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Abstract 

Spent radioactive ion-exchange resin (SIER) and evaporation concentrates are  radioactive wastes that are produced at by 
pressurized water reactor (PWR) nuclear power stations. Borate, which is used as a retardent for cement, is also present as a 
moderator in a PWR, therefore, borate will be present  in both ion-exchange resins and evaporation concentrates. In this study 
the use of Calcium sulfoaluminate cements (SAC) as encapsulation medium for these waste streams was investigated. The 
study involved the manufacturing of different cement test samples with different amounts of SAC cement, waste resins (50% 
water content) and admixtures. In order to reduce hydration heat during 200 L solidification experiments, different 
admixtures were investigated. Initial results based on compressive strength tests and hydration temperature studies, indicated 
that zeolite was the best admixture for the current waste form. Experiments indicated that the addition of  resin material into 
the current cement matrix reduces the hydration heat during curing Experimental results indicated that a combination of SAC 
(35 wt. %), zeolite (7 wt. %) mix with 42 wt. % resins (50% water content) and 16 wt. % of water forms a optimum cured 
monolith with low hydration heat. The microstructures of hydrated OPC, SAC and SAC with  zeolite addition were studied 
using a Scanning Electron Microscopy (SEM). SEM results indicated that the SAC matrices consist of a needle type structure 
that changed gradually into a flake type structure with the addition of zeolite. Additionally, the presence of zeolite material 
inside the SAC matrix reduced the leaching rates of radionuclides significantly. In a final 200 L grouting test, measured 
results indicated a hydration temperature below 90oC withno thermal cracks after solidified. The influence of radiation on the 
compressive strength and possible gas generation (due to radiolysis) on cement waste forms containing different 
concentrations  ion exchange resin was studied using a Co-60 source. Results indicated that 106 Gy radiation had no 
influence on the compressive strength of the different matrixes. However, results indicated that radiation (105 Gy) of 
encapsulated resin matrixes have resulted in gas formation. The different gas compositions were analyzed and t 3.5% (max) 
hydrogen was measured. The presence of hydrogen formation can be limited by reducing the concentration of  spent  resin in 
a matrix intended  for long term storage or disposal in High-Integrity-Containers. Calculations confirmed  that the cumulative 
amount of solidified spent radioactive ion exchange resin encapsulated  in China will not generate high concentrations of 
hydrogen. In summarizing, the results from this study indicated that t SAC is one of the preferential encapsulation cement for 
ion exchange resins and that a resin loading of 75(vol %) (wet resin) is achievable. It is therefore recommended that the 
performance requirements for the solidified of radioactive waste form could  be amended and that new guidelines for 
performance characterization should be established. The biodegradation of  solidified resin waste is unknown and could be a 
safety concern and therefore future studies must investigate this aspect. Modeling regarding the leaching of radionuclide from 
solidified resin waste should be encouraged. 
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1. INTRODUCTION 

During the operation and decommissioning of nuclear facilities, large amounts of  radioactive ion 
exchange resins will be  produced. These resins contain radioactive nuclides and cannot  be re-used. 
These waste resins should be properly treated and disposed in order to minimize the potential danger 
to the environments. Cement could be considered for resin solidified due to its good physical, 
chemical and mechanical properties. Cement solidified was developed in the 1950s, and it was the 
only method for solidification of radioactive wastes before 1965s [1]. After this period pitch, plastic, 
incineration and pyrogenation were considered for solidification [2, 3].When comparing cement 
solidified with these new solidified technologies, the new technologies have  disadvantages such as 
high temperature operational conditions, flammable and difficulty in  handling and are therefore 
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seldom accepted and used in industry. Since cement solidified emerged, researchers from all over the 
world had committed them to improve this technology[4-15]. Current research is focused on 
increasing waste loadings, minimization of leach rates of nuclides and improving the mechanical 
properties  of the matrix. The aim of this report is to demonstrate the theoretical basis on which the 
new  cement solidified process in China is based. 

2. COMPATIBILITY BETWEEN CEMENT AND WASTE RESINS 

The purpose of solidification is to isolate radioactive  or hazardous waste from the environment by 
fixing the waste into cement-based or pozzolan-based solidified systems. In these systems the wastes 
are physically encapsulated and/or chemically bound. The properties of the final solidified waste are 
influenced by  the chemical composition of the encapsulation material as well as the mechanical 
structures used for the waste form. The possible mechanisms for the solidification of contaminants 
into cements are: (a) chemical fixation; (b) physical adsorption; and (c) physical encapsulation [16, 
17]. Recent results indicated  that the addition  of resins into cement will not influence the hydration of 
cement, nor would it change the main composition of the hydration products [18]. The SEM results in 
Figures 1 and 2 of resins encapsulated into SAC (a type of specific cement) or Ordinary Portland 
Cement (OPC) indicated that in both types of matrixes that the solidified resins were only physically 
encapsulated. 

 
FIG.1. SAC solidified waste.   FIG. 2. OPC solidified waste. 

The cement composition, water/cement ratio and curing conditions are some aspects that will have an 
influence on the pore structure of the solidified waste. Furthermore, the pore structure is one of the key 
factors that determine the physical and chemical properties of the final waste. For example, radioactive 
nuclides can diffuse into the environment if the pore structure is connected and therefore leaching tests 
were designed to determine the relationship between the leaching of radionuclide and the 
microstructure of the solidified waste. Literature results indicated that by minimizing surface porosity 
solidified and reducing inter connected pore structures of solidified matrixes, the leaching of 
encapsulated waste will be minimal [19]. Current studies to reduce leaching through a pore system are 
to reduce the water/cement ratio and perform curing under pressure in order to minimize pores in a 
solidified product. Surface painting to clog surface pores could also be considered. 

3. RESEARCH ON RESIN SOLIDIFICATION 

Cement compositions, cement proportion, resin properties, resin load compositions of additive, 
water/cement ratio and solidified conditions are main factors that influence the properties of solidified 
waste. OPC is often used as base material for the solidification of resins. In order to improve the 
characteristics of solidified waste, some supplementary materials called “admixtures” could be added 
and  are listed in Table 1. 
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TABLE 1 ADMIXTURES  USED IN CEMENT SOLIDIFICATION PROCESS 

Material Intended purpose Negative characteristics Ref. 

Fly ash Decrease permeability, increase 
fluidity, lower initial heat evolution 

Excess blend water, reduce strength [20, 21] 

Blast furnace slag As for fly ash,  lowers initial Eh As for fly ash [17,25] 

Natural pozzolan  
(zeolite) 

Increase radionuclide adsorption Excess blend water, reduce strength [22] 

Clay minerals Increase radionuclide adsorption Reduce strength [23, 24] 

Silica fume Decrease permeability, increase 
radionuclide adsorption 

Difficulty to mix homogeneously, 
Increase water: cement ratio 

[25, 28] 

Superplasticizers Reduce water content and 
permeability 

long term effect of organic content 
under on cement properties not 
known 

[4] 

Sodium silicate 
Calcium hydroxide, 
sodium hydroxide 

Precipitate heavy metals, decrease 
permeability 

Rapid setting [4] 

 Reduce solubility of special 
radwaste species e.g. Ag+,Ba2+,for  I-

,IO3
- 

Unstable formation of salts  
(e.g. AgI, BaI2) in cement 

[4] 

Organic polymers Reduce permeability, adsorbent for 
tritium 

Not stabile in radiation 
environmental  

[4] 

  

3.1. Literature information on the leaching rate of nuclides 

The disposal of spent ion exchange resins are  done after the encapsulation into cement. Under cement 
encapsulated conditions,  heavy metals will precipitate in the cement matrix while alkali metals, such 
as cesium (Cs), will remain substantially soluble and leach out from the waste form. Results indicated 
that even if Cs-loaded resins are encapsulated, the matrix will have a leaching rate that is one or two 
orders of magnitude higher compared to the leaching rate of Cs from the resins themselves. Current 
research focus on the reduction of Cs leaching (in terms of the total Cs adsorbed on the resin) by 
blending natural  and chemically treated zeolites into the cement as an admixture (Sandor [18]). 
Results from this study indicated that the addition of natural zeolites decreased the Cs release between 
70–75% (of the quantity originally bound in the resin) over a 3-year leaching period. 

The effect of Kaolin clay on the leaching properties and strength of the cemented waste form was 
investigated by Erdal [19]. Long-term leaching tests results indicated that  the inclusion of kaolin into 
cement reduces the leaching rates of  radionuclides significantly. However, results indicated that clay 
additions in excess of 15 wt. % reduces the  hydrolytic stability of cemented waste form. With the 
addition of 5 %  kaolin content to the cement matrix, .t a minimal leaching rate and maximum strength 
was observed. 

3.2. Literature results regarding resin loading and  compressing strength of cement 
structures 

Research has been done by Natsuda [26, 27, 28] to improve resins load and compressing strength of 
solidified waste. Results from these studies indicated that resin loading for solidification into OPC 
should be restricted to less than 20% to prevent the formation of cracks at higher loadings that will 
result in an unstable waste product. The cracking of the cement waste form was attributed to the 
generated swelling pressure of resin (50 MPa(max)) that exceeds the tensile strength of the cement 
waste form. 
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Furnace slag and fly ash as admixture for resin encapsulation was studied by Pan [5]. Results from this 
study indicated that by using a combination of furnace slag (24 wt. %), fly ash (24 wt. %), and OPC (8 
wt. %), a loading of 24 wt. % of resin could be encapsulated.. The addition of zeolite into OPC cement 
for the encapsulation of resins was studied by Bagosi [22]. Results indicated that 24 ml resin can be 
encapsulated into a mixture of 55.9g OPC, and 37.3g zeolite. Assuming the weight of 24 ml resins was 
40 g, the resins loading was around 43%. 

In order to increase the resin loading and stability of the waste products, fibers (stainless steel fibers, 
fiberglass or carbon fibers) can be added. Research results [24] indicated  that addition of certain 
fibers  improved the stability of the solidified waste product, however,  fiberglass and carbon fibers 
were not suitable for resin  solidification into cement as fiberglass are not alkali-resistant and dissolve 
in the cement matrix. The problem with the use of carbon fibers is the creation of a homogenous waste 
form. Durafiber (polypropylene) is currently used in the cement industry to minimize cracks in cement 
structures and might be considered for the encapsulation of  spent radioactive resins provided that this 
fiber is radiation resistant.  

3.3. Research on controlling hydration heat  

Heat release during hydration of cement is must be controlled to prevent the formation of cracks 
during the curing of solidified waste products. Controlling induced  stresses from hydration heat  is 
important before the solidification technology can be applied on an industrial scale.  

The following methods can be used to control hydration temperature in order to minimize crack 
formation [29]: 

(1) Reducing cement content, 
(2) Using cement powder that generates low hydration heat, 
(3) Improving heat emitting conditions, 
(4) Minimizing temperature gradients during curing.  
 

Addition of admixtures can also reduce hydration heat, but unfortunately the compressive strength will 
decrease. The construction of a  heat release curve can be helpful to determine the influence of 
admixtures on the hydration heat. .  

3.4. Results 

3.4.1. Micro structural study  

Mercury Intrusion Test, X-ray-diffraction and SEM analysis were used to determine the 
microstructure properties of different manufactured SAC test samples containing resins? The results of 
Mercury Intrusion Test presented in Figures 3 and 4 indicated that  the pore sizes were between 5 nm 
and 100 nm. A problem encountered during the test was that the mercury inside the  pores of the SAC 
matrix could not be extracted. The interstitial rate of SAC matrices calculated by software was to be 
1.17%, and the interstitial rate of OPC matrices was 2.26%. 



 

 5 

 

FIG. 3. Intrusion and release curve of SAC.   FIG. 4. Intrusion and release curve of OPC.  

The SEM results of SAC prepared matrices and OPC matrices are shown in Figures 5 and 6. The SEM 
results indicated that the SAC matrix has needle like structures while the OPC matrix has a type of 
flake structure. This differences in  structures could be responsible for the different performances 
associated with the different matrixes.  

           

Fig. 5. SEM picture of SAC matrices.   Fig. 6. SEM picture of OPC matrices.  

The X-ray diffraction analysis of the SAC matrix indicated  that the formed hydration products formed 
are mainly 3CaO·Al2O3·3CaSO4·32H2O, while the hydration products of OPC manufactured matrix 
are mainly crystals of portlandite and 3CaO.2SiO2.3H2O gel. 

SEM technology was used to study the influence of the addition of zeolite as admixture on the 
microstructures of the solidified matrixes made from SAC The SEM results presented in Figure 7 
indicated that even in the presence of low concentrations of zeolite as admixture, needles or spines 
structures were observed for the SAC matrix. Results in Figure 7 indicated that with added 
addition of zeolite, the needles or spines structures transform gradually into a flake structure 
(Addition of 40% zeolite). Based on the assumption that the needles or spines structures 
improve the compressing strength of the solidified products, the addition of small 
concentrations of zeolite will not dramatically reduce  the compressive strength of the matrix. 
Zeolite addition might reduce the leaching of radionuclides from this type of matrix.   
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FIG. 7. SEM pictures of SAC matrix with addition of zeolite. 

3.5. Leaching rate of matrices cemented by SAC  

Leaching tests were performed using the method described in the national standard GB7023 [30]. 
During the leaching test, specimens were stored in air-tight PVC vessels that were filled with 2-L 
deionized water. The specimens were hanging inside the water with the aid of a  thread. The geometry 
of the container was designed in order to ensure a t 10 mm of water surrounding the matrix. 

The leaching rates R were calculated using  

R=CLV/WFTn                                        (Eq.1) 

Where:  R is the leaching rate of cations, cm/d;  

C is concentration of cations in the leacate, g/ml;  

L is the leachant volume, ml;  

V is the matrix volume, cm3;  

W is the cations loading in the simulated resin in the matrix, g;  

F is the matrix surface area, cm2;  

Tn is duration of the nth period, in days.  

The leaching rates of Cs from  matrices manufactured with SAC and different amounts of  zeolite 
additions were studied. The results of the leaching rate of Cs for the different matrixes are presented I 
Figure 8. Alternatively, using the leaching rate data a normalized calculations of the concentration of 

1  2   1. 10％ zeolite   2. 20％ 

zeolite 
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Cs remaining in the different matrixes were performed and are presented in Figure 9. The results from 
Figures 8 and 9 indicated that  the addition of zeolite reduces the leaching rate of Cs in these matrixes. 
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FIG. 8. Influence of zeolite addition in SAC on the leach rate of Cs+. 
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FIG. 9. Normalized graph of Cs+ remaining in different matrixes after leaching process. 

 

4. CONCLUSION  

By comparing results from previous OPC cement solidification processes, the current SAC cement 
composition is a promising alternative material for the cementation of radioactive spent resins. The 
characteristics of this type of cement formulation are low nuclides leaching rates, high spent resin 
loadings, stable  during wet and dry curing, high compressive  strength, and minimal  manufacturing 
problems. The current research indicated that the addition of zeolite as admixture positively increases 
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the properties of these matrixes as a reduction in leaching rates were observed. However  the high 
hydration heat released during curing of the SAC structure must be controlled to minimize induced 
stresses. Techniques to reduce the hydration heat are currently underway.  
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