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BACKGROUND 
 

Radioactive waste is generated during various steps of nuclear fuel cycle viz. mining 

and milling of uranium ore, fuel fabrication, reactor operations and spent fuel 

reprocessing.  In India, a closed loop option has been adopted where spent fuel is 

reprocessed to recover plutonium and un-used uranium.  The typical Indian nuclear fuel 

cycle is presented in Fig-1.  The majority of radioactivity in the entire nuclear fuel cycle 

is concentrated in high level radioactive waste (HLW), which is generated during 

reprocessing of spent nuclear fuel. Three stage strategy adopted for management of 

HLW includes - (i) immobilization of waste in stable and solid matrix, (ii) interim 

storage of conditioned waste product and (iii) deep underground disposal in geological 

formations.  Borosilicate glass system has been adopted world-wide as a matrix for 

immobilization of HLW [1].   

 

The presently stored HLW at Trombay is characterised by significant concentration of 

uranium, sodium and sulphate in addition to fission products, corrosion products and 

small amount of other actinides.  Sulphate in the waste is derived from ferrous 

sulphamate used as a reducing agent for conversion of Pu+4 to Pu+3 during partitioning 

stage of reprocessing and is one of the troublesome constituent with respect to 

vitrification.  Sulphate in the form of sodium sulphate can be accommodated in 

borosilicate matrix only to a limited extent i.e. 1 wt% maximum [2].  At higher sulphate 

concentrations, a separate phase of alkali sulphate known as “gall” is formed.  Its 

presence in the glass is not desirable as this phase is enriched with Cs and has high 

solubility in water.  Attempts have been made to improve the solubility of sulphate 

using glass formulations based on lead borosilicate system [3].  Laboratory scale 

experiments as well as plant scale vitrification runs based on lead based glass matrix 

[Table – I] showed presence of a separate phase floating on the vitreous molten mass 

indicating poor solubility of sulphate in the glass matrix [4,5]. A view of separated phase 

appearing in lead based glass matrix is presented in Fig-2.  It was also experienced that 

presence of this soluble separated yellow phase adversely affects homogeneous 
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distribution of radionuclides and also causes problems during pouring of vitreous 

product into storage canister.  

 

A need, therefore, was felt to study and develop a glass matrix having good solubility 

for sulphate.  The present report describes the details and outcome of experimental 

studies conducted to develop suitable glass formulation for immobilization of sulphate 

bearing waste.  

 

SCOPE 

Working with the above perspective, the scope of this study covers the following areas. 

1. Characterization of HLW 

2. Brief description of the process 

3. Characterization of separated phase 

4. Approach for modification in the glass matrix 

5. Results and discussion 

6. Summary  

 

The details are as follows: 

 

1. Characterization of HLW 

 

Composition of waste plays an important role in finalizing the glass matrix.  This is 

because of different solubilities of waste constituents in the glass forming system.  

Detailed radiochemical analysis of HLW was carried out.  HLW is having gross activity 

8.77Ci/L with respect to gross β,γ and 4.22 mCi/L with respect to gross Æ.  Waste is 

characterized by high amount of salts (≅ 317 g/L) resulting to waste oxide of 108 g/L.  

Uranium, sodium, aluminium, iron and sulphate are the main contributors.  Salient 

properties of the waste is presented in Table – II. 
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Samples of HLW were appropriately diluted to minimize man rem expenditure during 

analysis.  The diluted samples were analysed using spectroscopic techniques for above 

said properties.  

 

2. Brief description of the process 
 

Process schematic adopted for vitrification of HLW at WIP, Trombay is presented in 

Fig.-3. Process essentially consists of concentrating the waste in thermosyphon 

evaporator and feeding to a metallic processing vessel along with glass forming 

additives. The vessel is heated up to 10500C in an electrically heated induction furnace. 

Various thermal and chemical reactions take place in the vessel, viz evaporation of 

water and nitric acid, decomposition of nitrates to oxides, reaction of oxides with glass 

forming additives and finally fusion of mixtures to form molten glass. The product is 

poured into stainless steel canisters, where it is allowed to solidify slowly and a lid is 

welded by remote means. Remote welding of canisters containing a vitrified waste 

product is shown in Fig – 4. Three such canisters are further placed in a stainless steel 

container known as an over pack.  The over packs generated at WIP Trombay after 

initial storage in the plant will be transported to a centralized facility for interim storage 

under continuous air cooling to dissipate the radioactive decay heat. The final 

conditioned products will be disposed in a deep underground repository in suitable 

geological formation. 

 

In view of high radiation field, various processes and material handling operations are 

carried out inside hot cells with 1.5 m thick concrete wall. The cells are equipped with 

the state-of-the-art viewing and remote handling systems. Some of the important 

gadgets are servo manipulators, C.C.T.V cameras, in cell crane, and remote welding 

machine. Radiological safety aspects have been given due attention during vitrification 

of HLW. Some of the important systems include ventilation balancing, monitoring of 

radiation levels at important areas and environmental survey.  There has been no 

increase in radiation level at working areas and air activity discharged through stack has 

been well below the permissible levels. Plant is having data acquisition and control 
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system (DACS) based control room which is very useful in logging, monitoring as well 

as controlling   critical process parameters pertaining to induction furnace, 

concentration and acid killing operations.  During acid killing, nitric acid is 

decomposed using formaldehyde. The gases generated during vitrification include 

nitrogen oxide and small quantity of volatile radioisotopes.  An elaborate off gas 

cleaning system consisting of condenser, scrubber, chiller, demister, absorber and 

finally high efficiency particulate air filter is used to treat the gases before discharge 

through a 100 m tall stack. 

 
3. Characterization of separated phase 
 
Detailed analysis of the separated phase was carried out to have a better understanding 

of nature of crystalline phase in terms of elemental, mineralogical, physical properties 

and presence of fission products.  The details are as follows. 

 

3.1 Chemical analysis 

 

Experimental studies were conducted to identify different constituents present in the 

separated phase identified as yellow phase due to its colour on account of alkali 

chromate. Representative yellow phase samples were taken from the vitrified waste 

products made both in the laboratory as well as in the plant scale. About 90% of the 

sample was found to be soluble in water. In order to have quantitative estimation, 

known weight of sample was treated with dilute HCl and the resulting solution was 

analyzed for the presence of various constituents using Inductively Coupled Plasma 

Atomic Emission Spectroscopy (ICP/AES). The results of sample analysis are presented 

in Table – III. 

 

Yellow colour of the separated phase is due to presence of CrO4
2- ions.  It may be noted 

that Cr is one of the constituents of the waste present as corrosion product.  Evaporation, 

calcination and fusion are the main chemical operations taking place during vitrification 

runs. During calcination, all waste constituents are converted into their respective 
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oxides.  Chromium also gets converted to Cr2O3.  Due to the presence of sulphate, Cr2O3 

gets oxidized to CrO4 
2- as per the following reaction 

3 SO4
2-  + 2 Cr3+   +   2 O2-       ""             3 SO2   +  2  CrO4

2- 

Chromate ions so formed get mixed up with sodium sulphate and impart yellow colour 

to the separated phase. These experimental findings are in line with the findings of other 

investigators [6 ], which indicates that driving force for the  stabilization of the chromate 

ion is the isomorphic substitute of chromate ions for  sulphate ion in the sodium 

sulphate immiscible phase.  

 

This was further confirmed by making glasses based on same composition but without 

adding sulphate.  No separated yellow colour phase was observed in this case. A few 

batches of the sulphate glasses were also made without adding chromium.  In this case, a 

white coloured separated phase (Na2SO4) was found to be floating on the surface of the 

vitreous melt. The above experimental investigations clearly indicate that yellow colour 

of the separated phase is because of the chromate ion. 

 

3.2 Phase Identification 

 

The separated yellow phase samples were examined by X- ray diffraction technique 

(XRD). XRD patterns of the samples indicate Na2SO4 as the main component in 

addition to CaSO4, Fe2(SO4)3 and Na2CrO4 in small  amounts.  

 

Experiments were performed to examine the presence of Cs and Sr in the yellow phase.  

Glass product was made in platinum crucible with simulated waste spiked with 137Cs 

and 90Sr.  Glass samples were kept in dilute HCl overnight to allow separate phase to 

dissolve.  The dissolved fraction was analysed for radio Cs and Sr in the separate phase 

along with Na and other elements.  Study showed that around 1% of total Cs and 0.5 % 

of Sr accommodated in the glass product appears in the separated yellow phase. 
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4. Approach for modification of glass matrix  

 

The approach adopted for development of a suitable glass matrix for vitrification of 

sulphate bearing HLW is based on modifying well studied sodium borosilicate glass 

system with suitable modifiers so as to get homogeneous product without any separation 

and having adequate leach resistance. Following criteria were kept in mind for 

development of matrix.  

 

a. Base glass (glass without waste constituents) and vitrified waste product (VWP) 

must pour in the temperature range of 925-975 °C. High Ni-Cr alloy is used as 

material of construction of process pot and the maximum allowable temperature for 

its safe use is 1150 oC. Therefore a safety margin of 150 -200oC is kept. 

b. Optimum waste loading without having any separated phase should be achieved.  

c. Product should have acceptable properties in terms of chemical durability, 

homogeneity, viscosity and thermal stability. 

 

 

4.1 Literature back up and strategy 

 

It is seen from the literature that the thermal stability of sulphate compounds is 

enhanced if the associated cation has large ionic radius and low charge. Sulphate 

compounds of alkali and alkaline earth elements exhibit good thermal stability [7,8]. 

Some of the alkali/alkaline earth cations having these properties are listed in Table – IV. 

However, alkali sulphate suffers from draw back of high solubility in water. Data 

pertaining to melting temperature, solubility and density of some of the alkali and 

alkaline earth sulphates is presented in Table-IV. Alkali/alkaline earth elements are used 

as additive to form thermodynamically stable sulphate compounds. Free energy of 

formation of some of the sulphate compounds is presented in Table-V[9]. As indicated in 

Table-V, alkaline earth elements like calcium and barium, form thermodynamically 

stable sulphates in comparison to sodium sulphate and lead sulphate. All compositional 
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development studies for working out a suitable glass formulation were conducted using 

inactive simulated waste containing the constituents present in the actual waste. Table-

VI gives details of the salt used for making simulated waste.  

 

4.2 Preparation of glass 

 

A known volume of the waste was mixed with required amount of additives consisting 

of glass formers and network modifiers. SiO2 and B2O3 have been used as glass formers 

while Na2O, BaO and CaO have been used as modifiers. Mass was dried under infrared 

lamp, crushed to a fine powder and transferred to a fire clay crucible. The powder was 

heated at 700 0C for 2 hours and further heated at the increment of 500C and kept for 1 

hour at each stage, till the glass became pourable. The molten vitreous mass was soaked 

for 2 hours at 500C higher than pour temperature. Observation like state of fusion and 

pourability, presence of air bubbles and distinct separation of phase, if any, were 

recorded.  

 

During these studies waste loading was varied in the range of 20-27 wt% and other glass 

forming additives were accordingly adjusted. Silica being glass former was not reduced 

below 30% wt. as lowering its content further would have affected leaching of the glass. 

At the same time, incorporation of the silica above 40% wt. would result in higher pour 

temperature beyond 11000C which is not acceptable from process operating temperature 

considerations. Details of various glass compositions tried for vitrification of sulphate 

HLW are presented in Table-VII.  

 

A few selected glasses were also made in platinum and inconel crucible to precisely 

study the properties of conditioned product. A few selected compositions were made 

without sulphate content so as to compare their behavior during swelling and to study 

the surface topology. Efforts were also made to understand the impact of waste 

constituent which do not allow to go for higher waste loading.  

 



 
 
 

8

Out of the various glass formulations tried, a glass formulation based on barium 

borosilicate system (SB-44) having pour temperature in the ;range of 925-9500C without 

any separate phase and homogeneous by visual observation was found to be optimal 

with respect to vitrification of sulphate bearing waste.  

 

4.3 Product Evaluation 
 

Selected composition (SB-44) was taken up for detailed evaluation with respect to 

various properties like chemical durability, viscosity, thermal conductivity, glass 

transition temperature, homogeneity, phase separation, thermal stability etc. Detailed 

evaluation of the conditioned product on selected formulation is an important part of the 

development. Characteristics of glass product based on barium borosilicate matrix are 

presented in Table-VIII 

 

 

5.   Result and Discussion 

 

5.1 Waste composition 

 

High amount of salts in HLW puts a limit with respect to volume conditioned in glass 

matrix. Presence of Al2O3, Cr2O3 and sulphate enhances product melt temperature and 

phase separation. Studies carried out indicate that among all the waste constituents, 

presence of sulphate is the limiting factor for increasing the waste loading in the glass. 

 

5.2 Phase separation  

 

During vitrification using available glass matrices (lead and sodium borosilicate system) 

sulphate results in separation of soluble phase carrying principal fission products like 
137Cs and 90Sr. As a practice during vitrification operation, a part of glass is allowed to 

be left in the furnace to serve as the plug for next operations. This results in enrichment 

of yellow phase in the melt due to successive accumulation.  Due to difference in 
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properties of separated phase in comparison to molten vitreous mass mainly in terms of 

density, viscosity and other chemical properties, pouring of yellow phase is not as 

smooth as the molten mass.  XRD scans of the samples indicate Na2SO4 (thenerdite) as 

one of the main constituents along with CaSO4, Fe2 (SO4)3 and Na2CrO4.  Yellow colour 

is attributed to presence of CrO4
� 2 ions.  

 

 

 

5.3 Matrix Development 

 

Reported work [7,8] also explains preferential formation of alkali metal sulphate in 

borosilicate glasses.  As seen from the Table-V, indicating free energy of formations of 

some of the sulphate compounds, Na2SO4 is relatively more stable than PbSO4, 

justifying its existence in the separated phase while working with Pb based glass matrix.  

As  it  is evident from the same table, free energy of sulphate compounds of alkaline 

earth elements like Ca and Ba is more negative than Na2SO4 indicating their relative 

stability.   

In view of above favorable properties of Ca and Ba, experimental studies were 

conducted to use Ca or Ba as modifier in glass formulations based on sodium 

borosilicate system.  As given in Table -VII, it can be clearly seen that addition of 

alkaline earth as modifier in sodium borosilicate matrix improves the solubility of 

sulphate in the matrix.  Study indicates that the solubility of sulphate in SiO2- MO - 

Na2O (M=alkaline earth metal) system increases with increasing MO content and is 

dependant on kind of MO.  Barium is found to be more effective compared to 

calcium.These experimental observations are in agreement with the work of other 

investigators[10].  It can also be seen from Table-VII, that barium based glass 

formulation (SB-44) is one of the optimum composition in the term of waste loading, 

pour temperature of the product and base glass as well as solubility of sulphate having 

no separated phase on the vitreous mass.  It can be seen from the Table-IX, waste 

loading of 21% wt can be optimally accommodated in the barium based glass (SB-44).  
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This amounts to 2%wt of sulphate in the product. Phase separation was noticed when 

waste oxide was increased to 25% wt and above.  This composition was taken up for 

detailed evaluation of the conditioned product.  Vitrified waste products have been 

examined for the phase separation / identification.  Swelling behaviour, chemical 

durability, thermal stability and viscosity.  Detailed description of the same has been 

included in the next report.  However, it can be seen from the Table-VIII, that 

conditioned product has desirable properties. 

 

6. SUMMARY 

 

Based on the outcome of detailed experimental studies carried out for development of 

glass formulations for vitrification of HLW, the following conclusions can be made  

 

1. Compositional change in the waste has an important bearing in the final selection of 

the glass formulations.  This is because of difference in solubilities of waste 

constituents in the various glass forming systems.  Accordingly, a tailor made 

crafting of compositions is essential to accommodate the different constituents of 

waste to meet operational limitations of the plant.   

2. In the borosilicate glass system with Na and Pb as modifier, solubility of sulphate is 

less than 1%wt.  However, with addition of alkaline earth elements like Ba and Ca 

in sodium borosilicate glass melts, solubility of sulphate can be improved upto 

2.5%wt without impairing the property of conditioned product.  Barium is found to 

be more effective than calcium for accommodation of sulphate in the matrix.  A 

barium based glass formulations (SB-44) has been chosen for vitrification of 

sulphate bearing waste based on the encouraging laboratory scale experimental 

studies and has been tried in the full scale runs using simulated waste containing 

uranium.  After encouraging experience, the barium based glass formulation       

(SB-44) has been successfully adopted at the plant scale for vitrification of actual 

sulphate bearing HLW. 
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Table – I: The details of lead glass composition  
                  employed for vitrification of HLW 

     
 

              Oxide                 Wt.% 

              SiO2                     30  

              B2O3                    20  

              Na2O                    5  

              PbO                    25  

              W.O.               20   

 

 
 

Table – II: Salient properties of HLW 
 

 

Property Value 

Molarity ( free acid ), HNO3         1.34 M  

Density 1.22 g/mL 

Total solids (major elements 
as Na,U,Fe,Al,Ca,Cr,Ni,Mn in 
the form of nitrate) 

317 g/L 

Specific activity  

Gross ββ,ã  (major isotopes 
137Cs, 90Sr, 106Ru, 144Ce) 

8.77 Ci/L 

Gross αα 4.22 mCi/L 

Sulphate 9.95 g/L 
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Table – III: Elemental analysis of typical  

                  separated yellow phase 
 
 

Constituent Concentration  
(mg/g) 

Na 290.00 

Ca 4.94 

Cr 3.78 

Fe 3.57 

Al 0.46 

U 0.63 

Pb 23.76 

 
 

 
Table – IV: Melting temperature, solubility and density of  

                      some of the alkali and alkaline earth sulphates  
 

 

Compound Melting point (0C) 
Solubility  in   

100 parts 
Density 
(g/mL) 

PbSO4 1090 0.004 6.200 

Na2SO4 884 19.5 2.664 

K2SO4 1067 11.0 2.662 

Cs2SO4 995 179.0 4.243 

CaSO4 1400 0.20 2.960 

SrSO4 1600 0.013 3.960 

BaSO4 1580 0.0002 4.500 
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Table – V: Free energy of formation of some of the  
               alkali and alkaline earth cations[9] 

 
Free energy of formation (KJ/mole) Temp 

(oC) PbSO4 Na2SO4 K2SO4 Cs2SO4 CaSO4 SrSO4 BaSO4 

300 -713.06 -1157.75 -1205.60 -1207.77 -1219.99 -1239.62 -1249.85 

400 -675.80 -1118.22 -1163.78 -1165.67 -1181.47 -1201.26 -1211.33 

500 -638.51 -1079.00 -1122.30 -1124.01 -1142.96 -1163.07 -1172.68 

600 -601.50 -1040.16 -1081.47 -1083.03 -1104.51 -1125.03 -1133.94 

700 -564.86 -1001.17 -1041.88 -1039.33 -1066.18 -1087.20 -1095.10 

800 -528.65 -963.75 -997.54 -985.60 -1027.96 -1049.48 -1055.70 

900 -493.41 -926.19 -943.47 -932.50 -989.42 -1011.47 -1016.00 

1000 -459.54 -874.73 -889.96 -880.11 -950.74 -973.69 -976.29 

 
 

Table – VI: Compositional details of the simulated waste 

 

Element Additive Composition 
Concentration 

(g/L) 

Ca Ca(NO3)3.4H2O 22.42 

Al Al(NO3)3.9H2O 88.92 

Fe Fe(NO3)3.9H2O 42.42 

Na NaNO3 105.79 

Ni Ni(NO3)2.6H2O 3.6472 

Cr CrO3 1.11 

U Uranium solution 22.3 

Cs CsNO3 0.181278 

Sr Sr(NO3)2 0.039 

- Na2SO4 14.72 

Ce Ce(NO3)2.6H2O 0.017725 
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Table – VII: Details of glass compositions tried for vitrification  

   of HLW containing sulphate 
 
 

Composition (wt %) 

Code Glass formers 
(SiO2+B2O3) 

Glass modifiers 
(Na2O+PbO+ 
BaO+CaO) 

Waste Oxide 
 

Pour 
temp 
(0C) 

Physical appearance 

WTR-62 
(modified) 50 30 20 910 Seperated yellow phase  

SB – 01 
 

48.5 31.5 20 925 Seperated yellow phase  

SB - 11 50 30 20 940 
Seperated yellow phase 
& base glass was not 
pourable even at 9600C 

SB - 12 50 30 20 950 
Seperated yellow phase 
& base glass was not 
pourable even at 9750C 

SB - 13 50 30 20 960 

Reduction in the  
seperated yellow phase 
& base glass was not 
pourable even at 9750C 

SB – 14 
 

50 30 20 925 little phase  separation 

SB - 15 48.5 32.5 20 925 
No yellow phase, but 
base glass not pourable 
upto 9500C 

SB - 22 
 

54 24 22 925 
Not  homogeneous, little 
yellow phase 

SB - 23 51 25 24 940 
Seperated yellow phase, 
base glass showed 
immiscible phases 

SB - 33 54 25 21 925 

No yellow phase, 
homogeneous but base 
glass have immiscible 
phase 

SB - 34 55 20 25 925 
little yellow phase and 
base glass have 
immiscible phase 

SB - 44 50.5 28.5 21 925 
No yellow phase, 
homogeneous and clear 
dark brown  colour 

SB – 45 50.5 28 21.5 925 
No yellow phase but 
base glass pourable at 
9500C with high viscisity 

SB – 46 45 30 
25 

 
Not 

pourable Unfused  mass 
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Table-VIII: Characteristics of barium borosilicate glass matrix 
 

  Product melt temperature    925oC 

  Density    3.0 – 3.2 g/mL 

  Waste loading    21 wt% 

  Phase separation    Not detectable 

  Nature    Amorphous 

  Softening temperature    496oC 

  Leach Rate  
   (on sodium release basis at 100oC 
   using DM water as leachant) 

   4.26 X 10-6 g/cm2/day (1 year) 

  Viscosity    30 poise at 950oC 

 
 

Table – IX: Effect of waste loading on barium based glass 
 
 

Composition in weight percentage 

Code 
Glass formers 
(SiO2+B2O3) 

Glass modifiers 
(Na2O+PbO+ 
BaO+CaO) 

Waste 
Oxide 

 

Pour 
temp 
(0C) 

Visual observation 

 
SB44 

 
50.5 28.5 21 925 

dark brown colour,  
No  phase separation  

 
SB44-A 

 
47.94 27.06 25 925 Phase separation 

 
SB44-B 

 
46.66 26.34 27 925 Phase separation 
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Figure-1: The typical Indian Nuclear Fuel Cycle 
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Figure-2: A view of separated yellow phase 
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Figure 3 : Process Schematic for Vitrification of HLW at WIP, Trombay 
 

 
 

Figure 4 : Remote Welding  Machine 


