal rate of Cs+ is 
shown as:
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In this formula, C0 and Ct represents the 
concentration before adsorption and the concentration 
at adsorption time of t.

Effect of Adsorption Reaction Time

1.0 g of bentonite was added into 50 ml of Cs+ 
solution with ion concentration of 0.1 mmol/L and 
solid-liquid ratio of 1:50. When the pH value is 7, 
oscillate at room temperature of 20ºC at the speed of 
150 R/min for 3 hours, balance and static adsorption at 
20ºC for 4, 6, 10 and 12 hours respectively, and then 
centrifuge at 4000 R/min for 10 minutes. Determine the 
concentration of each ion in the supernatant by atomic 
absorption spectrometry, the adsorption capacity of 
each ion was calculated by subtraction method.

Effect of Initial Concentration

1.0 g of bentonite was added into 50 ml of Cs+ 
solution with ion concentration of 0.1 mmol/L. when 
the pH value is 7, continue to add 0.1 g, 0.3g, 0.5 g, 
1g and 1.5 g of bentonite or bentonite into the solution 
respectively. The solid-liquid ratio is 11:500, 13:500, 
15:500, 20:500 and 25:500 respectively. Oscillate at the 
speed of 150 R/min at the room temperature of 20ºC  
for 3 hours, and equilibrium static adsorption at 20ºC  
for 8 hours, and then centrifuged at 4000 R/min for  
10 min, the concentration of each ion in the supernatant 
was determined by atomic absorption spectrometry, and 
the adsorption capacity of each ion was calculated by 
subtraction method. 

Effect of pH

1.0 g of bentonite was added into 50 ml of Cs+ 
solution with ion concentration of 0.1 mmol/L, adjust 
it to different pH values (3, 7, 11) with weak acid  
and weak base, with solid-liquid ratio of 1:50, 
oscillate at room temperature of 20ºC  at the speed of  
150 R/min for 3 hours, equilibrium and static adsorption 
at 20ºC for 8 hours, then centrifuge at 4000 R/min for 
10 minutes, and determine the concentration of each ion 
in the supernatant by atomic absorption spectrometry, 
The adsorption capacity of each ion was calculated by 
subtraction method.

Effect of Temperature

1.0 g of bentonite was added into 50 ml of Cs+ 
solution with ion concentration of 1 mmol/L, solid-
liquid ratio of 1:50, oscillate at room temperature of 
20ºC for 3 hours at pH value of 7, equilibrium and 
static adsorption at 40ºC, 60ºC and 80ºC for 8 hours 
respectively, and then centrifuge at 4000 R/min for 

10 minutes. Determine the concentration of each ion 
in the supernatant by atomic absorption spectrometry, 
The adsorption capacity of each ion was calculated 
by subtraction method. The impactors of pH and 
temperature were referring to previous research [24].

Adsorption Kinetics

Adsorption kinetics mainly presents an angle into the 
factors affecting the adsorption rate of some substances 
with large surface energy (such as bentonite), based 
on effect of temperature, reaction conditions, etc., to 
describe the dynamic process of adsorption. At present, 
the most widely used adsorption kinetic models include 
Pseudo first-order kinetic model, Pseudo second-order 
kinetic model and Intraparticle diffusion kinetic model 
[25]. 

The Pseudo-first-order kinetic model is shown as 
below:

                      (3)

In equation (1), k1 is the adsorption rate constant, t is 
the reaction time, Qe and Qt are the adsorption amount 
at equilibrium and any time, respectively [26, 27].

Then, the formula (2) presented below is Pseudo-
second-order kinetic model:

 

2
2

21
e

t
e

k Q tQ
k Q t

=
+                     (4)

k2 is the adsorption rate constant, and other parameters 
possess the same meanings as in Pseudo-first-order 
kinetic model.

The third kinetic model used in this paper is 
Intraparticle diffusion kinetic model, which can monitor 
the step of adsorbent adsorption rate in an accurate way. 
The equation is written as:

 
1/2

t intQ k t C= +                    (5)

In this equation, kint is the correlation adsorption 
rate constants and C represents intercept on the axis 
[28, 29].

Adsorption Isotherms

Based on the results in effect of initial concentration, 
and intended for further research in the adsorption 
process. Langmuir isothermal model, Freundlich 
isothermal model and Redlich-Peterson (R-P) isothermal 
model were conducted for liner fitting and parameter 
analysis in this paper. The Langmuir isothermal model 
presents the surface adsorption performance of the 
material with physicochemical properties, and the 
equation is shown as below:
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where Qe is the equilibrium unit adsorption capacity, 
Qm is the maximum adsorption capacity, and KL is 
the equilibrium constant. The value of KL is related to 
the type of adsorbent and adsorbate and temperature. 
The greater the KL value, the better of the adsorption 
capacity [30, 31].

The equation of Freundlich isothermal model is 
written as below:

 
1/n

e F eQ K C=                            (7)

KF value is Freundlich adsorption characteristic 
constant, which generally decreases with the increase 
of temperature; 1/n represents the adsorption efficiency 
(generally between 0 and 1), and the value represents 
the influence of mass concentration on the adsorption 
capacity. The smaller of 1/n, the better the adsorption 
performance. When 1/n>2, the adsorption reaction is 
difficult to occur spontaneously [32].

In order to make up for the limitations of Langmuir 
isothermal model and Freundlich isothermal model, 

this paper conducted Redlich-Peterson (R-P) isothermal 
model to study the test data, which is based on the 
improvement of Langmuir isothermal model [33].  
The equation is described as below:

 1
RP e

e
RP e

K CQ
a C β=

+                            (8)

In this formula, KRP and aRP represents the 
characteristic constant of Redlich-Peterson (R-P) 
isothermal model. β is an index between 0 and 1. 
When β = 1, it can be simplified as Langmuir model, 
while it is an optimization and improvement based on 
this model. When β = 0, it can be simplified as Henry 
model.

Sorbents Characterization

The solid-liquid ratio is 1:50 and the concentration 
of ionic solution is 2.0 mmol/L. after the reaction, the 
solid residue then packed for inspection. Through SEM 
and XRD tests, it is compared with the different indexes 
of modified bentonite to study the reaction micro-scope 
mechanism.

 
Fig. 1. Effect of initial solution concentration: a) Na-Bentonite, b)  K-Bentonite, c)  Mg-Bentonite.
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other researches had been taken on the sorption reaction 
based on bentonite or modified bentonite composite. 
The comparison of various sorbents to investigate 
the effect of initial solution concentration is listed in  
Table 1. It is consistent that the sorption rate decreases 
with the increase of solution concentration, regardless 
of the optimal value of Bentonite and Na-Bentonite in 
Fig. 1 [36, 37]. Further, the sorption performance of bio 
sorbent seems not to be satisfactory. And the sorption 
capacity of Polymer composites may be reinforced 
with the increase of initial solution concentration [38, 
39]. The decrease trend of bentonite sorption may be 
influenced by the acidity of solution, which caused by 
the solution concentration and sorption reaction. 

Effect of Sorbent Dosage

Fig. 2 depicts the effect of bentonite dosage during 
adsorption process. Similarly, the unit adsorption 
amount of the four materials decreased with the increase 
of the bentonite dosage. The highest unit adsorption 
capacity of Na-Bentonite appears at the dosage of  
1.0 g, while the remaining three groups of optimal 
values appear when the dosage is 1.0 g too. The Na-
Bentonite presents similar adsorption capacity with 
the unmodified bentonite, while the K-Bentonite is just 
a little bit better. The sorption points in these three 
sorbents are similar, but the Mg-Bentonite is 25% 
adsorption capacity lower. This may be caused by the 
fewer sorption site on the surface or the active sorption 
point on cesium may be blocked. The activity of Na and 
K ions cover the surface at a higher concentration in the 
solution, thus promoting the adsorption of cesium ions 
[16]. 

The results of adsorption rate are similar to the 
test results of unit adsorption capacity. The adsorption 
capacity of Na-Bentonite and unmodified Bentonite is 
around 90%, but the unmodified Bentonite depicts more 
stable and higher removal rate. The adsorption rate 
of K-Bentonite is similar with unmodified Bentonite, 
and a constant increase with the adding of dosage 
can be witnessed [40, 41]. The adsorption rate of  
Mg-Bentonite is lower than 80%, while the changing 
trend is similar to that of Na-Bentonite. With the increase 
of bentonite dosage, the adsorption rate increases, and 
the increase percent can be ignored when it’s over 2.0 g. 
In terms of dosage, Na-Bentonite and K-Bentonite is 

Results and Discussion

Experiment Results

Effect of Initial Concentration

The effect of initial concentration is shown in Fig. 1, 
and these three figures are the comparison between three 
different kinds of modified bentonite and unmodified 
bentonite, respectively. With the increase of the initial 
solution concentration, the unit adsorption capacity Qe 
also increased, and increased singly in the five groups 
of experimental data. It can be seen from the figure 
that the unit adsorption capacity of Na-Bentonite is the 
highest and the growth rate is the largest, the adsorption 
amount is more than 2 mg/g at the optimal removal rate 
over 90% when the solution concentration is 0.3 mol·L-1. 
The adsorption effect of Na-Bentonite is also better 
than that of unmodified Bentonite, but the performance 
is quite similar. However, the adsorption effect of Mg-
bentonite is relatively poor, which may be due to the 
silicon aluminum ratio of the original bentonite is not 
improved in the modification process of Mg-Bentonite, 
which also makes the weak attraction of the modified 
bentonite to metal cations and thus the adsorption effect 
decreased [15, 34]. 

In terms of adsorption rate, Na-Bentonite shows 
relatively stable adsorption rate under the condition of 
high initial concentration, while the K-Bentonite depicts 
a decreasing trend with the concentration increase. 
The adsorption rate of unmodified Bentonite decreases 
with the increase of initial solution concentration, 
which indicates that higher pollutant concentration is 
easy to inhibit the adsorption reaction. The adsorption 
rates of Na and K-Bentonite are generally kept within 
the floating range of 10% up and down, which shows 
that the modified bentonite is less sensitive to the 
concentration of solution, and the adsorption of cesium 
does not affect the surface adsorption activity, thus the 
purpose of modification can be achieved. The removal 
rate of Mg-Bentonite is unsatisfactory, with the figure 
around 55%. And it comes to be stable and not sensitive 
to the concentration, which is lower than that of 
unmodified Bentonite, and its adsorption characteristics 
for cations are weaker than the other two modified 
bentonites [35]. Some other scholars have researched 
on cesium sorption via different materials, also some 

Table 1. Sorption performance comparison of various sorbents under initial concentration.

Type of sorbent Sorbent Optimal initial solution concentration Sorption rate Reference

Inorganic

Bentonite 100~500 mg/L Decrease [15]

Bentonite 100~500 mg/L Decrease [46]

Ferrite 0.001‒0.1 mol/L Decrease [39]

Bio Azolla filiculoides 25‒600 mg/L 68% [43]

Polymer composites ZrP‒AMP 3.76.0×10‒5~7.52×10‒3 M 4~96% [40]
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relatively stable, Mg-Bentonite presents poor adsorption 
performance and that is the worst. The comparison 
of composite and bentonite under sorbent dosage is 
listed in Table 2. The sorption rate is below 80%, 20%  
lower than bentonite. It indicates the similar trend with 
Table 1, but the composites of ZVI (zero valent iron) and 
Fe/Cu are in increasing trend with the increase dosage 
of sorbent [42]. It is easy to know that, the increase  
of metal composite sorbent provides much more  
surface area and sorption site, which active the reaction 
points. 

Effect of pH

The effect of solution pH is shown in Fig. 3.  
In this section, pH 3.0, pH 7.0 and pH 11.0 were 

chosen to present the acidic, neutral and alkaline 
environment. It can be seen from the figure that the 
adsorption characteristics of Na-Bentonite under 
three different acid-base environments are the most 
stable, regardless of the better performance in alkaline 
solution. The adsorption effect of Na-Bentonite and 
K-Bentonite under alkaline conditions is better than that 
of unmodified Bentonite, while in acidic situation, the 
K-Bentonite and Mg-Bentonite present poor adsorption 
performance with the unit adsorption amount lower 
than 0.5 mg/g. The Mg-Bentonite is not varying from 
acidic to alkaline, but the ion exchange reaction may 
be blocked on the surface [43, 44]. Generally speaking, 
the adsorption effect of bentonite on cesium is relatively 
dull under neutral and acidic conditions. From the unit 
adsorption capacity in neutral to acidic environment, it 

Fig. 2. Effect of bentonite dosage: a) Na-Bentonite, b)  K-Bentonite, c)  Mg-Bentonite.

Table 2. Sorption performance comparison of various sorbents under sorbent dosage.

Type of sorbent Sorbent Sorbent dosage Sorption rate Reference

Inorganic
Bentonite 20~100 mg 30~99% [15]

Bentonite 0.25~5 g Decrease [46]

Composite
nZVI-Z 1~10 g/L 7.82%~64.54%

[36]
nFe/Cu-Z 1~10 g/L 19.91~73.72%
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can be seen that the change of pH from 3 to 7 makes 
tiny changing range of adsorption capacity. Under the 
extreme alkaline condition of pH 11, cesium adsorption 
was fully reacted. Under alkaline conditions, the more 
active metal cations are mixed in the solution, which 
intensifies the ion replacement [45, 46]. The lower 
adsorption capacity of Mg-Bentonite may be due to 
the inhibitory relationship between Na+ or K+ and Cs+ 
in the solution, which reduces the adsorption activity 
on the bentonite surface and hinders the ion exchange 
reaction [47]. In terms of adsorption rate, the maximum 
adsorption rate of Na-Bentonite is up than 90%, while 
the adsorption rate of the other two groups of modified 
bentonites is lower, and not steady from acidic to 

alkaline sorption environment. Table 3 illustrates the 
sorption performance comparison of various sorbents 
under different pH value. The inorganic sorbent present 
better sorption capacity in alkaline environment, while 
crystalline compound is much easier to form in pH 
value lower than 7 [48, 49]. 

Effect of Reaction Time

Five reaction time periods conducted in this paper, 
and the test results are depicted in Fig. 4. The unit 
adsorption capacity of Na-Bentonite is lower than 
that of unmodified Bentonite, and the unit adsorption 
capacity of K-Bentonite is relatively higher than that of 

Fig. 3. Effect of solution pH: a) Na-Bentonite, b)  K-Bentonite, c) Mg-Bentonite.

Table 3. Sorption performance comparison of various sorbents under pH.

Type of sorbent Sorbent Solution pH Sorption rate Reference

Inorganic

Bentonite 8-10 (Optimal) 90% [15]

Bentonite 8-11 (Optimal) Increase [46]

Zeolite 4-10 99% [60]

Bio O. basilicum seeds 1-7 48.14% [44]

Polymer composites ZrP-AMP < 7 96% [40]
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unmodified bentonite at 12 hours, and stays at a high 
level. It indicates that there is not enough active area 
on the surface of Mg-Bentonite to adsorb Cs+. It can be 
seen from the figure that with the passage of time, the 
unit adsorption capacity changes little with time, but 
generally shows an upward trend [50]. On the contrary, 
the equilibrium concentration decreases with time, 
which indicates that the adsorption reaction of bentonite 
continues. 

The adsorption effect of K-Bentonite was the 
best, and the equilibrium concentration decreased to  
1 mg·L-1 at 12 h. The adsorption effect of Mg-Bentonite 
is the worst. Similar to the previous description, 

the equilibrium concentrations of Mg-Bentonite are 
higher than 5 mg·L-1. It can be seen that lower ionic 
activity compared with Na+ and K+ is not conducive 
to the adsorption of Cs+. On the contrary, it will 
inhibit the adsorption reaction. The surface activity  
of Mg-Bentonite is significantly lower than that of the 
other two groups of modified bentonites [51].

The comparison between various sorbents under the 
change of sorption time is shown in Table 4. It seems 
that the Bentonite investigated in this paper took far 
more time in cesium adsorption. And the bio sorbents 
and polymer composites may take fewer reaction time 
to meet the equilibrium [52-56]. 

Fig. 4. Effect of reaction time: a) Na-Bentonite, b)  K-Bentonite, c)  Mg-Bentonite.

Table 4. Sorption performance comparison of various sorbents under reaction time.

Type of sorbent Sorbent Reaction time Reference

Inorganic
Sericite 120 min [52]

Zeolite A 1.5~2 h [53]

Bio
O. basilicum seed 30 min [60]

Activated carbon from almond shell 1 h [55]

Polymer composites
Polyaniline titanotungstate 2 h [56]

Imprinted polymer 2 h [43]
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Effect of Temperature

The effect of temperature in this test is to investigate 
the promotion or inhibition of temperature on adsorption 
reaction. The results of temperature effect are shown 
in Fig. 5, which is basically consistent with the results 
of reaction time. The unit adsorption capacity of  
Mg-Bentonite is lower than that of natural bentonite, 
but it is not seriously affected by the increase of 
temperature. When the temperature changes from 
60ºC to 80ºC, the adsorption capacity decreases 
sharply in Na-Bentonite and Mg-Bentonite. The 
adsorption capacity of Na-Bentonite and K-Bentonite 
is also greatly affected by temperature, while Na-
Bentonite is slightly affected by temperature. In the 
range of 60ºC to 80ºC, the adsorption capacity of Na-
Bentonite witnessed almost no decrease, while that of 

Na-Bentonite decreases by nearly 5%. Although the 
maximum unit adsorption capacity of Na-Bentonite 
and K-Bentonite reached 0.76 mg/g, it continued to 
decline under the influence of temperature and was 
lower than that of unmodified Bentonite. The law of 
equilibrium concentration is similar, and the modified 
bentonite seems to be more sensitive to the pH value 
[57]. In general, the ion change may be influenced by 
the temperature, especially in active anions, that is why 
20ºC was selected as the test parameters.

Based on the above experimental data, it can be 
concluded that both unmodified Bentonite and modified 
bentonites possess prominent attraction characteristics to 
cesium ions in solution. The preference of bentonite for 
Na+, K+, Mg2+ can be obtained from the test results under 
the influence of different parameters, and the overall 
ranking is: Cs+>Mg2+>Na+≥K+ [58, 59]. The different 

Fig. 5. Effect of temperature: a) Na-Bentonite, b)  K-Bentonite, c)  Mg-Bentonite.

Table 5. Sorption performance comparison of various sorbents under temperature.

Type of sorbent Sorbent Temperature Sorption capacity Reference

Inorganic

Bentonite 292K~312 K 20.2 mg/g [15]

Sericite 288~318 K 6.68 mg/g [52]

Analcime from fly ash 287~307 K 93 mg/g [60]

Metal hexacyanoferrate-prepared sorbents 305~335 K 98.25 mg/g [5]
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reaction temperature of various sorbents is shown in 
Table 5. The temperature value is similar in natural 
material or modified natural sorbents, which is around 
300 K. 

Adsorption Isotherms

Based on the test results in effect of initial 
concentrations, three different isothermal adsorption 
models were fitted in this section. The fitting curve 
is shown in Fig. 6, and they were fitted in Langmuir 
isothermal model, Freundlich isothermal model and 
Redlich-Peterson isothermal model respectively.  
It can be seen from the data fitting in the figure that 
the fitting degree of the three models is relatively high, 
and the R-P model is an improvement of the traditional 

model, which is reflected in the higher curvature and 
smoothness of the curve.

The detailed fitting parameters for cesium adsorption 
is shown in Table 6. R2 reflects the fitting degree of the 
curve, and the fitting R2 of R-P model based on four 
groups of bentonite test data is higher than 0.990. 

Therefore, the R-P model represents the best fitting, 
compared with other two conventional models. In 
Freundlich isothermal model, the value of n between 1.5 
to 3.0 indicates better reaction environment for cesium 
adsorption. In this paper, the n is in this range, and the 
first three 1/n is below 0.500, which indicates that the 
ion exchange reaction is easy to occur. However, the 
lower of 1/n also means better adsorption, and in Table 
6. the Mg-Bentonite possesses the poorest adsorption 
performance with the 1/n of 0.604. Further, the fitting 

Fig. 6. Isothermal model for cesium adsorption: a) Langmuir isothermal model, b) Freundlich isothermal model, c) Redlich-Peterson 
isothermal model.

Table 6. Isothermal model parameters for cesium adsorption.

Model Langmuir isothermal model Freundlich isothermal 
model Redlich-Peterson isothermal model

Type Qm
(mg/g) KL R2 K

(mg/g) 1/n R2 KRP
(L/g)

aRP
(L/mg) β R2

Bentonite 25.513 0.022 0.975 1.738 0.484 0.901 0.419 0.001 1.50 0.993

Na- Bentonite 28.225 0.022 0.982 1.826 0.491 0.916 0.486 0.002 1.39 0.993

K- Bentonite 26.843 0.017 0.988 1.573 0.493 0.943 0.373 0.003 1.27 0.992

Mg- Bentonite 17.486 0.004 0.996 0.319 0.604 0.979 0.071 0.001 1.23 0.997
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of Langmuir isothermal model is better than Freundlich 
isothermal model. It means that the binding energy on 
the whole surface is uniform, and the adsorption is more 
likely to be monolayer adsorption [60]. From Langmuir 
isothermal model, the best adsorption capacity is 
witnessed in Na-Bentonite with the Qm of 28.225 mg/g, 
which is comprehensive compared with other research 
[61, 62]. It also can be seen that the K-Bentonite present 
better performance than unmodified bentonite, even 
though it is 7% lower than Na-Bentonite.

Adsorption Kinetics

Based on the test results in effect of reaction time, 
three different kinetic adsorption models were fitted in 

this section. The fitting curve is shown in Fig. 7, and 
they illustrate Pseudo-first-order kinetic model, Pseudo-
second-order kinetic model and Intragranular diffusion 
model respectively. Different from the Isotherm models, 
the fitting degree in this part is not comprehensive. This 
figure depicts that Pseudo-second-order kinetic model 
represents better fitting curve compared with Pseudo-
first-order kinetic model and Intragranular diffusion 
model. 

The Kinetic model parameters for cesium adsorption 
are shown in Table 7. In this table, the equilibrium 
adsorption capacity in Pseudo-second-order kinetic 
model (16.32, 15.75, 15.94 and 12.72 mg/g) is relatively 
higher than the Pseudo-first-order model (15.61, 15.29, 
15.50 and 11.86 mg/g). 

Fig. 7. Kinetic model for cesium adsorption: a) Pseudo-first-order kinetic model, b) Pseudo-second-order kinetic model, c) Intragranular 
diffusion model

Model Pseudo-first-order kinetic model Pseudo-second-order kinetic model Intragranular diffusion model

Type k1
(mg/g)

Qe
(mg/g) R2 k2

(g/mg∙min)
Qe

(mg/g) R2 kint
(g/mg∙min1/2)

C
(mg/g) R2

Bentonite 0.0114 15.61 0.859 0.0023 16.32 0.872 0.091 13.39 0.784

Na-Bentonite 0.0138 15.29 0.575 0.0038 15.75 0.877 0.061 13.83 0.963

K-Bentonite 0.0149 15.50 0.502 0.0043 15.94 0.899 0.061 14.09 0.740

Mg-Bentonite 0.0094 11.86 0.980 0.0018 12.72 0.957 0.106 9.21 0.815

Table 7. Kinetic model parameters for cesium adsorption.
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The fitting of Pseudo-first-order kinetic model 
seems not to be satisfactory, and the adsorption seems 
to be consistent through the whole process under the 
fitting of Pseudo-second-order kinetic model. From the 
k2, the unmodified bentonite presents the lowest, which 
means better ion exchange reaction. The hinder of Na-
Bentonite ion exchange may be influenced by the origin 
content of Na in bentonite [63]. Otherwise, the whole 
adsorption process is well fitted to the intragranular 
diffusion model, which means that the reaction is in 
the form of both physical and chemical adsorption, 
combined with intragranular delivery 

Sorbents Micro-Scope Characterization

In order to further study the mechanism of Cs+ 
adsorption by bentonite, the Fig. 8 is the SEM images. 
By comparing the images before and after the reaction, 
it can be found that the crystal structure before the 
reaction is clear and the surface is smooth and flat. After 
the reaction, the crystal structure of bentonite surface 
changed, and cesium was adsorbed on the surface to 
form a fine flocculent film, that means agglomerates on 
the surface. The surface was loose before adsorption, 
but to be consistent after adsorption because the voids 
were reduced and small particles emerged on the 

surface. The surface crystal structure of Na-Bentonite 
is complex and diverse. In addition, the pore size in 
channels and pore cavity of modified bentonite is larger 
than that of unmodified Bentonite, which makes the 
radius of hydrated ions of adsorbed ions smaller than 
pores, thus to obtain better adsorption performance [64, 
65]. The modification of bentonite by inorganic acid 
effectively expands the internal pores and is conducive 
to the promotion of adsorption reaction. When the 
pore size of bentonite is tiny, the reaction is tended to 
terminate quickly, which is not conducive to the steady 
decline of equilibrium concentration. 

Fig. 9 depicts the XRD pattern of bentonite after 
adsorption process. The Fig. 9b) is a sketch of sorption 
process. As shown in Fig. 9a), the components before 
and after adsorption is almost no difference, which 
mostly composed of montmorillonite and quartz. The 
adsorption process and mechanism can be referred 
to the change of Al-O-Si and Si-O-Si. Thus, the 
adsorption effect of bentonite mainly depends on two 
aspects. The first aspect is the internal pore size, which 
has been explained in Fig. 8. On the other hand, an 
essential factor is that aluminum in bentonite replaces 
the amount of silicon in silica tetrahedron in bentonite 
cell [66-68]. And that provided the cation exchange sites 
and ion exchange possibility. Besides of these, for more 

Fig. 8. SEM images on the surface of bentonite: a) Bentonite, before adsorption, b) Bentonite, after adsorption, c) Na- Bentonite, before 
adsorption, d) Na- Bentonite, after adsorption.
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deeper research, BET (Specific surface area test), FTIR 
(Fourier Transform Infrared Spectroscopy) combined 
with some other methods will be conducted in future 
studies.

Conclusion

This paper investigated the adsorption tests via 
unmodified Bentonite (Bentonite) and three different 
kinds of modified bentonite (Na-Bentonite, K-Bentonite 
and Mg-Bentonite). Various affecting parameters, 
containing dosage of bentonite, initial concentration of 
solution, pH value (Acid-base environment), reaction 
time and temperature, were conducted and analyzed  
in adsorption experiments. The SEM and XRD tests 
were also conducted for micro-scope insight into 
adsorption mechanism. The results can be concluded as 
below:

(1) The modified bentonite can be utilized as 
effective adsorbent for cesium contaminated waste. 
According to the test results, by using 1.1 g bentonite 
dosage and 1.0 mol/L solution concentration, the 
Na-Bentonite plays significant adsorption capacity. 
It is indicated that the maximum adsorption rate is 
95.30% under alkaline environment, which prompt the 
adsorption reaction. 

(2) The Langmuir isothermal model and 
Intragranular diffusion kinetic model fit the test data 
well, which means that monolayer adsorption takes 
place, while both physical and chemical adsorption 
reaction combing with intragranular delivery affected 
between the diffuse double layer. The maximum 
adsorption capacity of modified bentonite was predicted 
to be approximately 28.2 mg/g, as an excellent 
adsorption capacity comparing with other research. 

(3) The unspecific sorption and precipitation 
mechanism increase the thickness of double layer, 
of which the capacity strongly affected by specific 
surface area and microscopic atomic size. The overall 
ranking of attraction between bentonite and ions is:  
Cs+ > Mg2+ > Na+ ≥ K+. The internal pore size on the surface 
of bentonite and the amount of aluminum replaces 

silicon in silica tetrahedron in bentonite cell, are  
the two main factors of the bentonite adsorption 
performance. 
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