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1. INTRODUCTION 
 

     Low level liquid effluents are generated in large volumes, in Trombay during operation of 

nuclear research reactors, reprocessing plant and research laboratories. These waste streams are 

contaminated with fission products and activation products. The critical radio nuclides which 

need treatment to bring the activity discharge levels to minimum are radio cesium, radio 

strontium and radio cobalt. On an average about 1lakh cubic meters of low level waste generated 

annually1 at Trombay is currently treated by chemical precipitation process involving copper 

ferrocyanide - ferric hydroxide flocs. In general such a treatment process yields two streams i.e. 

sludges which have to be separated from the decontaminated bulk liquid streams requiring 

further management, storage and disposal of these products. Since the volumes of sludge 

generated during chemical precipitation process are considerable, they contribute to major cost 

factor in addition to that of time and manrem expenditure.  

      As it is advantageous to use a column process compared to batch separation, an ion exchange 

process is sought to be developed for removal of major radio nuclides from such low level 

wastes as an alternative to precipitation process. Zeolites2 have shown application in the 

treatment of low and intermediate level radio active liquid waste with considerable success. 

Since India does not have rich natural zeolite deposits, only synthetic zeolite, which are available 

commercially can be employed for this purpose. 



   

     During the last thirty years the synthetic zeolites have attracted increasing attention in the 

field of nuclear waste management because of number of characteristics like high thermal & 

radiation stability, easy availability, high selectivity with regards to cation exchange and 

mechanically stable granules which can easily put to use in fixed bed columns operations. 

Indigenously available, commercial samples of zeolite AR1, 4A and 13X have been individually 

characterized3,4 and evaluated for their performance toward uptake of commonly present radio 

nuclides in the radioactive liquid waste generated during nuclear fuel cycle. Systematic 

investigations have been carried in our Lab. and elsewhere to evaluate the performance of these 

synthetic zeolites for the removal of 137Cs, 90Sr, and 60Co from tracer solutions as well as from 

waste streams. These studies have indicated that Zeolite AR1 has high selectivity5 for cesium 

ions, 4A6 for strontium ions and 13X for cobalt ions, from solutions. In view of vast potential of 

these zeolites for treatment of low level waste, it was of interest to investigate a treatment 

scheme, using zeolite AR1 in conjugation with 4A and 13X, in a single fixed bed column 

operation, for the treatment of low level liquid waste received at Effluent Treatment.Plant (ETP) 

Trombay and the present work is a step in this direction. 

      Being alumino silicates the zeolites are expected to be compatible with most of inorganic 

matrices like cement and glass, which are commonly used for immobilizing radioactive waste as 

final waste form. Zeolites themselves can be considered as a matrix for long term storage of the 

exchanged nuclide by thermal / hydrothermal treatment7 of the ion exchanger as this results in 

growth of phase which may immobilize the ions. In general cement concrete mix has been found 

to be a suitable matrix for incorporation of waste concentrate having low activity. These 

considerations prompted us to investigate in detail the solidification of zeolite, loaded with 

radioactivity from column use, in cement as stable waste form for final disposal. Incorporation of 



   

mineral like vermiculite as minor additive for improving the leaching characteristics of the final 

waste forms has also been evaluated. Finally the zeolite incorporated cement blocks were 

subjected to leach tests for over 200 days to assess the release of activity from these waste forms 

in distilled water. 

2.0 EXPERIMENTAL 

2.1 Synthetic zeolites 

     Synthetic zeolite of type AR1, 4A and 13X were procured from Indian Petrochemical 

Corporation Ltd. (CATAD Division) in the form of cylindrical chips of length 1-5mm and 

diameter of about 1.5 mm. These samples were ground and dry sieved to particle size of 0.3 to 

0.6mm. The ground particles were repeatedly soaked in distilled water and decanted to wash the 

fines sticking to the particles, finally dried at ambient temperature (30oC) .The air dried samples 

were equilibrated with 1.0 M NaCl solution overnight , washed free of chloride with distilled 

water  and once again dried at ambient temperature . They were stored in a desiccator containing   

saturated ammonium chloride solution and were used as such for all batch and column studies. 

2.2 Batch studies 

     The batch studies on distribution measurement were performed in duplicate by shaking  0.1g 

sample of zeolite AR1, 4A or 13X with 10 cm3 of waste or tracer solution for eight hours with a 

mechanical shaker followed by overnight contact. After equilibration phases were separated by 

centrifugation and liquid phase was analysed radiometerically using either well type NaI(Tl)  

detector or by GM counter. The results are expressed in terms of the distribution coefficient (Kd) 

which is defined as  

 

 



   

                                     Kd  =  ( Ai – Af / Af ) V/m 

    Where Ai is the initial activity and Af is the final activity of the radioisotope in the aqueous 

phase,  V is volume of the solution in cm3 and m is the weight of the sample of zeolite in grams. 

 2.3 Column operation 

Column bed of mixed zeolites was prepared by mixing zeolite AR1, 4A and 13X of grain size 

0.3 - 0.6mm in the ratio of 70%, 20% and 10% respectively so that the total bed volume of the 

fixed bed was 5 cm3. Measured volume (5 cm3) of the mixed zeolites was packed in a glass 

column of internal diameter of 10mm. Ten liters of the low level liquid waste was collected from 

Effluents Treatment Plant (ETP) at Trombay, filtered through a coarse filter paper to remove 

suspended matter and spiked with 134Cs and 85+89Sr tracer to facilitate the analysis of the 

effluents. This waste was passed through the fixed bed by using peristaltic pump at a constant 

flow rate of 10 BV/hr. Samples of the effluents were collected periodically both for specific bed 

volume and cumulative volume and analysed by radiometric techniques.134 Cs  and 85+89 Sr  

content of effluents was analysed by counting for γ activity using well type NaI(Tl) detector 

connected to a single channel analyzer. Gross beta activity of the effluents was counted by GM 

counter. The results are expressed in terms of decontamination factor as follow 

                                              DF = C0 / C i    

Where C0 is activity of the influent and  Ci is the activity of the effluent, from column. 

2.4 Loading of radionuclides  

          Weighed amounts (depending upon percentage waste loadings ) of zeolite AR1 were 

equilibrated with 50 cm3 tracer solution in distilled water containing total activity 150µCi of 

radio cesium for 8 hours. After equilibration the  solid samples were  separated by filtration and 

washed with distilled water to remove the loose activity. The filtrate sample was counted for 



   

accounting activity loaded on the exchanger .  It was found that the actual activity loaded on the 

zeolite AR1 was 120  µCi  radio cesium. Similarly required amount of  zeolite 4A was loaded 

with strontium by equilibrating with 50ml of tracer solution containing   80 µCi of  85+89 Sr and 

entire activity was found to be loaded on the zeolite . 

2.5 Preparation of Cement Blocks  

 Mixed zeolites, cement ,vermiculite in required amounts were slowly added to calculated 

amounts of water in a PVC cylindrical mould with vigorous  stirring  followed by addition of 

(10λ)  saturated sodium silicate solution8. Details of each block are given in Table No 1.   The 

mixture was allowed to set into a block  which was taken out by breaking the mould open.  

Finally the blocks were transferred into a desiccator containing distilled water for   a period of   

30 days for curing. 

2.6 Leaching set up   

After the completion of curing period the blocks were taken out from the desiccator and washed 

with distilled water. The height and diameter of each block was measured to determine the 

volume of the block. Then the block was tied with SS wire and hanged in a beaker containing 

distilled water (10 times the volume of the block )  in such a way that it was  completely 

immersed in the water.    The container was covered with aluminum foil to avoid any loss of 

leachant due to evaporation. Leachate samples were filtered and reserved for analysis. 

2.7 Sampling frequency 

Samples of leachant were withdrawn and analysed periodically. During the first four days 

leachant was  renewed  daily  with fresh aliquots of distilled water and the samples were 

collected.  Next four sample were taken every fourth day, followed by four weekly samples and 

six monthly samples.  All the samples were analysed by counting for radio cesium and radio 



   

strontium activity along with the  original  activity of the respective nuclide using NaI(Tl) 

scintillation counter.       

3.0 RESULTS & DISCUSSION 

   3.1 Column studies 

   The typical chemical and radiochemical composition of the low level liquid waste received at 

Effluent Treatment Plant at Trombay is presented in Table-2. The major radio contaminant in 

waste stream is radio cesium, which accounts for 50 to 80% of the total beta gamma activity in 

the waste. The contribution of radio strontium to the total activity varies between 20 to 40%. 

Radio cobalt content is significantly low and is usually less than 5% of the total beta activity. 

The waste was relatively clean and had less than 20 ppm of suspended solids where as dissolved 

solids were measured to be around 300 ppm for the sample received for this run. The waste was 

traced with 134Cs and 85+89Sr tracer to bring up the individual activity of these ions to  facilitate 

final analysis of the effluents from column. 

   Zeolites are known to be selective for certain radio nuclides such as cesium, strontium, cobalt, 

other multivalent ions and are being considered as a matrix for long term storage. These zeolites 

are usually prepared by hydrothermal treatment of sodium silicate, aluminate and hydroxide 

solutions. Synthetic zeolites are crystalline cross linked polymeric alumniosilicates. The basic 

unit of the polymeric macromolecules are Si(O/2)4  and Al(O/2)4
 –  tetrahedra where O/2 

represent the bridging oxygen atom. Each Al(O/2)-
4tetrahedron formally bears negative charge 

which is compensated by metal ion present in the interstices of alumniosilicate framework. The 

Si/Al ratio is one of the main parameter, which governs most of their ion exchange selectivity 

properties. Zeolite AR1 which is essentially mordenite with low Al content and hence high  Si/Al 

ratio has low charge density and takes up cesium ions from solutions in preference to other alkali 



   

metal ions. Zeolite of type A are three dimensional network of super cages through shared rings 

of tetrahedra with Si/Al ratio9 of nearly 1.0. Generally The Na+-A type zeolite prefer cations of 

higher valence, atomic weight and has tendency to form ion pairs. Thus uptake of Sr2+ is much 

preferred on A type zeolite and are suitable for removal of this nuclide from liquid waste 

solutions. Zeolite 13X are faujasite lattice with Si/Al ratio of nearly 1.25, suitable for polishing 

waste with regards to multivalent ions. 

     The distribution coefficients (kd) of various nuclides from low level waste sample, with 

different Zeolites are presented in Table-3. These results indicate that the zeolite AR1 has high 

affinity for cesium ions, zeolite 4A for radio strontium and zeolite 13X for cobalt ions in the low 

level waste solution. It is however seen that the removal efficiency for various ions is slighly 

reduced in waste solution as compared to tracer solutions because of presence of sodium ions 

which compete adversely, particularly with cesium and strontium uptake. 

    Based on the radiochemical analysis of the waste sample it was decided to prepare the mixed 

zeolite bed by combining zeolite AR1, 4A and 13X in the ratio of 70% : 20% : 10%. The results 

of column studies with low level waste are presented in Fig.1. The results show that this mixed 

bed of zeolites is highly effective in decontaminating this waste stream from radio cesium, radio 

strontium and gross beta gamma activity. For the first 1000 bed volumes the average DF’s for 

radio cesium, radio strontium and gross beta activity were as high as 500 reducing the activity of 

the effluent stream from column to about ≈ 10-6 µCi/cm3. There after the DF’s slowly stabilized 

between 100-200 for the first 10,000 bed volumes of waste solution.  The column run was 

terminated after passing ten thousand bed volumes of waste solution as the contact dose on the 

surface of column exceeded 250 mR/hr. These results indicate that the mixed zeolite bed is able 

to give quantitative removals of radio cesium, radio strontium and gross βγ activity. Effluents 



   

from column are reduced to less than 1x10-5 µCi/cm3 for all three components. These results 

also indicate that very high volume reduction factors (upward of 10,000) are available in this 

process compared to low volume reduction factors (less than 100) available with chemical 

precipitation, besides the process is continuous. Thus a mixed zeolite, fixed bed column process 

can be employed for the effective decontamination of low level liquid effluents received at ETP 

Trombay with regards to all major radio nuclides so that the effluents can be brought to 

dischargeable level after a single pass through the column. 

3.2 Leaching studies 

  The studies on the containment of entrapped activity in the zeolite bed was carried out by 

solidifying them in Portland cement matrix with or without additives like vermiculite10. In all 

five blocks were cast, the details of which are described in Table 1. Cement blocks M1, M2 and 

M3 were made by varying the zeolite loading to 40%. 50% and 60% respectively, maintaining 

the ratio between zeolite AR1 :  4A : 13X at 7 : 2 : 1, which was the ratio employed for the 

column run. The quantity of vermiculite added was maintained at 10% of the total amount of 

zeolite added. In order to study the effect of addition of vermiculite as a diffusion barrier, block 

M4 was made at 60% zeolite loading without addition of vermiculite. The total amount of 134Cs 

and 85+89Sr activity loaded on various zeolites, in all blocks was kept constant and corresponded 

to about 10,000 bed volumes of ETP waste. Control block M5 was cast by using matrix of 

Portland cement and activity without addition of any additive. 

The results of the leaching experiment are expressed in terms of incremental leach rates of 

individual blocks, which is defined11 as  

 

 



   

                                             an / A0 
                             Rn  =  ------------------- 
                                           ( F/V ) tn 

 

    where  an  =  radioactivity leached during the leachant renewal period, n 

               A0  =  radioactivity initially present in the block 

               F    =  exposed surface area of block 

               V   =  volume of  block 

               tn  =  duration (days)  of leachant renewal period 

                   Values of Rn for individual blocks were calculated and are plotted for cesium 

activity in Fig 2. and strontium activity in Fig 3.,  against tn – (tn – tn-1)/2 which is a time 

representing the middle of the leach period. Results indicate that there is slow release of both 

cesium and strontium activity for first few leachant renewal periods for blocks M1, M2 and M3,  

which stabilizes to very low values  of activity thereafter. Compared to this, the rate of release of 

both the activities from block M4 is very sharp which is particularly evident for cesium leach 

rates and can be attributed to the absence of diffusion barrier of vermiculite in the block. Results 

of control block M5 indicate that the leach rates of cesium and strontium activity are three order 

of magnitude  higher as compared to other blocks. 

     The results of cumulative leach fraction of cesium and strontium activity leached from 

various blocks as a function of total time of leaching have been plotted in Fig 4. & Fig 5 

respectively. It was noticed that there is some release of these activities for first fifty days of 

leaching for blocks M1, M2 & M3 which is more than the activity released from loaded zeolite 

when contacted with distilled water. This shows that initially there is some release of both 

cesium and strontium ions from the loaded zeolites in the cement matrix which could be due to 

presence of sparingly soluble calcium hydroxide generated during hydration of di- and tri-



   

calcium silicates. These trends agree with our earlier results12 obtained during studies of 

leaching of cesium ions from zeolite AR1 with sodium hydroxide solutions. 

     These leach tests were intended to serve for quality assessment of the matrix proposed for 

final disposal of the solidified waste and as a basis for comparison of the leach ability of the 

final waste form.   Based on these results leachability indices of the radio cesium and radio 

strontium were calculated , which is defined13 as  

                                     10 
                    Li  =  1/10 Σ [ log ( β / Di ) ]n 
                                      1 

       where β is a defined constant ( 1.0 cm2/s ) and Di is the effective diffusivity of nuclide i  

calculated from test data. The leachability index data for different nuclides is  presented  in 

Table -4. The results indicate that leachability index for both cesium and strontium nuclides in 

zeolite-cement matrix is of the order of 15 which is well above the acceptable limits for long 

term storage of the waste. Thus zeolite – cement (60% loading w/w) qualifies as a final matrix 

for disposal of waste from column. 

 4.0 CONCLUSIONS 

     Mixture of synthetic zeolites of Indian origin is highly effective in removal of activity from 

low level liquid waste received at Effluents Treatment Plant Trombay. The results indicate that 

combination of zeolite AR1, 4A and 13X can be put to judicious use for treatment of low level 

waste in fixed bed column operation. Zeolite waste generated in this treatment can be solidified 

into stable waste form using Portland cement and vermiculite as minor additive. Long term 

stability of the waste form was checked by leaching studies in distilled water. Leachabilty index 

of the individual radio nuclides was computed which indicated the suitability of the matrix for 

safe shallow land burial. 
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Table –1 

DETAILS OF BLOCKS USED FOR LEACHING STUDIES 

 

             Zeolite (g)  

 

Block 

 

     % 

Loading 

 

 

  AR1 

 

  4A 

 

 13X 

 

 

Vermiculite 

       (g) 

 

   

  Water 

    (cm3) 

 
 
 
 
Cement 
 
    (g) 

   

  M1 

   

      40 

 

  7.56 

 

  2.16 

 

 1.08 

 

   1.08 

 

      12 

 
 
   27 

            

   M2 

 

       50 

 

   9.45 

 

  2.70  

 

 1.35 

 

      1.35 

 

     12 

 
 
   27 

          

  M3 

 

       60 

 

 11.34 

 

  3.24 

 

 1.62 

 

    1.62 

 

     12 

 
 
  27 

          

  M4 

 

       60 

 

  11.34 

 

 3.24 

 

  1.62 

 

    Nil 

 

     12 

 
 
   27 

         

  M5 

   Control  

    Block 

 

  Nil 

 

  Nil 

 

  Nil 

 

   Nil 

 

    10.5 

 
 
  27 

       

 

 

 

 



   

 

 

Table-2 

CHEMICAL AND RADIOCHEMICAL COMPOSITION OF THE WASTE SAMPLE 

 

 

       Analyses                                                    Low level waste sample 

 

    

                pH                                                                            8.2 

         Total dissolved solids                                                300 ppm 

         Sodium                                                                        25 ppm 

         Gross beta activity                                                4.05 x 10-4 µCi/cm3 

            137 Cs activity                                                         2.45 x 10-4 µCi/cm3 

            90 Sr  activity                                                          1.13 x 10–4 µCi/cm3 

            60 Co activity                                                        < 1.3 x 10-5 µCi/cm3 

 

 

 

 

 

 

 



   

 

Table-3  

DISTRIBUTION COEFFICIENT  FOR DIFFERENT  RADIONUCLIDES IN ETP 

WASTE ON ZEOLITES 

 

 
        Distribution coefficient Kd  (ml/g) 

 

        
                  Zeolite  

     137Cs 

    

      90Sr 

      

       60Co 

     
        Zeolite AR1 

  
   9.2x104 

  
   5.4x104 

 
    9.8x102 

     
        Zeolite 4A 

 
  1.3x104 

 
   8.0x104 

 
   7.4x102 

     
       Zeolite 13X 

  
  8.4x103 

  
  6.4x103 

  
   9.4x103 

 

 

 

 

 



   

 

Table-4 

LEACHABILITY INDEX VALUES OF RADIO NUCLIDES FOR DIFFERENT 

MATRICES 

 

 

 
 
              Leachability Index ( Li ) 

 
 
 
      Block No. 

 
          134 Cs 

 
           85 + 89 Sr 

 
        M1 

 
           15.0 

 
         14.9 

 
        M2 

 
           14.7 

 
         15.3 

 
        M3 

 
           15.9 

 
         15.4 

 
        M4 

 
           15.2 

 
         15.1 

    
        M5 

 
            9.0 

 
        11.7 

 

 

 

 

 

 














