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Abstract
The sorption removal of cesium and strontium ions from chemically 
synthesized fibrous mordenite (M) and zeolite type ‘A’ in the form 
of honeycomb in seawater consisting of competing cations Na+, 
Mg2+, Ca2+, and K+ have been investigated. The batch experiments 
were carried out for the effect of various parameters such as initial 
contact time, uptake with volume mass ratio, distribution coefficients 
(Kd) factor, and effect on temperature. The uptake (%) of Cs+ ions 
for mordenite honeycomb at V/m=100 cm3/g was measured to be 
86.8% and 57.9% within 18 h in pure water and 15 h in seawater 
media, respectively. On the other hand, the uptake (%) of Sr2+ ions 
for type ‘A’ zeolite honeycomb was 99.2% within 24 h and 69.0% 
within 3 h in pure water and seawater media, respectively. The 
adsorption of Cs+ and Sr2+ by compact column on mordenite and 
type ‘A’ zeolite honeycomb at a flow rate of 1 cm3/min, and 3 cm3/
min were observed and found increasing with circulating time and 
flow rate that reaches maximum 64.5%, and 70.3% for Cs and 
52.7% and 71.2% for Sr after 7 d, respectively. The adsorption 
increases with increasing flow rate indicates that the overall kinetics 
was dominated by external mass transfer with time of the sorption 
process in the column which is a favorable indicator. A mathematical 
relationship of adsorption with respect to time and mass volume 
ratio has been established. The solidification of zeolite shows an 
excellent immobilization of less than 1% at 1200ºC for both the 
zeolite has been obtained.
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years respectively and hence it is the source of Cerenkov radiation 
which resulting a challenge of shielding problem. Selective removal 
of cesium and strontium is a critical issue for the treatment of liquid 
radioactive waste generated from nuclear power plant. The treatment 
of aqueous radioactive solutions requires the concentration of 
dissolved metal ions followed by the recovery or secure disposal [1].

Among the various processes or techniques for the treatment of 
aqueous contaminated liquid solutions, ion exchange technology is 
considered to be an attractive process for the treatment of contaminated 
water or liquid waste water because of its high efficiency, selectivity 
and simplicity. Hence, the selection of the ion exchange material is an 
important task. In past a wide range of materials containing different 
chemical and physical properties either naturally or synthetic are 
used for this technique. Inorganic ion exchanger materials emerged 
increasingly important replacement for conventional ion exchange 
resin for the decontamination of radioactive water generated from 
nuclear facilities. Several inorganic ion exchangers such as zeolite, 
hexaferrocyanites (CsTreat, SrTreat, CoTreat), silicotitanates, are 
presently being used. 

Ion exchange properties of zeolite have received great attention 
especially for the applications of radioactive liquid water treatment 
[2-9]. This inorganic material possesses high exchange capacity, 
element selectivity, as well as good resistance to radiation and heat 
with advantages with respect to immobilizations and final disposal 
in compared to the organic ion exchanger [10-14]. It has high ion 
exchange capacity and a particular affinity for heavy metal cations 
hence the adsorption of 137Cs and 90Sr for the liquid solution and 
holds them in its three-dimensional crystal frame work [12]. The 
aluminosilicate zeolite act as efficient porous exchange media and 
its cations exchange properties are widely used in nuclear industry, 
detergent industry, and environmental protection [15-18]. The 
potential applications of zeolite and selective ion exchangers have 
been documented by Dyer [19]. 

Several works of sorption studies [7-9,12,20-22] of zeolite 
have been attempt in past for liquid radioactive waste treatment. 
The recent studies were conducted by A.M. El-Kamash et al. [8] 
where synthesized and evaluated zeolite type ‘A’ was used for the 
removal of Cs and Sr ions from aqueous solution in batch and fixed 
bed column operation.  The total metal ion uptake and overall bed 
capacity decreased by increasing flow rate. But in the present study, 
mordenite and zeolite type ‘A’ in the form of fabulous honeycomb have 
been used for the separation of Cs+ and Sr2+ in seawater (containing 
major competing cation Na+~10,500 ppm, Mg2+~1,350 ppm, Ca2+~400 
ppm and K+~380 ppm), where vertical column was used. The uptake 
increases with increasing flow rate that permitting higher flow rate for 
decontamination. 

On the other hand, the development of stable solidification is 
an important subject for the safety denomination of radioactive 
decontaminated water. Cesium and strontium forms of zeolites 
recrystallize easily to stable aluminum silicate minerals [23,24] and 
cesium and strontium feldspar CsAlSi3O8 and SrAl2Si2O8 in these 
minerals have been noted as suitable phases for fixation of Cs and Sr 
on the basis of their refectory nature and leach resistance [25].

Introduction
The radionuclides of long half-life such as Cs and Sr are produced 

with high yields in the nuclear fission process which is considered to be 
the most hazardous in the nuclear waste effluents for the environment. 
To ensure the protection of human health and the environment in 
separating radioactive material from liquid water is still a challenge 
to develop highly selective removal technology of radionuclide of 
interest. 137Cs and 90Sr is a major contributor (0.3 percent) in activity 
and heat load produced by the fission in a nuclear reactor. Moreover, 
137Cs and 90Sr are strong beta emitter with long half-life of 30 and 29.7 
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Chemicals and reagents: All reagents used in the present study 
were of AR grade chemical which were used without any further 
purification. Cesium and strontium ions are supplied as standard 
solution 1000 ppm from CsCl and SrCl2.6H2O that dissolved in 
distilled water. Stock solution 0.5 M Cs and 0.5 M Sr ion were prepared 
from CsCl and SrCl2.6H2O dissolved in seawater. Seawater is collected 
from Matsushima bay and filtered to be used.

Batch adsorption studies: The adsorption efficiency of the 
zeolites is carried out by batch technique to obtain equilibrium 
conditions. The experiments were carried out in a fixed pH range at 
laboratory temperature (25°C). In order to observe the absorption 
capacity of the zeolites, the honeycomb zeolites are meshed with 
a size of 8-32 mesh and 32-48 mesh. A 10 ppm Cs+ and Sr2+ ionic 
solutions are prepared from 1000 ppm standard solution in seawater 
and pure water media. A series of 20 ml test tube each containing 
100 mg of zeolite and 10 ml solution of specific mesh size was used. 
The pH value of the whole experiment lies within 6.94-7.79. The test 
tubes were shaken by shaker maintain fixed temperature for 24 h to 
attain equilibrium. The concentration of Cs and Sr were measured by 
atomic absorption spectroscopy and inductively coupled plasma mass 
spectrometry system respectively. 

The present works deals with the measurement of efficiency of 
mordenite (M) and ‘A’ type zeolite in the form of honeycomb as a cation 
exchanger for the selective removal of cesium and strontium ions in 
seawater. The present study also deals with effects of temperature and 
immobilization ability of Cs and Sr i.e. trapping and self-sintering 
abilities. The experiment is designed on the basis of Fukushima 
Daiichi NPP accident due to the Great East Japan Earthquake where a 
significant amount of high level liquid radioactive waste generated and 
spilled over in a confined zone in the Pacific Ocean from the facilities. 
Hence, the development of highly selective ion exchange materials 
will give a new possibility for the separation of Cs and Sr from liquid 
radioactive waste solution even at very high concentration of inactive 
salts. This can give a good economic solution as well as environmental 
remediation. 

Experimental Details
Materials and methods

Zeolite: Zeolites are crystalline microporous aluminosilicates that 
are build-up of three dimensional framework [SiO4]

4- and [AlO4]
5- 

tetrahydar lined by sharing oxygen atom and weakly bounded 
cations. It is a volcanic mineral with unique characteristics which 
comprises of hydrogen, oxygen, silicon and aluminum and arrange in 
an interconnected lattice structure. The elemental arrangement of the 
natural zeolite with gives rise in the frame of honeycomb. The diameter 
of the connecting channel varies from 2.5 Å to 5 Å. Zeolite has a high 
ion-exchange capacity and particularly affinity to metallic ion give rise 
the use for the separation of 137Cs and 90Sr from contaminated liquid 
in nuclear technology. In the present study, Mordenite and zeolite 
type ‘A’ are used in the form of honeycomb skeleton. The zeolites 
honeycomb used in this study are supplied by Seibu Giken Co., Ltd. 
Japan. The elemental distributions of the zeolites are analyzed by 
Scanning Electron Microscope (SEM) and Energy-Dispersive x-ray 
Spectroscopy (EDS). The properties of zeolite honeycomb are given in 
Table 1. The XRD measurement was done with X-ray diffraction using 
Cu Kα radiation is shown in Figure 1.

Properties Mordenite Zeolite ‘A’
Unit-cell formula Na2Al2Si13.3O29.6+x Na9[(AlO2)9(SiO2)15].27H2O
Bulk Density (kg/m3) 40 80
Si/Al 3 2
Element analysis (%)
Oxygen 49.9-50.8 48.9-50.6
Silicon 23.3-29.7 24.5-25.5
Aluminum 9-16.5 11.1-12.5
Magnesium 2.3-5.7 1.7-5.4
Calcium 0.6-1.9 0.6-1.3
Sodium 0.7-2.7 2.7-6.3
Potassium ∼ 0.4 -

Table 1: The main properties of the zeolite honeycomb.

Figure 1:  XRD pattern of zeolite type 'A' and mordenite.
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in the column. Sampling effluents was at the predetermined time 
intervals in order to investigate breakthrough point.

Results and Discussion
Uptake of Cs+ and Sr2+ in pure water and sea water media

Sorption experiments of mordenite and zeolite type ‘A’ were 
carried out with a fixed adsorbent dosage of 100 mg in 10 ppm Sr 
and Cs solution in order to achieve V/m=100. The mesh size of the 
honeycomb zeolite was 9-32. The uptake of Cs in mordenite reaches 
83.97% at 20 min and 86.81% when equilibrium is reached at 1080 
min in pure water medium and Cs uptake reaches 39.86% at 10 min 
and maximum 57.91% reaches at 15 hours after had been equilibrium 
is reached in seawater medium.

On the other hand, the uptake of Sr in zeolite type ‘A’ was found 
98.08% within 10 min after getting contact and reaches maximum 
99.18% at 1440 min in equilibrium. This indicates that the adsorption 
proceeds at fast within 20 min and slower rate when equilibrium 
reached in aqueous solution. In case of adsorption in seawater uptake 
of Sr in zeolite A was found to be 59.71% within 20 min and reaches 
maximum 69.01% at 180 min. This indicates that the adsorption for 
both the zeolites proceeds at fast within 10-20 min and slower rate 
when equilibrium is reached.

Mass uptake relationship

Batch adsorption experiments have been performed to clarify the 
selectivity of the exchange materials using ionic solution. The effect of 
solution volume to exchanger mass was investigated to determine the 
minimum weight of exchange material that would be able to provide 
a reasonable uptake percentage of Cs+ and Sr2 in seawater. A weighted 
amount of the exchange materials (32-48 mesh) 0.02 gm-0.666 gm 
were mixed with 10 ml ionic 10 ppm ionic solution of Cs and Sr mixed 
and shaken at room temperature 25°C for 24 h. Figure 2 shows the 
uptake percentage of Cs and Sr with respect to mass of the exchange 
material. The maximum removal percentage of Sr and Cs was found 
to be 92.16%, and 84.46% at V/m ratio=15 (ml/g) for mordenite and 
zeolite type ‘A’ respectively.

Effect of temperature in adsorption

Temperature has a pronounced effect on the adsorption 
characteristics. An investigation of temperature on adsorption 
characteristics has been conducted for Cs+ and Sr2+ ions onto 
mordenite and type ‘A’ zeolite respectively from 25°C-70°C. From 
the Figure 3, it is shown that adsorption decreases with increasing 
temperature abruptly for Cs but in case of Sr, the nature of adsorption 
is little different with temperature which shows flat adsorption above 
50°C. This can be explaining by exothermic spontaneity of adsorption 
process and by weakening of bonds between ions and active sites of 
the zeolite pores at high temperature.

Effect of concentration

The adsorption isotherms were measured by gradually 
increasing the concentration of the sorbent ions at each equivalent 
concentration. The adsorption of the mordenite and zeolite type A 
have been conducted by increasing the concentration of Cs+ and Sr2+ 
respectively in the range of 1 mg/l-50 mg/l at a constant volume mass 
ratio adoption respectively have been studies with volume mass ratio 
of 300 ml/g. The Figure 4 shows that the percentage of adsorption 
decrease with increasing concentration of the solution increases and 
reaches nearly saturated which shows the logarithmic nature. This 

The percentages of uptake of Cs and Sr ion from aqueous solution 
was computed from the equation (1)

(%) 100i f

i

C C
R

C
−

= ×                 (1)

Where, Ci and Cf  referred to initial concentration of ion in aqueous 
phase, R represents the uptake or removal percentages.

The amount of adsorption at any time t, qt (mg/g) can be 
determined by the equation [26],

( ) ( / )t i f
Vq C C mg g
m

= −               (2)

V represents volume of the ionic solution in litre (L), amd m be 
the weight of the solid used in mg.

Decontamination factor: The determination of several 
parameters such as ion exchange capacity, distribution coefficients, 
and decontamination factors are highly required for any ion exchange 
material. Moreover selectivity and stable conditions of the sorbent 
material are also important. Decontamination factor is very important 
that describe the ratio of contamination level before treatment to 
that after treatment. This factor is very useful for the selection of 
suitable material as sorbent and commonly used in radioactive waste 
management applications [27]. The amount of media required and the 
rate of exchange can be determined by the following equation:

1
/

d
F

KD
V m

= +                 (3)

Where DF represents the decontamination factor, V  is volume of 
the liquid to be purified in ml, m be the mass of the ion exchange 
materials in gram, and Kd is the distribution coefficients that can be 
determined by the following equation:.

3( / )i f
d

i

C C VK cm gm
C m
−

= ×                 (4)

Hence, the removal percentages (%) and Kd (ml/g) can be express 
by the following;

100% d

d

KR VK
m

=
+

               (5)

Column experiment: Highly selective ion exchangers can be 
utilized in many different ways. Most efficient way is to use columns 
with volume of 2-12 liters. Hence, used ion exchange columns are 
very easy to dispose in a small volume by solidification method. Small 
volume of ion exchanger in a compact system will give remarkable 
savings in treatment and disposal costs. 

Column uptake studies were conducted to evaluate the column 
performance for Cs+ and Sr2+ removal by zeolites. The experiments 
were carried out with a vertical glass column (50 mmφ × 100 mmL) 
that packed with mordenite honeycomb and ‘A’ type zeolite of the 
same size. The solution of seawater (2,000 cm3, Matsushima bay) 
containing 10 ppm Cs+ or 10 ppm Sr2+ ions was circulated through 
column adsorption experiments were carried out using circulating 
methods with a at flow rate of 1 cm3/min and 3 cm3/min. The samples 
were putted into the column carefully so that no air remained between 
the particles, which helped attain compact layers. At the exit of the 
column, flow rate was controlled so as to get steady state conditions 
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Column studies

Batch experiment is often difficult to apply to column system 
because it sometimes unable to provide accurate data for scale up 

indicates that for a given mass of ion exchanging material the removal 
percentage is maximum, and no metal ions adsorbed further after the 
equilibrium of the concentration is reached.

 
Figure 2: Uptake % of Cs and Sr in mordenite and type 'A' zeolite with mass.

 
Figure 3: Percentage of variation of uptake of Cs and Sr by mordenite and zeolite as a function of temperature.

  
Figure 4: Percentage of uptake of Cs and Sr by mordenite and zeolite type 'A' as a function of concentrations.
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since flow in the column is not equilibrium. The sorption study of the 
zeolites is conducted with vertical column system which could provide 
the information on the efficient utilization for practical use. The 
experiment was carried out in a glass column and solution was passed 
in clock wise circulation. Two different flow rate 1 ml/min and 3 ml/
min respectively with initial concentration of 10 ppm for each ionic 
solution in seawater media was used. The adsorption characteristics of 
mordenite and zeolite type ‘A’ with time in the column for the Cs and 
Sr respectively are shown in Figure 5. The uptake of Cs in mordenite 
shows the increase with time and leads to be saturated about 133 hrs 
is reached which follows the polynomial nature. The percentage of 
adsorption reaches at 70.26% and 64.53% at 168 hrs in a flow rate of 
1 ml/min and 2.82 ml/min respectively. On the other hand, in case 
Sr uptake in zeolite type ‘A’, shows the same nature of adsorption 
behavior with time follows the same nature of the fitting equation. 
The adsorption of Sr was found 52.69% and 71.16% at a flow rate of 
1 ml/min and 3 ml/min respectively. It is seen that sorption rate is 

increased by flow rate indicating that mass dominating the overall 
system kinetics.

Both the zeolite follows the polynomial nature of adsorption 
characteristics with time which can be represented by the equation  
below and parameters involved are given in Table 2. 

1 2 3 4 50 1 2 3 4 5Y Y B X B X B X B X B X= + + + + +  

Solidifications

The development of stable solidification method of ion exchange 
material zeolite is an important task for the safety decontamination 
of 137Cs and 90Sr from liquid radioactive waste. By using the excellent 
immobilizing properties of zeolites such as gas trapping ability and 
self-sintering properties, the stable solidification was accomplished 

 using the immobilization ability of zeolites, i.e., 
Cs and Sr trapping and self-sintering abilities, the discs of zeolite were 

 
Figure 5: Time-uptake relationship of mordenite and zeolite type 'A' in vertical column.

Metal ion Column flow rate (ml/min) Zeolite Y0 B1 B2 B3 B4 B5 R
Cs+ 1 Mordenite 1.443 0.025 -6.52E-06 1.04E-09 -8.10E-14 2.37E-18 0.991
Cs+ 2.82 Mordenite 2.267 0.039 -1.11E-05 1.78E-09 -1.45E-13 4.65E-18 0.996
Sr2+ 1 Type A 0.927 0.037 -1.11E-05 1.64E-09 -1.19E-13 3.33E-18 0.977

Table 2: Constants and correlation coefficient of polynomial equation in adsorption of Cs and Sr with time.

 

Figure 6: XRD pattern of mordenite and zeolite type ‘A’ saturated with Cs and Sr ion respectively.

(Figures 6 and 7). By

(6) 
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sintered at higher temperatures up to 1200°C. The immobilization 
ratio of Cs for mordenite saturated with Cs+ ions was estimated to be 
less than 0.1% above 1200°C; the adsorbed Cs+ ions are completely 
volatilized but slightly melted above 1000°C. On the other hand, Sr2+ 
saturated was estimated to be 0.3% at temperature 1200°C is given in 
Table 3. 

Conclusion
The adsorption characteristics of synthetic mordenite and 

type ‘A’ zeolite in the form of honeycomb have been studied as an 
inorganic ion exchange for the removal of Cs and Sr in presence of 
highly concentrated competing cations (Na) in seawater. The fibrous 
honeycomb zeolite was used to conduct vertical column system and 
hence the time dependence adsorption is established by mathematical 
equation. It is seen that the removal is strong and is a function of 
initial flow rate. Increase of removal efficiency with flow rate indicates 
that higher mass is more favorable for decontamination. Relatively, 
higher sorption capacity and column performance were obtained for 
Cs and Sr separation even in presence of high salt. This result shows 
that the mordenite and type ‘A’ zeolite in the form of honeycomb has 
an efficient nature in removing radionuclides i.e, of Cs and Sr from 
liquid waste water even at very high salt solution. The XRD pattern 
of the zeolite adsorptions of Cs on mordenite are recrystallized to 
CsAlSi3O6 and SrAl2Si2O8 at 1000°C and 1200°C respectively. These 
recrystallize phases are suitable hosts for the immobilization of Cs and 
Sr of the decontamination of radioactive water.
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