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Abstract: Nuclear energy is a double-edged technology, which has a significant role in the chemical
industry, but may bring about radioactivity and destruction. The 2011 Fukushima nuclear power
plant accident caused by a tsunami, which flooded and led to tens of millions of disaster debris and
tsunami deposits, severely disrupted the electricity supply in Japan and induced USD 211 billion
worth of direct economic losses. Cs+ was easily dissolved in this accident, had a high chemical activity,
and thus required an appropriate adsorption method. Zeolite is an effective removal adsorbent,
which is suitable to be investigated. The present study uses natural zeolite and three inorganic
modified zeolites. Furthermore, the effects of various factors are investigated. Kinetic models and
the isothermal adsorption mechanism are also conducted. For microscale studies for the adsorption
mechanism, scanning electron microscope (SEM) and X-ray diffraction (XRD) were involved in the
study. The results indicate that the optimal dosage is 1.1 g and the maximum adsorption rate is
around 80%. An alkaline environment is more conducive to the occurrence of adsorption. As for the
isotherm and kinetic studies, the data fits better with the Redlich–Peterson isothermal model and
intragranular diffusion model. In this small-scale experiment, the highest adsorption capacity was
for Mg-zeolite at 6.53 mg/g. Finally, Mg-Zeolite presents the best adsorption capacity.

Keywords: cesium; modified zeolite; adsorption; isotherms and kinetics; micro-scope characterization

1. Introduction

Nuclear energy represents an important component in the chemical industry and
plays an important role in power transmission, medical devices and many other fields in
our society. However, nuclear energy has become a double-edged technology because of
its radioactivity and destructiveness [1]. The most typical case is the Fukushima nuclear
power plant accident that occurred on 11 March 2011, caused by a tsunami. The tsunami
was induced by the Tohoku Earthquake with a Richter magnitude scale of 9.0. Then,
the 16 m high tsunami flooded an 80 km area, completely destroyed 129,391 houses,
and damaged 1,008,394 [2], leaving almost 2.3 × 107 tons of disaster debris and more than
12 million m3 of tsunami deposits [3,4]. Following this event, many geo-environmental
issues emerged, such as the disposal of the disaster debris and deposit, the treatment of soil
and groundwater contamination, settlements being left in a severe state as a result of the
nuclear accident, and other issues concerning the economy or human beings [5]. Among
these, the biggest threat was the nuclear accident, which led to the release of many kinds of
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radionuclide over several days after the explosion. After the accident, Japan announced
the SAMG (Severe Accident Management Guideline) for the management of the disaster,
but it seems unable to stop the progression of the accident because of the continuous
and sustainable release of radionuclides [6,7]. These radionuclides dissolved in seawater
and may cause the migration of the groundwater in Japan, and even the Pacific Ocean.
As previously stated, 131I, 132I, 132Te, 134Cs, and 137Cs were the main kinds of radionuclides,
and Cs occupied the most adsorption sites [2,8]. 134Cs possesses a high chemical activity
and relatively short half-life. The Cs ion was the most easily dissolved in the environment
and then disappeared among these fission products [9,10].

Aside from the severe environmental issues and the serious impact on humans, there
was a significant influence caused on an economic scale. The direct economic losses of
this accident reached USD 211 billion, and 656 companies went bankrupt in the Tohoku
region [11,12]. Subsequently, the recovery expense was a large budget spent on policies
concerning the recovery of infrastructure, agriculture, industry and society. However,
the most direct impact of this accident was on the electricity system in Japan. It was
calculated that 30% of the electricity supply in Japan depended on nuclear power in
2010 from over 50 nuclear power plants [13,14]. This accident induced the fuel consumption
for a brief period for the electricity supply in Japan, before the recovery of the nuclear
power plant. However, carbon emissions are rigorously controlled in Japan. Therefore,
it conflicts with the economic revival and carbon emission reduction policy were caused
and promulgated [15]. At that moment, the most important matter that needed to be
was the release of Cs and other radionuclides. Usually, radionuclides can be treated
by chemical precipitation, solvent extraction, membrane separation, ion exchange and
evaporation. In 2011, Cs adsorption instruments were used in the Fukushima power
plant [16]. Some scholars pointed out some other materials, such as a zeolite composite in
cesium adsorption. However, the main method is consistent with the fact that ion exchange
was most effective and feasible method to be used at that time.

Many scholars studied the adsorption of cesium ion exchange. To date, the main
adsorption materials are natural/artificial zeolites, multivalent metal phosphate and com-
posite ion exchange materials, metal ferrocyanide, and titanium silicon compounds. Com-
pared with other materials, zeolite is the most commonly used, classic adsorbent [17,18].
Zeolite is a natural mineral with good stability, a high exchange capacity and low material
cost, which resulted in it being selected as the best choice for treating low-level radioactive
pollutants. Zeolite has a good adsorption performance and is a simple means of forming
a stable solidified body with Portland cement. However, due to the small pore size and
other reasons, natural zeolite should not be used in its raw state; it is necessary to improve
the adsorption performance through appropriate scientific treatment methods by adding it
to the experimental comparison of the adsorption treatment for actual radioactive waste
liquid [19,20]. Theoretically, zeolite is a hydrous aluminosilicate mineral, and possesses
a three-dimensional crystal composed of SiO2 and Al2O3 tetrahedron. In the framework
silicate structure of zeolite, Al3+ replaces Si4+ to form a negative charge, so it is attractive
to cations, which is also an important power source for zeolite in the adsorption process.
According to their different crystal structures, zeolites can be divided into A-type, X-type,
Y-type and P-type. According to the different sources of zeolite, it can be divided into natu-
ral zeolite and artificial zeolite. In the process of zeolite adsorption, the ratio of silicon to
aluminum is the key to affect the adsorption capacity and actual adsorption effect [21–23].

In the present study, natural zeolite and three kinds of modified zeolites are used as
adsorbents. The nonradioactive cesium solution is used as a solvent. This paper aims
to investigate the adsorption capacity of adsorbents for Cs+, and the effects of solution
pH value, adsorbent dosage, and initial concentration on the adsorption performance of
Cs+. The influence of temperature and reaction time on the adsorption performance and
removal rate of heavy metal Cs+ are also studied. A kinetic and isothermal study are also
conducted in this paper in three models, respectively. The characterization and internal
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structure of zeolite are analyzed by SEM and XRD patterns, and the adsorption mechanism
of zeolite for heavy metal ions is discussed in the final section.

2. Materials and Methods
2.1. Preparation of Solutions and Sorbents

The contaminated heavy metal researched in this paper is non-radioactive cesium
chloride (CsCl). The selected adsorbent is zeolite, which was purchased in Suzhou, China.
In this paper, we used sodium chloride (NaCl), potassium chloride (KCl), and a magnesium
chloride (MgCl2) solution for zeolite modification, and they were categorized as zeolite,
Na-zeolite, K-zeolite and Mg-zeolite. All the reagents or chemicals used in the tests were of
an analytical grade. Additionally, a sodium hydroxide (NaOH) and hydrochloric acid (HCl)
solution were used to research the effect of pH and acid-base conditions on the adsorption
reaction. All test solutions were prepared with double-distilled water.

2.2. Experiments

Five factors were used in this stage, including the initial concentration, adsorbent
dosage, solution pH, reaction time, and temperature. The test process was consistent and
as follows: 1.0 g of zeolite was added to 50 mL of the Cs+ solution with different affecting
parameters, respectively, and the solid–liquid ratio was 1:50. When the pH value is 7,
oscillate the solution at the room temperature of 20 ◦C, at the speed of 150 R/min for
3 h, equilibrium and static adsorption at 20 ◦C for 8 h, and then centrifuge 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 the
subtraction method. The factors and parameters are listed in Table 1.

Table 1. Factors and influence parameters in the adsorption tests.

Factors Parameters

Initial Concentration 0.3 mmol/L, 0.5 mmol/L, 0.8 mmol/L, and 1.0 mmol/L
Adsorbent Dosage 0.1, 0.3, 0.5, 1, and 1.5 g

Solution pH 3, 7, 11
Reaction Time 4, 6, 10, and 12 h
Temperature 40, 60, and 80 ◦C

The Cs ion removal results were calculated based on the equations below [11,24].
The equation of the unit adsorption capacity at equilibrium is:

Qe =
(C0 − Ce)× V

m
(1)

The Qe is the unit adsorption capacity at equilibrium. V represents the volume of
the solution, and m indicates the weight of the zeolite dosage. C0 and Ce represent the
concentration of Cs+ before and after adsorption equilibrium (mmol/g), respectively [25].
The removal rate of Cs+ is formulated as:

η =
C0 − Ct

C0
× 100% (2)

In this formula, C0 and Ct are the concentration before adsorption and the concentra-
tion at a different adsorption time.

2.3. Adsorption Kinetics and Isotherms

To date, the most widely used adsorption kinetic models include the pseudo-first-
order kinetic model, pseudo-second-order kinetic model, and the intraparticle diffusion
kinetic model [26,27].
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The pseudo-first-order kinetic model is:

Qt = Qe

(
1 − e−k1t

)
(3)

In this equation, k1 is the adsorption rate constant, t represents the reaction time,
and Qe and Qt represent the adsorption amount at equilibrium and at a random adsorption
time, respectively [28,29].

Then, Equation (4) presented below is the pseudo-second-order kinetic model:

Qt =
k2Q2

e t
1 + k2Qet

(4)

k2 is the adsorption rate constant. The third kinetic model used in this paper is the
intraparticle diffusion kinetic model, and the equation is written as:

Qt = kintt1/2 + C (5)

In this equation, kint represents the correlation adsorption rate constants and C is the
intercept on the axis. Furthermore, the Langmuir isothermal model, Freundlich isothermal
model, and Redlich–Peterson (R-P) isothermal model were conducted for the isotherm
studies. The Langmuir isothermal equation is presented below:

Qe =
QmKLCe

1 + KLCe
(6)

In this formula, Qe depicts the equilibrium unit adsorption capacity, Qm represents
the maximum adsorption capacity, and KL is the equilibrium constant. The equation of the
Freundlich isothermal model is shown below:

Qe = KFC1/n
e (7)

The KF value is the Freundlich adsorption characteristic constant. Finally, the equation
of the Redlich–Peterson (R–P) isothermal model is:

Qe =
KRPCe

1 + aRPCβ
e

(8)

KRP and aRP are the characteristic constants of the Redlich–Peterson (R–P) isothermal
model. Additionally, β is an index between 0 and 1. It can be simplified as the Langmuir
model and Henry model, while β = 1 and 0 [30,31].

2.4. Sorbents Characterization

SEM and XRD tests were also conducted in this paper for an insight into the micro-
mechanism of the cesium adsorption process. Four SEM images and the chemical compo-
nent’s XRD pattern were analyzed.

3. Results and Discussion
3.1. Experiment Results

The effect of the initial concentration is shown in Figure 1. With the increase in the
initial solution concentration, the unit adsorption capacity Qe also increased. It can be seen
from the figure that the unit adsorption capacity of K-zeolite is the highest and the growth
rate is the largest, with the adsorption amount reaching nearly 0.024 mmol/g. The adsorp-
tion effect of Na-zeolite is also better than that of zeolite. However, the adsorption effect of
Mg-zeolite is relatively poor, which may be due to the fact that the silicon aluminum ratio
of the original zeolite does not improve in the modification process of Mg-zeolite, which
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also results in the weak attraction of the modified zeolite to metal cations, and thus the
adsorption effect decreases.
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Figure 1. Effect of initial solution concentration. (a) Na-zeolite, (b) K-zeolite, (c) Mg-zeolite.

When it comes to the adsorption rate, it is below 65%, which suggests that the ad-
sorption process is not satisfactory to some extent. The same trend of these three figures
is that the removal rate decreases with the increase in the initial solution concentration.
Additionally, 0.1 mol/L seems to be the optimal value. The component generated after the
reaction may be hindered on the zeolite surface, and thus interrupt the adsorption reaction.
This trend is consistent in other studies, but the adsorption rate is relatively low, as shown
in Figure 1 [32].

Figure 2 depicts the effect of zeolite dosage during the adsorption reaction. It can be
observed from the figure that the optimal dosage of the other zeolites, except Na-zeolite,
is 1.1 g. The general trend is that the unit adsorption capacity decreases with the increase in
dosage. The adsorption effect of Mg-zeolite is the best, reaching more than 0.0030 mmol/g
at the dose of 1.1 g. The adsorption effect of K-zeolite is not as good as it is before the
modification, which may be due to its metal activity leading to the stagnation of the
reaction [33].
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Figure 2. Effect of zeolite dosage. (a) Na-zeolite, (b) K-zeolite, (c) Mg-zeolite.

The changing trend of the removal rate in Figure 2 is quite different to that presented
in Figure 1. Additionally, the adsorption percent is higher in Figure 2, with the maximum
in Figure 2c being close to 85%. The adsorption capacity of Na-zeolite and natural zeolite is
close to 70%, while the adsorption rate of K-zeolite is only 52%. This extent of removal rate
is comprehensive in the actual application. The removal rate increases with a higher dosage
of zeolite, and there is almost no interruption in the curves. It seems that the dosage of 1.1 g
is approaching an optimal amount, because of the high unit adsorption capacity. However,
the maximum value of the adsorption rate is observed at 2.5 g, thus the excess dosage
provides a greater reaction surface, but reduces the unit adsorption performance [34,35].

The effect of the solution pH value is shown in Figure 3. Three pH solutions of
pH 3.0, pH 7.0, and pH 11.0 were studied. It can be seen that only Mg-zeolite has a better
adsorption capacity than natural zeolite in three different acid-base environments, while
the adsorption effects of the other two zeolites are not as good as those before modification.
Figure 3 depicts that, under the extremely alkaline condition of pH 11.0, the adsorption
effect of zeolite on cesium attains the best results. Under alkaline conditions, more active
metal cations are mixed into the solution, which aggravates ion replacement [36,37].
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The decrease in the adsorption capacity of a sodium molecular sieve may be due to
the activity inhibition relationship between the metal ions and Cs+ in the solution, which
reduces the adsorption activity of the zeolite surface. In terms of the adsorption rate,
the maximum adsorption rate of Mg-zeolite is close to 70%, while the adsorption rate of
the other two groups of modified zeolites is lower than 60%.

The adsorption capacity during the reaction process is shown in Figure 4. The starting
point is 4 h, and the entire research period is 8 h. Similar to Figure 2, the unit adsorption
capacity of Mg-zeolite is much better than Na-zeolite and K-zeolite. The reaction seems to be
stable in the 8 h period presented in Figure 4a,b, but there is a short increase in in the curve
of Mg-zeolite in Figure 4c. The maximum adsorption capacity reaches about 0.0036 mmol/g.
The changing trend and mechanism can be summarized as above. The removal rate changes
in the opposite trend as a unit adsorption amount. Additionally, a maximum removal rate
is also witnessed for Mg-zeolite [38].
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Figure 4. Effect of reaction time. (a) Na-zeolite, (b) K-zeolite, (c) Mg-zeolite.

The effect of testing the temperature was to investigate the promotion or inhibition
of temperature on the adsorption reaction. As shown in Figure 5, the adsorption capacity
of Na-zeolite depicts a slight decrease, while that of Mg-zeolite decreases by nearly 10%.
Although the maximum unit adsorption capacity of Mg-zeolite reached 0.0034 mmol/g,
it continued to decline under the influence of the temperature and was lower than that of
Na-zeolite at 80 ◦C. The trend is similar to Figure 1, in terms of the effect of the initial con-
centration. The highest removal rate is at the higher temperature of 80 ◦C. The order of these
modified zeolites in the reaction performance is Mg-zeolite > Na-zeolite > K-zeolite [39].
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3.2. Adsorption Isotherms

Three different isothermal adsorption models were fitted in this section. The fitting
curve is shown in Figure 6. 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 [40,41].
From the curves, we can see that the R–P model in Figure 6c fits better than the other two.
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The detailed fitting parameters for cesium adsorption is shown in Table 2. R2 reflects
the fitting degree of the curve, and the fitting R2 of the R–P model is the highest at around
0.990. The Qm of Mg-zeolite is the highest, and represents a greater reaction area on the
surface of zeolite. The ion exchange efficiency is poor in K-zeolite, and similar in zeolite
and Na-zeolite.
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Table 2. 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

Zeolite 5.60 0.0140 0.989 0.230 0.579 0.923 0.049 1.16 × 10−5 2.23 0.998
Na-zeolite 5.69 0.0130 0.987 0.282 0.522 0.947 0.061 0.001 1.37 0.992
K-zeolite 5.57 0.0099 0.979 0.189 0.573 0.932 0.039 3.49 × 10−6 1.98 0.998

Mg-zeolite 6.53 0.0159 0.987 0.357 0.516 0.944 0.083 0.003 1.30 0.989

According to the three models, the R–P model represents the best fitting. The value
of 1/n represents the adsorption efficiency (generally between 0 and 1), and the value
represents the influence of the mass concentration on the adsorption capacity. The smaller
the 1/n, the better the adsorption performance [42]. The 1/n of Mg-zeolite is the smallest,
which means that the adsorption capacity is the best. This is consistent with the above test
results. The Mg-zeolite possesses the best adsorption performance with the 1/n of 0.516.
Furthermore, the fitting of Mg-zeolite presents the lowest R2. However, the minimum is
also 0.989, which supports and validates the model fitting [43].

3.3. Adsorption Kinetics

The fitting curve of the three kinetic models are shown in Figure 7. The intragranular
diffusion model seems to depict a better fitting, compared with the pseudo-first-order
kinetic model and pseudo-second-order kinetic model.
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Figure 7. Kinetic model for cesium adsorption. (a) Pseudo-first-order kinetic model, (b) Pseudo-
second-order kinetic model, (c) Intragranular diffusion model.
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The kinetic model parameters for cesium adsorption are shown in Table 3. In this table,
the equilibrium adsorption capacity (9.12, 9.66, 7.77, and 11.35 mg/g) and (9.92, 10.10, 8.22,
and 12.47 mg/g) is presented in these two models, respectively.

Table 3. Kinetic model parameters for cesium adsorption.

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

Zeolite 0.0086 9.12 0.977 0.0018 9.92 0.894 0.097 6.66 0.728
Na-zeolite 0.0122 9.66 0.382 0.0039 10.10 0.736 0.059 8.26 0.907
K-zeolite 0.0111 7.77 0.376 0.0037 8.22 0.721 0.060 6.33 0.888

Mg-zeolite 0.0084 11.35 0.665 0.0013 12.47 0.840 0.142 7.82 0.906

The fitting of the pseudo-first-order seems to be poor, and the pseudo-second-order
is comprehensively better. However, the whole adsorption process is well fitted to the
intragranular diffusion, which means that the reaction is in the form of a physical and
chemical reaction, combined with intragranular diffusion [44].

3.4. Sorbent’s Micro-Scope Characterization

The difference in the surface of the zeolite before and after adsorption is obvious,
as shown in Figure 8. After the reaction, cesium is adsorbed on the surface of the zeolite
to form a flocculent component. The newly formed component blocks the zeolite surface
and affects the adsorption activity to a certain extent. That is why K-zeolite represents a
poor adsorption performance. In contrast, Mg-zeolite possesses larger voids and therefore
provides more reaction points. In general, K ions with a strong activity may possess a
poor capacity for cesium adsorption in the solution, where ion competition occurs, while
Mg-zeolite has a better adsorption reaction [45].
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Figure 9 depicts the XRD pattern of zeolite after the adsorption process. The zeolite
used in this test is mainly composed of calcium zeolite (Ca[Al2Si3O10]·3H2O), which is
reflected in the figure. The adsorption effect of zeolite mainly depends on two aspects.
The first aspect is the internal pore size, which is explained in Figure 8. On the other hand,
the most essential factor is that the aluminum in zeolite replaces the amount of silicon in the
silica tetrahedron in the zeolite cell. In the zeolite adsorption test, the more Al3+ replaces
Si2+, the more cation exchange sites and the greater the exchange capacity. It is obvious that
the Si2+ (quartz) content of Mg-zeolite after the reaction is significantly lower than that of
the other zeolites [46]. The content of K-zeolite is the highest, which also proves the reason
for its poor adsorption effect. Other parts in the figure are relevant reaction products, while
the main components of gismondine and quartz mainly appear around 20◦ and 40◦.
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The adsorption capacity of the cesium ion by different adsorbents is shown in Table 4.
The adsorption capacity of Mg-zeolite is comprehensive in this table. However, compared
with nano-sized materials, greater surface contact and full-scale reaction points may lead
to better adsorption performances.

Table 4. Adsorption capacity of the cesium ion by different adsorbents.

Adsorbents Capacity (mg/g) References

Mg-zeolite 6.53 This paper
Marble 2.373 [47]

Nano-Fe/Cu–zeolite 77.51 [48]
Prussian blue-modified magnetite 16.2 [49]

Magnetic chitosan 3.86 [50]

4. Conclusions

This paper investigated the adsorption tests via natural zeolite (zeolite) and modified
zeolite (Na-zeolite, K-zeolite, and Mg-zeolite). The dosage of zeolite, the initial concen-
tration of the solution, pH value (acid-base environment), reaction time, and temperature
are the five factors observed in this paper. The adsorption isotherm and kinetics were
analyzed. The SEM and XRD were also studied for a micro-scope insight into adsorption
characterizations. The results are summarized as follows:

(1) The unit adsorption capacity changes in the same trend as an effect of the initial
concentration and reaction time. It was also the same on the effect of the sorbent
dosage and temperature. In these four groups, the removal rate changes in the reverse
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direction as the unit adsorption amount. Thus, an alkaline solution environment is
better for cesium adsorption.

(2) The test data is in better fitting in the Redlich–Peterson isothermal model and intra-
granular diffusion model. The adsorption reaction is in the form of both physical
and chemical adsorption, combined with intragranular diffusion. In this small-scale
experiment, the highest adsorption capacity is in Mg-zeolite at 6.53 mg/g.

(3) More reaction points may emerge on the surface of zeolite, and Mg-zeolite presents the
best adsorption capacity in this study, where the surface crystal structure of Mg-zeolite
is complex and diverse, and the amount of Al3+ that replaces Si2+ is comprehensive
compared with other zeolites.
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