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ABSTRACT  

Leach characteristics of 137Cs and 60Co radionuclides from spent mix bead ion exchange 
resins and both ordinary Portland cement and cement mixed with two kind of  natural 
sorbents, (bentonite and clinoptilolite) have been studied using International Atomic Energy's 
(IAEA) standard leach method.  

A study is undertaken to determine the waste immobilization performance of low-level 
wastes in cement-natural sorbents mixtures. The solidification matrix was a standard Portland 
cement mixed with 290-350 (kg/m3) spent mix bead exchange resins, with or without 1-10 % 
of bentonite or/and clinoptilolite The leaching rates from the cement-bentonite matrix as  
60Co: (1.20-9.72)x10-5(cm/d) and for 137Cs: (1.00-9.22)x10-4(cm/d), after 300 days were 
measured. From the leaching data the apparent diffusivity of cobalt and cesium in cement-
bentonite or/and clinoptilolite matrix with a waste load of 350 (kg/m3) spent mix bead 
exchange resins was measured as 60Co: (1.0-5.9)x10-6(cm2/d) and for 137Cs: (0.48-2.4)x10-4 

(cm2/d) after 300 days. The compressive strength of these samples is determined following 
the ASTM standards. 

These results are part of a 30-year mortar and concrete testing project which will 
influence the design of  radioactive waste management for a future Serbian radioactive waste 
disposal center. 
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1 INTRODUCTION 

Ion exchange may be used most successfully for the removal of radioactive ions from 
dilute solutions. This process produces deionized water, thus the radioactive ions are removed 
together with non radioactive ones. Ion exchangers are resins that are polymers with cross-
linking (connections between long carbon chains in a polymer). The resin has active groups in 
the form of electrically charged sites. At these sites ions of opposite charge are attached but 
may be replaced by other ions depending on their relative concentrations and affinities for the 
sites. Spent cation exchange resins containing 60Co and 137Cs represent a major portion of the 
solid radioactive waste in nuclear technology. 

Cement is used as a solidification material for the storage of intermediate-level 
radioactive waste. However the retention of radionuclides, especially cesium, in the cement 
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matrix is negligible. The sorption of cesium on cement is low and diffusivity of cesium in the 
hydrated cement is high. 1-4 Only when the cement is mixed with a material having a 
significant sorption capacity, normally bead or powdered ion exchange resins, is the 
leachability of cesium and cobalt from the cement matrix low enough to be acceptable. 4-7  

The objectives of immobilization are to convert the waste into forms which are: 
- leach resistant, so that the release of  radionuclides will be slow even in contact 

with flowing water, 
- mechanically, physically and chemically stable for handling, transport and 

disposal.  
Although cement has several unfavorable characteristics as a solidifying material, i.e. low 
volume reduction and relatively high leachability, it possesses many practical advantages: 
good mechanical characteristics, low cost, easy operation and radiation and thermal stability. 
It is generally assumed that the cement leachability of 137Cs and 60Co and other radionuclides 
can be reduced by adding minerals like bentonite, and zeolite (clinoptilolite). 6,9  Bentonite is a 
natural clay and one of the most promising candidates for use as a buffer material in the 
disposal systems for nuclear waste, because of its ability to retard the movement of 
radionuclides by sorption. Bentonite is characterized by a low hydraulic conductivity and 
excellent sorption capacity for cationic radionuclides, but is generally ineffective in adsorbing 
anionic contaminants. Natural zeolites were the first material to be used in ion exchange 
process. In addition to being ion exchangers, natural, mineral inorganic materials can also act 
as sorbents.8,9  Zeolites which have been considered for radioactive waste-treatment include 
mordenite, erionite, chabazite and clinoptilolite.  Among these, clinoptilolite has received 
much attention due to its widespread occurrence and high selectivity for 137Cs, and 90Sr and 
was demonstrated to be effective in removing these radioisotopes from process waste 
waters.11 

The cement specimens were prepared from a standard Portland cement . The cement 
was mixed with saturated wet spent mix bead ion exchange resins,(100gr. of dry resins +100 
gr. of water containing 60Co  and 137Cs, both in nitrate forms, pH=8,4-8,8),  bentonite clay, 
montmorillonite, with empirical formula (Na,Ca)0,3(Al,Mg)2Si4O10(OH)2·n(H2O)(43% SiO2 ; 
19% Al2O3 ; 4% Fe2O3 ; 2,6% MgO, 36% H2O and 3,3% CaO). and zeolite, clinoptilolite, 
with empirical formula (Na,K,Ca) 2-3Al3(Al,Si)2Si13O36·12(H2O), (59,4% SiO2, 16,82 % 
Al2O3 , 3,18 % Na2 O, 1,23 % CaO, 15.8 % H2O) 

 
 The mixtures were cast into 50 mm diameter cylindrical molds with a height of 50 mm, 

approximatly 100 grams, which were then sealed and cured for 28 days prior to the leaching 
experiments. 7 

 
Table I. Grout Composition (calculated as grams of spent mix bead exchange resins for 

1000cm3 of mixtures 
Mater (g) M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13
resins 350 350 350 350 350 350 350 350 350 350 350 350 350 
cement 1270 1280 1315 1270 1280 1315 1300 1340 1380 1340 1380 1380 1380 
water 280 320 350 350 360 400 400 450 450 450 500 500 600 
Bentonite 
% of cement 

0 
0 

13 
1 

39 
3 

0 
0 

39 
3 

65 
5 

0 
0 

67 
5 

110 
8 

0 
0 

138 
10 

0 
0 

138 
10 

Clinoptilolite 
% of cement 

0 
0 

13 
1 

0 
0 

38 
3 

39 
3 

0 
0 

65 
5 

67 
5 

0 
0 

110 
8 

0 
0 

138 
10 

138 
10 

 
Initial activity Ao = 8,0⋅107 Bq/per sample ( 60Co  and 137Cs) 
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More then 100 different cement formulations were examined to optimize their 
mechanical and sorption properties. In this paper we discuss thirteen formulation shown in 
Table I. 

 

2. EXPERIMENTAL 
 

 Samples for leachability determination were prepared according to the IAEA standard 
 
 Procedure.7 Leachant was exchanged and analysed for radioactivity 
after:1,2,3,4,5,6,7days,  
and thereafter every week for 1 month and from there on every month, until 300th day. After 
each leaching period the radioactivity in the leachant was measured using EG&G- ORTEC 
spectrometry system and software. The volume of the leachant in every leaching period was 
200 ml. 
Testing of concrete compressive strength is a classical method which is practiced in civil 
engineering. Compressive strength (M), is expressed in MPa. A total of 13 cube shaped 
concrete samples 10x10x10cm are prepared and tested at two different natural sorbents 
contents (0,1,3,5,8,5 and 10%) of cement . The compressive strength of these samples is 
determined following the ASTM standards. The results are presented in Table II. and Fig.1. 
where each point on graph represents the average of three tests. 
 

Table II. Compressive strength M (MPa) of samples after 28 days 
 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 
Compresive 

Strength 
(MPa) 

 
29.0 

 
27.9 

 
26.4 

 
27.8 

 
23.3 

 
24.2 

 
25.5 

 
20.9 

 
21.2 

 
23.9 

 
20.1 

 
22.3 

 
14.6 
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    Fig.1.  Compressive strength M as a function of natural sorbents 
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3.  MATEMATICAL TREATMENT OF  DATA 

The results are expressed by incremental leaching rates Rn(cm/d) 

(cm/d)  
t

1
S
V

A
a

R
0

n
n ∑
∑=     (1) 

where 

 an - the radioactivity of leached constituent during each leaching interval (Bq) 

 Ao - the specific radioactivity initially present in the specimen (Bq) 

 S   - the exposed surface area of the specimen (cm2) 

 V   - the sample volume (cm3) 

 t     - the duration of the leaching period (d). 

The apparent diffusivity De is calculated from equation: 

/d)(cm  
S
Vm

4
πD 2

2

2
2

e =     (2) 

where: 

m   - slope of the straight line, obtained from a plot of Σan/Ao versus √Σtn (d-1/2). 

 
4. RESULTS AND DISCUSSION 

Testing of mechanical characteristics of the cement-natural sorbents composite was 
performed with each of the thirteen samples. We performed three measurements for each data 
point and the average value plus/minus standard deviation was determined for each data point. 
Table II gives compressive strength M(MPa) of thirteen samples after 28 days. Although 
mechanical characteristic is less important, it define additional selective criteria for 
optimization of thirteen cement-natural sorbents based formulations. 

The leaching rates from the cement-bentonite matrix as 60Co:(1.20-9.72)x10-5(cm/d) 
,and for 137Cs:(1.00-9.22)x10-4(cm/d), after 300 days were measured. From the leaching data 
the apparent diffusivity of cobalt and cesium in cement-bentonite or/and clinoptilolite matrix 
with a waste load of 350 (kg/m3) spent mix bead exchange resins was measured as 60Co:(1.0-
5.9)x10-6(cm2/d) and for 137Cs:(0.48-2.4) x10-4(cm2/d) after 300 days. Table III gives the 
results of Incremental leach rate Rn(cm/d) and apparent diffusivity De(cm2/d) 60Co and 137Cs 
after 300 days, for spent ion exchange resins. 

This manuscript describes the successful way of immobilization of spent ion exchange 
resins as a radioactive waste by cement-natural sorbents matrix. On the basis of the leaching 
rate, as the most important characteristic of cement-natural sorbents - waste composition, we 
can predict percentage of leaching during next 300 years (ten half time of decay of 137Cs). At 
the end of this period radioactivity will decrease over thousand times and safety standard will 
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be reached. The net fractional release of the two radionuclides showed a decreasing pattern as 
137Cs>60Co, indicating the largest diffusion coefficient for cesium, for one order of magnitude,  
in all waste matrices , which aggress well with other authors.3,5,8,9  

 
Table III.   Incremental leach rate Rn(cm/d) and apparent diffusivity De(cm2/d) 60Co 
                  and 137Cs after 300 days, for spent ion exchange resins 

 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13
Rn

60Co·105 9.72 7.64 6.21 8.66 5.41 4.73 7.82 3.52 3.36 7.52 1.21 5.03 1.20 
Rn

137Cs·104 9.22 7.42 8.01 6.21 5.61 7.12 3.12 3.01 5.53 2.52 4.63 1.1 1.00 
De

60Co·106 5.90 4.62 4.04 5.22 3.63 3.03 4.83 2.00 1.95 4.52 1.10 3.61 1.00 
De

137Cs·104 2.40 1.92 2.08 1.61 1.45 1.81 0.81 0.78 1.43 0.63 1.23 0.52 0.48 

 
 
This phenomena is related with cement wasteform chemistry. 137Cs  has low field 

strength and therefore do not hydrolyze to any significant extent in solution,  hereby remains 
substantially soluble in the high pH environment of cements. Inversely 60Co has greater field 
strength and hydrolyze to the certain extent. Consequently, they are usually present in 
solution dominantly as cations at low to neutral pH, but can form neutral or anionic insoluble 
hydroxyl complexes at higher pH. 

Variation in diffusion characteristic is influenced by amount of bentonite and/or 
clinoptilolite as a natural sorption material. Fig 1. and Fig 2. demonstrate apparent diffusivity 
De(cm2/d) for 60Co and 137Cs as a function of natural sorbents. 137Cs was preferably sorbed by 
natural clinoptilolite, while natural bentonite has higher sorption ability for 60Co.12 This 
phenomenon is explained thereby in the case of natural clinoptilolite, although various cations 
are available for ion-exchange (Ca2+, Mg2+, Na+, K+), the hydrated ionic radii of sorbet was 
found to be the most influential for sorption process. Monovalent cations (137Cs) in respect to 
divalent (60Co) have larger ionic, but smaller hydrated ionic radii and with more weakly 
bonded water molecules they appear to move more freely into and out of the cement-natural 
sorbents pores. Bentonite selectivity towards divalent metal cations is a result of an ion-
exchange process with Ca2+ ions. 
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          Fig 2.  De 60Co as a function of natural sorbents 



1003.6 

Proceedings of the International Conference Nuclear Energy for New Europe, 2006 

Apparent diffusivity De decrease by increasing amounts of natural sorbents with some 
certain deviation. Particularly, 5 and 8% of pure bentonite and clinoptilolite have higher 
sorption ability for 60Co and 137Cs than 6 and 10% of their equivalent mixture.  
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                   Fig 3. De 137Cs as a function of natural sorbents 

Fig.1. demonstrate compressive strength M (MPa) as a function of natural sorbents. 
Compressive strength is reduced by increasing amounts of natural sorbents . Since 
clinoptilolite is harder and more compact material than bentonite, cement-clinoptilolite 
formulations have better mechanical characteristics. Contribution of 10 % bentonite and 10 % 
clinoptilolite seriously deteriorate cement matrix and although formulation M13 has the best 
leach resistance we must excluded it for further investigation. It is found that the best waste 
isolation, without causing an inadmissible loss in the mechanical strength, is obtained when 
the content of bentonite and clinoptilolite in cement is 5% each. 

 
5.  CONCLUSION 

• The net fractional release of the two radionuclides showed a decreasing pattern as 
137Cs > 60Co, indicating the largest diffusion coefficient for cesium, for one order 
of magnitude in all waste matrices. 

• Reduction of leaching rate is influenced by increasing amount of bentonite and 
zeolite 

• 137Cs was preferably sorbed by natural clinoptilolite, while natural bentonite has 
higher sorption ability for 60Co. 

• Compressive strength of the cement-natural sorbents composite is remarkably 
reduced by increasing amounts of natural sorbents. 

• It is found that the best waste isolation, without causing an inadmissible loss in 
the mechanical strength, is obtained when the content of bentonite and zeolite in 
cement is 5% each. 
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These results are part of a 30-year mortar and concrete testing project which will 
influence the design of  radioactive waste management for a future Serbian radioactive waste 
disposal center. 
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