




1.0 INTRODUCTION 
 

    Waste treatment processes for the removal of radionuclides from acidic high 

level waste (HLW) are being developed worldwide in countries such as United States, 

Britain, France, China and India (1-3). Such a strategy would favor the recovery of 

potentially useful fission products such as cesium, which would provide a beneficial 

simplification of the disposal scenarios. Radioactive 137Cs having 660 keV gamma 

energy and 30 years half life is a fission product having 6.7 % cumulative fission 

yield for three year cooled fuel. Long half life and easy availability from high level 

waste make 137Cs most economical radiation source in comparison with 60Co, which 

has almost double gamma energy radiation but half life of only 5 years. Typically a 
60Co irradiator requires reloading every year or two whereas a 137Cs irradiator will be 

effective for 5-10 years. Separation of cesium from HLW by use of inorganic ion 

exchangers like Ammonium Molybdophosphate (AMP) is advantageous but due to 

small particle size is unsuitable for use in column as ion exchange medium. We have 

developed (4) an engineered form of AMP by forming a composite of AMP, which 

allows high flow rates and excellent column properties. The composite AMP was 

successfully tested in two column studies (4,5) for the separation of radio cesium 

from PUREX feed solution and HLW solutions.  AMP is readily dissolved from the 

organic support with caustic solutions, which provide a convenient method of 

separating 137Cs laden solutions from organic substrate for further processing. 

 Immobilization of 137Cs in a solid matrix is prerequisite for use of element as 

radiation source or for permanent disposal in a repository. The most important factor 

for use of 137cesium as radiation source is concentration of cesium in the vitrified 

matrix. Radiation source with high 137cesium content is more effective in its 

application. In case of immobilization for disposal, low leachability is the most 

important requirement for a good matrix. Poor leach resistance of radiation source 

can be compensated for by careful packaging, usually by double encapsulation in 

stainless steel. Radiation sources with low leachability have advantages with respect 

to added safety and direct disposal at end of useful life.   

    These two requirements can be met if 137Cesium is immobilized after 

separation from high level wastes and before casting of radiation sources of required 
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size and radiation levels. Vitrification of 137Cesium loaded inorganic ion exchangers 

can meet these requirements. Sodium borosilicate (NBS) glass is (6) the most 

commonly employed matrix for fixation of HLW. Presence of high quantities of 

sulfur, chromium and molybdenum in sodium borosilicate glass matrix are known (7) 

to form separate water-soluble phase, so called yellow phase. Presence of high 

molybdenum oxide in the waste from dissolution of AMP can lead to separation of 

water soluble sodium molybdate phase. Hence development of special vitreous matrix 

is required which is capable of incorporating high quantities of molybdenum oxide 

without separation of phase containing 137Cesium activity.  

      Recent studies (8) have indicated that addition of P2O5 and Al2O3 to the NBS 

glass formulations can allow higher loadings of molybdenum oxide without 

separation of yellow phase in the final matrix. Similarly another class of vitreous 

matrix, namely Phosphate glass has (9) higher tolerance for molybdenum loadings 

without lowering the leach rates. We initiated detailed studies on vitrification of 
137Cesium laden AMP solutions using these two categories of glass formulations with 

or without additives to achieve a vitreous matrix. The present work discusses the 

compositional development of different vitreous matrices along with different 

loadings of molybdenum oxide with acceptable leach rates.      

 

2.0 SELECTION OF GLASS MATRIX 

2.1   Handling of 137Cesium Loaded AMP 

 AMP is known to have cubic structure with about 1.5-ammonium ion out of three 

as an exchangeable ion for cesium ions from acidic solutions. However this heteropoly 

salt has fine particle size of 1-5 ìmeter and several attempts to use this material in 

column by loading it on asbestos fibre, silica gel etc were not successful. Composite 

AMP material developed in-house with acrylic based organic binding material had 

excellent column properties and tested successfully for separation of cesium from Purex 

feed solutions and HLW (4,5). It is not advisable to directly vitrify cesium loaded 

granulated AMP because of release of hydro cyanic acid to the off-gases.  AMP can be 

easily dissolved in caustic solutions, which carries almost complete radioactive 137Cs 
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leaving behind the organic binder.  The NaOH containing 137Cs, sodium molybdate and 

phosphate can be acidified if necessary and then easily handled in vitrification plant. 

2.2    Molybdenum Behavior in Glass Matrix 

Inconel 625 (10) melters are used in vitrification plants wherein other components 

are fabricated from stainless steel. Among the corrosion products of these alloys, 

chromium and molybdenum   are difficult to incorporate in glass matrix. Molybdenum is 

also major constituent of cesium laden solutions from dissolution of AMP. Chromium 

and molybdenum exist in highest oxidation state oxidizing conditions generally 

encountered in radioactive waste vitrification plants. The charge to radius ratios (Z/r) of 

hexavalent chromium and molybdenum are 13.63 and 20.68 respectively. The high 

charge to radius ratio results in formation of tetrahedraly coordinated anions like 

chromate and molybdate, which are not compatible with glass network formers. They 

have low solubility in glass matrix; hence form a separate yellow phase with sodium as a 

counter ion floats on molten glass. Any fraction of 137Cesium is almost always carried to 

this water-soluble sodium chromate/molybdate phase. This leads to unacceptably poor 

leach resistance of the resulting matrix.   

Reduction of the hexavalent cations to lower oxidation states makes them 

compatible with glass matrix. This can be achieved (11) by decreasing the oxygen 

fugacity of glass melts. Depending upon the dissolved oxygen content, known as oxygen 

fugacity, of the glass melts, multivalent ions exist in equilibrium proportions of their 

respective oxidation states. The general equation for redox conditions is as indicated 

below 

       4                    4 
    2O-2 + --- M +(x+n) � ---- M+x + O2 
                  n                 n 
 

Where M +(x+n) and M+x are respectively oxidized and reduced forms of 

multivalent ion, which differ by valance change of n.  The equilibrium constant at fixed 

oxygen ion activity for any particular M, melt composition and temperature is given by  

    4/n 
            M+x 
 k = -----------        (O2) 
            M+(x+n)   
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The plot of –log PO2 (log oxygen fugacity) Vs M+x / M+(x+n) is straight line with 

slope of 4/n.  The fraction of metal ion present in each valance state can be estimated at 

any oxygen fugacity. The literature data indicated that (12) The Mo+6 content decreases 

from 80 % at     log oxygen fugacity of – 9.5 to below 10  % for log oxygen fugacity   of 

–12.5. The Mo+4 content is maximum at oxygen fugacity of –11.5 being 55%.   At lower 

values of oxygen fugacity, the metallic molybdenum content increases which should be 

avoided.  Cr+6 can be reduced to Cr+3 at log oxygen fugacity of  - 4. 

Reduction of Mo+6 to Mo+4 requires oxygen fugacity lower than that for Cr+6 

reduction and difficult to achieve. In order to achieve such low values of fugacity one has 

to maintain reducing conditions in the vitrification plants. Oxygen fugacity over the glass 

melt can be regulated (13) by oxygen, air, CO2 or CO2-CO mixtures. Inert atmosphere is 

maintained by using carbon dioxide or nitrogen cover. Processing of glass under such 

drastic reducing conditions requires specially designed equipments and hence not 

preferred in nuclear vitrification plants. 

        Cesium oxide has tendency to volatilize during vitrification at elevated temperatures 

required for preparation of glasses with high MoO3 content and this aspect needs to be 

considered while selecting glass matrix composition.  

 

2.3 NBS glass matrix 

 

Conventional NBS glasses have very low solubilities for chromate, and 

molybdate species. NBS glass along with P2O5 and Al2O3 known as SPNM glass is  (8) 

suitable for loading 16% MoO3 without separation of water-soluble molybdate phase. 

Preparation of SPNM glass needs optimization of redox conditions with regard to 

chemical durability, viscosity and homogeneity. They have been tested for vitrification of 

HLW (8). These studies led us to believe that SPNM glass compositions can tolerate high 

MoO3 content and may prove to be advantageous for immobilization of 137Cesum loaded 

AMP but high Al2O3 and MoO3 contents require higher pouring temperatures, which may 

lead to higher volatilization of cesium content. 
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2.4 Phosphate Glass Matrix 

 

Phosphate glasses have also been used for immobilization of HLW (14) and 

higher quantity of MoO3 can be incorporated in these glasses as compared to 

conventional NBS glasses. Leach rates of phosphate glasses are 10 to 100 times lower 

than those achieved for NBS glasses. 

Lead iron phosphate (LIP) glass is the most studied (15) phosphate glass in this 

category. LIP glass has (16) distinct advantage of lower processing temperature along 

with high chemical durability compared to conventional phosphate glasses due to 

replacement of P-O-P bonds by more moisture resistant P-O-Fe bonds. The leach rate of 

LIP glass decreases with increasing Fe2O3 content. Addition of alkali and alkaline metal 

oxides to phosphate glasses leads to formation of non-bridging oxygen bonds by breaking 

the PO4 tetrahedra.  With increasing Fe2O3 content the structure of LIP glasses changes 

(17) from metaphosphate chain structure to pyrophosphate and eventually to 

orthophosphate.  The LIP glass has certain limitations in plant scale operations. It should 

be cooled (18) rapidly to avoid devitrification and lower chemical durability. Phosphates 

are (19) highly corrosive on inconel and alumina.  

MoO3 forms binary glasses with P2O5 over wide range of compositions. The 

structure of MoO3-P2O5 glasses consists (20) of network of MoO6 octahedra and PO4 

tetrahedra with corner sharing of MoO6/2 octahedra and O=PO3/2 tetrahedra involving 

oxygen bridges. When alkali oxides are added, this range can be further extended. This 

three-dimensional glass structure is gradually broken down by incorporation of alkali 

oxides.  

In SiO2-P2O5 glass forming compositions, network of tetrahedral Si-

metaphosphates and octahedral Si-pyrophosphates exists (20). The proportion of 

octahedrally coordinated Silicon increases with increasing P2O5 content. In MoO3-SiO2-

P2O5 glass forming system glass structure seems to be comprised of separate 

molybdophosphate and silico-phosphate entities. 

Alumino-phosphate (21) and borate – phosphate (22) glass systems have also 

been reported for immobilization of radioactive wastes.  

The above discussion indicates that P2O5 modified NBS glass and ferric oxide, 

alkali oxide, silica, alumina and/ or boron oxide containing phosphate glasses are suitable 
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for incorporating high MoO3. Different compositions with these glass formers/ modifiers 

were tested so as to achieve reasonably high MoO3 loading while maintaining glass 

pouring temperatures not exceeding 1100oC.  Glass ceramic matrices are also found 

acceptable for immobilization of radioactive wastes.  Here homogeneity of matrix is not 

important as long as the molten slag/glass has negligible separation of water-soluble 

phases and high chemical durability as determined by leach rates.  

3.0 EXPERIMENTAL  

 3.1 Chemicals Used  

Commercially available silica with less than 0.02 wt. % ferric oxide as impurity was 

used as such where as other glass formers like boric acid, sodium nitrate, light MgO, 

Fe2O3, MoO3 and Al2O were of LR grade. The moisture content of silica was determined 

by estimation of weight loss after heating to 1173oK for 4 hours and of other glass 

formers by drying at 400 to 425o K and storing over silica gel in desiccators before use.  

All P2O5 was added as Na2HPO4, 7H2O of LR grade and was used as received. Nickel 

nitrate Ferric nitrate and chromium nitrate were added by dissolving in D.M. water to 

simulate   components of corrosion products and not as glass formers. They were 

estimated by complexometry using EDTA.  Additional sodium oxide wherever required 

was added as NaNO3. Cesium nitrate solution of known concentration was prepared from 

pre-dried salt and appropriate quantity used for preparation of glasses. 

  

3.2  Preparation of Glasses  

 

Samples of glass matrices were prepared in pre-weighed 150 ml capacity refractory 

crucibles. Appropriate quantities of oxides, salts/solutions of required glass components 

were thoroughly mixed in the crucible and kept in open hearth furnace to prepare 100 

grams of glass. The crucibles were initially heated to 573oK for 1 hour for removal of 

moisture and then temperature was raised to 873oK, held for 2 hours, for decomposition 

of nitrates, raised to 1273oK and further in steps of 25oK till the melt/slag becomes 

pourable as seen by tilting of hot crucibles. The crucibles were cooled and weighed again. 

Glass samples having   weight difference of more than 1.5 % were discarded. 
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 After treatment for detection of separated water soluble phases was completed, as 

described in 3.3 below, the crucibles were reheated to pour the glass on stainless steel 

sheets for carrying out further studies.  

The first set of seven different compositions, M1 to M7 glasses was prepared 

based on SPNM compositions without using reducing conditions. These glass 

compositions had high MoO3, Al2O3 and B2O3 content. The compositions of these glasses 

are indicated in Table 1. Macro level homogeneity of the glasses was noted on the basis 

of visual observations of poured glasses and of fibers drawn while pouring them. 

 

 

Table 1 

Compositions of SPNM   glasses having high MoO3, Al2O3 and B2O3 content 

 

Glass Code Component 

M1 M2 M3 M4 M5 M6 M7 

SiO2 21.74 21.74 21.65 21.70 21.71 22.63 23.58 

B2O3 18.74 18.74 18.66 18.70 18.71 19.53 19.86 

Al2O3 20.03 17.03 17.02 17.03 15.00 17.82 18.09 

Fe2O3 2.78 2.78 2.79 2.82 2.80 2.92 2.97 

NiO 0.04 0.04 0.05 0.05 0.05 0.05 0.05 

P2O5 8.63 11.63 8.59 10.15 13.67 12.17 12.35 

MgO 0.55 0.55 0.55 0.55 0.55 0.58 0.59 

MoO3 16.32 16.32 16.22 16.30 16.31 12.57 10.61 

Cr2O3 0.08 0.08 0.10 0.10 0.10 0.10 0.11 

Na2O 11.10 11.10 14.37 12.60 11.10 11.63 11.79 

 



 8 

 The pour temperatures, physical properties and quantities of sodium and 

chromium separated as water soluble phases are indicated in Table 2. 

 

Table 2 

Physical characteristics of SPNM glasses 

 

Glass Code Description 

  M1 M2 M3 M4 M5 M6 M7 

Pouring Temperature oK 
>1473 1423 1448 1423 1448 >1473 >1473 

Homogeneity 
Bad Good Bad Fair Fair Bad Fair 

Glass Density g/ml 2.32 2.43 2.43 2.34 2.40 2.44 2.37 

Percent Sodium estimated 
in Water soluble phase 8.54 1.21 0.96 1.44 0.62 0.10 0.32 

Percent Chromium 
estimated in Water 

soluble phase 
10.68 1.035 13.16 8.183 1.75 1.38 11.31 

 

 

 

Second set of glasses, M8 to M12 was prepared based on phosphate compositions. 

These glasses had comparable Al2O3, Fe2O3 and P2O5 contents. MoO3 content was 

reduced to lower pouring temperatures. The compositions of these glasses are indicated 

in Table 3.  
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Table 3 

Compositions of phosphate glasses with comparable Al2O3, Fe2O3 and P2O5 contents 

 

Glass Code 

Component M8 M9 M10 M11 M12 

SiO2 23.45 22.71 26.70 22.73 23.65 

B2O3 19.40 19.60 19.60 19.60 19.55 

Al2O3 10.87 10.98 11.00 15.00 10.98 

Fe2O3 10.87 10.98 7.00 7.00 10.98 

NiO 0.05 0.03 0.03 0.03 0.03 

P2O5 12.27 12.42 12.41 12.40 13.74 

MgO 0.58 0.59 0.59 0.59 0.59 

MoO3 10.56 10.68 10.67 10.65 8.00 

Cr2O3 0.11 0.05 0.05 0.05 0.05 

Na2O 11.73 11.86 11.85 11.85 12.32 

Cs2O 0.11 0.11 0.11 0.11 0.11 

 

The pour temperatures, physical properties and quantities of sodium and chromium 

separated as water soluble phases are indicated in Table 4. 

Table 4 

Physical characteristics of Phosphate glasses 

Glass Code 
Component 

M8 M9 M10 M11 M12 

Pouring Temperature oK 1323 >1474 >1473 >1473 1373 

Homogeneity Good Good Good Good Good 

Glass Density g/ml 2.60 2.59 2.65 2.69 2.65 

Percent Sodium 
estimated in Water 

soluble phase 

0.33 0.11 0.15 0.28 0.021 

Percent Chromium 
estimated in Water 

soluble phase 

0.37 0.01 0.72 0.75 0.93 
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Selected composition of M12 glass was short listed for experiments with AMP. AMP 

was dissolved in 0.1M NaOH. Desired quantity of CsNO3 was added and the solution 

acidified to around 1 M HNO3 concentration. The MoO3 content computed from quantity 

of AMP dissolved whereas Na2O content from Na2HPO4, 7H2O NaOH, and NaNO3.  

Cesium nitrate contents were varied to arrive at working range for the matrix. The 

compositions of glasses prepared after dissolution of AMP in 0.1 M NaOH are indicated 

in Table 5.  

Table 5 

Phosphate glasses prepared after dissolution of Ammonium Molybdophosphate 

 in 0.1 M NaOH 

 

Glass Code 

Component M13 M14 M15 

SiO2 23.65 22.53 23.76 

B2O3 19.55 18.98 19.65 

Al2O3 10.98 10.46 11.03 

Fe2O3 10.98 10.46 11.03 

NiO 0.03 0.03 0.03 

P2O5 13.74 13.09 13.81 

MgO 0.59 0.57 0.60 

MoO3 8.00 9.74 5.90 

Cr2O3 0.05 0.05 0.05 

Na2O 12.32 12.95 13.24 

Cs2O 0.11 1.49 0.90 

 

The pour temperatures, physical properties and quantities of sodium and chromium 

separated as water soluble phases are indicated in Table 6. 
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Table 6 

Physical characteristics of Phosphate glasses 

Glass Code 
 Component 

M13 M14 M15 

Pouring Temperature oK 1373 >1473 1373 
Homogeneity Good Good Good 

Glass Density g/ml 2.65 2.68 2.60 
Percent Sodium estimated in 

Water soluble phase 
0.01 0.33 0.15 

Percent Chromium estimated 
in Water soluble phase 

0.71 0.37 0.72 

 

3.3 Detection of Water soluble Phases 

 

The glass making crucibles were cooled without pouring its contents. The crucibles 

were dipped in high purity water and boiled for 10 minutes and the procedure was 

repeated 2 more times. All the washings were collected, cooled and made up to 1000 ml 

and analysed for sodium content as indicated in 3.6.2 below. The chromium in the 

leachants present as chromate was analysed by GBC Cintra 40 model UV- visible 

spectrophotometer.  The percent sodium and chromium leached as a result of their phase 

separation on the glass melts are indicated in Table 2, 4, and 6. 

 

3.4 Density Determination  

 

Densities of the glass samples were determined by using specific gravity bottle 

and high purity water as buoyancy medium. Glass particles of -200 ASTM mesh size 

were used.  

The data on pouring temperature, macro level homogeneity and density of the 

glasses prepared are given in Table 2, 4 and 6 above. 
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3.5 Leaching of Glasses 

 

  Based on the water soluble phase analysis, results and pouring temperatures of 

glasses, four glasses, M12 toM15, were selected for leaching test. The glasses were 

crushed to –100, +200 mesh, washed once with high purity water and 3 times with LR 

grade acetone. The fines from the samples were separated by swirling and quickly 

decanting the supernatants of washing. The samples were dried at 110oC and stored at 

ambient temperature in polypropylene containers. 

  The Product Consistency Test (PCT) procedure (ASTM Standards C-1285-94) 

was followed. The leaching was carried out in stain less steel lined teflon containers with 

teflon lined lid and screw cap. The teflon containers were made free of contaminations by 

leaching with high purity water at 90oC for 7 days. Details are reported earlier (23). One 

gram of –100, +200 mesh glass and 15 gm of high purity water was added to container 

and then sealed. The sealed containers were weighed on digital balance having 100 mg 

accuracy. The leaching containers were kept inside an electric oven maintained at  

90-/+1oC for 7 days and then removed. After cooling, the containers were weighed again. 

The leachant samples from containers showing more than 200 mg weight loss were 

discarded. 

 

3.6 Analyses of Leachants 

3.6.1 pH Determination 

       The pH of leachants was measured using Orion 420 A pH meter, immediately 

after opening of cooled leaching containers. Orion make 909176N combination pH 

electrode was pre-calibrated using Orion buffer solutions of pH 4.01,7 and 10.01.  The 

electrode was dipped directly inside the containers for pH measurement.  

3.6.2 Analysis of Sodium, Cesium and Magnesium 

      The leachant samples from water soluble phase detection experiments and ASTM 

based matrix leaching tests were filtered through Sartorius make 0.45 micron pore size 1 

inch diameter syringe filters. The samples were diluted appropriately with pre-filtered 

high purity water and analysed for Sodium, Cesium and Magnesium contents using 
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Dinex-600 Ion chromatograph fitted with CG12 guard column and CS12 analytical 

column and CD25 conductivity detector. Sulphuric acid (0.02 N) was used as eluent at 

the flow rate of 1 ml/min. 

3.6.3 Analysis of Silica 

As silica is the glass former, it is important to know content of silica in leachate 

sample.  Silica analysis was carried out (24) by complexing it with ammonium molybdate 

in pH range 4–5 using sodium sulphite and 1-amino 2naphthol 4-sulphonic acid as 

reducing agents. The tartaric acid was used to mask residual molybdate and to destroy 

other molybdate complexes. The absorbance was measured at the wavelength of 810 nm 

using GBC Cintra 40 model UV- visible spectrophotometer. Use of high purity water 

allowed spectrophotometric analysis of silica by molybdate method as no phosphate was 

present in the water used. Calibration curves for silica were obtained using Aldrich make 

1000-ppm silicon standard solution after appropriate dilutions.   

3.6.4 Analysis of Boron 

Boron analysis was carried out (24) spectrophotometrically using Curcumine as 

an indicator in acetone medium. The calibration curves for boron were obtained after 

required dilutions of Fluka make 1000-ppm boron solution. Teflon beakers were used for 

all experimental work to avoid the contaminations of boron from glass containers. 

To the boron samples 0.1 gm. of sodium carbonate was added, evaporated to 

dryness and titrated against 1:4 hydrochloric acid after addition of a drop of 

phenolphthalein to obtain neutral solutions. To the neutral solution 0.5 ml of 5% oxalic 

acid in acetone and 3ml of curcumine reagent was added and again dried in the oven. 

Acetone was added to this residue and solution was filtered, volume made-up to 25 ml 

and the absorbance was measured at 535nm on GBC Cintra 40 model spectrophotometer. 

3.6.5 Estimation of Normalised Leach Rates (NLRs) 

Leaching is a process of extraction of a component from one phase to other phase. 

The chemical durability of glass matrix is measure of its resistance to corrosion. In other 

words, the durability of glass is estimated from the rate of loss of weight of glass matrix 

exposed to the leachant of desired composition. The different elements of glass matrix are 

known to dissolve selectively into leachant. The mechanism of glass matrix dissolution is 

element specific. This is noncongruent leaching. Due to selective leaching of some of the 
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glass components, the concentration of other elements increase on the glass surface 

leading to formation of leached layer which can retard further leaching as the time 

proceeds. So the correct method of analysis of leach rates of glass matrix is by analysis of 

leachates for individual elemental analysis at the end of predetermined leaching period. It 

is calculated as Normalised elemental loss (NLi)  

          NLi = CiV / Sfi   

       Where Ci = Analysed concentration of the ion (gm/ml) 

                   V = Volume of leachant (ml) 

                    S = Surface Area (cm2)  

                    fi = Weight fraction of the ith component in the sample  

 

         The NLR is calculated based on normalized elemental mass loss during time of 

leaching (days). 

The pH of leachants and NLRs for sodium, cesium, magnesium, boron, silica are 

presented in Table 7. 

 

Table 7 
The pH of leachants after 1 week leaching at 90oC and Normalized leach rates for 

sodium, cesium, magnesium, boron and silica for selected glasses 
 

Glass 
Code 

pH of 
leachate 
sample 

NLRNa 
(g/cm2.d) 

NLRCs 
(g/cm2.d) 

NLRMg 
(g/cm2.d) 

NLRB 
(g/cm2.d) 

NLRSiO2 
(g/cm2.d) 

M12 8.65 3.70 x10-5 1.18X 10-4 1.01 x10-5 6.80 x10-7 3.68 x 10-6 

M13 7.74 1.02 x 10-5 1.08x 10-5 2.74 x10-5 9.45 x10-6 1.23 x10-5 

M14 8.14 8.36 x 10-6 5.35 x10-5 5.1 x10-5 1.28 x10-6 1.34 x10-5 

M15 7.59 8.10 x 10-6 2.22 x 10-5 BDL BDL 9.79 x10-6 

 

3.7 XRD Analysis 

            In order to identify phases formed and to determine the homogeneity of the final 

glass matrix, samples of glass M13 and M15 were investigated by X-ray diffraction 

analysis. All glass samples were ground to –200 B.S.S. mesh sized powder, heated to 60-

80oC in hot air oven, cooled to room temperature and X-ray diffraction spectra was 

recorded with Cu-Kα radiation. The analysis was carried out using the XRD unit STOE 
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Powder diffraction system.  The XRD patterns of M13 and M15 glasses are given in 

Fig.1 and 2 respectively. 

 

Fig. 1 The XRD pattern of glass M-13 

 

 

 

Fig. 2 The XRD pattern of M-15 glass  
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4.0 RESULTS AND DISCUSSIONS 

 Table 1 and Table 2 describe the composition and physical properties of set of 

different SPNM glasses, prepared under normal conditions from glass forming oxides and 

nitrate. Reducing conditions were not maintained during preparation of these glasses in 

order to simplify scaling up of the process in future. As can be seen in Table-2, almost all 

the samples are pourable at temperatures above 1423oK. At such temperatures cesium is 

known to volatize to off gases as oxides. This is not acceptable as AMP contains 

significant quantities of 137Cesium and the very purpose of immobilizing it in glass 

matrix is not served to the fullest level. Reducing MoO3 content and increasing P2O5 

content did not lower the pouring temperature or decrease water soluble phase to 

acceptable level. We also see that significant quantities of sodium and chromium separate 

into water-soluble phase.  Due to chemical similarity with sodium, 137Cesium is also 

expected in the water-soluble phase, which is undesirable. The macro-level homogeneity 

was also unacceptable for all these glasses. It can be seen that M6 glass shows better 

properties than other SPNM glasses prepared but still was not of desired quality. Hence it 

was concluded from these observations that SPNM glasses prepared under oxidizing 

conditions are not suitable to host cesium laden AMP solutions and further studies with 

this matrix were discontinued. 

Phosphate glasses have attracted considerable interest in recent years for potential 

applications in disposing of nuclear waste (25) due to their relatively low melting 

temperature and high thermal conductivity. However their poor chemical resistance to 

water was overcome by addition of iron oxide, which improved the chemical durability of 

these glasses. The change in physical and chemical properties of these glasses associated 

with addition of metal cation to the phosphate structure, which changes bridging oxygen 

bonds to non-bridging type. These observations led us to believe that iron phosphate 

glasses can act as a final matrix for incorporating cesium laden AMP solutions. In the 

next set of glasses M8-M12, phosphate glasses were prepared by varying ferric oxide in 

the range 7-11%,  lowering  Al2O3  to  11-15 %  and  varying MoO3 content  in  the  range 

8-11%. The Na2O and P2O5 contents were maintained at nearly the same level as in M6 

glass of SPNM set of glasses. As seen in Table-4, the pouring temperature could be 

brought down to 1323oK for M8 and 1373oK for M12 glasses. As described in 2.4 above, 
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the molybdophosphate and silico-phosphate coexist in glasses containing MoO3-P2O5-

SiO2 without their separation into distinct layers, which is not uncommon. This has also 

been observed in Li2O-B2O3-SiO2 and Na2O-B2O3-SiO2 glass system (26) Due to high 

viscosity and low density differentials they don’t form distinct phases but retain their 

micro level inhomogeneity. Since matrices like glass ceramics have been accepted for 

immobilization of HLW, the coexistence of molybdophosphate and silico-phosphate 

glasses would also be acceptable so long as their chemical durability is excellent and 

there is no separation of water soluble phase. Results of Table 4 indicated that the 

separation of sodium in water soluble phase has decreased by a factor of 5 as compared to 

all SPNM glasses and other phosphate glasses prepared. Cesium content of water soluble 

phase, which is linked to the sodium content because of chemical similarity, should also 

be low and indeed it was found to be below detection limit. The phase separated 

chromium content was found to be much lower than all SPNM glasses. The macro-level 

homogeneity of all phosphate glasses was good as compared to SPNM glasses. 

Considering the lower pouring temperature of 1373oK and low sodium content in soluble 

phase, glass M12 was selected for further studies with actual AMP. 

The compositions of glasses presented in Table 5 are minor modifications of glass 

M12. The MoO3 content is due to dissolution of AMP.  Na2O content is from NaOH used 

for dissolving AMP, and externally added Na2HPO4, 7H2O and NaNO3. Cesium content 

was increased to get cesium concentrations in the leachants to detectable level. As seen in 

Table 6, describes the physical characteristics of M-13-M15 glasses. The samples of M13 

and M15 could be poured at 1373oK. Sodium content of water soluble phase was 15 

times less for glass M13 as compared to glass M15 and could accommodate 33 % more 

AMP in the matrix. Cesium content of water soluble phase was below detection limit for 

all samples (M13-M15).    

Normalized leach rates of M12 to M15 glass samples were computed from their 

leach data, which is indicative of durability of glasses. The results are presented in Table 

7 and can be used for comparing glasses having different compositions.  Comparison of 

NLRs of M13 and M15 glasses the two samples with lowest pouring temperature, it is 

observed that maximum NLR for Cesium is 1.79 x 10-4 g/cm2/day in case of M13 glass 

and minimum NLR for sodium is 8.1x 10-6 g/cm2/day in case of M16 glass.  Glass M13 

has higher NLRs for sodium, cesium magnesium and boron as compared to M15 glass. 
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Hence M15 glass has higher chemical durability than M13 glass. Since the results of 

leaching test of the glasses were obtained as per ASTM-1285-1994 methods so they can 

be compared to HLW glasses in literature. The leach rates of M15 glass are better than 

NBS glasses used for HLW and those of M13 glass are comparable to NBS glasses used 

for HLW immobilization. 

      The results of the investigations of XRD analysis are presented in Fig. 1 and Fig. 2. 

XRD patterns indicate that both glass samples are amorphous in nature and no crystalline 

phase is present in these samples. 

The observations indicate that Glass M13 is of superior quality with respect to 

water soluble phase separation and can accommodate higher loadings of AMP while M15 

has better chemical durability at lower AMP loading. Hence these two glass compositions 

form working range for immobilization of 137Cs loaded AMP. The pouring temperature 

of these glasses are same. Hence cesium volatility is expected to be similar. Further 

studies with respect of time temperature transition would reveal the devitrification 

characteristics of the glasses. Analysis of leached layers developed on the glass matrices 

after leaching in geological waters would help in improving these glass formulations. 

These studies would improve acceptability of phosphate glass matrix for immobilization 

of 137Cesium loaded AMP.  

 

5.0 CONCLUSIONS 
  

Phosphate modified sodium borosilicate SPNM glasses prepared under usual 

oxidizing conditions are not suitable for immobilization of 137Cesium loaded on AMP. 

Phosphate glasses containing Na2O, P2O5, B2O3, Fe2O3, Al2O3 and SiO2 as major 

constituents are capable of incorporating 6 to 8 % Ammonium Molybdophosphate. The 

Normalized Leach rates of these glasses for sodium, cesium, boron and silica are 

comparable to better than those reported for NBS glasses incorporating HLW being in the 

range 10-4 to 10-6 g/cm2/day. Further studies on characterization of these glasses would 

establish their acceptability.  
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