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Synopsis 
 

Fissoigenic radioisotope of cesium, 
137

Cs, is one of the gamma emitting 

radionuclides which has immense potential for use as a sealed gamma source in radiation 

technology applications, notably, for irradiation of blood and foodstuffs, sterilization of 

medical supplies and radiation processing of sewage sludge [1]. Presently most of the 

irradiators are built with 
60

Co and only a few are based on
 137

Cs. This is mainly due to the 

ease of production of 
60

Co in metallic form with high specific activity and also since it has 4 

times higher gamma energy (2.5 MeV) than 
137

Cs (0.662 MeV). However, the use of 
137

Cs 

in place of 
60

Co is exceptionally advantageous with respect to the source life (half life of 

137
Cs :30 years; 

60
Co: 5.2 years) which thereby minimizes source replacement frequency 

and reduces the total man rem expenditure. In fact, 
137

Cs is the an ideal isotope for use in 

gamma chambers (GCs) and blood irradiators (BIs) where source strength requirement is 

not very high and source replacement will not be required during the useful life of the unit. 

Traditionally, 
137

Cs in the form of CsCl powder encapsulated in double wall stainless steel 

capsule and has been used as source [2-4]. However, CsCl is a highly corrosive powder and 

can get easily dispersed. Moreover, the high solubility of the CsCl in water leads to release 

of activity to the environment and causes severe ecological consequences including fatal 

syndrome. It is therefore desirable to use 
137

Cs in an immobilized form with suitable product 

characteristics ensuring high degree of safety during use.   

The preparation of the 
137

Cs based radiation sources therefore involves processes 

like separation of the radioelement from nuclear waste, immobilization of the recovered Cs 

in suitable solid matrix and encapsulation of the glass in source pencils. Many processes are 

known to be promising for the separation of 
137

Cs from acidic as well as alkaline waste [5-

13]. An ion exchange based process has been deployed successfully for the separation of the 
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radioelement from alkaline waste streams generated from reprocessing plants in India [14-

16]. However, it was found that the recovered 
137

Cs product contained significantly higher 

concentration of sodium ions and hence is not suitable for the preparation of radiation 

source. Studies were therefore necessary to separate out sodium ions from the recovered Cs 

solution so that the final product after immobilization can be used as a gamma source. 

Additionally, the large-scale utilization of 
137

Cs as a radiation source in industrial irradiators 

requires that an effective process be available for the recovery of this fission product in 

megacurie quantities from acidic high level waste. This aspect has been addressed during 

the course of the thesis work.  

Second part of the work involves preparation of source matrices using the recovered 

137
Cs product solution. In the present study, immobilization of the 

137
Cs in glass matrix has 

been considered in view of its global acceptance for immobilization of high level waste. In 

contrast to high level waste bearing glasses, the Cs glasses will have significantly higher 

loading of alkali oxides loading including higher amount of Cs2O and will be free from 

other radionuclides contamination. A high loading of Cs2O is necessary to make sources of 

high specific activity. The high alkali oxide bearing soft glasses generally formed at 

relatively lower temperature are prone to chemical leaching in moist environment. Owing to 

the higher concentration of Cs in the glasses, a significant amount of Cs is likely to be 

volatilized during immobilization. Preparation of the glasses with higher chemical durability 

and minimum volatilization loss of Cs are the major challenges of the work. Several studies 

pertaining to minimization of Cs volatilization [17-22] in immobilization of high level 

waste and the improvement of chemical durability [23-29] of the glass have been carried out 

by the different investigators. These studies have revealed that the glass composition, 

including the nature and concentrations of the constituents in the waste played a major role 

in deciding the durability and Cs volatility from the high Cs bearing glasses. In the present 
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study, detailed investigations on the durability and Cs volatilization behavior have been 

carried out by evaluating the effect of various additives on the physicochemical properties 

of the borosilicate glasses. Efforts were also made to evaluate the structural changes brought 

out by the incorporation of the different additives. The structural information obtained was 

used to explain the observed properties of the glasses. This study helped to shortlist some 

formulations suitable for possible application as a gamma source in radiation technology 

applications. In totality, work in the present dissertation addresses physicochemical studies 

on the recovery and immobilization of radiocesium. The dissertation is divided into 7 

chapters each of which is briefly discussed below.  

General and basic aspects of radiation source production including background of Cs 

separation from different waste streams are discussed in Chapter 1. The chapter begins with 

a brief introduction about the history of radioisotope production including radioisotope 

production in India. This is followed by a general introduction on sealed gamma sources 

and potential radioelements along with their characteristics. The radiochemical 

characteristics of 
137

Cs clearly indicate that it is one of the suitable radioisotopes for use as a 

gamma source in radiation technology applications, particularly, where source strength 

requirement is not very high and the size of samples to be irradiated is small. As the present 

dissertation addresses to the preparation of 
137

Cs based gamma sources, its production from 

fission reaction and also inventory are accounted for. However, the radioisotope gets 

distributed into the different waste streams generated during reprocessing of the spent fuel. 

For effective utilization of the radioisotope as gamma source, it is essential that it must be 

separated with highest possible chemical and radiochemical purities. A literature review has 

been carried out to account for the processes developed so far for the separation of the 

radioelement from different waste streams. Further, discussion is extended on preparation of 

radiation sources using the recovered 
137

Cs. This includes selection criteria of the matrices 
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along with a summary of the possible matrices for incorporation of the radioelement. 

Finally, the scope of the present work highlighting the specific work elements with respect 

to separation, recovery, immobilization and utilization of Cs are discussed.      

Chapter 2 deals with the experimental methods and characterization techniques 

employed in the present study on preparation and characterization of glass samples. 

Generalized melt quenching techniques were used for the preparation of the glasses. 

Physicochemical characterization of glass samples carried out include determination of 

density, molar volume, glass transition temperature, leaching characteristics and extent of 

Cs volatilization. Structural aspects of the glasses were investigated using XRD, FTIR, 
11

B 

MAS NMR and uv-visible optical absorption techniques. Brief description regarding 

various instrumental methods, such as powder X-ray diffraction (XRD), thermo-gravimetry 

(TG) and differential thermal analysis (DTA), Fourier transmission infrared spectroscopy 

(FTIR), UV-vis spectrophotometry, scanning electron microscopy (SEM), nuclear magnetic 

resonance (NMR) spectroscopy, which is used for characterization, is given in this Chapter. 

The results of the above investigations are described in Chapters 3-6 as summarized below. 

Studies on the separation and recovery of 
137

Cs from acidic as well as alkaline waste 

streams are discussed in Chapter 3 and are divided into two sections. First part of the work 

was devoted to develop a comprehensive flowsheet based on the use of inorganic sorbent 

Ammonium Molybdophosphate (AMP) for industrial-scale separation and recovery of 
137

Cs 

from acidic high level waste. The AMP composites prepared by coating of AMP powder on 

poly methyl methacrylate (PMMA) beads were used in this study [30]. The characterization 

of the sorbent including equilibrium sorption isotherms for Cs
+
 on AMP sorbents,  effect of 

H
+
 concentration on Cs

+ 
uptake and column behavior of the sorbent were examined. 

Recovery of Cs
+
 from loaded AMP-PMMA column was carried out by dissolution of AMP 

using NaOH solution.  
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The second part of the study concentrated on the separation of Cs in chemically pure 

form from highly active alkaline solution so that it can be used in the preparation of 

radiation sources. In this study, the feasibility of ion exchange purification of the recovered 

Cs
+
 solution was examined using Resorcinol Formaldehyde Polycondensate Resin (RFPR). 

It is noteworthy that the RFPR has extensively been used for the separation of 
137

Cs from 

low and medium active alkaline waste solutions, wherein a maximum of 10
-4

 M Cs 

containing solution is used [31-34]. However, Cs solution obtained after its primary 

separation either from alkaline waste using RFPR or from acidic waste by the use of AMP, 

contains significantly higher concentration of Cs. The characteristics of RFPR for 

separation of Cs from high active solutions was therefore evaluated by conducting batch 

studies from test solutions containing varying Na (0.6-3.0 M) and Cs (1x10
-4

 to 0.1 M) 

concentrations. Batch results have been used to establish Cs exchange isotherms of the resin 

and also to predict the column loading performance. This was further validated by 

conducting several column runs using different Cs bearing solutions. Sequential elution of 

Na and Cs resulted in a high Cs bearing concentrate containing very low concentration of 

sodium. The study established that RFPR can be used for production of a low Na bearing Cs 

concentrate suitable for the preparation of highly active radiation source. Further, results of 

these studies are useful in formulating a comprehensive scheme for the recovery of purified 

137
Cs product from high level waste for large-scale utilization as a radiation source in 

industrial irradiators. 

Chapter 4 describes the physicochemical characterization of sodium borosilicate 

glasses containing Cs2O and also the glass samples prepared by incorporating TiO2.  From 

the detailed investigations on these glasses, the necessity of TiO2 incorporation is 

established. It is clearly shown that the glasses prepared by addition of TiO2 at the expense 

of B2O3 possess improved characteristics as compared to those obtained by incorporating 
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TiO2 at the expense of SiO2. The leach rates for Na and Cs have been found to decrease 

with incorporation of TiO2. However, incorporation of the additive at more than 5 mole% 

results in higher Cs losses. Based on our studies, it can be inferred that the glass sample 

with 5 mole% TiO2 content gives the optimum formulation with regard to the leaching and 

Cs volatilization losses. Structural studies revealed that TiO2 in low concentration (upto 5 

mole%) acts as a network modifier while it participates in network formation at higher 

concentrations. Unlike the glass without TiO2, glasses containing TiO2 have different 

distribution of alkali Na/Cs ion as the location of Na/Cs ions shift from the vicinity of BO4
- 
 

structural units to that of Si/Ti structural units. This is one of the reasons for the decrease of 

leach rate of alkali ions from the glass. The interactions between the Ti
4+

 and Cs
+
 ions may 

possibly be the reflection of lower Cs volatilization loss.   

Chapter 5 describes the results of investigation on the effect of divalent oxides on 

physicochemical properties of the Cs-borosilicate glasses.  Chemical durability of the 

glasses has been found to improve with incorporation of divalent modifier and this can been 

attributed to the formation of divalent metal and Si rich layer at the outer surface of the 

glass, as inferred from SEM/EDX analysis with CaO containing glass. Based on the 

chemical analysis of leachate and structural information obtained at the various stages of 

leaching, possible structural groups present in glasses have been formulated and relative 

stability of the different structural groups towards hydrolytic attack has been considered to 

explain observed leaching behavior. Studies of Cs volatilization as a function of temperature 

and heating duration helped in understanding the effect of composition.  It is confirmed that 

the volatilization of Cs occurred predominantly through diffusion controlled process. From 

the temperature dependent volatility profiles of Cs, the activation energy and pre-

exponential  factor were calculated and found to be in the range of 300 – 500 kJ/mol and 

10
3
 - 10

12
 cm

2
/s, lowest for ZnO and highest for CaO containing glasses. An interesting fact 
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is that the pre-exponential factor and not activation energy controls the Cs loss. The 

observed variations in the activation energy and pre-exponential factor have been explained 

by a unique model structure and possible interactions of Cs with different structural units 

formed due to incorporation of different additives.  

Chapter 6 deals with the preparation and characterization of borosilicate glasses 

incorporated with more than one additive and are divided in two sections. In the first 

section, cumulative effect of these additives on matrix properties mainly formation 

temperature, chemical durability and Cs volatilization have been examined. Based on these 

screening studies, four glass formulations have been shortlisted. Leaching tests for longer 

duration upto 21 days and measurement of the extent of Cs volatilization have been carried 

out with the shortlisted formulations. Result of the study is useful in selection of glass 

formulations for use as radiation source in blood irradiators.  

Second part of this chapter discusses the preparation of high Cs loaded glasses for 

possible use as a gamma source in industrial radiation technology applications.  In this 

study, the feasibility of incorporation of more Cs2O by replacement of Na2O is examined on 

one of the above mentioned shortlisted formulation. Properties of glasses measured include 

pour temperature, swelling factor, density, molar volume, Cs volatilization and chemical 

durability. Pour temperature, density, molar volume and Cs loss due to volatilization 

increased with increase of Cs2O loading. The swelling factor was found to decrease 

gradually with increase of Cs2O loading. Chemical durability of glasses, with respect to Na 

and Cs leaching in distilled water, decreased initially with incorporation of Cs2O up to 4 

mole%, and then increased slowly with the increase of Cs2O loading. This anomalous 

leaching behavior is attributed to mixed alkali effect. Based on the formation temperature 

within 950
o
C and good chemical durability, the highest Cs bearing glass containing 6 
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mole% (21 wt%) of Cs2O and 14 mole% of Na2O, can be selected for possible use as a 

gamma source in industrial radiation technology applications.   

Chapter 7 gives the summary of the results from the above mentioned detailed 

investigations carried out on recovery of Cs and preparation and characterization of high 

Cs2O incorporated borosilicate glasses.  Future scope of the work with respect to further 

insight required for efficient separation and utilization of 
137

Cs ions are discussed in detail 

in this chapter.  
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Introduction 

Several radionuclides are present in nuclear waste in substantial quantities, some of 

them being highly valuable mainly with respect to their potential application in our daily 

life, 
137

Cs being one of them.  In view of the potential use of 
137

Cs, several independent 

programmes have been pursued since late 1950 for the recovery of this valuable 

radionuclide from waste streams and used in various peaceful applications notably, for 

irradiation of blood and foodstuffs, sterilization of medical supplies and radiation 

processing of sewage sludge, brachytherapy, gamma knife, etc
1
.  It is desirable that the 

recovery of the valuables should also address the end-routing of the remaining waste 

streams as well as the generated secondary waste streams. Different countries have adopted 

various processes for separation of the radionuclides and matrices. Indeed, India is one of 

the few countries in the world having mature technology for the management of the waste.  

Several hundreds of 
137

Cs based brachytheraphy sources have been prepared in our 

laboratories and used in treatment of cancer
2
. Recent interest is focused on the use of 

137
Cs 

as a gamma source in radiation technology applications. The preparation of 
137

Cs based 

radiation sources requires mega curie quantities of the radioisotope and hence involves 

processes like separation of the radioelement from nuclear waste, immobilization of the 

recovered Cs in suitable solid matrix and encapsulation of the glass in source pencils. In this 

context, efforts have been made to address the subject in totality under the title topic 

‗Recovery and immobilization of radiocesium‘ of the thesis work.  

As an introductory note for the work, application of radioisotopes including 
137

Cs, 

production of 
137

Cs and processing of the spent fuel is discussed. This gives a quantitative 

account of the inventory of radioisotopes and its distribution in different waste streams. 

Further, state of art processes and technologies prevailing in this field including separation 
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and recovery of 
137

Cs from different waste streams and its conversion in source form are 

highlighted. This helps to define the scope of the work which needs to be addressed to 

utilize this useful byproduct of nuclear energy production.  

1.1 Applications of radioisotopes  

The discovery of radioactivity by Henri Becquerel in 1896 followed by the 

production of the first artificially produced radioisotope of 
30

P by Irene Curie Joliot gave 

impetus to the application of radioisotope for the betterment of human lives. Later on, the 

invention of cyclotron by E.O. Lawrence increased the range of man-made radioisotopes.  

The discovery of nuclear fission by O. Hahn and F. Strassmann in 1939 and subsequent 

setting up of the nuclear reactor at Chicago by Fermi and coworkers in 1942 opened up 

immense opportunities for the production of radioisotopes. As of today, more than 450 

nuclear reactors are in operation all over the globe adding a quantum to the total energy 

demand. Consequently, hundreds of radioisotopes in substantial quantities are produced 

daily along with energy production through fission as well as neutron activation utilizing the 

high neutron flux during operation of such reactors. Almost all the radioisotopes produced 

are being used for the betterment of human society in fields like healthcare, radio- 

diagnostics, radiopharmaceuticals, radiotherapy, brachytherapy, radioimmuno- assay, radio-

analytical techniques, sterilization of medical products, radiation processing in industry, 

radiotracer applications in industry, food preservation, agriculture and radiation technology.  

Indian atomic energy programme was initiated by the great visionary and father of 

Indian nuclear energy programme, Dr. Homi Jahangir Bhabha, in 1954
3
 who envisioned the 

peaceful uses of atomic energy including generation of nuclear power and applications of 

radioisotopes in various fields. The first research reactor ―APSARA‖ was dedicated to the 

nation in 1956 and thereafter several reactors have been added to the list.  At present, 20 
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reactors including 17 power reactors utilizing natural uranium fuel in Pressurized Heavy 

Water Reactors (PHWR) as well as enriched uranium in Boiling Water Reactors (BWR) are 

in operation. The power generated from these reactors accounts for about 3% of total energy 

production (4.7 GWe). Along with the generation of power, these reactors are also used to 

produce radioisotopes from neutron activation. The produced isotopes are used in a variety 

of applications in the field of healthcare, agriculture, industry and research. A numbers of 

radioisotopes generated from fission reaction have been known to be useful for application 

in various fields as mentioned above. In the present context, further discussions are 

restricted with the isotopes which are suitable for use as a sealed source in gamma radiation 

technology applications. 

1.1.1 Radioisotopes for sealed sources applications 

Definition and classification of sealed sources 

The sealed radiation source is defined as one in which the radioactive material is 

encapsulated or sealed in a capsule. The minimum criterion for the sealed sources is that the 

capsule should be strong enough to be leak proof under the conditions of use. Further, on 

the basis of intended application under various environmental conditions, several 

performance classification requirements are specified for the various sources, so that 

integrity of the sources remains intact even under reasonable accidental conditions.  

Depending upon the strength of the source, the sources can broadly be classified in 

three groups as follows
4
:  

(i) Low level source: Activity level are in few Ci. 

(ii) Medium level source: Activity level are in few mCi to few Ci. 

(iii)  High level source: Activity level are in several kCi. 
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The low level sources are exempted from any tests except loose contamination, 

which should be less than limits prescribed. For others, it is necessary to qualify 

performance tests which include temperature, pressure, impact, vibration and puncture tests 

as per technical specification prescribed by AERB 
5, 6

.     

1.1.2 Radioisotopes for radiation technology applications 

Primary requirement for a radioisotope that can be used as a gamma source should 

have following characteristics 

(i) High gamma energy 

(ii) Long half life 

(iii) High specific activity  

(iv) Availability in substantial quantities 

Based on the available information in literature, a list of radioisotopes useful for 

sealed gamma sources are summarized in Table 1-1. The radionuclides which have half life 

less than a year are not included in the list. It can be seen that the choices of radionuclides 

for sealed source applications are limited. Further considering the application as gamma 

source for irradiators, the choices are only 
60

Co and 
137

Cs.   

 Table 1-1: Commonly used radioisotopes in sealed source applications 

Radioisotopes Half life (y) Gamma energy (MeV) 

22Na 2.6 0.51 and 1.27 

60Co 5.27 1.17 and 1.33 

133Ba 10.6 0.36 

137Cs 30 0.66 
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1.1.3 Uses of 60Co in radiation technology application 

60
Co is the radioisotopes used most extensively in gamma radiation technology 

application. This is mainly because of its favorable decay characteristics (Table 1-2) and 

ease of availability. Production of 
60

Co is carried out by irradiation of metallic pellets of 

59
Co. The rate of growth of activity in the target can be obtained from following equation

7
: 

                       …(1) 

 where s: specific activity in Bq/g, : neutron absorption cross section in barn, : neutron 

flax in n/cm
2
/sec, A:Mass number, : decay constant and t is the period of irradiation. In 

practice, the target is irradiated for 1-2 half lives of the radioelement. It is clear from above 

equation that high neutron flux is needed for the production of high specific activity 
60

Co 

source and therefore a major part of the isotope is prepared in the power reactor. In India, 

both the metallic pellets in the form of 1 mm dia x 1 mm height and 6 mm dia x 25 mm long 

slugs are used for irradiation
8
. These targets are encapsulated in suitable irradiation 

containers, loaded in the specially designed assemblies and irradiated for period of 5 to 7 

years. Cobalt pellets provide very high specific activity (200-300 Ci), while the specific 

activity for slugs are in the range of 50-100 Ci. Currently, about 2 MCi of 
60

Co is produced 

annually from different power reactors. Board of Radiation and Isotope Technology (BRIT), 

a unit of Department of Atomic Energy is responsible for the production, fabrication and 

supply of laboratory irradiators like Gamma Chambers (GC) and Blood Irradiators (BI). 

These units are useful for the radiation damage studies on various materials and for blood 

irradiation where T-lymphocytes are made inactive before transfusion of blood in the organ 

transplanted patients. BRIT is also supplying the industrial irradiator sources for 

sterilization of medical products and food irradiation. Since 
60

Co has half life of 5.27 years 

which necessitates replacement of the source every 5-7 years depending on the requirement.  
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Table 1-2: Characteristics of 
60

Co and 
137

Cs 

Characteristics 
60

Co 
137

Cs  

Half life 5.27 years 30 years 

Energy of γ rays 1.17 and 1.33 MeV. 0.662 MeV. 

Production  
59

Co ( n,γ) 
60

Co Fission of 
235

U 

Dose rate from 1 Ci at 1 meter 1.32  R/hr 0.34 R/hr 

Specific activity  
25-300 Ci/g for 

metallic cobalt 

20 Ci/g for CsCl powder 

5-10 Ci/g for glass matrix 

 

1.1.4 Uses of 137Cs in radiation technology application 

Unlike 
60

Co, 
137

Cs has a long half life of 30 years and emits γ radiation of relatively 

low energy of 0.662 MeV. The use of 
137

Cs in place of 
60

Co can minimize the source 

replacement frequency and thereby reduce the total man rem expenditure. In fact, 
137

Cs is an 

ideal isotope for use in GCs and BIs where source strength requirement is not very high and 

source replacement will not be required during the useful life of the unit. These irradiators 

are useful for the irradiation of blood and foodstuffs, sterilization of medical supplies (such 

as syringes, bandages and other disposal material where sterilization is carried out after final 

packing of the product) and radiation processing of sewage sludge. Though low gamma 

energy of 
137

Cs is disadvantageous in irradiation technology application, it is advantageous 

for GC and BI because of low shielding requirement. The use of 
137

Cs makes it possible to 

build such units in smaller size as well as mobile units. As the radioisotope is produced only 

in nuclear fission reaction, separation of the isotope from fuel  



 

8 

1.2 Inventory of 137Cs 

The suitability of a radioisotope for industrial scale uses is mainly decided by the 

availability of the radioelement and its production cost.  

1.2.1 Production  

137
Cs is produced in substantial quantities from nuclear fission reaction. The fission 

yield of 
137

Cs is about 6% from thermal neutron fission of 
235

U. In terms of weight, it was 

estimated that about 240 g of 
137

Cs is produced from 1 tonne of fuel irradiated in PHWR at 

the rate of 6,700 MWD/tonne. However, this is not the only radioelement produced in 

fission. It is known than several hundreds of radioelement, including three major isotopes of 

Cs and a series of activation products and actinides are produced in fission. Interestingly, all 

these are confined within the fuel element. For use of the 
137

Cs, it is to be separated from the 

host of the other radioelement. In fact, the spent fuel is then processed, known as 

reprocessing, for separation of fissile elements. A brief description of the reprocessing is 

given below to track the routing of 
137

Cs and its inventory.   

1.2.2 Reprocessing of spent fuel 

The spent fuel after removal from reactors is cooled for some time for decaying 

short-lived fission products and then taken for reprocessing. Reprocessing of spent fuel 

involves various processes including decladding, dissolution of the fuel in concentrated 

HNO3 and solvent extraction for the recovery of Uranium and Plutonium. This is done 

through a series of solvent extraction steps by contacting the acidic solution with 30% 

TBP/dodecane mixture. During solvent extraction, all the fission products including 
137

Cs 

remain in the aqueous streams, while Pu and U go to the organic. The Pu and U lean acidic 

raffinate resulting from the first step of solvent extraction is subjected to evaporation for 

volume reduction. The evaporator concentrate is designated as acidic high level waste 
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which contains more than 99% of the total fission products activities. The evaporator 

condensate is mixed with the acidic raffinate of second and third steps of solvent extraction 

and subjected to evaporation. The concentrated part is neutralized using Na2CO3 and NaOH 

and stored in carbon steel tank as intermediate level waste, while the condensate is sent as 

low level waste for further treatment and discharged. In addition, some other waste streams 

are also generated during reprocessing. Detailed descriptions of these waste streams are not 

included in view of their low inventory of 
137

Cs in such waste.  

1.2.3 Distribution of 137Cs in different waste streams 

Among the different wastes generated, three waste streams are important with 

respect to Cs recovery point of view. These waste streams are (i) Acidic high level waste (ii) 

Alkaline ILW and (iii) Alkaline declad waste. The radioactive liquid waste containing more 

than 1 Ci/L of total activity is generally classified as high level waste. The acidic HLW 

generated from reprocessing plants in India have gross β activity in the range of 10-30 Ci/L 

which is due to the presence of major radionuclides 
137

Cs (3-10 Ci/L), 
90

Sr (3-10 Ci/L), 

fission products and several actinides
9
. The ILW generated at the back end of nuclear fuel 

cycle is alkaline in nature and characterized with high salt loads. The waste has gross β 

activity in the range of 4-50 mCi/L with 
137

Cs as the major radionuclide and traces of 
90

Sr, 

106
Ru etc

10
. The declad waste, generated from the chemical dissolution of aluminium 

cladded natural uranium fuel irradiated in research reactors, is characterized by much higher 

concentration of NaOH, Al and Na-salts
11

. However, with respect to activity content, it is 

similar to that of ILW. It is worth mentioning here that although 
137

Cs concentration in both 

the alkaline streams are quite low, total inventory of 
137

Cs in these waste streams are quite 

significant because of high waste volumes. A typical distribution scheme of radioisotopes in 

these waste streams is shown in Fig.1-1. It can be seen that the acidic High Level Waste 

(HLW) generated from reprocessing plants is the main source for 
137

Cs. 
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Figure 1-1: Typical distribution of 
137

Cs in different waste available for recovery at 

Trombay 

 

1.2.4 Specific activity of 137Cs in waste 

The concentration of 
137

Cs in different waste streams has been discussed above. Specific 

activity of the radioelement is one of the important parameters from application point of 

view. The specific activity of pure 
137

Cs calculated from radioactive decay equation is about 

87 Ci/g but its specific activity in waste will vary depending upon the concentration of other 

Cs isotopes and age of the waste. Three isotopes of Cs are known to be produced in 

substantial quantities during fission reaction. The details of the isotopes produced in thermal 

neutron fission of 
235

U in PHWR
12

 are shown in Table 1-3. After 10 years of cooling the 

specific activity of Cs in waste would be around 35 Ci/g.   

 

Table 1-3: Typical distribution of Cs isotopes in spent fuel irradiated in PHWR 

Mass No. 
t1/2 

(years) 

Thermal neutron fission of 
 235

U  

Fission yield 

(atom%) 

Quantity* 

(g/tonne) 

133 stable 6.7 240 

135 2.3 x 10
6 
 6.6 20 

137 30.2  6.2 240 

*Typical distribution of Cs isotopes in spent fuel at the end of 

irradiation in PHWR (6700 MWD/tonne).  
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1.3 Methods for Recovery of 137Cs 

A large number of processes for the recovery of 
137

Cs from acidic as well as alkaline 

waste streams have been developed till date, many have been used and some have been 

advocated for the large scale recovery of the radioelement
13,14

. Based on the methods of 

recovery, processes are categorized in three groups and discussed in detail below. 

1.3.1 Chemical precipitation based processes  

Precipitation is generally the method of choice for separation of the traces of 

radioelements from large volumes of waste solution. In this process, solutions of more than 

one precipitating agents in solution form are added to waste and the medium is maintained 

in such a manner which is conducive for the formation of an insoluble compound. This 

compound, initially in the form of fine particle or colloids gets subsequently agglomerated 

and form large flocks. The radionuclides are entrapped into the precipitate by the 

mechanisms like (i) ion exchange, (ii) co-precipitation and (iii) sorption, leaving the bulk 

liquid free of radionulide contamination. This process is generally used for decontamination 

of low level effluents. Nevertheless, several precipitation based processes have been used in 

large scale recovery of 
137

Cs with some of them are highlighted below. 

(1) Precipitation of Cs by transition metal hexacyanoferrates are known for a long time. 

Formation of the precipitate is generally carried out by addition of potassium salt 

solution of hexacyano ferrate and nitrate salt solution of the transition metal (Cu, Co, 

Ni, Zn, etc)
15

 to waste. Separation of Cs
+
 by the precipitate occurs vide ion exchange 

mechanism as shown below: 

K4Fe(CN)6  + CuSO4  K2CuFe(CN)6 +K2SO4 

In 1959, a process involving precipitation of 
137

Cs by zinc hexacyanoferrate was 

adopted at US DOE laboratory for the large scale recovery of 
137

Cs from purex 
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raffinate at pH 2
16

. After separation of the precipitate from the bulk solution, it was 

then washed in water and then hydrolyzed by steam at 250-300
o
C. The leached Cs 

solution was processed further to obtain 
137

Cs product in the form of CsCl powder.  

(2) The use of phosphotunstic acid, H3[PW12O40], for selective precipitation of 
137

Cs 

from acidic raffinate was adopted at US DOE laboratory
13

. In acidic solution, the 

replacement of one or more hydrogen of H3[PW12O40] by Cs
+
 leads to the formation 

of an insoluble precipitate. The precipitate after separation from bulk liquid was 

dissolved in NaOH and processed further for the recovery of 
137

Cs.  

(3) Sodium tetraphenyl boron, Na(C6H5)4B, is an well known reagent which can 

selectively form an insoluble compound with Cs. This process has extensively been 

tested at Savannah River laboratory, USA
17

.  

The use of precipitation based process have been discontinued in recent times 

because of its inherent disadvantages like bulkiness of process pot, higher shielding 

requirements  and complexity of filtration/centrifugation in high radiation fields.  

1.3.2 Solvent extraction based processes  

Solvent extraction based processes are the most promising as far as selective 

separation of radionulides are concerned. Technology for large scale applications of the 

process are well established as one of the biggest solvent extraction based process, i.e., 

PUREX process for separation of U and Pu from dissolved spent fuel solution has been 

operational over the last five decades.  

In this process, an organic stream containing solvent, traces of selective extractant 

and the aqueous waste are kept in intimate contact by employing strong external agitation. 

During this agitation, the metal ions come in contact with the extractant and are extracted 

into the organic phase by formation of an organic phase soluble metal-extractant complex.  
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On standing, the organic phase separates out and the metal ion is stripped from organic 

phase to aqueous phase by disturbing the stability of the metal-extractant complex.  

A variety of extractants have been evaluated in recent years for the separation of 

137
Cs from acidic as well as alkaline waste streams. Amongst others, two extractants, viz., 

(i) chlorinated cobalt dicarbollide (CCD) and (ii) calix-crown are widely popular for their 

very high selectivity for Cs from acidic solution.    

The process based on use of CCD in polar diluent (metanitrobenzotrifluoride) was 

developed at the Nuclear Research Institute in Czechoslovakia
18

 and successfully adopted in 

the commercial separation plant at Mayak PA in Russia
19

. The loaded Cs on CCD can be 

stripped using 5-6 M HNO3. A total of about 15 MCi of 
137

Cs-
90

Sr, was separated from 400 

M
3
 of HLW at UE-35 operation, using CCD along with PEG

20
.  A similar process was 

developed and tested with high degree of Cs recovery at INEEL
21

.From this encouraging 

result, it can be inferred that the use of CCD can be adapted for selective recovery of 
137

Cs 

for its utilization as a radiation source.  

The discovery of crown ethers by Pederson attracted researchers interest in 

developing suitable extractants for selective separation of alkali and alkaline earth metal, 

notably cesium and Sr 
22

. Various crown ethers have been identified as effective extractants 

for separation of Cs
23

.  A process (CSEX) based on the use of di-benzo-18- crown-6 has 

been developed at ANL and tested with simulated waste along with SREX (Sr extraction by 

using di-t-butylcyclohexano-18- crown-6)  in an isopraraffinic hydrocarbon diluents with 

TBP solvent phase modifier
24, 25

. Because of the poor stability of the cesium extractant in 

nitric acid, development work was not pursued further.  

The development of calixarenes by Izatt in mid 1980, heralded the next generation 

extractant for selective separation of Cs from acidic as well as basic solutions
26

. In this new 
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class of compounds, Calix[4] arene-bis (t-octylbenzo-crown-6) has been evaluated as 

superior extractant for Cs separation
27, 28.

 Researchers at Oak Ridge National laboratory 

successfully developed a caustic side solvent extraction (CSSX) process for the separation 

of 
137

Cs from alkaline waste streams
29

. This process was demonstrated in a small scale 

centrifugal contactor using actual waste at Savannah River site
30

. It has also been 

demonstrated at the Oak Ridge National Laboratory that the calix[4]arene-crown ethers are 

highly effective for selective separation of Cs from acidic solution
31

. The attractive feature 

of the process is that Cs can easily be stripped from organic phase by using dilute HNO3. 

The present limitation of employing solvent extraction on industrial scale is the commercial 

non -availability of these specific solvents in our country.  

1.3.3 Ion exchange based processes 

Ion exchange is the process of reversible exchange of ions between electrolyte 

solution and solid ion exchanger, as illustrated for the separation of Cs from waste below. 

R-O
-
X

+
 (Solid) + Cs

+
 (sol) = R-O

-
Cs

+
 (solid) + X+ (sol) 

where R is the polymer matrix, X
+
 is the exchangeable ion, Cs

+
 is the ion of interest to be 

separated from waste solution. The effective separation of Cs
+
 by the ion exchanger 

depends on various factors like nature of ion exchanger and functional group, nature and 

composition of the waste including concentration of the Cs
+
 and concentration of competing 

ions in the solution. Nuclear wastes of reprocessing plant origin including the acidic HLW 

and alkaline ILW contains, very low concentration of Cs
+ 

and
 

significantly higher 

concentrations of competing Na
+
 ions.  It is therefore a prerequisite for waste treatment 

application that the ion exchangers should have very high affinity for Cs
+
. In addition to 

this, elution of Cs
+
 is also desirable when recovery of Cs

+
 is the main objective. Highlights 

of the promising ion exchange based processes evaluated till date is given below. 
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(1) The first successful application based on the fixed bed use of ion exchange column 

was reported from Hanford site for recovery of mega curies of 
137

Cs from alkaline 

waste. The process utilized a commercially available zeolite of chabazite type, Linde 

AW 500, for loading of 
137

Cs from alkaline solution.  

Recovery of loaded 
137

Cs was carried out by elution using (NH3)4CO3 

followed by neutralization of the eluate using HCl resulting in a CsCl solution, 

which as CsCl powder was obtained
13

.  

(2) Another ion exchange based process based on the use of copper hexacyano ferrate 

on silica support was adopted in Russia for recovery of 
137

Cs from acidic solution. In 

this process, 
137

Cs in acidic waste stream was loaded on the sorbent column and then 

eluted by using 8.0 M HNO3. In HNO3 medium, the affinity for Cs with the 

compound is reduced due to oxidation of Fe
II
(CN)6 to Fe

III
(CN)6, leading to effective 

elution. The sorbent was then regenerated by passing a reducing mixture NaNO2 and 

KNO3.  During industrial scale use of the process at Mayak (Russia), about 7 MCi of 

137
Cs was recovered using a 120 L column in sorption-desorption-regeneration 

cycles
32

.  

(3) The inorganic sorbent ammonium molybdophosphate (AMP) has been known for a 

long time as a promising candidate for selective separation of 
137

Cs from acidic 

solutions
33

. However, its industrial application has been limited by the fact that the 

sorbent has poor column properties owing to its microcrystalline nature. Several 

efforts have been made over the years to prepare the sorbent in column-usable 

granular form, either by precipitation inside the pores of silica gel
34

, alumina
35

, 

polymeric resins
36

 and anion exchangers
37

 or by granulation using an organic binder 

like polyacrylonitrile (PAN)
38,39

, calcium alginate
40

, etc.  Amongst these AMP 

sorbents, AMP–PAN has been extensively tested for Cs removal from simulated as 
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well as actual acidic waste at Idaho National Engineering and Environmental 

Laboratory (INEEL), USA
 41

. An innovative process for preparing AMP-coated on 

polymethylmethacrylate (PMMA) beads has been developed from our laboratory 

and found to be promising for use in fixed bed column for separation of Cs from 

high level waste
42

. A significant amount of work has also been carried out using 

titanates and silicotitanates for separation of Cs from acidic medium
43,44,45

. 

However, none of them have been found to be promising from recovery point of 

view as Cs cannot be removed from these exchangers. 

(4) Separation of 
137

Cs from alkaline waste: The use of resorcinol formaldehyde 

polycondensate resin (RFPR), an alkali catalyzed polycondensation product of 

resorcinol and formaldehyde
46,47,48,49

, is well established. The resin possesses very 

high affinity for Cs
+
 ions even in presence of molar levels of Na

+
 ions

50
,
51

. This 

signifies that the deleterious effect of Na on Cs uptake by RFPR is quite low and 

hence advantageous for its application because Na is the major non-radioactive 

constituent present in most of the effluents generated at the back end of nuclear fuel 

cycle. Further, the weakly acidic nature of the functional groups facilitates the 

recovery of Cs
+
 ions from loaded resin by elution in small volumes of dilute acid. 

The regenerated resin is as effective as fresh resin and can be used for the separation 

of Cs in repeated loading-elution-regeneration cycles
52

. In India, extensive studies 

have been carried out in the authors‘ laboratory on the preparation, characterization 

and testing of the resin for the separation of 
137

Cs from alkaline radioactive waste 

solutions of reprocessing plant origin. Industrial scale application of the resin for 

separation of 
137

Cs from alkaline ILW solution in repeated loading-elution-

regeneration cycles has also been demonstrated successfully
10, 53, 54

. The use of 

RFPR in repeated loading-elution-regeneration cycles served twin objectives viz., 
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efficient decontamination of the ILW and recovery of 
137

Cs in a small volume of 

dilute nitric acid solution. However, the eluate contains a substantial amount of Na 

ions. Presence of Na entails further purification of the solution to make it suitable for 

use as a gamma source in radiation technology application. A significant amount of 

work has also been carried out in US-DOE laboratories with simulated and actual 

tank effluent
55,56,57,58,59,60

. In all these work, decontamination of the waste were the 

main objective. In summary, RFPR has successfully been used for the separation of 

137
Cs from either waste simulant or actual waste containing Cs concentrations 

<7.5x10
-5

 M and the recovery of the Cs is possible in a small volume of dilute acid. 

Since this recovered 
137

Cs solution contains a substantial amount of Na ions, further 

processing is required to make it suitable for use as source in radiation technology 

application.  

After separation from waste by any of the processes discussed above, the Cs is to be 

incorporated in a solid matrix for use as a radiation source.  In the following discussion 

therefore an overview of the matrices suitable for the application are highlighted.  

1.4 Selection of the source matrices  

Higher stability at elevated temperature and low solubility in common aqueous 

solvents are the two major considerations for the selection of source matrices. Other 

considerations includes higher loading of 
137

Cs per unit volume of the matrix, high radiation 

resistance, ease of preparation  at relatively lower temperature and minimum loss of Cs due 

to volatilization.  Fundamentally, matrices with high thermal stability, low solubility and 

good mechanical properties are generally characterized by a combination of (i) strong ionic 

bond, (ii) large lattice energy and (ii) high ionic potential (charge/radius ratio).   
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1.5 Matrices for immobilization of 137Cs 

Although CsCl (melting point: 646
o
C) powder does not satisfy most of the above 

criteria, it has been the choice for radiation source application
61, 62

, mainly because of 

highest weight ratio of 
137

Cs per unit volume (~100 Ci/cm
3
), excellent compatibility with 

stainless steel at ambient temperature and ease of preparation. However, CsCl powder is 

highly corrosive at elevated temperatures and can be easily dispersed. Moreover, the high 

solubility of the CsCl in water may lead to release of the activity from its defective capsule 

to the environment and cause severe ecological consequences including fatal syndrome
63

.  

Several matrices have been identified as potential candidates for Cs sources. This 

includes cesium tantalates, cesium saturated calcinated zeolites, synthetic pollucite, ceramic 

oxides, aluminosilicate glass, aluminophosphate glasses, glass ceramics and Zn borosilicate 

glasses. A brief description of the preparation of such matrices is given below. 

(1) Cesium tantalates can be prepared either by molten salt reaction or slurry reaction as 

shown below
64

: 

In molten salt reaction, the molten CsOH reacts with Ta2O5 and forms the 

corresponding Cs compound. For example, 

2CsOH (melt) + Ta2O5 (g)  2CsTaO3 (g) + H2O (g) 

(ii) The slurry reaction method involves a reaction of aqueous solution of CsOH or 

Cs2CO3 and suspended particle of Ta2O5, as shown below.  

Ta2O5+xH2O + 2CsOH   2CsTaO3  + H2O (g) 

The products from both methods were calcined at 700-1000
o
C.  The characteristic 

properties of Cs tantalite such as high density (about 70 Ci/cm
3
 volumetric specific activity 

for Cs), high melting temperature (1400
o
C) and relative insolubility in water makes it one of 
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the promising candidates for immobilization of Cs. The main drawback is that the mass 

absorption coefficient for Cs (owing to higher molecular weight) is quite high. However, 

proper irradiator design can make the compound useful as a radiation source.  

(2) Preparation of ceramic matrices as host for cesium is known to be advantageous 

mainly with respect to Cs stability. The ceramic matrices include aluminosilicate, 

synthetic zeolites, pollucite type compounds and synroc.  The preparation of most of 

the ceramic compounds involves reactions at elevated temperature and pressure. A 

brief description of the matrices is given below.  

Pollucite (CsAlSi2O6) is a chemical form of Cs existing as ore. The compound has 

very high melting temperature (1700
o
C) and it is insoluble in water. In 1967, Olombel et al 

developed a method for synthesizing pollucite for use as X-ray source
65

. Shigemasa et al 

proposed a simple method for preparation of pollucite using synthetic zeolite
66

, where 

zeolite powder was pressed at about 0.5 tonne to make pellet and calcined at 600
o
C for 2 

hours, then the pellet was immersed in CsNO3 solution followed by heating at 1100
o
C for 2 

hours. The pellet obtained was found to have bulk density of about 2.4 g/cm
3
, specific 

activity of Cs is about 12 Ci/g and water solubility quite similar to that of natural pollucite.  

Similarly, a synthetic zeolite of chabazite type (AW-500) was also used to load Cs in 

which the zeolite sample was fired at 1100
o
C

67
. The product formed was found to have 

excellent leach rate characteristics but the Cs storage density was quite low.    

Preparation of pollucite directly from CsCl was also reported by mixing 3M CsCl 

solution with bentonite clay followed by drying and firing at 1000
o
C

67
.  The Cs storage 

density was quite low but the product had excellent stability against hydrolytic attack.  

(3) Immobilization of Cs in synthetic rock (synroc)
 68

 is one of the best options which 

make the final product water insoluble. Among others, Cesium titanate hollandite,  
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(CsxTi8O16, x=1.36) is one of the promising synroc material for immobilization of 

Cs. Hollandite can be prepared by solid state reaction between Cs and solid TiO2 

under reducing conditions at about 1250
o
C.  Though Cs ions are highly stable in 

hollandite as it is encapsulated within the one dimensional oxygen cavity formed by 

ledge-sharing TiO6 octahedral, high processing temperature is the main drawback 

from processing point of view. A simplified process involving electrolysis of a 

mixture of Cs2O, MoO3 and TiO2 at 900
o
C was reported recently for the preparation 

of single crystalline hollandite
69

. However, feasibility of the process for large scale 

preparation of the compound from CsCl/CsNO3 solution is still to be evaluated.   

 

(4) Glass as a matrix can be considered another choice for immobilization of cesium. 

Primary reason for this being that glasses produced by the nature thousands of years 

ago are found to be stable even today. Taking this analogy, scientists have 

synthesized glasses in laboratory which are being used almost in every part of our 

daily life. Secondly, glass is unanimously accepted as a primary matrix for 

immobilization of the high level waste. Depending upon the nature and composition 

of major glass forming constituents, different glasses such as silicate, 

aluminosilicate, borosilicate, phosphate, etc have been developed.  A brief 

description of each of the glasses with relevance to either immobilization of nuclear 

waste or radiocesium is discussed below. 

France has considered preparation of aluminosilicate glasses for conditioning of 

Cs
70

. The loading of Cs used in preparation of such glasses were in the range of 3-10 wt% 

and all the glasses were fabricated at 1400-1600
o
C. However, use of such glasses as 

radiation source has not been reported.  
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Borosilicate based matrices have been widely used for the immobilization of high 

level radioactive liquid waste mainly because of its excellent glass forming ability with 

regard to many different types of waste elements coupled with good chemical durability, 

mechanical integrity, thermal and radiation stability.  Pour temperature of such glasses are 

in the range of 950-1100
0
C. However, such matrices have limited use in preparation of 

137
Cs based radiation sources. This may possibly be due to the lower loading of Cs2O in 

borosilicate based glasses which are formed within 1000
0
C, and notably higher loss of Cs 

due to volatilization. In UK, Zn-borosilicate matrix has been chosen for preparation of Cs-

based sources. The Cs activity in such sources is less than 3 Ci/g
71

. 

1.6   Scope of the present work 

Present work deals with the development of a high 
137

Cs loaded matrix for use as a 

gamma source in medical and industrial irradiators.  Among the possible solid matrices, 

immobilization of 
137

Cs in glass matrix is considered in this study in view of its global 

acceptance for immobilization of high level waste as well as its attractive properties 

including (i) high chemical durability (ii) high radiation stability (ii) good thermal 

conductivity (iv) high mechanical strength (v) easy availability of raw materials (vi) ease of 

processing within acceptable temperature range. The glasses developed so far for the 

immobilization of HLW contains about 15-30 wt% waste oxide. In terms of Cs2O and Na2O 

content, this corresponds to about 1-3% and 15-20 wt%, respectively, whereas glasses 

required for radiation source application should have a minimum of 10 wt% Cs2O loading 

and free from other radionuclide contamination. Higher loading of Cs2O will make sources 

with higher specific activity. Contamination from other radionuclides should be strictly 

avoided to meet the source specifications as per regulatory guidelines for product use in 

public domain. This will therefore restrict the use of immobilized high level waste product 

as a radiation source even-though specific activity requirement will be fulfilled. In order to 
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meet these basic requirements, it is necessary to use radiochemically pure
 137

Cs in source 

preparation.  

At the onset of the work, efforts have been made to develop suitable processes for 

the separation 
137

Cs from waste streams (alkaline intermediate level waste (ILW) and acidic 

high level waste (HLW)) generated from reprocessing plants in India. For industrial scale 

separation of Cs from alkaline ILW the process used in India is based on the use of highly 

Cs-selective resorcinol formaldehyde polycondensate resin (RFPR) in loading–elution 

cycle
53

. Owing to the high Cs-selectivity of RFPR, one would normally expect that the 

recovered 
137

Cs product will be radiochemically pure. However, the substantial amount of 

Na ions, which are present in the resin bed as counter ions, accompanies the 
137

Cs during 

the elution. Presence of higher Na content in the eluate restricts its direct use in source 

preparation as total limit of alkali oxide (Na2O+Cs2O) loading in glass is used up by Na2O 

and results in low 
137

Cs bearing product glass. It therefore requires specific efforts to 

separate out Na ions from the eluate.  

In order to separate out Na from eluate, studies were carried out with RFPR to 

devise suitable conditions for selective elution of Na and Cs ions. Some characteristics 

properties of the resin with high Cs
+
 bearing solution have been determined. This includes 

evolution of the ion exchange isotherm, column loading behavior as a function of Cs 

concentration and selective elution of Na
+
 and Cs

+
 ions from RFPR column. Results of the 

study helped finalize a process for production of a chemically and radiochemically pure 

137
Cs product.  The composition of final 

137
Cs product obtained in this process has been 

used as an input parameter in preparation of 
137

Cs based glass matrices. Details of the 

experimental results are incorporated in Chapter 3.   

Studies have also been carried out for separation of 
137

Cs from acidic high level 

waste streams which is the main reservoir for 
137

Cs as it contains more than 99% of the total 
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137
Cs produced from nuclear fission reaction. Development of a practically viable process 

for the recovery of 
137

Cs from HLW is thus one of the important considerations for its 

utilization as a gamma source in radiation technology applications. Ammonium 

molybdophosphate coated on PMMA beads has been used in this study.  The reason behind 

the selection of the sorbent among others discussed in section 1.3.3 of this chapter is that the 

inorganic sorbent possesses very high affinity for Cs from acidic solution, high radiation 

stability and most importantly its availability and ease of preparation in column useable 

granular form. Several batch and column studies have been carried out to confirm the 

suitability of the sorbent for separation of Cs from acidic HLW. It is known that recovery of 

loaded Cs from AMP is possible either by elution using concentrated NH4NO3 or by 

dissolution of AMP in NaOH.  Because of safety issues, the Cs in NH4NO3 cannot be used 

for immobilization. On the other hand, no process for the separation of chemically pure 

137
Cs from dissolved AMP has been worked out till date to the best of the author‘s 

knowledge. In the present investigation, efforts have therefore been made to work out a 

scheme for the recovery of 
137

Cs from acidic HLW. The investigation envisaged (i) 

evaluation of Cs loading behavior of the granular AMP sorbent prepared by coating of AMP 

powder on PMMA beads (ii) recovery of Cs from loaded AMP by dissolution in NaOH 

solution and (iii) purification of Cs from dissolved AMP solution using RFPR column. 

Based on the results, an integrated process flow sheet has been developed for the first time 

and demonstrated in the laboratory.  Results of the study are also incorporated in Chapter 3.  

A major part of the present investigation was devoted to the development of glass 

matrices for immobilization of the Cs product solution obtained from above mentioned Cs 

separation studies (Chapter 3). In initial part of the study, the matrix development work was 

pursued with a nominal loading of about 10 wt% of Cs2O and 15wt% of Na2O in 

borosilicate glass for its possible application as a source in blood irradiators. The glasses of 
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this type can be categorized as high alkali oxide bearing glasses. In general, the high alkali 

oxide bearing glasses are formed at relatively lower temperature and resultant glasses are 

chemically less durable. Though processing temperature up to 1000
o
C is acceptable from 

application point of view, a lower processing temperature for the production of cesium 

glasses is always preferable as loss of Cs due to volatilization will be less at lower 

temperature. Although no limit on chemical durability has yet been imposed for this specific 

application, it is one of the objectives of the work to make glasses as corrosion resistant as 

possible. The chemical durability of the cesium glasses, like other nuclear waste bearing 

glasses, can be considered as one of the important characteristics so that the glasses can 

eventually be disposed off after life-time use as a radiation source. Evaluation of 

formulation was therefore based on (i) low pouring temperature (ii) good chemical 

durability and (iii) low Cs-loss due to volatilization.  

The matrix development work was carried out by adopting a simple practical 

approach that includes optimization of a borosilicate glass formulation and thereafter efforts 

were made to improve the properties of the optimized formulation by inclusion of additives. 

The additives used in this study include TiO2, alkaline earth metal oxides, ZnO and MnO. In 

this study, efforts were also made to extend our understanding on change of 

physicochemical properties of the borosilicate glasses as a function of the incorporated 

additives. Physiochemical properties of the glasses measured include chemical durability, 

density, molar volume, glass transition temperature (Tg) and Cs loss due to volatilization. 

Chemical durability of the glasses have been determined by conducting leaching tests for 

varying time periods up to 21days. Thermophysical properties like glass transition 

temperature (Tg) was measured by differential scanning calorimeter (DSC) and TG-DTA 

techniques. The loss of Cs due to volatilization has been measured as a function of (i) 

matrix composition (ii) formation temperature and (iii) soaking time. Powder XRD pattern 
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was used to ascertain the amorphous nature of the glasses. Scanning electron microscopy 

(SEM) was used to examine the surface profile of the glasses. Structural characterizations of 

the glasses have been done by using FTIR and NMR spectroscopy techniques. Results of 

the study are discussed in detail in Chapter 4, 5 and 6. Results were used to arrive at some 

short-listed formulations for possible application as a source in blood irradiators.  

Further, formulation development work has been pursued for the preparation of 

source matrix for use in industrial irradiators.  High loading of 
137

Cs is required for such 

application.  For preparation of such glasses, a series of glasses were prepared by varying 

concentration of Na and Cs keeping total alkali oxide concentration constant (20 mole%). 

Results of the study also included in Chapter 6.  
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Experimental 

2.1 Introduction 

The chapter covers the descriptions pertaining to the experiments carried out during the 

course of this thesis work. A brief description of experimental procedures for the preparation 

and characterization of ion exchange resins/ sorbents and glasses are discussed. Various 

instrumental techniques used for characterization and analysis are also discussed along with the 

working principle and overall block diagram of the instrument.  

2.2 Preparation of AMP sorbents and RFPR Resins  

AMP sorbents used in this work are (i) AMP(Lab) - AMP powder prepared in the 

laboratory using citromolybdate procedure
72

 (ii) AMP(V1) and AMP(V2) - AMP powders 

procured from two vendors and (iii) AMP(V2)-PMMA and AMP(Lab)-PMMA beads - 

prepared by coating AMP(V2) and AMP(Lab) powder on PMMA beads, respectively. PMMA 

beads, procured from a commercial source and sieved to 0.30-0.42 mm size, were used in the 

preparations. The preparation of AMP-PMMA beads was done as per the procedure 

described
42

. Based on the weight of AMP used in the preparations, the nominal loading of 

AMP was estimated to be 37% on the coated bead products. After preparation, the AMP-

PMMA beads were taken in sintered disc funnel and conditioned by passing 20 bed volumes of 

1.0 M NH4NO3 + 0.1 M HNO3 solution   followed by 20 bed volumes of 0.1 M NH4NO3 + 0.1 

M HNO3 solution, air-dried, sieved and stored in stoppered bottles. AMP powders were 

microcrystalline in nature. The particle sizes of AMP-coated PMMA products, viz., AMP(V2)-

PMMA and AMP(Lab)-PMMA, were in the range of 0.30-0.60 mm and 0.30-0.85 mm, 

respectively.  
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The Resorcinol formaldehyde polycondensate resin (RFPR) was made and processed in 

the laboratory as per the procedure described elsewhere
48

. The particle size of RFPR was in the 

range of 0.30-0.85 mm. 

2.3 Characterization of AMP sorbents and RFPR Resins  

2.3.1 Determination of moisture content 

Moisture contents of the sorbents and RFPR were determined by measuring the loss in 

weight after heating at 100±2
o
C for 6 hours. 

2.3.2 Determination of batch distribution coefficient 

Batch distribution coefficient is the ratio of metal ion concentration (e.g. Cs) between 

resin and solution phase. It is generally determined by conducting batch tests. In the present 

study, batch tests were conducted by equilibrating 0.1 g of sorbent and 10 mL of test solution in 

stoppered polypropylene vials. The mixture was shaken in wrist action shaker for 7 hours and 

left standing overnight. The mixture was then filtered through Whatman 42 filter paper and the 

activity of 
134

Cs in filtrate was measured.  

The distribution coefficient (Kd, cm
3
/g dry resin) was calculated using the equation: 

Kd =
Ci-Cf

Cf

x
V

Wr

100

100 - Wm

x

                         …(2) 

where Ci and Cf are the activities of 
134

Cs in the solution before and after equilibration 

(counts/min/cm
3
), V is the volume of equilibrating solution (cm

3
), Wr is the weight of resin (g)  

and Wm is its moisture content (% wt/wt).  
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2.3.3 Determination of cesium sorption isotherm 

Batch equilibration tests were carried out to determine the cesium sorption isotherms. 

Test solutions containing varying concentrations of Cs and Na were used. Details of tests 

solution are given in Chapter 3 along with the results of these batch tests.    

2.3.4 Column tests 

Laboratory scale glass columns having 12 mm internal diameter (ID) and equipped with 

PTFE stopcock and sintered disc support at the bottom were used. The columns were loaded 

with requisite quantity of sorbent. For AMP sorbent, column was conditioned by passing 5 bed 

volumes of 1.0 M HNO3, whereas 1.0 M NaOH was used for conditioning the RFPR bed. After 

conditioning, the bed volume was noted.  The feed solution was passed through the column 

from top to bottom at a flow rate of about 5 bed volume /hour. Effluent samples were collected 

periodically and analyzed. The loading was followed by rinsing the column with 3 bed volumes 

of 0.1 M HNO3 for AMP and 0.1 M NaOH for RFPR bed, respectively.  

Recovery of loaded Cs
+
 from AMP bed was carried out by caustic dissolution of AMP. 

For dissolution, 1.0 M NaOH followed by 0.1 M NaOH solution was passed through the bed 

from bottom to top at the flow rate of 5 bed volume/hour.  

For the case of RFPR, elution of loaded Cs was carried out by passing either 20 bed 

volumes of 0.5 M HNO3, or 8 bed volumes of 0.1 M HNO3 followed by 12 bed volumes 0.5 M 

HNO3. 

2.3.5 Analysis and calculation 

All the experiments were carried out with test solutions containing requisite amount of 

inactive CsNO3 and 
134

Cs tracer procured from the Board of Radiation and Isotope Technology 
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(BRIT), Mumbai. The gamma activity of 
134

Cs (E= 604 and 795 KeV, t½ =2 years) in solution 

was measured using NaI/Tl scintillation detector coupled with single channel analyzer. The 

measured activities of 
134

Cs in solution before and after separation and initial concentration of 

Cs
+
 in solution were used to calculate the molar concentration of Cs

+
 in the equilibrated 

solutions. The calculated molar concentration of Cs
+
 was expressed in terms of Ci of 

137
Cs 

assuming 35 Ci/g as the typical specific activity of 
137

Cs in waste (section 1.2.4). 

2.4 Preparation of glass 

Glasses were prepared in batches in platinum crucible (batch size: 50 g) using AR grade 

chemicals. The chemical mixture was heated in muffle furnace at 900
o
C for 2 hours followed 

by 1000
o
C for about 15 min and then poured on a steel plate.  The sources of AR grade 

chemicals from where they are procured are given in Table 2-1. 

Table 2-1: Chemicals used for glass preparation 

Oxides Chemical used Make 

SiO2 SiO2 S. D. fine, India 

B2O3 H3BO3 S. D. fine, India 

Na2O NaNO3 S. D. fine, India 

Cs2O CsNO3 Chempur, Germany 

CaO CaO BDH 

BaO Ba(NO3)2 S. D. fine, India 

ZnO ZnNO3 B D H 

MgO Mg(NO3)2 S. D.fine, India 

SrO Sr(NO3)2 S. D.fine, India 

TiO2 TiO2 S. D.fine, India 

MnO MnCO3 Alphabio 
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2.5 Chemical analysis of glass  

Glass is a tailor made product design to meet specific requirements concerning their 

physical and chemical properties.  The properties of the glasses are decided by the chemical 

composition. Further, structure of the glass also depends on its chemical composition. 

Calculating chemical composition of the final glass from batch composition is not desirable as 

the composition of the final glass product always differ from batch composition mainly because 

of the two reasons, viz., (i) during the melting process some constituents (alkaline oxides, 

boron oxides) are partially volatilized and (ii) mistake caused by human error and instrument 

during weighing of chemicals, and contamination. In the case of Cs glasses used in present 

study, it is of paramount importance because Cs is one of the highly volatile elements at 

elevated temperatures. In addition, boron is another constituent which also known to volatilize 

significantly. It is therefore always desirable to determine the chemical composition of the 

glasses prepared. In general, two approaches, viz., indirect analysis and direct analysis are used 

to determine the glass composition. A brief discussion of these approaches is given below.  

2.5.1 Direct analysis  

In this analysis method, the glass sample is exposed to radiation (such as X-ray, laser 

light) or particle beam (e.g, electron, neutron, ions) and response from the sample in the form 

of secondary emission, backscattering etc. is measured. The change in intensity of the signal 

when compared to standard sample is used to measure the chemical composition. X-ray 

fluorescence (XRF), Electron probe microanalysis (EPMA) are the methods generally 

performed. Although these techniques are very simple and quick, quantitative analyses are 

often limited due to lack of similar standard. Among the advanced techniques, laser induced 

breakdown spectroscopy (LIBS) is the most promising for analysis of glass samples. The 
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method is suitable for online determination of the chemical composition. In this technique, a 

small amount of glass is evaporated by a pulsed laser beam at high energy density and this 

generates a plasma discharge. The plasma emits light that contains spectral lines specific to the 

elements present in the sample. No specific efforts have been made during the present study to 

analyze the glass sample by direct analysis method. 

2.5.2 Indirect analysis 

In indirect analysis, the glass sample is quantitatively brought into solution and the 

composition of the solution is analyzed. This method is straightforward and compatible with 

great variety of common analytical methods for analysis of the solution samples. However, the 

difficulty lies in dissolution of glass samples. The method adopted for digestion and analysis of 

the glass samples of present study is described below
73

. 

2.5.2.1 Sample preparation for digestion 

The glass sample (about 0.1 g, -200 mesh) was crushed and washed with acetone and 

dried at 120
o
C. The dissolution of the dried glass samples were carried out by adopting 

processes as described below.   

2.5.2.2 Determination of alkali and alkaline earth metal ion 

Although acid digestion including heating is generally followed for analysis of alkali 

metal ion, this procedure is modified to avoid loss of Cs during digestion. In this study, for 

determination of Na, Cs and Ca concentrations, the glass sample (about 0.1 g, -200 mesh) was 

soaked in 3 ml of HF and 2 ml HNO3 mixture at ambient conditions for 2 days and then volume 

was made up to 100 ml using distilled water. The solution after filtration was used for analysis 

using ion chromatograph (IC-1000, Dionex make) as per the procedure described in section 

2.8.2 below.  
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2.5.2.3 Determination of boron 

For determination of boron, sodium hydroxide fusion at 450
o
C followed by dissolution 

of the fused mass in HNO3 has been used.  Estimation of Boron was done by Ion 

chromatograph as per the procedure discussed in section 2.8.2 below.  

2.5.2.4 Determination of silicon 

For estimation of silicon, the glass sample was subjected to Na2CO3 fusion at 1000 
o
C 

followed by its dissolution of the fused mass in HCl and estimation of Si by measuring the 

color intensity of the molybdenum blue complex spectrophotometrically at 565 nm
74

.  

2.6 Density and molar volume 

Density of the glass samples were measured by Archimedes method,  with  around 0.5 g 

of glass samples having grain size ~100+200 mesh (ASTM) using water as immersing liquid 

(temperature:33
o
C). Density measurements for each glass were made in triplicate and the 

average value is presented. The error in the density values was found to be ± 0.5%. The 

measured density (g/cm
3
) and calculated molecular weight (g) from batch composition of the 

glasses were used to calculate the molar volume (cm
3
) of the glasses by using the following 

equation: 

Molar volume = Molecular weight / density 

 

2.7 Chemical durability  

Chemical durability is one of the important properties which used to determine long 

term stability of the glasses. Several experimental test conditions have been proposed to 

determine the chemical durability and broadly they can be categorized in two groups, viz., 
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static and dynamic. Under static methods, ASTM standard product consistency is most 

commonly used. This method is most suitable for rapid evaluation of composition.   

 

 

Figure 2-1: Teflon-lined stainless steel container used in leaching study  

 

In present study, the product consistency test (PCT-B) as per the procedure described in 

ASTM-1285-94, was followed to measure the chemical durability of the matrices
75

. In this test, 

1.0 g glass sample (-100+200 mesh ASTM) and 10 cm
3
 of ultrapure water in Teflon-lined 

stainless steel container (Fig.2-1) was heated in air-oven at 90
o
C for 24 hours (in some cases 

duration of leaching was varied, which will be mentioned in the appropriate sections). These 

short duration leaching tests were performed for the comparative evaluation of composition. 

The clear leachate obtained after centrifugation was used for measurement of pH as well as the 

concentrations of the elements such as Na, Cs, B, Ca, Ba and Si. From the measured 

concentration, the normalized elemental leach rate (LRi) was calculated as g/cm
2
/d using the 

following equation.  

                   …(3) 
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where Ci = the concentration of i
th

 element in the leachate (g/ cm
3
), fi = the mass fraction of 

the i
th

 element in glass (unit less) calculated from batch composition as taken, A= the calculated 

surface area of the glass considering their spherical geometry (cm
2
), V= the volume of leachant 

(cm
3
) and t =the duration of leaching (day). 

2.8 Volatilization of Cs 

Being an alkali metal ion, Cs is highly volatile at elevated temperatures with the highest 

volatility among the glass constituents used in the present study. In order to determine Cs 

volatility during different stages of glass formation and also to understand the effect of matrix 

composition and process variables such as temperature and time, efforts have been made to 

measure Cs volatility under different conditions such as (i) measurement of Cs volatility during 

glass preparation starting from glass chemicals and (ii) measurement of Cs volatility with 

preformed glass.  Detailed descriptions of each of the processes are given below. 

2.8.1 Measurement of Cs volatility during glass preparation 

In this method, the requisite amounts of glass forming chemicals (starting materials) 

were mixed and taken in silica/platinum boat and the boat was heated to fusion temperature. 

The elements volatilized during glass preparation were collected and analyzed.   

A resistant heating based tubular furnace assembly (Fig.2-2) equipped with an 800 mm 

long fused silica tube connected with two gas absorption bubblers,  each containing about 50 

ml of 1.0 M NaOH solution, was used in this study. Requisite amount of glass forming 

chemicals except NaNO3 and CsNO3 for 2 g glass batch was taken in the platinum boat (60 x 

10 x 20 mm). A solution (2 mL) containing NaNO3 and CsNO3 and 
137

Cs radiotracer was added 

to the chemical mix. The radiotracer was used for ease of measurement of Cs concentration. 
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The boat was then placed under IR lamp till dryness and thereafter it was placed inside the 

fused silica tube and heated to 900
o
C for duration of 2 hours. Gas evolved during heating was 

withdrawn by applying vacuum and passed through the bubblers. At the end of the experiment, 

the boat was taken out and weighed. The resultant glass in boat was dissolved in 40% HF under 

ambient conditions. The tube assembly was washed with 0.5 M HNO3 to collect Cs, if any, 

deposited on the cooler part of the tube including the Cs collected in scrubber solutions. The 

concentration of 
137

Cs in the washed solutions and in dissolved glass solution was determined 

by counting in NaI/Tl scintillation detector coupled with single channel analyzer and used was 

to represent the mass balance of Cs during preparation of the glass. For some selected batches, 

detailed elemental analysis of solutions obtained from washing of silica tube was carried out. 

 

Figure 2-2:  Schematic of experimental setup to study the Cs volatilization during glass 

preparation 
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2.8.2 Measurement of Cs volatility with preformed glass  

Although the direct measurement of Cs volatilization described above (section 2.8.1) as 

the glass forming mixture is heated, involving collection and chemical analysis of the evolved 

gasses, the method is tedious particularly since dissolution of glass and analysis of the sample 

for material balance is involved.  Further, this method gives cumulative loss of Cs due to 

volatilization from all four stages (evaporation, calcination, fusion and soaking) of glass 

formation. Though significant losses are incurred in all stages of glass formation, losses during 

fusion and soaking steps solely depend on the composition of the melt. Evaluation of Cs loss 

during fusion stage is difficult as it occurs in a short time span and is associated with significant 

froth formation. In contrast, soaking stage involves long time duration for better 

homogenization and minimum turbulence from froth formation/bubble evolution. The effect of 

temperature is more prominent at this stage. In view of the above, efforts have been made to 

measure the Cs volatilization loss as a function of matrix composition and temperature with 

preformed glasses as described in detail below.  

2.8.2.1 Thermogravimetry method 

In this method, about 40 mg of glass sample in platinum crucible was placed in TG-

DTA instrument (Setaram make) and heated under static air to 900
o
C at the heating rate of 

10
o
C/min and then isothermal heating was continued at 900

o
C for 2 hours. The loss of weight 

of glass due to heating was considered as volatilization loss. Thermal analysis is highly 

sensitive technique used to measure very small amount of weight change involved, if any, 

during heating. In addition, it gives an idea about the nature of the reaction responsible for the 

weight change. Although this method is highly sensitive with regard to very small amount of 

weight change, it gives an indirect indication about the Cs volatility. A total of five samples 
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were investigated during the course of present study. In view of the negligible amount of 

weight loss recorded from all the samples, this method was not continued further.  

2.8.2.2 Chemical analysis method 

The themogravimetry study described above showed no measurable amount of weight 

loss. This may possibly be due to very low quantity of the sample and lower temperature. 

Hence, feasibility of using a combination of the two above mentioned methods was examined. 

In this method, the preformed glass sample (25 g glass) was heated in fused silica volatilization 

assembly and the amount of Cs volatilized is analyzed by chemical method.  This method is 

therefore can be called as modified procedure of that used by Oldfield et al
76

. The glass 

samples were prepared in independent cylindrical alumina crucibles (ID: 36 mm, OD: 40 mm, 

length: 60 mm) by heating the requisite amount of chemicals for 25 g of glass in a muffle 

furnace at 900
o 

C for 2 hours followed by 1000
o 

C for 20 minutes. Then the crucible was 

removed to ambient conditions for rapid cooling. The preformed glasses in the alumina crucible 

were examined visually and found to be transparent, colorless and homogeneous. The crucible 

containing preformed glass was then placed in the silica pot (Length: 12 cm, dia: 50 cm) to 

complete the volatilization set up as shown in Fig. 2-3. A top loading resistance heating based 

furnace was used for heating the pot and to a predetermined temperature for about 6 hours per 

day up to 4 days. The gas evolved during heating was passed through a connector followed by 

two ice cooled bubblers (containing air only) for the trapping of Cs vapor. The temperature 

gradient inside the assembly propelled the evolved gasses. After 6 hours of heating, the silica 

pot containing the crucible was taken out of the furnace to ambient conditions for rapid cooling 

of the glass. After cooling, the whole set-up including silica pot, connectors and bubblers, was 

washed using 250 ml of 0.1 M HNO3 solution. The concentration of Cs in the washed solution 
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was measured by using ion chromatograph or radiometrically. From the measured 

concentration of Cs in solution, the total amount of Cs volatilized (mg) was calculated and 

normalized for 25 g of glass. This normalized value of Cs (mg) was divided by geometrical the 

surface area of the crucible (r
2
, cm

2
) and is expressed in terms of the mg/cm

2
. It is noted that 

actual exposed area of the glass was likely to be slightly higher than the geometrical area of the 

crucible because of the meniscus formation of the glass melt. The error in calculating surface 

area without considering meniscus formation is considered marginal as the diameter of crucible 

used was quite large. In order to minimize this error, all crucibles used were of identical size.    

 

 

Figure 2-3: Volatilization setup for heating preformed glass in alumina crucible 
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2.9 Instrumental techniques used for analysis and characterization  

2.9.1 Gamma ray detection system 

Detection of gamma rays is based on the principle of charge produced by the interaction 

of radiation with detector volume. The principle mode of interaction of gamma rays with 

detector material utilized in detection is photoelectric effect. In this interaction, the whole 

energy of the gamma rays is transferred to the detector material and ejects energetic electron 

from one of the bound shell of the atom.  Various detector systems are being employed to 

collect the charge and the intensity is used to quantity the radionuclide. Two detector systems, 

viz., (i) NaI/Tl scintillation detector and (ii) High purity HpGe detector have been used in the 

present study to measure the concentration of 
134

Cs and 
22

Na. A brief description of these two 

detector system is given below
77

. 

2.9.1.1 Scintillation detector 

Sodium Iodide (NaI) activated with thalium (Tl) is the most widely used inorganic 

scintillation material for measurement of gamma activity in sample. The main reason is that the 

high atomic number of its iodine constituent ensures that photoelectric absorption will be more 

efficient for detection of gamma rays. Furthermore, the high light output and smaller decay 

time have contributed to the success of development NaI/Tl scintillation spectrometers. The 

principle of gamma rays detection by NaI/Tl can be explained as follows. 

The interaction of gamma rays with NaI produce energetic electron through 

photoelectric effect (there are several other types of interaction takes place, which are not 

utilized in gamma rays detection and hence not mentioned). The electron while passing through 

the medium (NaI crystal) will form large number of electron and hole pair by elevation of 
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electron from valence band and conduction band. Deexcitation of electron leads to emission of 

photon in the visible region. The shifting of wavelength of emitted photon to visible range is 

accomplished by the presence of Tl activator which forms the intermediate band. The emitted 

photon is then collected by photomultiplier tube, wherein the photon is converted to electron 

with some added multiplication. The electron is thereafter amplified and counted by the 

detector assembly system (Fig.2-4). The well type NaI/Tl crystal (3x3 inch) coupled with single 

channel analyzer is used for measurement of 
134

Cs activity in liquid samples generated during 

the course of present study.  

 

Figure 2-4: Block diagram of radiation counting system 

The NaI/Tl detector, although has significantly high detection efficiency, is not useful 

for gamma rays spectroscopy because of the poor resolution. Therefore the samples containing 

more than one radionuclide (for example, 
134

Cs and 
22

Na in present study) are counted in high 

resolution HPGe detector assembly, principle of which is described below.   

2.9.1.2 High purity HPGe detector 

High purity germanium detector with impurity levels of around 10
9
 atoms/cm

3
 are used 

in gamma ray spectroscopy. Intrinsic property of the germanium crystal is that it generates 
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electron and whole pair under ambient conditions (band gap is 0.7 ev). In order to minimize 

this, the detector is generally kept under liquid nitrogen temperatures. Further, detector 

depletion region is made by reverse biasing of the n-p junction. A typical planner configuration 

of HPGe detector applied in reverse bias is shown in Fig.2.5. The interaction of gamma rays 

with the detector materials are similar to that of solid materials such as photoelectric effect, 

compton scattering and pair production. The charge produced due to these interactions is 

collected and processed with the use of advanced electronics. A block diagram of charge 

collection and data processing system is similar as shown in Fig.2-4.  

 

Figure 2-5: Typical planner configuration of HPGe detector applied in reverse bias 

 

It can be noted that the lower atomic number of Ge results in a photoelectric cross 

section smaller by a factor of about 20 compared with sodium iodide and results in much 

smaller the intrinsic peak efficiency.  Nevertheless, the peaks are still prominent and obvious 

part of the spectrum is that the line width is so small due to superior energy resolution (around 

2 kev at 1332 Kev). The high resolution also helps to identify the other interaction of gamma 
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rays with detector materials, such as compton continuum, pair production, X-ray emission, 

annihilation and escape peaks etc.  

2.9.2 Ion chromatograph 

The ion chromatograph system (Dionex make, ICS-1000) used in present study is 

capable to perform isocratic ion chromatography separations of the ions followed by their 

detection by conductivity measurements. The data collection is performed by computer running 

chromatography software (chromeleon), which produces a plot of the detector output vs. time 

(chromatogram). Before analysis, system is calibrated by running standard samples of at least 

four different concentrations and used to draw calibration curve. For unknown sample, 

identification of the ion is done by comparing their retention time with respect to standard 

sample and area under the peak is used for quantification.  

The schematic of ion chromatography system is shown in Fig. 2-6. It has six main 

subsystem, viz. (i) eluent delivery system (ii) sample injection system (iii) ion separation 

system (iv) suppressor (v) conductivity detector and (vi) data collection system.  

The eluent is passed continuously through the system by the use of pump. While analysis, the 

liquid sample is manually loaded into the sample loop and then the sample injects into the 

system by computer operated software. The sample is carried by the eluent to guard and 

separation column. The guard column removes insoluble mater only. The separation of ions 

occurred by ion exchange mechanism while travelling through separation column. Then the 

separated ions enter in suppressors, wherein, ions are electrolytically dissociated and separated 

through a series of membranes. In this process, ions of eluents are removed and only sample 

ions reach the detector. The role of suppressor can be illustrated by the following example of 

cation analysis process using H2SO4 as eluent. In electrolytic suppressor, only cations are 
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allowed to pass and anions are rejected. The cations are then combined with OH
–
 ions 

(produced from electrolysis of H2O) and enter in conductivity cell. The anions are combined 

with H
+
 (produced from electrolysis of H2O) and come out as waste. In conductivity cell, the 

electrical conductance of ions is measured and the signal is transmits to a data collection 

system, to produce the conductivity against time.  

 

Figure 2-6: Schematic of ion chromatography system 

 

 In the present study, analysis of Cs and Na was performed by using sulphuric acid (7 

mM) as eluent.  All samples were suitably diluted prior to injection in to the system. All 
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dilution was done by using eluent.  The standard calibration curve was drawn from the analysis 

of four standard samples containing 5 to 20 ppm of Cs, 2.5 to 10 ppm Na and 5 to 20 ppm Ca. 

A typical chromatogram of Na and Cs analysis is shown in Fig.2-7.   

 

Figure 2-7: Typical chromatogram of a standard sample containing 5 ppm Na, 10 ppm Cs 10 

ppm Ca and a glass leaching sample  

 

For estimation of boron, a known volume of solution was heated to dryness to remove 

the HNO3 and then a known volume of solution containing mannitol (0.56 M) and NaHCO3 

(6.5 mM) was added to bring the weakly borate anion to highly dissociated borate-mannitol 

anion in solution. Estimation of this borate-mannitol anion was done using a solution 

containing mannitol (0.56 M) and NaHCO3 (6.5 mM) as eluent
78

.     
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2.9.3 X-Ray diffraction  

X-rays are electromagnetic radiation having wavelength () ranging from 

approximately 0.04 Å to 1000 Å. X-rays are produced when fast moving electrons hit on hard 

metallic targets, called cathode and ejects core electron from the target. Consequently, inner 

level electronic transitions take place to fill the gap and thereby emit characteristic X-rays. 

These characteristic X-rays are superimposed over a broad background (known as white 

radiation) which is produced due to the acceleration or deceleration of incident charged 

particles. When the X-rays are incident on a solid material (grating), they are either 

elastically/in-elastically scattered or absorbed. The elastic scattering of X-rays is known as 

Bragg scattering and follows the Bragg equation nλ = 2d sinθ. Where λ is the wavelength of X-

rays, θ is glancing angle, d is inter planar distance and n is order of diffraction. Depending on 

the interplanar distance and angle of diffraction, the diffracted/ scattered beam will interfere 

with each other giving constructive interference and destructive interference. When the path 

difference between the two rays, differ by an integral number of wavelength, constructive 

interference takes place.  

A block diagram of the typical powder diffractometer, consisting of an X-ray source, 

sample under investigation and a detector to pick up the diffracted X-rays is shown in the Fig. 

2-8. The X-ray beam passes through the soller and divergence slits and then fall on the sample 

which is spread uniformly over a rectangular area of a glass slide. The scattered X-rays 

(diffracted) from the sample pass through the soller and receiving slits and then fall on a 

monochromator before detection. The monochromator separates out the stray wavelength 

radiation as well as fluorescent radiation emitted by the sample. The output of the diffraction 

diffraction measurement is obtained as plot of intensity of diffracted x-rays versus Bragg angle. 
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The details of the X-ray production and the typical X-ray spectra are explained in several 

monographs
79, 80

.  

 

Figure 2-8: X-Ray diagram of a typical reflection mode diffractometer 

 

In the present study, Philips 1710 diffractometer based on the Bragg-Brentano reflection 

geometry, was used for the characterization of all the glass samples. The Cu-K from sealed 

tube was used as the incident beam. A Ni foil was used as a filter and the diffracted beam was 

monochromatised with a curved graphite single crystal. The Philips (PW-1710) diffractometer 

is attached with a proportional counter (Argon filled) for the detection of X-rays. The X-ray 

tube rating was maintained at 30 kV and 20mA. The goniometer was calibrated for correct zero 

position using silicon standard. Samples are well grounded and made in the form of a slide. The 

X-ray beam falling on the sample at a particular angle leads to the simultaneous exposure of 
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several stacks of plane. The sample is scanned for varying incident angle and intensity of the 

diffracted beam is measured and plotted against 2 theta angle.  

2.9.4 Thermal analysis 

Thermal analysis methods are used to investigate loss of water or volatile element and 

determination of glass transition temperature. Thermal analysis is generally performed by using 

(TGA-DTA) thermo gravimetric analyzer (TGA) coupled with differential thermal analysis 

(DTA) and Differential scanning calorimetric (DSC) technique. The thermal analysis 

techniques used in the present study and their principle are briefly discussed below.  

2.9.4.1 Thermo gravimetric analysis (TGA) 

 In TGA, the weight of a sample is monitored as a function of time as the temperature is 

increased at a controlled uniform rate. The loss of water of crystallization or volatiles shows up 

as weight loss.   

2.9.4.2 Differential thermal analysis (DTA) 

 In this technique, sample and an inert reference material such as alpha alumina, in two 

different crucibles are heated simultaneously at a controlled uniform rate in a furnace. The 

temperature difference (ΔT) between sample and reference is recorded against time or 

temperature.  A phase change produces either absorption or an evolution of heat or any reaction 

involving heat change in the sample will be represented as a peak in the plot of ΔT vs T. 

Exothermic reactions give an increase in temperature, and endothermic reaction leads to a 

decrease in temperature and the corresponding peak appear in opposite directions. 

In the present study, thermal analysis of the glasses was performed using Setaram make 

TG-DTA instrument. In this analysis, the glass sample was heated under static air to 900
o
C at 

the heating rate of 10 
o
C/min and then isothermal heating was continued at 900

o
C for 2 hours. 
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The TG profile was used to evaluate the loss of Cs on weight loss basis. The glass transition 

temperature (Tg) was determined from the onset of the first endothermic peak of DTA profile. 

2.9.4.3 Differential scanning calorimetry: 

Differential scanning calorimetry (DSC-131, Setaram, France) was also used to 

determine the glass transition temperature of some of the glass sample of present study. In this 

experiment, about 30 mg of glass sample was taken in an aluminium crucible and heated up to 

600 
o
C at a heating rate of 10 

o
C/min in flowing Ar atmosphere. Prior to DSC study, the 

instrument was calibrated for temperature and the maximum error in the measured temperature 

would be less than ±1 
o
C. 

2.9.5 Vibrational spectroscopy 

Vibrational spectroscopic techniques are useful to identify the nature of different 

linkages present in a material. These methods can also give information regarding the 

symmetry of different vibrational units. The vibrational technique used in the present study is 

briefly described below.  

Vibrations of bonds and groups which involve a change in the dipole moment result in 

the absorption of infrared radiation which forms the basis of IR spectroscopy. Modern IR 

instruments are based on Fourier transformation method to improve the signal to noise ratio. 

Unlike conventional IR instrument, in FTIR instrument, all the frequencies are used 

simultaneously to excite all the vibrational modes of different types of bonds/linkages present 

in the sample. This reduces the experimental time considerably. In the present study, infrared 

experiments were carried out using a FTIR spectrometer (model: Jasco-660) having a range of 

200-4000 cm
-1 

and with resolution of 4 cm
-1

. IR radiation was generated from globar source 

(silicon carbide rod). The instrument used CsI single crystal, as the beam splitter and deuterated 
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triglycine sulphate (DTGS) as a detector. Prior to IR measurements, the samples were ground 

thoroughly by mixing with dry KBr powder, made in the form of a thin pellet and introduced 

into the sample chamber of the instrument. The background of the sample was corrected from 

the spectra of KBr. 

2.9.6 Nuclear magnetic resonance (NMR) spectroscopy 

Nuclear magnetic resonance spectroscopy is a technique that exploits the nuclear 

magnetic property of atomic nuclei and gives information about chemical environment of 

around a particular nucleus in a molecule. For analysis of solid samples, well established magic 

angle spinning (MAS) technique is used. Three different interactions between nuclei 

themselves or their environment can be used to probe the structure of the solid. These 

interactions are (i) dipole coupling (ii) anisotropy of the chemical shift and (iii) quadrupole 

interaction (present only for nuclei with spin I>1/2). The dipole coupling is proportional to 1/r
3
 

(r is the distance between two nuclei). 

The chemical shift of any nucleus is defined as the difference between its resonance 

pre-exponential and the resonance pre-exponential of the same nuclei in a reference sample and 

can be expressed as δ = [(ω-ω0)/ ω0] * 10
6
, where ω, ω0 represent resonance frequencies of 

nuclei in the sample and in the reference, respectively. The quadruple interaction is governed 

by the electric charges around the resonant nucleus. 

Chemical shift arises because of the effective magnetic field felt by nuclei is brought 

about by the polarization effect of electron cloud around the nuclei created by the applied 

magnetic field. Since this is particularly sensitive to the configuration of valance electrons, 

which is governed by the nature of chemical bonding, this aspect has been labeled as chemical 

shielding interaction. The Hamiltonian for this interaction can be written as
81

 

http://en.wikipedia.org/wiki/Magnetism
http://en.wikipedia.org/wiki/Atomic_nucleus
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 0cs zH I B 
                       …(4) 

where σ is a second rank (3x3) tensor known as the chemical shielding tensor. This tensor can 

be diagonalised for a specific principal axis system and σ11, σ22, σ33 are the corresponding 

diagonal components. The isotropic component of the chemical shift tensor can be expressed 

by the relation  

 11 22 33

1

3
iso     

         …(5) 

The symmetry parameter is defined as as  

22 11

33 iso

 


 





                        …(6) 

Due to the presence of chemical shielding anisotropy, the nuclear precession pre-

exponential depends on the orientation of principal axis system with respect to the external 

applied magnetic field and can be expressed by the relation: 

        
1/ 2

2 2 22 2 2 2 2

0 11 22 33, 1 sin 1 sin sin 1 cosp B cos                
… (7) 

where θ and Φ represent the orientation of principal axis system with applied magnetic field 

direction. For axial symmetry η = 0 and the precession pre-exponential can be expressed by the 

relation  

   2

0 1 . 3cos 1 / 3p isoB         
                          …(8) 

For values of θ = 54.7° the term 3cos
2
θ-1 becomes zero and the dependence of chemical 

shielding anisotropy term on Larmor frequency gets averaged out to very small value. 

In solution NMR spectroscopy, dipolar interactions and anisotropic effects are averaged 

out by the molecular motion, but this is not so in the solid state and the NMR spectra of solids 
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tend to be broadened because of (a) magnetic interactions of nuclei with the surrounding 

electron cloud (chemical shielding interaction), (b) magnetic dipole – dipole interactions among 

nuclei and (c) interactions between electric quadrupole moment and surrounding electric field 

gradient. Hence it is difficult to get any meaningful information from such patterns.  

However, the use of magic angle spinning nuclear magnetic resonance (MAS NMR) 

technique, such interactions can be averaged out, thereby improving the information obtained 

from solid state NMR patterns. In the following section brief account of the MAS NMR 

technique has been given. 

Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR): MAS NMR 

technique involves rotating the powder samples at high speeds, at an angle of 54.7° (magic 

angle) with respect to the applied magnetic field direction. When θ=54.7°, the term 3cos
2
θ 

becomes unity. Since Hamiltonian for different anisotropic interactions have 3cos
2
θ – 1 term, 

these anisotropic interactions get averaged out in time during fast spinning. This is 

schematically shown in Fig.2.9 and explained below.  

 

Figure 2-9: Principle of MAS NMR experiment 

 

θ1

θ2

θ = 54.7°
B0
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At sufficiently fast spinning speeds, the NMR interaction tensor orientations with initial 

angles of θ1 and θ2 relative to B0 have orientational averages of 54.7°, resulting in the 

conversion of 3cos
2
θ – 1 term in expressions corresponding to various interactions to a very 

small value, thereby giving rise to sharp NMR peaks. Thus the MAS NMR technique simplifies 

the solid state NMR patterns and individual chemical environments can be correlated with 

corresponding chemical shift values obtained from these samples
82, 83

. 

Although, MAS is an efficient technique employed for getting high resolution NMR 

patterns from solid samples, in many cases, due to spinning, side bands, which are mirror 

images of the isotropic peak and spread from the isotropic peak by integer multiples of the 

spinning frequency, appear along with the central isotropic peak for nuclei having wide range 

of chemical shift values. For nuclei which is having a nuclear spin value ½, sideband pattern is 

a measure of the chemical shift anisotropy and valuable information regarding the symmetry of 

the electronic environment around a probe nuclei can be obtained from the intensity 

distribution of sidebands. However, in presence of large number of isotropic peaks, the number 

of sidebands also increases, and there can be overlap between the sidebands and isotropic 

peaks, which makes the MAS NMR pattern complicated. 

In the present study, 
11

B MAS NMR spectra of the sample were recorded using a 500 

MHz Bruker make NMR spectrometer.  Powdered samples were packed inside zirconia rotors 

and subjected to spinning speed of 10 kHz. A solution of H3BO3 (~0.1M) was used as the 

chemical shift reference. Typical 90° pulse duration of 4.5 µs with a relaxation delay of 3s was 

employed for all 
11

B MAS NMR experiments. Relative concentration of BO3 and BO4 

structural units were obtained from the 
11

B MAS NMR patterns after subtracting the 

background arising from the BN stator of the solid state NMR probe.  
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2.9.7 UV-VIS spectroscopy 

UV-VIS spectrophotometer, (Model V-650) was used to record UV-VIS spectra of the 

glass sample. The equipment records absorbance or transmission spectra in wavelength range 

of 190 nm to 900 nm using Deuterium and Tungsten lamps as source for UV and Visible 

regions respectively. A photomultiplier tube is used for detection of transmitted radiation. The 

specimen investigated in the present study was glass plate, prepared by melt quenching on steel 

plate. The thickness of the plate was measured before transmission measurement study. The 

spectra was recorded from 800 to 200 nm at a rate of 400 nm/minute scanning speed.    

2.9.8 Scanning electron microscopy (SEM) 

In a typical scanning electron microscope (Fig.2-10) consists of five major components, 

viz., electron gun, beam shaping column, scanning system, detector and turbo molecular high 

vacuum system.   The generated electrons from tungsten filament in the gun are accelerated  

 

Figure 2-10: Schematic representation of SEM microscope 
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towards the specimen by high negative potential applied to the filament. The electron is thereby 

collimated by passing through magnetic field using electromagnetic lenses and finally the well-

focused incident electron beam is used for scanning on the sample. The possible interactions of 

the energetic electron with sample are shown in Fig.2-11. The emitted secondary electrons are 

detected by scintillation detector and fed to a synchronously scanned cathode ray tube (CRT) as 

intensity modulating signals
84, 85

 and the specimen image is displayed on the CRT screen. The 

X-rays produced due to emission of secondary electron are collected by semiconductor detector 

(Si/Li) to get the elemental composition of the sample. 

 

 

Figure 2-11: Interaction of electron beam with sample 

 

In this study, SEM technique was used to study the change of glass surface morphology 

due to leaching and EDS (energy dispersive X-ray spectroscopy) was used for the 

compositional analysis. SEM micrographs were recorded using Seron Inc. make (Model AIS 

2100) having standard tungsten filament. An accelerating voltage of 20 kV and magnification 
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of 5000x was used for recording the micrographs.  The glass samples (synthesized in bead 

form) cross section was cut by using diamond saw to observe and to study the interface.  As 

glass sample is non conductive in nature, the surface was made conducting by applying thin 

gold coating (~50 nm) prior to loading the sample.  
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3. Chapter 3            
Recovery of Cs  
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Recovery of Cs from alkaline and acidic 
waste streams 

3.1 Introduction 

Overviews of the processes used for the separation of 
137

Cs from nuclear waste (acidic 

as well as alkaline) have been highlighted in chapter 1. In this chapter, results of present studies 

on separation of Cs from acidic as well as alkaline waste solution are discussed. As 
137

Cs 

present in acidic waste of reprocessing plant origin is the main source of the radioelement, 

unambiguously it can be stated that large-scale utilization of 
137

Cs as a radiation source in 

industrial irradiators requires an effective process for recovery of the fission product in mega 

curie quantities from acidic high level waste. First part of the work is therefore devoted to 

develop a comprehensive flow sheet based on the use of inorganic sorbent Ammonium 

Molybdophosphate (AMP) for industrial-scale separation and recovery of 
137

Cs from acidic 

high level waste. The AMP powder coated on Poly methyl methacrylate (PMMA) beads has 

been used in this study. During the course of this study, major emphasis has been placed to 

generate data in the following areas: (a) Separation of 
137

Cs from acidic waste using AMP-

PMMA bead columns and (b) Recovery of 
137

Cs from the loaded column by dissolution of the 

sorbent in alkali. (c) Ion exchange purification of 
137

Cs in the resulting alkaline solution using 

RFPR resin.  

In second part of the study, separation and recovery of 
137

Cs from high active alkaline 

waste streams is addressed. The high active waste streams are generated during separation of 

Cs from nuclear waste, such as dissolution of Cs loaded AMP column as mentioned above and 

also separation of Cs from alkaline intermediate level waste solution. Studies on the separation 
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of Cs from alkaline ILW using RFPR, hereinafter designated as ―primary separation of Cs, 

have extensively been carried out in authors‘ laboratory and the process has successfully been 

implemented in industrial scale treatment of the waste
48, 51-53

.  In primary separation process, 

recovery of loaded Cs from resin bed is carried out by elution using dilute HNO3. Although 

quantitative recovery of Cs from the loaded resin was accomplished, the recovered 
137

Cs 

solution was found to contain a substantial amount of Na (Na/Cs ratio ≈ 65 wt/wt) and thus not 

suitable for preparation of radiation source. In order to make the 
137

Cs product suitable for 

preparation of radiation source after immobilization in glass, further processing of the eluate 

solution is necessary to reduce Na
+
 concentration to still lower levels. In the present study, 

feasibility of using RFPR for separation of Cs from high active concentrate has been examined. 

The main reasons behind the selection of the ion exchangers are (i) high selectivity for Cs (ii) 

high ion exchange capacity (iii) high radiation stability and (iii) ease of availability.  

It can be noted that RFPR has been used for separation of 
137

Cs solution from alkaline 

ILW, where Cs concentration are in the range of 4-50 mCi/L. In contrast, the Cs concentration 

in the eluate solution is about 1-5 Ci/L, whereas the dissolution of Cs loaded AMP column 

resulted in about 50-100 Ci/L. The Cs separation behavior of RFPR from such high Cs bearing 

solution has not been evaluated till date. In this work, efforts have therefore been made to 

devise a suitable scheme for processing of the eluate solution to obtain a concentrated 
137

Cs 

product, with very low sodium content as required for immobilization in glass. This study 

includes evaluation of Cs separation behavior of the RF resin using solutions containing 

varying concentrations of Cs and Na ions, determination of ion exchange isotherm of the resin, 

prediction of column loading performance from the results of batch tests and evaluation of the 

column performance of RFPR from high Cs bearing solutions. In all the cases, elution was 
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carried out by adopting sequential elution process. Results of this study established that RFPR 

is promising for the recovery of 
137

Cs from high Cs bearing solution and the recovered 
137

Cs 

solution obtained in this process contains very low concentration of accompanying Na ions and 

thus suitable for use as a gamma radiation source after immobilization. Highlights of the above 

results are presented in this Chapter.  

3.2 Theoretical estimation on Cs purification requirement   

It was discussed above that the eluate solution obtained from primary separation process 

contains a significant amount of sodium along with Cs ion and further processing of the 

solution is necessary for its utilization as radiation source in the form of glass immobilized 

matrix. In this section, an effort has therefore been made to put a pointer which will satisfy our 

minimum need. To arrive this, it is assumed that the final product glass will have a maximum 

of 15 wt% Cs2O loading and the total alkali oxides in the glass will be 25 wt%. The matrix is 

defined by the following equation:  

Na2O + Cs2O = 25 wt%, where Cs2O ≤ 15 wt% 

It is obvious that the Cs oxide loading and hence specific activity of 
137

Cs in the product glass 

will be governed by the above equation and the Na/Cs ratio in the eluate. Based on these 

considerations, the specific activity of 
137

Cs in glass (Ci/g) has been calculated as a function of 

Na/Cs ratio in the concentrate. A 10% loss of Cs has been assumed in the calculations to 

account for its possible loss due to volatilization. The results of the calculation are shown 

graphically in Fig.3-1. The importance of having low Na/Cs in the concentrate in order to 

achieve a high loading of 
137

Cs in the glass is clearly evident. Based on source strength 
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requirement, it is found that the Na/Cs of less than 2 is necessary for preparation of source for 

blood irradiators.  
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Figure 3-1: Estimated activity of 
137

Cs in borosilicate glass as a function of Na/Cs ratio of the 

waste solution 

 

3.3 Separation of Cs from acidic waste streams 

3.3.1 Characterization of AMP sorbents  

Details pertaining to the AMP sorbents and experimental procedure are discussed in 

section 2.2. The results of characterization tests are discussed below. 

3.3.2 General characteristics 

The characteristics of AMP sorbents used in this study are given in Table 3-1. Moisture 

contents of the AMP sorbents were determined by measuring the loss in weight after heating at 

100±2 
0
C for 6 hours. 
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Table 3-1: Characteristics of AMP sorbents 

Sl. No. Sorbents Form 
Moisture content  

(%wt/wt) 

1 AMP (Lab) Powder 3.8 

2 AMP (V1) Powder 9.5 

3 AMP (V2)- PMMA 
Bead 

(0.30-0.60) 
1.3 

4 AMP (Lab)- PMMA 
Bead 

(0.30-0.85) 
2.5 

 

3.3.3 Cesium sorption isotherm of AMP sorbents  

The detailed characterizations of sorbents with respect to their Cs
+
 sorption isotherms 

was done by conducting batch equilibration tests as mentioned earlier. Test solutions 

containing varying concentrations of Cs
+
 ranging from 4.0 x10

-3
 M to 5.0 x10

-2  
M  in 1.0 M 

HNO3 and 
134

Cs tracer were used in this study. After equilibration, the mixture was then 

filtered through Whatman 42 filter paper and the activity of 
134

Cs in filtrate was measured. The 

results were used to calculate Cs-uptake, expressed as meq/g (dry).  

Fig.3-2 shows the Cs
+
 sorption isotherms for AMP sorbents. It is seen that equilibrium 

Cs-uptake capacity of AMP sorbents increases with the concentration of Cs
+
 ions in solution 

and gradually approaches saturation capacity. From the molecular formula of AMP, 

(NH4)3[PMo12O40].2H2O, the theoretical Cs
 
uptake capacity can be calculated as 1.57 meq/g 

considering all the three NH4
+
 ions to be exchangeable. For AMP(Lab), saturation capacity is 

found to be 0.94 meq/g.  This value corresponds to the exchange of nearly two of the three 

NH4
+
 ions present in AMP and is in good agreement with the experimental Cs

+
-uptake capacity 
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of AMP reported in literature
86

. The Cs
+
-uptake capacity of AMP(Lab)-PMMA beads was 

found to be 0.38 meq/g. Considering that AMP loading on the beads is 37% (wt/wt), the 

capacity in terms of AMP can be calculated as 1.02 meq/g, indicating that Cs
+
-uptake capacity 

of AMP powder is unaffected even after coating on PMMA beads. The lower capacities of 

AMP(V1) and AMP(V2)-PMMA beads are possibly due to inadequate control during 

preparation of AMP powder by the vendor and/or partial wash-out of AMP during conditioning 

of the coated beads.  
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Figure 3-2: Equilibrium sorption isotherms for Cs on AMP sorbents 

(Test solution: CsNO3 in 1.0 M HNO3 with 
134

Cs radiotracer; contact time: 24 hours) 
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3.3.4 Effect of HNO3 concentration on Cs+ uptake by AMP sorbent 

The uptake of Cs
+
 by AMP(Lab)-PMMA beads was studied as a function of nitric acid 

concentration in solution over the range of 0.1-5.0 M. The results are shown in Fig.3-3. It is 

seen that the equilibrium uptake of Cs
+
 by AMP-PMMA is highest at 0.1 M HNO3, which is 

the lowest acidity used in this study.  With increase in acidity, the uptake of Cs
+
 is found to 

decrease slightly, possibly due to increasing competition from H
+
 ions.  However, in spite of 

the marginal reduction, the uptake remains adequately high in the region of 1-4 M HNO3 which 

is the region of interest for separation of Cs
+
 from high level waste.  
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Figure 3-3: Effect of HNO3 on Cs uptake by AMP(Lab)-PMMA beads 

(Test solution: 4.6 x10
-3

 M of CsNO3 in HNO3 with 
134

Cs radiotracer; contact time: 24 hours) 
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3.3.5 Column tests on the separation of Cs from acidic solution using 

AMP-PMMA 

Two column runs were conducted to establish the column performance of AMP-PMMA 

beads for separation of Cs
+ 

from acidic solution. The results of column runs are shown as 

breakthrough curves in Fig.3-4.  The breakthrough of Cs
+
 occurred after 20 bed volumes for 

AMP(V2)-PMMA and 66 bed volumes for AMP(Lab) -PMMA, the difference being in line 

with the lower batch capacity of AMP(V2)-PMMA as noted above. The breakthrough 

capacities for AMP(V2)-PMMA and AMP(Lab)-PMMA are 0.043 and 0.142 meq/mL sorbent, 

respectively. For both sorbents, the breakthrough capacities correspond to about 65% of their  
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Figure 3-4 : Column separation of Cs from acidic solution using AMP-PMMA beads  

(Feed solution: 2.15 x10
-3

 M CsNO3 in 1.0 M HNO3 and 
134

Cs radiotracer; bed volume: 10 mL; 

flow rate: 5 bed volume/hour). 
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batch capacities for the concentration used in column runs. From the measured Cs 

concentration in the feed and accumulated effluent, the maximum possible loading of Cs
+
 on 

the bed (saturation capacity) under the test conditions was calculated to be 0.0525 meq/mL 

(244 Ci 
137

Cs/L bed) for AMP(V2)-PMMA and 0.1723 meq/mL (802 Ci 
137

Cs/L bed) for 

AMP(Lab)-PMMA (Table 3-2). At saturation, about 80% of the batch capacity was realized for 

both the sorbents. It is possible that loading will be somewhat lower when 
137

Cs of the same 

concentration is separated from high level waste, which has a more complex chemical 

composition as compared to the simple test solution used in the present case. 

 

3.3.6 Recovery of Cs+ from Cs loaded AMP-PMMA column 

AMP dissolves in alkali solution. This property of AMP is utilized for recovery of Cs
+
 

from Cs-loaded AMP column.  Initially, the dissolution behavior of AMP(Lab) powder was 

tested using 1.0 M NaOH solution. Complete dissolution of 1.0 g AMP powder was achieved in 

12.0 mL of 1.0 M NaOH, resulting in a clear colorless solution (pH 7.2). The amount of NaOH 

consumed for dissolution is in good agreement with the value calculated from the following 

reaction
87

. 

(NH4)3[PMo12O40].2H2O + 23 NaOH = 11Na2MoO4 + (NH4)2MoO4 + NaNH4HPO4 + 11H2O  

The dissolution behavior of Cs-loaded AMP-PMMA column in NaOH solution was 

investigated in order to ascertain the quantitative release of sorbed cesium from the two 

columns. Dissolution was carried out by passing 1.0 M NaOH followed by 0.1 M NaOH 

solution. At first, 1.0 M NaOH solution was passed till a clear colorless solution of pH 13 was 

obtained and then 0.1 M NaOH was passed to remove any remaining Cs activity from the bed 
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with minimum increase of Na
+
 concentration in the final solution. The volumes of NaOH 

solutions used are included in Table 3-2 along with the expected activities of 
137

Cs in the final 

solutions that would be obtained after complete dissolution of AMP loaded to the levels shown 

therein.  The volume of the sorbent bed did not change after passing NaOH solution. Complete 

dissolution of AMP was evident from the conversion of the yellow sorbent back to the original 

white colored PMMA beads. From the measured activity of 
134

Cs in the final solution the 

concentration of Cs
+
 was calculated and used to estimate the corresponding activity of 

137
Cs. As 

can be seen from Table 3-2, quantitative recovery of cesium was achieved for AMP(V2)-

PMMA. For AMP(Lab)-PMMA, the recovery was 95.5% of the amount loaded. It is felt that 

quantitative recovery can be ensured by increasing the volume of 1.0 M NaOH solution. From 

these results it can be concluded that AMP-PMMA can be used to effectively separate and 

recover 
137

Cs from acidic high level waste.   

Table 3-2: Recovery of Cs
+
 from loaded AMP-PMMA column 

Sorbents 
137

Cs
#
 

loading 

on 10 

mL bed 

Volume of NaOH solution 

passed for dissolution of 

AMP 

(mL) 

137
Cs

# 
in final solution 

(Ci/L) 

Ci 1.0 M 0.1 M Total Expected Measured 

AMP(V2)-PMMA 2.44 29 16 45 54.2 54.4 

AMP(Lab)-

PMMA 
8.02 54 21 75 106.9 102.1 

#
 Specific activity of 

137
Cs in waste of 35 Ci/g is used to arrive at the 

137
Cs activities from 

measured values for loading/recovery of Cs
+ 

ions.  
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The estimated chemical composition of the recovered Cs solution resulting from the 

dissolution of Cs-loaded AMP bed is shown in Table 3-3. It can be seen that the concentration 

of Cs in this solution is quite high (~50-100 Ci/L), but the Na/Cs > 6 and the solution contains 

higher amounts of Mo, and hence it cannot be used for the preparation of radiation source. 

Purification of the solution is therefore addressed during the course of the work and the results 

are discussed in detail below. 

Table 3-3: Chemical composition of the recovered Cs solution resulting from the dissolution of 

Cs-loaded AMP bed 

Component  Concentration  

Cs
+
 2-3 g/L 

Na
+
 17 g/L 

NH4
+
 0.06 M 

MoO4
2-

 0.28 M 

PO4
3-

 0.02 M 

 

3.4 Separation of Cs from alkaline waste streams 

The main objective of the work to evolve conditions for separation of Cs from high 

active waste streams resulting from primary separation process. Two waste streams, viz., (i) 

eluate solution resulting from separation of 
137

Cs from alkaline waste and (ii) dissolved AMP 

solution generated from separation of 
137

Cs from acidic waste have been considered as sources 

of high Cs bearing waste. The Cs separation study was carried out using resorcinol 

formaldehyde polycondensate resin (RFPR).  The resin is an alkali catalyzed polycondensation 

product of resorcinol and formaldehyde, in which the phenolic OH group of resorcinol ionizes 
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under alkaline conditions and functions as cation exchanger. Further, the weakly acidic nature 

of the functional groups facilitates the recovery of Cs
+
 ions from loaded resin by elution in 

small volumes of dilute acid
52

.  The ion exchange cycle for the separation of 
137

Cs by RFPR 

can be represented as follows (Fig.3-5):  

 

Figure 3-5: Ion exchange cycle for RFPR 

  

As the resin can only process alkaline solution, it is considered that the acidic eluate 

will be neutralized prior to Cs separation.  A typical composition of the eluate before and after 

neutralization is shown in Table 3-4. For Cs separation study, the neutralized eluate was  

Table 3-4: Typical composition of the eluate resulting from primary separation of Cs from ILW 

before and after neutralization   

Component  
Ion exchange column eluate 

As generated After neutralization 

Nature 
Acidic 

(0.4 M) 

Alkaline 

(0.1 M) 

137
Cs (Ci/L) 0.035 0.035 

NaNO3 (M) 0.1 0.5 

Na    (g/L) 2.3 12 

Na/Cs 64 300 

Elution using 20 bed volumes of 0.5 M HNO3 and neutralization using 4 M NaOH  
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prepared in laboratory by dissolving requisite quantity of AR grade salt and used. The 

dissolved AMP solution (Table 3-3), being alkaline, was processed as such.  As noted above, 

the Cs separation behavior of RFPR under high Cs environment is not known, some typical 

characteristics of the resin was therefore determined as described below.   

3.4.1 General characteristics of the RFPR  

Characteristics of the resin used in present study are shown in Table 3-5. The total ion 

exchange capacity of the resin is expressed in terms of the Na exchange capacity, which was 

found to be about 6 meq/g. Uptake of Cs by the resin was determined from a typical simulated 

ILW solution containing 3.8 M Na (2.5 M NaNO3 + 1.0 M NaOH + 0.15 M Na2CO3) and 1 

mg/L Cs and expressed in terms of batch distribution coefficient of Cs(Kd). The Kd for Cs was 

found to be around 10000 ml/g. This high Kd value for Cs even in presence of significantly 

higher concentration of Na ions suggests that RFPR is highly selective for Cs. Strontium being 

one of the most common radionuclides present along with Cs in nuclear effluents
88

, Sr uptake 

by the resin under similar conditions was measured by adding 
85+89

Sr tracer in the waste and 

found to be marginal (Kd= 90 ml/g), as can be seen from Fig.3-6.  

Table 3-5: Characteristics of the RFPR   

OH

CH2

OH

H2C

H2C

 

 Particle size : 0.3-0.85 mm 

 IX Capacity (H
+
 Na

+
) : 6  meq/g 

 Moisture content : 20 % wt/wt 

 Kd(Cs)* : 10000 mL/g 

*Composition of test solution: 2.5 M NaNO3 + 1.0 M NaOH + 0.15 M Na2CO3+ 1 mg/L Cs 

+
134

Cs tracer 
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Figure 3-6: Uptake of Cs and Sr by RFPR from simulated alkaline ILW of composition 2.5 M 

NaNO3 + 1.0 M NaOH + 0.15 M Na2CO3 and 1 mg/L Cs and spiked with 
134

Cs and 
85+89

Sr 

tracer 

 

3.4.2 Effect of NH4
+ ion on Cs+ uptake by RFPR 

Owing to the close similarity in ionic radii of Cs
+
 (1.69 Ǻ) and NH4

+
 (1.49 Ǻ )

89
, the 

possible effect of competing NH4
+
 ions present in dissolved AMP solution on the uptake of Cs

+
 

by RFPR was investigated.  Two test solutions, each containing CsNO3 (1.0 x10
-2

 M) and 
134

Cs 

radiotracer in dissolved AMP solution, were used for equilibration with RFPR (0.1 g resin + 10 

mL solution). One of the solutions was heated to boiling to drive out NH3 from the solution. 

The uptake of Cs
+
 was determined by measuring the activities of the solutions before and after 

equilibration. The same Cs-uptake value (0.72 meq/g) was obtained in both the cases, 

indicating thereby that the uptake of Cs
+
 by RFPR from dissolved AMP solution is not affected 

by the presence of NH4
+
 ions.   
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3.4.3 Cesium sorption isotherm for RFPR 

Depending upon the concentration of Cs
+
 in waste and extent of the loading run, 

137
Cs 

loading on AMP columns and on RFPR in the primary separation step would vary and this 

would result in varying activities of 
137

Cs in the recovered solution.   Hence, the uptake of Cs
+
 

was measured by conducting batch equilibrium tests. The compositions of the test solution used 

were (i) 0.6 M Na (0.1 M NaOH + 0.5 M NaNO3) (ii) 1.0 M Na (0.1 M NaOH + 0.9 M NaNO3) 

(iii) 2.0 M Na (0.1 M NaOH + 1.9 M NaNO3) (iv) 3.0 M Na (0.1 M NaOH + 2.9 M NaNO3) 

and (v) dissolved AMP solution.  The 1
st
 solution used was obtained upon neutralization of the 

eluate using NaOH (Table 3-4).  The other solutions used are considered to be obtained by 

evaporation of the eluate followed by neutralization. The chemical composition of dissolved 

AMP solution used in this study is similar to that of the solution generated after dissolution of 

AMP(Lab) (Table 3-3). In each of these compositions, different test solutions of varying Cs 

concentrations ranging from 1.00x 10
-4

 to 0.10 M were prepared using inactive CsNO3 and 

spiked with 
134

Cs tracer. The initial concentration of Cs in solution and the 
134

Cs activities in 

solutions before and after equilibration was used to calculate the Cs uptake (meq/g dry resin) 

by the resin as follows: 

 

[Cs] {[Cs] [Cs] }
W  (1 W )R initial eq. sol

sol

r m

  


   
V

/100   …(9) 

where,  

[Cs] Cs]
Cs after equilibration

Cs before equilibration
  

eq. sol initial

134

134
 [ (M)
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Wr is weight of resin (g), Wm is the moisture content of resin (weight %), Vsol is the volume of 

solution in mL used for equilibration (Vsol =10 mL). 

The results of batch uptake for Cs from neutralized eluate and from dissolved AMP 

solution are shown in Fig.3-7. It can be seen that Cs uptake of RFPR increases with the 

increase of Cs concentration in solution. It is also evident that the Cs uptake decreased 

significantly with the increase of Na concentration.  
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Figure 3-7: Batch uptake of Cs by RFPR from dissolved AMP and neutralized eluate solution 

 

3.4.4  Correlation of batch data with Freundlich isotherm 

In order to correlate the batch data with different well known absorption isotherms, the 

batch results with neutralized eluate is therefore plotted in log-log plot (Fig. 3-8). The linear 

relationship seen in the figure suggests that Freundlich isotherm equation hold good for Cs 
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sorption under the above mentioned test conditions. The Freundlich isotherm equation can be 

written as follows: 

log  =  log  +   q K Cs
1

n
eqlog [ ]

                   …(10) 

where q is the amount of Cs sorbed by the unit weight of the dry resin in mmol/g, [Cs]eq is the 

equilibrium concentration of Cs in mol/L, K and n are constants. From the intercept and slope 

of each of the straight lines, K and 1/n were calculated and tabulated in Table 3-6. It can be 

seen that the values of 1/n are almost same for all the isotherms. This suggests that the extent of 

Cs exchange reached a saturation limit, even though the surface coverage as per Freundlich 

equation is unlimited. Further, ‗n‘ value greater than unity reflects the Cs sorption by RFPR 

under the test conditions is multilayered in nature. The values of K can be related to the Cs 

exchange capacity of the resin. The decrease of K value with the increase of Na ion 

concentration in solution is due to the increasing competition between Na and Cs ions.   
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Figure 3-8: Cs exchange isotherm for RFPR from solutions containing Cs concentration in the 

range of 110
-4

 to 0.1 M and having different Na concentrations. 
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Table 3-6: Freundlich constants for Cs sorption by RFPR 

Total Na * 

(M) 
K 1/n 

0.5 5.90 0.3535 

1.0 4.37 0.3372 

2.0 3.56 0.3485 

3.0 3.48 0.3683 

*The total Na in solution is due to the presence of  0.1 M 

NaOH and remaining NaNO3, the solutions also contains 
134

Cs tracer and varying Cs in the range of 1x10
-4

 to 0.1 M.  

 

3.4.5   Correlation of batch data with Dubinin-Radushkevich (D-R) 

isotherm 

It is worth mentioning at this point that the Cs exchange reaction by RFPR is a 

thermodynamically favorable process
51

. The energy associated with the Cs exchange reaction is 

an important parameter controlling the extent of sorption. In order to evaluate such data, the 

results of batch tests are plotted in Fig.3-9 in the form of Dubinin-Radushkevich (D-R) 

isotherm
90

.  

The linear form of D-R isotherm is represented by the following equation: 

 

ln  =  ln q qm 
2

  …(11) 
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where qm is the maximum sorption capacity (mol/g dry resin in H
+
-form), β is the constant 

related to sorption energy (mol
2
/kJ

2
) and  is Polani potential which is represented as follows

91
: 

  RT   (1+
1

[Cs]eq

ln )

                         …(12) 

where R is the gas constant in kJ.mol
-1

, T is the absolute temperature in Kelvin and [Cs]eq is the 

equilibrium concentration of Cs in mol/L. All the batch data plotted in Fig. 3-9 showed a linear 

relationship between ln (q) and 
2
, indicating D-R isotherm equation also holds good for Cs 

sorption by RFPR. From the intercept and slope of these straight line plots, D-R isotherm 

parameters like qm and β are calculated and the values are shown in Table 3-7. 
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Figure 3-9: D-R isotherm plot for the Cs uptake by RFPR from solutions containing Cs 

concentration in the range of 110
-4

 to 0.1 M and having different Na concentrations. 
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Table 3-7: D-R isotherm parameters for Cs sorption by RFPR 

Total Na* 

(M) 

qm, 

(mmol/g) 

β 

(mol
2
/kJ

2
) 

E 

(kJ/mol) 

0.5 2.15 -0.0044 10.66 

1.0 1.76 -0.0044 10.66 

2.0 1.36 -0.0045 10.54 

3.0 1.28 -0.0049 10.10 

* The total Na in solution is due to the presence of  0.1 M NaOH 

and remaining NaNO3, the solutions also contains 
134

Cs tracer 

and varying Cs in the range of 1x10
-4

 to 0.1 M. 

 

As noted above, β is related to sorption energy and the mean free energy of sorption for 

Cs exchange (E) is calculated by using the following equation: 

E 


1

2                           …(13) 

It can be seen that the β values and hence, mean free energy of sorption for Cs exchange 

(E), are constant for all the four isotherms (Table 3-7). The constant values of E can be 

explained by considering the fact that all the ion exchange sites of RFPR are initially occupied 

by Na ions as counter ions and then Na is replaced by Cs. The amount of energy released 

during replacement of one mol of Na by Cs is likely to be independent of the total numbers of 

Na or Cs ions present in solution. The E value therefore can be considered as a characteristic 

parameter of the particular reaction, (equation 14). The E value reported by Hassan et.al for the 

same ion exchange reaction using a similar resin, is in good agreement with the results of 

present study
55

. The qm obtained from D-R isotherm represents the maximum Cs sorption 
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capability of the resin and this is constant under the particular test conditions like constant Na 

ion concentration and pH.  

3.4.6   Prediction of column loading from batch results 

From application point of view, these batch results are directly useful for estimation of 

maximum loading of Cs on RFPR column under saturation conditions. Saturated column 

loading from test solution containing 0.6 M total sodium and varying Cs concentration in the 

range of 1.0010
-4

 to 4.3010
-3

  M was calculated using both the isotherm equations and the 

results are presented in terms of Cs loading per liter resin bed (Fig.3-10). The bed density of 

RFPR column (0.32 g/mL) was used for the conversion of Cs loading in terms of g/L. In order 

to validate the batch results, a series of column experiments were carried out and the results are 

discussed below. 
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Figure 3-10: Maximum possible loading of Cs on 1 L RFPR column as a function of Cs 

concentration in solution containing 0.5 M NaNO3+ 0.1 M NaOH; The loading predicted from 

D-R isotherm and Freundlich isotherm equation is indicated by blue (solid) and red (doted) 

line, respectively. The star is showing the values calculated from column run. 
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3.4.7   Mechanism of Cs sorption 

Based on our earlier study, it is inferred that the phenolic OH group of RFPR is ionized 

to phenolate ion under alkaline conditions and then it participates in ion exchange reaction. The 

uptake of Cs ion by the resin in the presence of molar level of Na
+
, indicates that Cs is 

preferentially replacing Na
+
 in the resin phase as shown below:  

R-O-Na+ + Cs+ = RO-Cs+ + Na+
  …(14) 

The bar sign representing the resin phase, R is the resorcinol formaldehyde polymer, -O
-
 

is pheonolate ion. As per Eq.14 above, it is uni-uni molar ion exchange reaction. For low Cs 

concentration (1.5x10
-3

 M or less), the plot of log Kd against log [Na
+
] gives a straight line with 

a slope of -1.20 (Fig.3-11), indicating that ideal Na
+
-Cs

+
 ion exchange relation holds good. For 

high Cs concentration, no such indication is obtained as saturation uptake of Cs is reached. In 

order to probe the ion exchange mechanism under high Cs bearing solution, efforts were made 

to measure the increase of Na concentration in solution with increase of Cs uptake. Results 
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Figure 3-11: Effect of Na concentration in solution on Cs uptake by the RFPR 
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of this study are shown in Fig.3-12. The H
+
 form resin (0.5 g) was equilibrated with 50 mL of 

0.6 M (0.5 M NaNO3+0.1 M NaOH+
22

Na tracer) for 24 hours to convert it in Na
 
-form. From 

the measurement of 
22

Na activity before and after equilibration and initial Na concentration in 

solution (measured by ion chromatograph), the distribution of Na in resin phase and in solution 

was found to be 3 meq and 27 meq, respectively (Fig.3-12a and 3-12b). Since replacement of  
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Figure 3-12: Uptake of Na and Cs by RFPR: (a) and (b) are gamma spectra and concentrations 

(meq/ml) of Na solution before and after equilibration of RFPR (H-form) with 0.6 M Na 

solution spiked with 
22

Na tracer;  (c) and (d) are the gamma spectra and Na and Cs 

concentration of in solution with the progress of equilibration of the Na-form resin with Cs 

solution spiked with 134Cs radiotracer.  Gamma spectrum for ―0‖ minute are in actual energy 

scale, other are shifted to 15 Kev for ease of representation. 
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Na by Cs in the resin phase will lead to only a marginal change of Na in solution, 40 mL of 

solution was withdrawn to minimize Na in external environment.  Volume was then made up 

by addition of Cs solution (2.5 meq) and 
134

Cs tracer. The mixture was kept under stirring 

conditions, samples (1 ml) were collected periodically and analyzed for Na and Cs by using 

HPGe detector coupled with 8K MCA. From the gamma spectrum shown in Fig.3-12c, it can 

be seen that Na concentration in solution is increased and Cs activity is decreased after 

equilibration of the Na-form resin with Cs solution. Fig.3-12d shows the concentration of Na 

and Cs ions in solution as a function of equilibration time.  

It is seen that equilibrium Cs uptake (about 2.0 meq/g resin) is attained within 45 

minutes and it occurred by the replacement of almost equimolar concentration of Na ions. 

Based on this results, it can conclusively be stated that uptake of Cs by RFPR occurred by 

replacement of Na
+
 from resin phase, even when high concentration of Cs is present in solution.   

3.4.8   Column tests for separation of Cs  

In order to evaluate the Cs separation behavior of RFPR from high Cs bearing 

neutralized eluate and dissolved AMP solution,  five column runs with neutralized eluate 

(composition: 0.1 M NaOH + 0.5 M NaNO3 + 
134

Cs tracer + varying Cs) and three column run 

with dissolved AMP solution were carried out.  

Fig.3-13 represents results of column experiments for neutralized eluate solution. As 

mentioned earlier, chemical composition of the neutralized eluate solution was same for all the 

column runs and the Cs concentration was varied from 2.5710
-4

 to 4.3010
-3

 M. In the case of 

2.5710
-4

 M Cs bearing feed, which is the lowest Cs concentration used in the present study, 

the breakthrough of Cs occurred after 280 bed volumes. Thereafter, increasing amount of Cs 
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was found in the effluent and the bed reached saturation after passing 475 bed volumes of 

waste. Based on the measured Cs activity in accumulated solutions and feed concentration, the 

maximum achievable loading on 1 L bed of RFPR was calculated and found to be about 13 g. 

The use of higher Cs bearing feed solution in subsequent column runs showed that 

breakthrough of Cs occurred earlier and the breakthrough curves become steeper. This is 

attributed to the fact that equilibrium Cs exchange capacity of the resin reached quickly in 

contact with the higher Cs concentration in the feed solution. This also explains the steeper 

breakthrough profiles also. The saturation loading of Cs was calculated for each of the column 

runs and the results are plotted as a function of Cs concentration in solution in Fig.3-10 along 

with their corresponding values estimated from batch results. It can be seen that estimated Cs 

loading from D-R isotherm (equation 11) is in good agreement with the results obtained from 

column studies. Results of the study are useful in predicting Cs loading on RFPR column from 

waste solutions of known composition.  
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Figure 3-13: Cs separation behavior of RFPR column (Bed volume: 5 mL) from solutions 

containing 0.5 M NaNO3+ 0.1 M NaOH and varying concentration of Cs at the flow rate of 4 

bed volume per hour. 
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Three column runs were carried out using dissolved AMP solution as feed. In initial two 

column runs, Cs concentration in feed was kept at 1.07x10
-2

 M while 2.15x10
-2

 M was used for 

the third column. The results of column runs are shown in Fig.3-14. Results of the two column 

runs with 1.07x10
-2

 M Cs as feed confirmed that breakthrough behavior is reproducible. At 

breakthrough point, the loading of Cs
+
 in terms of 

137
Cs on 1 L RFPR bed was estimated to be 

1200 Ci for Run 1 (red line) and 1300 Ci for Run 2 (black line). The accumulated effluents 

were found to contain an equivalent of about 15 mCi/L 
137

Cs activity. In the case of the third 

column, early breakthrough of Cs occurred, because of higher Cs concentration in feed. The 

estimated loading of Cs at breakthrough point is equivalent to about 1500 Ci per L of bed. 

Based on these results, it can conclusively be stated that 
137

Cs can be effectively separated from 

the alkaline dissolved AMP solution using RFPR column. After the breakthrough point, the 

concentration of Cs
+
 ions in the effluent is seen to increase rather sharply. The continuation of 
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Figure 3-14: Loading of Cs
+
 on RFPR column from dissolved AMP solution 
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column run up to 60% breakthrough helped to achieve even higher loading of cesium, 

corresponding to about 1500 Ci of 
137

Cs/L bed. However, such an extended operation beyond 

breakthrough would result in accumulated effluent containing as high as 2.8 Ci/L of 
137

Cs 

activity.  Comparison of column loading data at breakthrough and beyond with batch results 

show that somewhat higher loading is achieved in column runs. This is possibly due to the fact 

that RFPR column is conditioned with 1.0 M NaOH before use, leading to higher alkalinity 

prevailing in the column during loading operation. As reported earlier, higher alkalinity 

enhances the uptake of cesium by RFPR
11

.    

 

3.4.9   Recovery of Cs  

The first two columns loaded with Cs from dissolved AMP solution was rinsed with 6 

bed volumes of 0.1 M NaOH and 6 bed volumes of distilled water, respectively. After rinsing, 

elution was done using 20 bed volumes of 0.5 M HNO3.  In both the cases, complete elution of 

loaded cesium was achieved in 20 bed volumes of 0.5 N HNO3, as can be seen from the typical 

elution profile is shown in Fig.3-15. Considering the loading of Cs up to breakthrough point 

and complete elution of loaded Cs
+
 as well as unexchanged Na

+
 ions from RFPR in 20 bed 

volumes, the composition of eluate solution was calculated and is shown in Table 3-8. As 

compared to the dissolved AMP solution, there is 20% increase in 
137

Cs activity but what is 

more significant is the absence of Na3PO4 and Na2MoO4 and 88% reduction in the content of 

Na which is now present as NaNO3. The results obtained in this investigation thus prove the 

utility of ion exchange process for purification of 
137

Cs-bearing dissolved AMP solution.  
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Figure 3-15: Elution profile of Cs and Na from RFPR column (Bed volume: 5 mL) at the flow 

rate of 4 bed volume per hour, fraction volume = 10 ml. 

 

 

Table 3-8:  Ion exchange purification of Cs
+
 in dissolved AMP solution   

 Cs-bearing dissolved 

AMP solution 

Eluate from 

RFPR column* 

Cs (g/L) 1.4 1.7 

Na (g/L) 17 2.1 

Na/Cs (wt/wt) 12 1.2 

*Loading up to breakthrough point, elution with 20 bed volumes of 0.5 N HNO3 

 

The third column loaded with Cs from dissolved AMP solution was rinsed with 3 bed 

volumes of water and then eluated by passing 8 bed volumes (40 mL) of 0.1 M HNO3 followed 

by 12 bed volumes (60 mL) of 0.5 M HNO3. Results of elution are shown in Fig.3-16. This 
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process of sequential elution of Na and Cs, developed earlier in our laboratory, is adopted to 

recover the Cs in chemically pure form
92

. 
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Figure 3-16: Elution profile of Cs and Na from RFPR column (Bed volume: 10 mL) at the flow 

rate of 4 bed volume per hour, fraction volume = 10 ml. The column was loaded with 0.6 g Cs 

from dissolved AMP solution containing 2.1510
-2

 M Cs. 

 

Sequential elution was also adopted for elution of loaded Cs from neutralized eluate and 

the results are shown in Fig.3-17. The elution profile is almost identical to that presented in 

Fig.3-16. From the Na and Cs concentration in the rinse, it can be stated that about 80% of un-

reacted feed was removed during rinsing. This accounts for about 50% of the total Na present 

on the bed at the end of loading. Based on our earlier experience, rinsing with larger bed 

volumes of water was avoided to minimize hydrolysis of the loaded resin, which is basically a 

salt of weak acid and strong base. The use of dilute HNO3 (0.1 M) during initial stages of 
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elution removed about 30% of remaining Na ions, without elution of a significant amount of Cs 

ions.  All the remaining Na
 
and Cs

 
were then eluted in 12 bed volumes of 0.5 M HNO3.  
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Figure 3-17: Elution profile of Cs and Na from RFPR column (Bed volume: 5 mL) at the flow 

rate of 4 bed volume per hour, fraction volume = 10 ml. The column was loaded with 0.06 g Cs 

from neutralized eluate containing 2.5710
-4

 M Cs. 

 

The observed elution of Na and Cs can be explained by considering the very high 

affinity of the resin for Cs ions. It can be noted that all the eluate solutions obtained during 

passing of 0.1 M HNO3 are highly alkaline in nature. This suggests that the acid passed during 

1
st
 phase of elution was utilized for neutralization of the bed and also for hydrolysis of some 

amount of Na-phenolate. Although the rate of hydrolysis of Cs-phenolate is higher than Na-

phenolate, the higher affinity for Cs possibly overrules the hydrolysis as can be seen from the 
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low Cs concentration in the eluate. Results of the study established that the adoption of 

sequential elution is useful for separation of a major amount of Na during initial stages of 

elution, thereby facilitating production of a low Na bearing Cs concentrate.  

Table 3-9 shows the summary of Cs purification studies. It can be seen that the purified 

Cs solution obtained from both the waste streams are suitable for use in source preparation. 

Further, the very low Na content in solution generated from the processing of HLW makes it 

suitable for preparation of industrial irradiator sources.  

 

Table 3-9: Composition of waste and purified Cs solution before and after ion exchange 

processing 

 Alkaline ILW Acidic HLW 

 

ILW 

(as 

generated) 

After 

primary 

separation 

After 

purification 

Waste 

(present study) 

After 

primary 

separation 

After 

purification 

Cs 

(g/L) 

0.0014 

(0.05 Ci/L) 

0.036 

(1.25 

Ci/L) 

1.08 

(37.8 Ci/L) 

0.28 

(10 Ci/L) 

2.85 

(100 Ci/L) 

3.4 

(120 Ci/L) 

Na 

(g/L) 
64 2.3 0.96 - 17 0.7 

Na/Cs 

(wt/wt) 
4.5x10

4
 64 0.9 - 6 0.2 
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3.5 Summary of the results and conclusions 

Results of present study on Cs recovery from acidic as well as alkaline waste streams, can be 

summarized as follows.  

(1) Batch sorption data on Cs uptake by AMP-PMMA, prepared by coating of AMP 

powder on PMMA beads, show that Cs uptake by the sorbent remains unaffected even 

after coating on PMMA beads.  

(2) Column behavior of the AMP-PMMA was found to be very good. It is inferred from 

column data that up to 800 Ci of 
137

Cs can be loaded on 1 L bed of AMP-PMMA beads 

from radioactive waste solution containing 10 Ci/L of 
137

Cs.  

(3) Quantitative recovery of sorbed Cs from AMP-PMMA bed is possible by complete 

dissolution of AMP in NaOH solution and hence it can be concluded that the AMP-

PMMA is a promising sorbent for recovery of Cs from acidic HLW.   

(4) It is for the first time established that RFPR can be used for separation of Cs from high 

active alkaline waste streams. 

(5) The Cs exchange isotherms of RFPR from solutions containing Cs concentrations in the 

range of 110
-4

 to 0.1 M have been evaluated for four different Na bearing solutions. 

All the isotherms have been found to follow Freundlich as well as D-R sorption 

equation. Cs uptake of RFPR calculated from the D-R isotherm equation was in good 

agreement with the values measured by conducting five column runs.  

(6) The approach adopted for generation purified Cs solution includes higher loading of Cs 

on RFPR column followed by sequential elution of Na and Cs. The process has been 

showed promising for production of a concentrated 
137

Cs solution containing very low 
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concentration of accompanying Na ions. The process also demonstrates the purified Cs 

solution production from the dissolved AMP solution. It was found that the Na/Cs ratio 

as low as 0.9 and 0.2 was obtained from alkaline ILW and acidic HLW solutions, 

respectively. 

(7) The results of these studies show that ion exchange processes can be utilized for the 

recovery of high-purity 
137

Cs from acidic HLW and also from alkaline ILW waste for 

use in radiation technology applications.   
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4. Chapter 4      
Physicochemical properties of 

cesium borosilicate glasses 

containing TiO2 



 

92 

Physicochemical properties of cesium 
borosilicate glasses containing TiO2 

4.1 Introduction 

Development of borosilicate glass was first recorded in the late 19
th

 century by German 

glassmaker Otto Schott and it was sold in Europe under the brand name "Duran" in 1893. In 

1915, Corning glass works introduced Pyrex, a synonym for borosilicate glass.  Thereafter 

rapid development has been noticed and quickly it became a ubiquitous material. The main 

reason behind this is that the borosilicate glass has a very low thermal expansion coefficient 

(3.3 x 10
−6

/K), about one-third that of ordinary glass and high chemical resistance properties, 

leading to the widely use of borosilicate glass for kitchen glassware, thermometer glass and 

railroad lanterns and now in diverse fields including optical glass, glass to metal seal, etc.
93,

 
94

. 

However a scientific understanding of the glass network and its properties began only in early 

1950. In 1955, Canadian scientists first experimentally established that HLW could be 

immobilized in glass
95

. This was followed by development of borosilicate matrix in UK (Fingal 

process) for vitrification of HLW
96

. In 1965, work on vitrification of HLW was started in India 

with emphasis on design and development of waste glass formulation and study of its 

properties including phase transformation, mechanical properties, radiation effects, chemical 

durability and volatilization
97

. A historical overview of the waste form development 

programme in nine countries including India was reviewed by Lutze and Ewing
98

.  This 

highlights the fact that borosilicate glass has received the greatest attention in large scale 

immobilization of high level because of its excellent capabilities to accommodate almost all the 

elements of periodic table leading to a permanent and irreversible fixation of the nuclides in the 

http://en.wikipedia.org/wiki/Otto_Schott
http://en.wikipedia.org/wiki/Corning_Incorporated
http://en.wikipedia.org/wiki/Pyrex
http://en.wikipedia.org/wiki/Thermal_expansion
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vitreous matrix. Additionally, glass being a solid solution is not susceptible to inter-granular 

corrosion. 

In-spite of these proven facts, borosilicate glass has not been considered for the 

preparation of 
137

Cs based radiation sources. Such glasses are very simple as compared to the 

nuclear waste bearing glasses, as it will not have other fission products and actinides.  It could 

be simple borosilicate glass containing a very few or no other additives. The basic differences 

in both the glasses are in terms of total alkali oxides content. The alkali oxide loading in the Cs 

glass should be significantly higher to meet the specific activity requirements. It is known that 

chemical durability of the borosilicate glasses decreases with the increase of alkali oxide 

loading. Further, volatilization of the Cs in preparation of such glasses is one of the major 

concerns. Taking inferences from nuclear waste glass development, it can be stated that the 

incorporation of various additives do play a major role in optimizing the properties of the 

glasses. 

At the beginning of the work therefore feasibility of using simple alkali borosilicate 

glass was examined. The loading of alkali oxide in glass was fixed at 20 mol% including 2.5 

mol% Cs2O while the rest was Na2O. Loading of 2.5 mol% Cs2O is the minimum requirement 

for use of this glass as a radiation source in medical irradiators. A minimum amount Na2O is 

necessary to make the glasses at relatively lower temperature. In the present context it is 

assumed that the preparation of the glasses will be carried out using the recovered Cs solution 

containing equal amount of Na and Cs (as shown in Table 3-11). This will correspond to the 

stated loading of Na2O while incorporation of 2.5 mol% Cs2O.    

In order to improve the properties of the glasses, incorporation of some additives in 

small quantities can be considered essential. A number of studies have been carried out in this 
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regards which have made it clear that the various additives played different roles in the glass 

network.  Table 4-1 summarizes the effects of some additives on the change of properties of the 

resultant glasses
99

.  In this chapter, the influence of TiO2 on the Cs borosilicate glass is 

illustrated by evaluating physiochemical properties of the glasses incorporated with different 

amount of TiO2. Physico-chemical properties like density, molar volume, glass transition 

temperature, chemical durability and Cs-volatilization behavior were evaluated as a function of 

TiO2 concentration.  In addition, the structural aspects of these glasses were also investigated 

using FTIR, 
11

B MAS NMR spectroscopy and uv-visible spectro-photometry with a view to 

understand the role of TiO2 on the physico-chemical properties of the glasses. 

 

Table 4-1: Additives influence on the change of properties of borosilicate glasses 

Name Formation 

temp. 

Durability Cs-loss 

(Volatilization) 

CaO   ? 

TiO2    

MnO   ? 

Al2O3    

ZnO   ? 

 

4.2 Glass forming region of Na borosilicate system 

Although sodium borosilicate glass can be obtained over a wide range of compositions 

as can be seen from the ternary diagram (Fig.4-1) representing glass forming region of the 

system, highlighting approximate compositional ranges of two commercial glass families
100

 

viz., Vycor glasses (area enclosed in magenta)  and Pyrex type glasses (yellow shaded area), a 
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limited region (SiO2: 35-65, B2O3:10-20 and Na2O:10-20, waste oxide: 15-30) has been used 

for the production of base glass for nuclear waste immobilization (area covered by black 

crossed lines)
98

. The glass forming region of interest in the present study is shown as circle 

filled in dark cyan color.   
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Figure 4-1: Ternary diagram of sodium borosilicate glass highlighting region of interest of 

some important class of glasses  

 

4.3 Preparation of alkali borosilicate glasses  

The characteristics of the simplified alkali borosilicate glasses prepared as per the 

formulation, 10 Cs2O + 15 Na2O + (75-x) SiO2 + x B2O3, ‗x‘ varied from 25-45 w% is shown 

in Table 4-2. It can be seen on the Table that the borosilicate glass containing ≥ 50 wt% of SiO2 

has pour temperature above 950
o
C. The chemical durability of the glasses in the series, as 

expected, are found to increase with the increase of SiO2 concentration. From these results, it is 
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clear that among the stated glasses that has low pouring temperature and Cs leach rate, #CBS-3 

is the formulation considered as a baseline formulation for further investigations. Hereafter, it 

will be referred to as ―base glass‖.  

Table 4-2: Characteristics of the Cs-borosilicate glasses prepared as per formulation (wt %)   

10 Cs2O + 15 Na2O + (75-x) SiO2 + x. B2O3 

Batch 

No. 

SiO2 

(wt%) 

B2O3  

(wt%) 

Pour 

temp. 

(
o
C) 

Density 

(g/cm
3
) 

Leach rate (g/cm
2
/d) 

Na Cs 

CBS-1 50 25 > 950 - - - 

CBS-2 45 30 950 2.46 1.7 x 10
-3

 4.3 x 10
-4

 

CBS-3 40 35 900 2.47 3.0 x 10
-3

 8.9 x 10
-4

 

CBS-4 35 40 900 2.48 3.8 x 10
-3

 1.4 x 10
-3

 

CBS-5 30 45 900 2.49 4.0 x 10
-3

 1.8 x 10
-3

 

 

4.4 Preparation of TiO2 containing glasses 

As mentioned above, the major thrust of this study is to improve the properties of the 

baseline glass by incorporating TiO2. The additive can be incorporated in the glass either at the 

expense of B2O3 or SiO2. In order to select the suitable one between the two alternatives, 

glasses were prepared adopting both the approaches and characterized (Table 4-3). Elemental 

(Na, Cs) leach rate for the glass (Ti-10A), prepared by incorporation of TiO2 (10 mole %) at the 

expense of SiO2, is found to be an order of magnitude higher than the base glass. Higher 

concentration of Si in leachate, however, indicates that the network dissolution also take place 

during leaching. It is known that SiO2 decrease has a negative effect and TiO2 increase has a 

positive effect on chemical durability
99

. The result clearly indicates that effect of SiO2 is more 
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dominant than TiO2. On the other hand, the glasses prepared by incorporation of TiO2 (10 

mole%) with decrease of B2O3 showed higher chemical durability as compared to the base 

glass. Based on these results, the approach of incorporation of TiO2 at the expense of B2O3 was 

selected and followed throughout the work. Five glasses of this series of molecular formula 

(SiO2)0.4 (B2O3)0.35-x (Na2O)0.175 (Cs2O)0.025 (TiO2)x, where x =0, 2.5, 5, 7.5 and 10, have been 

prepared and characterized as discussed below.  

Table 4-3: Characteristics of the Cs-borosilicate glasses prepared from base glass by 

incorporating TiO2  

Batch No 

Batch composition (mole%)  Leach rate (g/cm
2
/d) pH of 

leachate SiO2 B2O3 Na2O Cs2O TiO2 Na Cs Si 

Base glass 45 35 17.5 2.5 0 3.0x10
-3

 8.9x10
-4

 3.1x10
-5

 9.35 

Ti-10 45 25 17.5 2.5 10 6.9x10
-4

 5.9x10
-5

 1.3x10
-5

 9.10 

Ti-10A 35 35 17.5 2.5 10 3.7x10
-2

 2.0x10
-2

 1.5x10
-4

 9.40 

 

4.5 Chemical analysis of glass  

The chemical analysis of the glasses was performed as per the procedure discussed in 

section 2.5.2. Experimentally determined concentrations of Na and Cs in the glasses were 

shown in Table 4-4. The error (standard deviation) associated with loss in wt % calculation for 

both the elements were found to be ± 2%.  It is clear from Table 4-4 that both Na and Cs loss 

for ‗base glass‘ is higher than all other glasses (Ti-2.5 to Ti-10). Among the four TiO2 

containing glasses, minimum loss for both Cs and Na was observed for the glass containing 5 

mole% of TiO2. Further, these results confirmed that 94% or more of both Na and Cs are 
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present in all the glasses. Although other constituents in glass were not analyzed, it can be 

reasonably assumed that loss of boron will be lower than that of Cs.  The Si and Ti content are 

assumed to be the same as batch composition.  

Table 4-4: Chemical analysis (wt%) of Na and Cs in as melted glasses 

Batch No 
Na2O Cs2O 

Calculated Expt. Loss (%) Calculated Expt. Loss (%) 

‗base glass‘ 15.39 14.36 6.7 10.00 9.0 10 

Ti-2.5 15.33 14.77 4.0 9.96 9.4 5.6 

Ti-5.0 15.26 14.88 2.5 9.92 9.5 4.2 

Ti-7.5 15.20 14.71 3.2 9.88 9.3 5.9 

Ti-10 15.14 14.20 5.8 9.83 9.2 6.4 

 

4.6 General characteristics of the glasses containing TiO2 

4.6.1 Density and molar volume 

Density of the glass samples were determined as per the procedure described in section 

2.6. The measured density (g/cm
3
) and calculated molecular weight (g) from batch composition 

of the glasses were used to calculate the molar volume (cm
3
) of the glasses by using the 

following equation: 

Molar volume = Molecular weight / density 

 

Fig.4-2 shows the measured density and calculated molar volume of the glasses 

containing varying concentration of TiO2. Density of the glasses was found to be similar within 
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the limit of experimental error. The molar volume was also found to be almost same (27.5±0.3 

cm
3
).  

Base glassTi-2.5 Ti-5 Ti-7.5 Ti-10
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Figure 4-2: Density and molar volume of the Cs borosilicate glasses ((SiO2)0.4 (B2O3)0.35-x 

(Na2O)0.175 (Cs2O)0.025 (TiO2)x) containing different concentration of TiO2,  

 

4.6.2 XRD analysis 

XRD patterns of the glass samples recorded with an X-ray diffractometer which uses 

CuK radiation are shown in Fig.4-3. All the patterns showed a broad peak around a 2θ value  
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Figure 4-3: XRD profiles of the Cs borosilicate glasses of general formula (SiO2)0.45 (B2O3)0.35-x 

(Na2O)0.175 (Cs2O)0.025 (TiO2)x with x varying from 0.0 to 10.0 

of 25
o
, characteristic of the amorphous borosilicate network. Absence of sharp peaks clearly 

confirmed that no crystalline phases (within the detection limits of XRD technique) are present 

in these glasses. 

4.6.3 Glass transition temperature 

Glass transition temperature was determined from the onset of the first endothermic 

peak of DTA curve (Fig.4-4) generated at a heating rate of 10
o
C/min using setaram make TG-

DTA instrument (section 2.9.4.2). The glass transition temperature of all the glass samples has 

been plotted as a function of TiO2 concentration and is shown in Fig.4-5. It is found that the 

glass transition temperature decreases systematically with increase of TiO2 concentration in 

glass. The observed variation can be explained based on the bond energy values of B-O and Ti-

O bonds
101

.  As the bond energy values are lower for Ti-O bonds compared to B-O bonds, 

replacement of B-O bonds by Ti-O bonds results in the decrease of average bond energy of the 

glass network, leading to reduction in glass transition temperature.  
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Figure 4-4: TG-DTA profile for the Cs-borosilicate glass containing 7.5 mole% TiO2 (Batch 

No. Ti-7.5) 

  

Figure 4-5: Glass transition temperature of Cs-borosilicate glasses containing varying amount 

of TiO2, line is guided to eye 

 

4.6.4 Chemical durability  

Chemical durability is the property symbolizing the extent of resistance against 

hydrolytic attack and depends mainly on the nature of the constituents and their relative 
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concentrations in glass
102, 103, 104,

 
105

. It is generally measured by conducting leaching tests. In 

the present study, leaching tests were performed as per the procedure described in section.2.7 

for comparative evaluation of formulation. In brief, 1.0 g glass sample (-100+200 mesh ASTM) 

and 10 cm
3
 of ultrapure water was heated in air-oven at 90

o
C for 24 hours, and the measured 

concentrations of Na,  Cs, and Si in leachate were used to judge the chemical durability of the 

glasses. The normalized elemental leach rate of the glasses as a function of TiO2 content is 

shown in Fig.4-6. 

 

Figure 4-6: Leaching of Na and Cs from Cs-borosilicate glasses in distilled water at 90°C for 

24 hours, lines are guided to eye, general formula of the glasses: (SiO2)0.4 (B2O3)0.35-x 

(Na2O)0.175 (Cs2O)0.025 (TiO2)x 

 

The measured pH of leachate for the glasses was found to be within 9.35 to 9.10, 

highest for ‗base glass‘, lowest for Ti-10 and almost same (9.20-9.25) for the other three 

glasses. The leach rate of Na, Cs and Si are found to be in the order: Na>Cs>Si. In detail, the Si 
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concentration in the leachate for all the glasses is found to be almost same, and this has been 

attributed to the fact that network dissolution took place to the same extent for all the glasses 

during the course of leaching. Leaching pattern of Na and Cs can be explained by considering 

ion exchange reaction of glass and hydronium ions in which diffusion is the rate controlling 

step 
103-104

. As Na
+
 ion has a smaller ionic radius compared to Cs

+
 ion, Na

+
 ions have higher 

diffusion coefficient and mobility compared to Cs ions in the same glass matrix.  This accounts 

for the increased leach rate of Na ions as compared to Cs ions from glass. In totality, the 

chemical durability of the glasses (with respect to Cs and Na leach rate) improved significantly 

due to incorporation of TiO2 at the expenses of B2O3. This overall improvement of chemical 

durability is due to a combined effect of both TiO2 increase and B2O3 decrease, as both factors 

are well known to improve the matrix durability
99, 106

. More specifically, it can be noted that the 

improvement of chemical durability with respect to Cs leach rate is more noticeable than Na. 

For example, the Cs leach rate was found to decrease almost linearly with increase of TiO2 

concentration and about 15 times lower Cs leach rate was noted for the Ti-10 glass (containing 

10 mole% TiO2) compared to the glass containing no TiO2 (‗base glass‘). On the other hand, no 

improvement on Na leach rate, due to the presence of TiO2 up to 7.5 mole%, was observed. 

The preferential leach rate of Na and Cs may possibly be due to the structural modification 

brought about by TiO2 incorporation in the glass at the expense of B2O3. This aspect has been 

investigated in detail and is described in a later section of this chapter. 

4.7   Volatilization of Cs 

A large number of studies pertaining to the effect of TiO2 on volatilization of Cs have 

been reported from various laboratories and the observations can be summarized as follows. 

Rastogi et al
107

 reported that volatility of Cs can be reduced by using a little amount of TiO2, 
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possibly due to the formation of thermally stable compounds such as Cs2O-4TiO2. The effect of 

TiO2 on reduction of Cs-volatility was also observed by Kelly et al. during the preparation of 

glass from zeolite
108

. On the other hand, Gray
109

 has shown that addition of TiO2 in zinc 

borosilicate matrix increases the volatility of Cs. About 11% of Cs was found to be volatilized 

when 12 wt% TiO2 was added to 76-183 glass. In 1981, Saidl et al. reported that the use of 

TiO2 in borosilicate glass lowers Cs volatility
110

. It is to be noted that all the above studies have 

been carried out in connection with the incorporation of nuclear waste and no data for only Cs 

bearing borosilicate glasses are reported till date, to the best of authors‘ knowledge. Based on 

the above discussion it is clear that the role of TiO2 in the extent of Cs losses due to 

volatilization is significantly dependent on the matrix composition. Hence, a systematic study 

on the extent of Cs-volatilization as a function of TiO2 content in glass was performed.   

In the present study, as described in section 2.8, different approaches were made to 

measure the extent of Cs volatilization as well as to provide an understanding on the 

volatilization behavior of Cs from borosilicate glasses as a function of TiO2 content and the 

results are discussed below.   

(a) Measurement of Cs volatilization loss in glass making 

This method (described in section 2.8.1) in principle is a direct approach, as glass 

forming mixture is heated and the evolved glasses were collected and analyzed chemically. It is 

important that sample of evolved gas should have a measurable amount of volatilized species, 

so that a statistically reliable chemical analysis could be performed. In general, volatilization 

study with more glass (with higher batch size) generates a measurable amount of species. 

Otherwise, accuracy in analytical results can be improved by using radiotracer technique. In 

this method, as batch size used was 2 g glass, radiotracer technique was used.  In addition, Cs 
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analysis was performed after dissolving the glass sample in 40% HF and the analysis results 

was used to ascertain the material balance.  For some selected batches, detailed elemental 

analysis in solutions of volatilized products was also carried out.  

Table 4-5 shows the results of the extent of Cs volatilization during the glass formation. 

It can be seen that a maximum of about 4% of Cs was volatilized in the sample containing no 

TiO2 (‗base glass‘). The loss of Cs was found to reduce from 4% to 1.5% (about 60% 

reduction) with the incorporation of 2.5 mole% of TiO2. A further marginal decrease in Cs-loss 

was noted for the batch containing 5 mole% of TiO2 and thereafter a trend reversal was 

observed. The loss of Cs was found to be about 2.8% for the last two batches containing 7.5 

and 10 mole% of TiO2. As compared to the base glass, all the batches with TiO2 showed lower 

loss of Cs. A similar conclusion can also be arrived from the Cs concentrations in dissolved 

glass solution. The trend of Cs volatilization values obtained here compares to Table 4.4.  

Table 4-5: Distribution of Cs in vapor and glass during formation of the Cs-borosilicate glasses 

Batch No 

Concentration of Cs (%)  

No. of 

tests Dissolved glass 

(a) 

Scrub solution 

(b) 

Total 

(a+b) 

‗Base 

glass‘ 
95.95-96.15 3.55-3.99 99.85-100.13 4 

Ti-2.5 97.92-98.81 1.53-1.55 99.47-100.35 2 

Ti-5.0 96.27-97.84 1.39-1.48 99.24 2 

Ti-7.5 96.76-97.55 1.93-2.80 98.70-100.35 2 

Ti-10.0 96.21-96.35 2.64-2.82 99.03 2 
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The higher losses incurred in as melted glasses is possibly due to exposure of the 

glasses to elevated temperature for pouring.  It is worth mentioning that more than 90% of the 

total Cs present in scrub-solution was obtained from the washing of the silica tube and a little 

amount was in the 1
st
 bubbler (section 2.8.2). The Cs present in the 2

nd
 bubbler was negligible 

and therefore it can be stated that no Cs escaped from the system. For all the tests, good mass 

balance of Cs was obtained, as it can be seen that > 99% of Cs was accounted for.  

Result of detailed chemical analysis of the solutions generated from washing of the 

volatilization set-up is shown in Table 4-6. It can be seen that the volatilization loss of boron 

species is more significant after Cs. This also confirmed that Na is the least volatile element as 

compared to B and Cs and its volatilization loss for the glasses under investigation was found 

to be more or less same. Volatilization profile of B species was found to follow similar trend as 

described above for Cs.  

Table 4-6: Elemental composition of the scrub solutions (in ppm) analyzed by  

ion chromatography 

Total volume of scrub solution: 250 mL 

Batch No Na Cs B 

Base glass 3.3 31.5 

(32.7*) 

10.7 

Ti-5.0 4.4 9.2 

(11.2*) 

8.05 

(7.1
#
) 

Ti-10.0 4.6 20.7 

(21.5*) 

14.6 

* calculated from the radiometric measurement of 
137

Cs activity in solution (i) before and (ii) 

after glass formation and (iii) initial concentration of Cs in solution taken for glass making.  

# 
analyzed using ICP-AES. 
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(a) Measurement of Cs volatilization by thermogravimetry method 

As this method is highly sensitive with regard to the change of weight due to heating, it 

was used to study the Cs volatilization from preformed glasses.  In this analysis, about 40 mg 

of glass sample in platinum crucible was heated under static air to 900
o
C at the heating rate of 

10
o
C/min and then isothermal heating was continued at 900

o
C for 2 hours, using a Setaram 

make TG-DTA instrument. TG-DTA profile, corresponding to the glass sample containing 7.5 

mole% TiO2, is shown in Fig.4-4. It can be seen that a little weight gain was observed during 

the 1
st
 heating sequence i.e., from 100-900

o
C and thereafter constant weight was recorded 

throughout the heating period (2 hours) at 900
o
C. The observations are in accordance with the 

results of volatility tests from simulated high level waste glass, reported by J. Harbour
111

. The 

experimentally observed TG-DTA profile for all the glasses under investigation was found to 

follow a similar pattern as shown in Fig.4-4.  Based on these results, it is inferred that no loss of 

Cs, to the level of sensitivity of TG-DTA instrument, occurred from the preformed glasses.   

(c)  Chemical analysis method 

It was seen that themogravimetry method, though very sensitive, did not yield any 

information about weight losses possibly due to very low quantity of the sample and lower 

experimental temperature. In the present study, therefore, higher quantity of sample was used 

and the volatile component was dissolved and analyzed chemically. As mentioned earlier, the 

heating of preformed glass is equivalent to soaking stage, which is the longest duration process 

in glass preparation and the glass at this stage endures minimum turbulence from froth 

formation/bubble evolution. The effect of temperature is more prominent at this stage, hence Cs 

volatilization loss in this period was measured and used as a representative parameter for 
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comparing the effect of composition. In this study,  preformed glass (batch size: 25 g) was 

heated for about 6 hours per day for 4 days and the amount of Cs volatilized during 6 hours of 

heating was obtained by analyzing the solutions obtained from washing the whole setup where 

Cs was deposited (section 2.8.2.2). Volatilization profile for two glass samples, viz., ‗base 

glass‘ and Ti-5, were determined at three different temperatures (i.e., 900, 950 and 1000
o
C).  

The result of volatilization study is presented in terms of cumulative loss of Cs after 24 

hours of heating in Table 4-7. It can be seen that the extent of Cs loss for both the glasses 

heated at 900
o
C for 24 hours are very low and almost similar. However 950 and 1000

o
C heated 

samples showed increasingly higher Cs losses. The influence of TiO2 on suppressing Cs 

volatility is clearly seen.  

Table 4-7: Cumulative loss of Cs (mg/cm
2
) from the preformed Cs borosilicate glasses after 24 

hours of heating at different temperatures 

Glass sample 
Heating temperature (

o
C) 

900 950 1000 

Base glass 0.23 0.56 1.57 

Ti-5 0.20 0.47 0.95 

 

4.7.1   Discussion on Cs volatilization results 

The loss of Cs due to volatilization during heating at elevated temperature may occur 

through several mechanisms, depending upon the composition of the melt and temperature. 

Thermal decomposition of CsNO3 (taken as starting material for glass formation) takes place at 

around 400-600
o
C, mainly through the following steps

112
:  
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Hence it is reasonable to assume that volatilization loss of Cs starts at around 500
o
C and 

continues up to fusion temperature of the glass. Since Cs metal is highly reactive with air, and 

our experiments were carried out under constant air flow conditions, it is quite possible that 

majority of the Cs can get converted to Cs(OH), which is the most volatile among all Cs 

compounds
113

. In addition, some amount of Cs may volatilize in the form of Cs2(BO2)2 (g), Cs 

(BO2) (g), as reported by Asano et al
114

.  

From the elemental composition profile of the scrub solution (Table 4-6), it can be 

inferred that some such compounds may form during formation of all the glasses under 

investigation. Some loss of Cs is also expected during soaking of the glass at 900
o
C for 

homogenization. The values in Table 4-5 represent the cumulative loss of Cs in glass making, 

starting from the decomposition of raw materials including soaking at 900
o
C for 2 hours. 

According to the results of Rudolph et al., the presence of B2O3 or TiO2 in the melt is known to 

reduce Cs volatilization and the TiO2 has been found to show pronounced effect compared to 

B2O3 in reducing the extent of Cs volatilization
115

. Hence in the present study, as TiO2 is 

incorporated at the expense of B2O3, it is reasonable to conclude that the presence of TiO2 is 

responsible for the decrease in the extent of Cs volatilization. Furthermore, the peculiar 

variation of Cs losses as a function of TiO2 content in the glasses may possibly be due to the 

difference in the nature of interaction of Ti
4+

 ions with glass constituents, as TiO2 is known to 

behave as a network former and modifier depending upon its concentration in the glass
116

. This 

Cs2O (g) 

Cs2O2 (g) + Cs 

(g) 
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information can be obtained by investigating the structural aspects of the glasses and the same 

has been described in the latter section of this chapter.  

Further volatilization behavior of Cs at three different temperatures is presented in Figs. 4-7 

and 4-8 in the form of cumulative Cs loss against square root of heating time. It can be 

considered that the nature of loss rate profile is a reflection of processes involved in 

volatilization. Elemental volatilization from glass melt, as in the case of present study in which 

all the glasses are in molten state at 900oC and above, occurred vide processes like (i) diffusion 

of Cs through the melt to surface, (ii) transport through melt/vapor interface and (iii) transport 

in the atmosphere
117

. It is therefore reasonable to assume that the volatilization profiles in Figs. 

4-7 and 4-8 give an average picture of all the processes involved with the characteristic features 

of the rate controlling processes. For example, only one slope in rate loss profiles suggests that 

volatilization occurred predominantly through one type rate determining process. From the 

straight-line plots of cumulative Cs losses against square root of time, it can be stated that 

volatilization of Cs occurred predominantly through diffusion controlled process and the same 

can be expressed by equation 1 below
76

: 

 Q = C0 . .
D

t


                                          …(15) 

In equation 1, Q (mg/cm
2
) represents the amount of Cs diffused from melt of unit surface area 

after t (h) time, C0 (mg/cm
3
) is the initial concentration of Cs in melt and D (cm

2
/h) is diffusion 

coefficient (the quantity of material diffused through a unit area in unit time under a unit 

concentration gradient). Assuming negligible Cs loss takes place during glass preparation, the 

values of C0 can be obtained from the measured density of the glasses and amount of Cs added 

in glass preparation. From the C0 values and slope of the straight line plots (Figs 4-7 & 4-8), the 
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values of diffusion coefficient were evaluated for all the glasses heated at different 

temperatures. As diffusion is a temperature dependent phenomenon, diffusion coefficient at any 

temperature can be expressed by the following equation
118

: 

D D e

E

RT


0 .  …(16) 

where R is universal gas constant and T is the absolute temperature. Calculated D values of the 

glasses are plotted as a function of 1/T and are shown in Fig.4-9.  From the slope and the 

intercept of each line, the values of activation energy, E and D0 for Cs diffusion from the 

glasses have been calculated (Table 4-8). The activation energy values for ‗base glass‘ and Ti-5 

glass were as found to be 513 and 360 kJ/mol, respectively.  Interestingly, Cs loss is lower for 

Ti-5 glass even though the activation energy for Cs diffusion is lower than ‗base glass‘. Similar 

trend in weight loss and activation energy has also been reported for borosilicate glasses having 

different compositions by various authors
76,119

. The calculation of D0 value for these glasses 

(‗base glass‘ and Ti-5) showed that their differences are quite significant, (3.49 x 10
12 

cm
2
/s for 

‗base glass‘ and 4.73 x 10
5
 cm

2
/s for Ti-5) and control Cs loss.  
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Figure 4-7: Cs loss profile as a function of square root of heating time for glass sample of 

molecular formula (SiO2)0.45 (B2O3)0.35 (Na2O)0.175 (Cs2O)0.025 in dry air at different temperature  

 

Table 4-8: Activation energy and pre exponential factor for Cs volatilization from the glasses 

 

M2Ox E (kJ/mol) D0 (cm
2
/s) 

‗base glass‘ 513 3.49 x 10
12

 

Ti-5 359 4.73 x 10
5
 



 

113 

 

 

Figure 4-8: Cs loss profile as a function of square root of heating time for glass sample of 

molecular formula (SiO2)0.45 (B2O3)0.30 (Na2O)0.175 (Cs2O)0.025 (TiO2)0.05 in dry air at different 

temperature 

 

 

Figure 4-9: Plot of ln(D) against 1/T for the base glass and glass sample containing 5 mole% 

TiO2 
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4.8   Structural characterization of the glasses 

4.8.1    FTIR study  

FTIR spectra of the glass sample was recorded from KBr pellets using a Fourier 

transform infrared (FT-IR) spectrometer (model: Jasco-660) with an average of 50 scan per 

spectrum at a resolution of 4 cm
-1 

 are shown over the region of 440- 2000 cm
-1 

in Fig.4-10. The 

glass sample without any TiO2 is characterized mainly by three peaks centered at 1408 cm
-1

, 

987 cm
-1

 and 454 cm
-1

. The peak around 987 cm
-1

 also has a weak shoulder around 686 cm
-1

. 

The peak around 1408 cm
-1

 is attributed to the B-O stretching vibration of BO3 and BO4 

structural units present in the glass
120

. The broad peak around 987 cm
-1

 and weak shoulder 

around 686 cm
-1

 have arisen due to the asymmetric and symmetric stretching vibrations of Si-

O-Si/Si-O-B linkages, respectively
121

. The peak around 454 cm
-1

 has arisen due to the bending 

 

Figure 4-10: FTIR patterns of Cs-borosilicate glasses containing different amounts of TiO2 over 

the region of 400-2000 cm
-1
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vibration of Si-O-Si/Si-O-B linkages. Similar IR patterns were also observed for glass samples 

with different TiO2 contents. No additional peak characteristic of Ti-O vibrations has been 

observed in these patterns due to the low IR activity of Ti-O bonds compared to the Si-O or B-

O bonds. It is worth mentioning that with the incorporation of TiO2, the line shape 

corresponding to asymmetric stretching vibration has been found to change significantly, as can 

be seen from Fig.4-11.  For 2.5 mole% TiO2 incorporation in the glass, there is significant 

narrowing in the line shape corresponding to 987 cm
-1

 peak (characteristic of Si-O-Si/Si-O-B 

asymmetric stretching vibration). Increase in TiO2 content to 5 mole% resulted in further 

reduction of the line width of this peak. However for more than 5 mole% TiO2 (i. e. for 7.5 and 

10 mole% TiO2) incorporation, line width began to increasing. The observed variations in the 

line width can be attributed to variation in the extent of strain/distortion associated with the 

borosilicate network with the addition of TiO2. When a bridging oxygen atom gets converted to 

 

Figure 4-11: FTIR spectrum of Cs-borosilicate glasses containing different amounts of TiO2 

(normalized at peak 970-1010 cm
-1 
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non-bridging oxygen atom, the strain/distortion associated with the network decreases. This 

leads to decrease in line width of the IR absorption peak. However, above 5 mole% TiO2, the 

line width increase has been attributed to the network forming action of TiO2. The change in 

the behavior of TiO2 from network modifier to network former is also reported by other 

investigators
122

. 

4.8.2   NMR study 

11
B MAS NMR patterns for the glass samples loaded with different amounts of TiO2 are shown 

in Fig.4-12. All the patterns are found to consist of less intense broad peaks around -3 ppm and 

sharp peak around -19 ppm along with side bands. Based on earlier 
11

B MAS NMR studies
123

, 

the sharp and broad peaks are respectively attributed to boron in tetrahedral (BO4) and trigonal 

(BO3) configurations. As 
11

B is a quadrupolar nucleus (I = 3/2), boron in the trigonal 

coordination lacks cubic symmetry, and gives rise to a broad peak. Unlike this, cubic nature of 

the tetrahedrally coordinated boron structural units results in negligible quadrupolar coupling 

constant and thereby giving rise to a sharp NMR peak. The area under both the peaks was 

calculated and relative percentages of both BO4 and BO3 structural units have been determined 

and are given in Table 4-9. The relative concentrations of BO4 structural units have been found 

to increase with the incorporation of 2.5 mole% TiO2. However above 2.5 mole% TiO2 

incorporation, the relative concentration of BO3 and BO4 structural units remained more or less 

same. These results demonstrate that as TiO2 content in the glass increases at the expense of 

B2O3  (upto 2.5 mole%), the boron network is affected initially. Further, the results prove that 

beyond 2.5 mole% TiO2 incorporation the relative concentrations of BO3 and BO4 structural 

units are not responsible for the observed changes in the physical properties of the glass 

samples. With incorporation of TiO2 up to 2.5 mole%, there exists a redistribution of the 
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cations in the borosilicate network. However above 2.5 mole% TiO2, Ti
4+

 ions do not have any 

interaction with boron structural units as revealed by the identical values of the relative 

concentration of BO3 and BO4 structural units. This is possible if Ti
4+

 ions interact with the 

silicon structural units present in the glass.  

 

Figure 4-12 : 
11

B MAS NMR profile of the glasses containing varying concentration of TiO2 

 

Table 4-9:: Concentrations of BO4 and BO3 structural units in the Cs-borosilicate glasses 

containing different concentrations of TiO2 determined from 
11

B MAS NMR profiles 

Batch No 

Batch composition of 

B2O3  

(mole%)  

Relative concentration (%) in glass 

BO4 BO3 

Ti-0 35.0 58 42 

Ti-2.5 32.5 63 37 

Ti-5.0 30.0 64 36 

Ti-7.0 27.5 65 35 

Ti-10.0 25.0 65 35 
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4.8.3   UV-Visible optical absorption study 

Based on the FTIR and 
11

B MAS NMR studies it is inferred that the relative 

concentration of non-bridging oxygen atoms changes with   increase in the concentration of 

TiO2 at the expense of B2O3 in the glass. Such changes in the relative concentration of non-

bridging oxygen atoms result in change in the Eoptical values of the glass samples, and this can 

be followed by recording the uv-visible optical absorption spectrum of the sample. UV-VIS 

spectra were recorded from 800 to 200 nm with a thin plate of glass using Jasco 

spectrophotometer, (Model V-650), at a rate of 400 nm/minute scanning speed (section 2.9.7).  

Fig.4-13 shows the uv-visible optical absorption spectrum of three representative glass 

samples. All the absorption curves are characterized by a broad onset over the region of 360 - 

325 nm, which is characteristic of the glassy nature of the sample
124

. For glass sample without 

any TiO2 (‗base glass‘), the onset of absorption is found to be around 325 nm. With 

incorporation of TiO2, the onset of absorption was found to get red shifted for all the samples. 

 

Figure 4-13: UV-visible optical absorption spectra of Cs borosilicate glasses containing 

different amounts of TiO2. 
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As the onsets of absorptions are quite broad, attempt was not made to exactly calculate 

the onset wavelength of absorption. However the absorption coefficient (α) in these glasses can 

be related to energy gaps (optical gaps) in the glass by the power law suggested by Davison and 

Mott
125

, which can be expressed as  

 

where, A is a constant and r can have values 2,3, ½ etc. For indirect transitions in glassy 

materials, value of r can be assumed to be 2. Hence in the plot of (αhυ)
1/2

 versus hυ, known as  

extrapolation of the linear graph in the onset region to the x-axis can give the value of the 

optical gap in the glass. The Tauc plot (Fig.4-14) shows the variation of (αhυ)
1/2

 as a function 

of hυ for the glasses. For glass sample without any TiO2 content, the Eoptical value is found to be 

3.60 eV. Incorporation of 2.5 mole% TiO2 resulted in reduction in the Eoptical value namely to 

3.52 eV. Further reduction of Eoptical value (3.42 eV) was noted for the glass containing 5.0 

mole% of TiO2. The Eoptical values for the glasses containing 7.5 and 10 mole% TiO2, are 

comparable with that of the glass sample with 5 mole% TiO2. The observed variation in the 

Eoptical values confirms that there is a change in the relative concentration of non-bridging 

oxygen atoms in the glass with incorporation of TiO2. For glass containing 2.5 mole% TiO2 the 

relative concentration of non-bridging oxygen atom is higher compared to the ‗base glass‘ 

glass. The negative charge present in the non-bridging oxygen atoms facilitates the excitation 

of electrons to higher energy levels thereby decreasing the Eoptical value. For 5 mole% 

containing glasses, the decrease of Eoptical value indicated that some more non-bridging sites 

have been created due to incorporation of more TiO2. However, the glasses containing more 

than 5 mole% TiO2, no additional non bridging oxygen formation taking place as revealed from 

the comparable Eoptical values for all three glasses (Ti-5, Ti-7.5 and Ti-10). From these results it 
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can be inferred that at higher concentration of TiO2, Ti
4+

 mainly goes to the network rather than 

further modifying the network and increasing the concentration of non bridging oxygen atoms. 

In other words, Ti
4+

 acts as network modifier/former depending upon the concentration in glass. 

This fact was also confirmed from the FTIR and 
11

B MAS NMR results described above.  

 

Figure 4-14: Tauc plots for Cs borosilicate glasses containing different amounts of TiO2. 

 

4.9  Discussion on Cs leaching and volatilization from structural 

aspect 

The variation in the Cs volatilization and leaching behavior as a function of 

composition of the glass can now be explained with the help of structural information obtained 
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from the results of FTIR, 
11

B MAS NMR and uv-visible optical absorption studies. In base  

sodium borosilicate glasses containing Cs (‗base glass‘),  both Na
+
 and Cs

+
 ions occupy the 

network modifying sites, viz., (Si-O
-
) and BO4

-
.  When part of B2O3 is substituted with TiO2, 

initially (up to 2.5 mole% TiO2), the relative concentration of BO4 structural units increases as 

revealed by the 
11

B MAS NMR studies. As a results of this, some of the alkali metal ions get 

attached to the non bridging oxygen atoms of  Si or Ti, instead of BO4
-
 structural units, which  

was also supported by FTIR studies (increase in number of non-bridging oxygen atoms) 

described above. The location of Cs/Na ions shift from the vicinity of BO4
- 
 structural units to 

that of Si/Ti structural units can be one of the possible reasons for the decrease of leach rate of 

alkali ions in the glass. It is also possible that there can be some preferential interaction of Cs 

and Na ions with the Si/Ti structural units and that may be the possible reason for the 

difference in leaching characteristics of Na and Cs ions from the glass. However in this study 

we do not have any evidence for such preferential interaction of Na and Cs ions with the glass 

structural units.  Nevertheless, FTIR, 
11

B MAS NMR and UV visible absorption studies 

revealed that the number of non bridging oxygen remained more or less constant after addition 

of 5 mole% TiO2 or more. This confirmed that the excess TiO2 is accommodated in glass 

network in forming silicotitanate type of cavity structural units where Cs
+
 ions fit tightly, thus 

lowering lattice energy and in turn leading to lower leaching rate of Cs
+
 ion.  

The Cs volatilization behavior can also be explained to a certain extent by the structural 

information obtained from FTIR, 
11

B MAS NMR and uv-visible optical absorption studies 

described above. Cs volatilization mostly occurs during the melting stage, as confirmed from 

Fig.4-4. It is assumed that the structural configurations existing at the melting stage remains the 

same of the glassy state as the structural configurations get trapped during the quenching of the 
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melt. With the presence of Ti
4+

, either at the network modifying or network forming sites, the 

interactions between the Ti
4+

 and Cs
+
 ions exists and this can result in the lower Cs 

volatilization loss when compared to the glass without any TiO2. However, the observed 

variation in Cs-volatilization loss for higher TiO2 concentration could not be understood. 

 

4.10  Summary of the results and conclusions 

Results of present study on physico-chemical properties of Cs borosilicate glasses containing 

TiO2 are summarized as follows.  

1. The glasses prepared with incorporation of TiO2 at the expense of B2O3 showed 

decrease in the extent of Cs volatilization. 

2.  The increase of TiO2 content in glass resulted in improvement in chemical durability.  

This is attributed a combined effect of TiO2 increase and B2O3 content decrease.  

3. Based on the structural information obtained through FTIR, 
11

B MAS NMR and uv-

visible optical absorption studies, it is inferred that TiO2 at lower concentration acts as a 

network modifier, while incorporation of more TiO2 it goes to glass as network former.  

4. Presence of TiO2 as network former affects the bonding nature of Na-O and Cs-O 

linkages in the glass.  

5. From our studies, it can be concluded that 5 mole% TiO2 incorporation in the glass 

gives the most suitable glass composition, possessing reasonably low leach rate and 

minimum Cs volatilization losses.   
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5. Chapter 5              

Physicochemical properties of 

cesium borosilicate glasses 

containing divalent metal oxides   
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Physicochemical properties of cesium 
borosilicate glasses containing divalent 
metal oxides (CaO, BaO, MgO, SrO, ZnO)  

5.1 Introduction  

In chapter 4, the effect of TiO2 on physicochemical properties of mixed alkali 

borosilicate glasses, Na2O-Cs2O-B2O3-SiO2, was discussed. A similar approach was followed 

to evaluate the effect of different divalent oxides. It is well known that chemical durability of 

silicate/borosilicate glasses improve significantly in the presence of small amount of divalent 

oxides. For example, improvement of chemical durability of sodium silicate glasses in presence 

of CaO was first reported by Douglas et al
126

 in early 1960. Later on, several oxides of divalent 

cations, like Zn, Ca and Ba have been used extensively to improve upon the chemical durability 

of borosilicate glasses for immobilization of high level waste 
123, 127, 128

. Several studies were 

also carried out to establish the effects of the divalent modifiers on physicochemical and 

structural properties of borosilicate/aluminosilicate/silicate glasses
129, 130,

 
131, 132, 133, 134

. Most 

commonly studied physicochemical properties are chemical durability, softening temperature 

and density. It is revealed that among alkaline earth metal oxides the chemical durability of the 

sodium aluminosilicate glasses improved with the incorporation of MgO while CaO or BaO 

incorporation lead to highly durable borosilicate glasses
135, 136,

 
137

. Such variation in properties 

can be explained by the difference in behavior of the divalent cations in glass matrix. 

Regarding Cs volatilization, a number of studies are available pertaining to vitrification 

of highly active nuclear waste 
106-110,

 
138, 139

. These studies have revealed that the composition 

of the glass, including nature and concentrations of the constituents in waste, play a major role 
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in the extent of Cs volatility. For example, the presence of Al, Ti, or Zn  either in waste or as 

constituents of glass forming chemicals are known to suppress Cs volatility
140,

 
141 

while the 

presence of chloride and technetium in waste accelerate volatilization of Cs
142,

 
143

. The nature 

of different Cs species getting volatilized from borosilicate glasses is also investigated by 

several authors
144, 145, 146

. These studies have confirmed that Cs can volatilize in the form of 

Cs2O, CsOH, CsBO2, Cs2(BO2)2, and NaCs(BO2)2. In addition to the effect of the matrix 

composition on Cs volatilization, other factors like initial concentration of Cs, temperature, 

time and melt turbulence  significantly influence the extent of Cs loss
115, 147

. It was found that 

studies on the volatilization of Cs as a function of divalent metal ion are very scarce. In view of 

the importance of such data and to generate an understanding on the subject, the volatilization 

behavior of Cs was investigated in detail during the course of this work.  

In the present study, Physicochemical properties like density, molar volume glass 

transition temperature, Cs volatilization behavior and chemical durability of these glasses have 

been investigated with Cs containing borosilicate glasses having molecular formula (SiO2)0.45 

(B2O3)0.35-x (Na2O)0.175 (Cs2O)0.025 (CaO)x, where x =0 to 0.1 and (SiO2)0.45 (B2O3)0.30 

(Na2O)0.175 (Cs2O)0.025 (MO)0.05, where M=Mg
2+

, Ca
2+

, Sr
2+

, Ba
2+

 or Zn
2+

. Structural aspects 

have been probed by using 
11

B MAS NMR and FTIR techniques.  

Major thrust of the work was to provide a detailed understanding on the leaching and 

volatilization behavior of Cs from borosilicate glasses containing different divalent metal 

oxides.  Studies on Cs volatilization as a function of heating time and temperature helped in 

understanding the effect of composition.  It was confirmed that the volatilization of Cs occurred 

predominantly through diffusion controlled process. From the temperature dependent volatility 

profiles of Cs, the activation energy and pre-exponential factor was calculated and found to be 
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in the range of 300 – 500 kJ/mol and 10
3
 - 10

12
 cm

2
/s, lowest for ZnO and highest for CaO 

containing glasses. The interesting fact is that the pre-exponential factor and not activation 

energy control the Cs loss. The observed variations in the activation energy and pre-exponential 

factor have been explained by a unique model structure and possible interactions of Cs with 

different structural units that are formed due to incorporation of the different additives.  

The elemental leach rate profiles of the glasses were determined by conducting leaching 

tests as a function of time. Structural alterations of the glasses before and after leaching were 

investigated by using FTIR
 
and 

11
B MAS NMR spectroscopy. Chemical durability of the 

glasses has been found to improve with incorporation of divalent modifier and this has been 

attributed to the formation of Ca
2+

 and Si rich layer at the outer surface of the glass, as inferred 

from SEM and EDX analysis with CaO containing glass. The possible role of molecular 

structure in controlling leaching of a complex glass system containing substantial amounts of 

Cs ions and CaO in varying concentrations was investigated.  Based on the structural 

information obtained and with the help of derived model structure, the observed leaching 

behavior is also explained.  

5.2 Glasses of present study  

Altogether nine glasses including one base glass, four glasses containing varying 

concentration of CaO and four glasses containing of different divalent metal ions at 5 mole% 

were selected for this study. Nominal composition of the glass samples is given in Table 5-1. 

All these glasses were prepared in platinum crucibles (batch size: 50 g) by conventional melt 

quenching technique as per the process described in section 2.4.  
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Table 5-1: Nominal compositions of the Cs-borosilicate glasses (mole %) containing different 

divalent metal oxides 

Batch No SiO2 B2O3 Na2O Cs2O MO 

Ca-0 45 35 17.5 2.5 0.0  

Ca-2.5  45 32.5 17.5 2.5 2.5   (CaO) 

Ca-5 45 30 17.5 2.5 5.0   (CaO) 

Ca-7.5 45 27.5 17.5 2.5 7.5   (CaO) 

Ca-10 45 25 17.5 2.5 10.0  (CaO) 

Mg-5 45 30 17.5 2.5 5.0   (MgO) 

Sr-5 45 30 17.5 2.5 5.0   (SrO) 

Ba-5 45 30 17.5 2.5 5.0   (BaO) 

Zn-5 45 30 17.5 2.5 5.0   (ZnO) 

 

5.3 Characterization of glasses 

5.3.1 Chemical analysis of glass 

Detailed chemical analysis of all the glasses containing CaO and the base glass were 

carried out and the results are given in Table 5-2 along with their nominal composition. 

Dissolution of glass samples and analysis of the dissolved glass were carried out as per the 

procedure discussed in section 2.5.2. Each analysis, starting from the dissolution was 

performed at least in duplicate and average results are presented. The variations in duplicate 

analysis results, varied from element to element, were observed to be around ±1% for Si and 
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Ca, ±5% for Na and Cs, and ±10% for B. Excluding the loss of the elements due to 

volatilization, the composition obtained are in accordance with batch composition.  

Table 5-2: Chemical analysis results of the Cs-borosilicate glasses (wt %) containing different 

amount of CaO 

Batch No  SiO2 B2O3 Na2O Cs2O CaO 

Ca-0 As added 40.8 33.8 15.4 10.0 0.0 

 As measured  40.6 32.3 13.8 9.1 0.0 

CBS-2.5  As added  41.0 31.5 15.5 10.0 2.0 

 As measured 40.5 30.8 14.5 9.3 2.0 

CBS-5 As added 41.2 29.2 15.5 10.1 4.0 

 As measured 40.4 28.0 15.0 9.5 4.0 

CBS-7.5 As added  41.4 26.9 15.6 10.1 6.0 

 As measured NM NM 15.2 9.6 6.0 

CBS-10 As added  41.6 24.5 15.7 10.2 8.1 

 As measured 40.7 23.9 15.1 9.6 8.1 

NM: Not measured 

5.3.2 Density and molar volume 

Density of the glass samples were measured by Archimedes method as described earlier 

(section 2.6). The experimentally measured density and calculated molar volume of the glasses 

containing varying concentration of CaO and the glasses containing different divalent metal 

oxides are shown in Fig. 5-1 and 5-2, respectively. Density of the glasses incorporated with 

different divalent metal oxides was found to increase with the increase of CaO incorporation at 

the expense of B2O3 and also with the increase of atomic weight of the incorporated divalent 

cation and can be represented as: Mg<Ca<Zn<Sr<BaO.  The change in molar volume was 
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found to be almost the same (26.15±0.15 cm
3
) and within the limit of experimental error. This 

suggests that the incorporated divalent cations are accommodated well within the interstitial 

voids in glass network. This result is in good agreement with that reported by Islam et al
136

.  

 

 
Figure 5-1:  Density and molar volume of the Cs borosilicate glasses as a function of the 

incorporated CaO 

 

Figure 5-2: Density and molar volume of the Cs borosilicate glasses as a function of the 

incorporated MO in (SiO2)0.45 (B2O3)0.30 (Na2O)0.175 (Cs2O)0.025 (MO)0.05, where M=Mg
2+

, Ca
2+

, 

Sr
2+

, Ba
2+

 or Zn
2+

. 
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5.3.3 Glass transition temperature  

Glass transition temperature was measured by differential scanning calorimeter (DSC-

131, Setaram, France) in flowing Ar atmosphere, as per the procedure discussed in section 

2.9.4.3. DSC patterns of all the glass compositions are found to be identical and a 

representative pattern for glass containing 5 mole% CaO is shown in Fig. 5-3. The values of 

glass transition temperature obtained from the DSC curves have been plotted as a function of 

composition in the inset of Fig. 5-3. The glass transition temperature of all the glasses was 

found to be same and within experimental errors. Value of Tg is a sensitive parameter which 

depends on the nature of the glass network. The fact that the Tg value is same for all the glass 

samples with different CaO content suggests that the glass network is not affected significantly 

by the CaO incorporation at the expense of B2O3 at these concentration levels. Further no 

crystallization is observed (up to 600°C) from the glasses as revealed by their DSC profiles.  

 

Figure 5-3: DSC pattern of the 5 mole% CaO containing Cs borosilicate  glass sample, The 

inset plot represents values of glass transition  temperature for the glass samples containing 

different amount of CaO 
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5.3.4 XRD study  

XRD patterns of the glass samples (as melted) recorded showed a broad peak around a 

2θ value of about 25
o
, characteristic of the amorphous borosilicate network. Absence of sharp 

peaks clearly confirmed that no crystalline phases (within the detection limits of XRD 

technique) are present in these glasses.  

5.3.5 FTIR study  

FTIR spectra of the glasses containing different amount of CaO are shown in Fig. 5-4 

and 5-5 respectively. The glass sample without CaO is characterized by mainly three peaks 

centered at 1409 cm
-1

, 987 cm
-1

 and 454 cm
-1

. The peak around 1409 cm
-1

 is attributed to the B-

O stretching vibration of BO3 structural units present in the glass. The broad peak at around 

 

Figure 5-4: FTIR spectrum of Cs-borosilicate glasses containing varying concentrations of CaO 

over the region of 400-2000 cm
-1
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987 cm
-1

 and weak shoulder around 686 cm
-1

 have arisen due to the asymmetric and symmetric 

stretching vibrations respectively of Si-O-Si/Si-O- B linkages present in the glass. The peak at 

around 454 cm
-1

 is due to the bending vibration of Si-O-Si/Si-O-B linkages.FTIR spectra of the 

CaO containing glasses were found to be almost similar to the base glass (without CaO), except 

for slight red-shift of Si-O-Si/Si-O-B asymmetric band (1000 to 970 cm
-1

), and has been 

attributed to the weakening of the glass network. Further, line shape corresponding to the 

asymmetric stretching vibration of Si-O-Si/Si-O-B has been found to narrow with incorporation 

of CaO in glasses, as can be seen from Fig.5-5. The narrowing of line width signifies that 

strain/distortion associated with the borosilicate network gets reduced, which is possible when 

some bridging oxygen atom gets converted to non-bridging oxygen atom. It is therefore 

inferred that incorporation of CaO at the expense of B2O3, created more non-bridging oxygen 

atoms in glass. The non-bridging oxygen atoms can be created by formation of Si-O-Ca / B-O-

Ca from Si-O-Si/B-O-B/Si-O-B bonds.  
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Figure 5-5: FTIR spectrum of Cs-borosilicate glasses containing varying concentrations of CaO 

(normalized at peak 970-1000 cm
-1
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FTIR spectra (Figure 5-6) for the glasses containing divalent metal ions were found to 

be almost similar. For ZnO containing glasses, line shape corresponding to peak over the region 

of 400-600 cm
-1

 is found to be slightly different as compared to alkaline earth metal oxide 

containing glass. Vibration of ZnO4 structural units in silicate glasses are characterized by 

peaks over the region of 400 to 600 cm
-1 148, 149

. In alkali silicate glasses, the existence of Zn
2+

 

with tetrahedral coordination was confirmed from earlier X-ray, EXAFS and molecular 

dynamics study
150, 151

. In borosilicate glass also, presence of tetra coordinated Zn was 

confirmed through X-ray diffraction study
152

. The line shape change of the present FTIR study 

in the region of 400-600 cm
-1

, though very weak, can be attributed to the overlapping of Si-O-

Si bending modes with the vibrations of ZnO4 structural units in the glass. Based on this result 

it was inferred that unlike alkaline earth metal ions, Zn
2+

 ions act as a network former and this 

may possibly be responsible for the lower loss of Cs by volatilization from ZnO glass.   

 

Figure 5-6: FTIR spectrum of the Cs-borosilicate glasses containing different MO, where M= 

Ca, Ba and Zn 
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5.3.6 11B MAS NMR study 

11
B MAS NMR pattern of the glass samples containing different amount of CaO are 

shown in Fig. 5-7.  All the patterns were found to consist of a less intense broad peak around -3 

ppm and sharp peak around -19 ppm. The broad peak has been attributed to boron in trigonal 

(BO3) and the sharp peak has been attributed to boron in tetrahedral (BO4) configurations. In 

addition to this, few side bands are also observed which arise due to sample spinning. 
 

 

 

Figure 5-7:
 11

B MAS NMR pattern of the Cs-borosilicate glasses of formula :(SiO2)0.45 

(B2O3)0.35-x (Na2O)0.175 (Cs2O)0.025 (CaO)x 

 

Figure 5-8 shows the 
11

B MAS NMR pattern of the glass samples containing different 

divalent metal oxides.  In this case also, all the patterns are found to be similar as described 

above. The area under both the peaks has been obtained and the relative percentages of both 
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BO4 and BO3 structural units have been found to be 42±4 and 58±4 %, respectively. These 

values are in good agreement with the values calculated from well known model of Dell et al
153

 

assuming that the divalent ions act as a network modifier. The role of ZnO as a network former, 

as inferred from FTIR studies, is not reflected in the BO3 and BO4 values. These values are 

associated with some uncertainty due to loss of intensity corresponding to BO3 structural units 

from its central transition under MAS. From the relative ratios of BO3 and BO4 structural units, 

it is inferred that these units are unaffected by the variation in the nature of the divalent cation 

in glass.  

 

 

Figure 5-8:
 11

B MAS NMR patterns of the Cs borosilicate glasses incorporated with different 

divalent cation (MO) 
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5.4 Volatilization of Cs 

Among the three different methods of Cs volatilization study discussed in chapter 4, the 

heating of preformed glass followed by chemical analysis of the volatilized species has been 

found to be more suitable for evaluation of the effect of composition. In order to study the 

effect of CaO on the extent of Cs losses, three glass samples viz., Ca-0, Ca-5 and Ca-10, were 

used. Each glass in (25 g) alumina crucible was heated at 950°C for 30 hours at the rate of 6 h/d 

for 5 days. Results of this study are shown in Fig.5-9. It is clear that the glasses with CaO 

incurred higher volatilization loss of Cs than the base glass (without CaO) and loss of Cs 

increases with the increase of CaO loading in glass at the expense of B2O3. For all the glasses 

vaporization occurred through simple diffusion controlled mechanism as inferred from the 

straight line plot of Cs loss against square root of time
76

. As all the glasses are in molten stage 
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Figure 5-9: Loss of Cs from preformed Cs borosilicate glasses during heating at 950
o
C, Batch 

size: 25 g. 
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 (at 950
o
C) under the conditions of volatilization study and the extent of Cs volatilized is low 

enough with respect to the total Cs present in melt, it can be assumed that the matrix 

homogeneity remains intact throughout the course of volatilization study. Under this condition, 

the rate of diffusion is decided by the physiochemical properties, mainly viscosity of the melt. 

As the bond energy of Ca-O linkages is lesser than B-O linkages, it is expected that the 

viscosity of the glass melt will decrease with increase in CaO content at the expense of B2O3. 

Formation of lower viscous melt led to higher Cs losses for glasses containing CaO.  

A similar study as mentioned above was carried out with four glass samples containing 

different divalent cations, viz., Mg, Ca, Ba and Zn. In this case, the glass samples were heated 

at 900
o
C and the results are shown in Fig.5-10.  Only for ZnO containing glass, the 

volatilization study was carried out in duplicate and the variations in values were found to be 

within 10%.  For all the glasses, continuous loss of Cs was observed during the heating period 
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Figure 5-10: Cs loss from preformed borosilicate glasses incorporated with different divalent 

cations at 900
o
C. 
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 (~ 30 hours). Maximum loss of Cs occurred for the glass containing MgO and minimum for 

ZnO bearing glass. In terms of the lower loss of Cs, the glasses can be arranged as 

follows:ZnO<BaO≈CaO≈MgO . The Cs loss profile as function of square root of time showed 

a linear relationship indicating that the vaporization of Cs occurred through diffusion controlled 

mechanism.  

The effect of temperature on Cs loss was investigated with four glass samples viz., glass 

samples containing 5 mol% either of CaO, BaO and ZnO and base glass. All the glass samples 

were heated at different temperatures namely 900, 950 and 1000°C and the cumulative loss of 

Cs after 24 hours of heating is given in Table 5-3. It can be seen that the extent of Cs loss for 

all the glasses heated at 900
o
C for 24 hours are in the range of 0.18 - 0.24 mg/cm

2
. These 

marginal variations are within the limit of experimental errors and can be considered same. In 

other words, the influence of matrix formulation on Cs losses are not reflected for these glasses  

 

Table 5-3: Cumulative loss of Cs (mg/cm
2
) from the preformed Cs borosilicate glasses after 24 

hours of heating at different temperature. General formula of the glasses: (SiO2)0.45 (B2O3)0.3 

(Na2O)0.175 (Cs2O)0.025 (MO)0.05 

MO Heating temperature, 
o
C 

900 950 1000 

ZnO 0.18 0.37 0.70 

B2O3 0.23 0.52 1.23 

BaO 0.22 0.63 1.49 

CaO 0.24 0.77 2.31 
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samples heated at 900
o
C. However, 950 and 1000

o
C heated samples showed significantly 

higher Cs losses. Among the incorporated additives, the influence of ZnO in suppressing Cs 

volatility is clearly seen. Maximum loss of Cs occurred from the glass sample containing CaO.  

According to the lower Cs loss, the sequence of the incorporated oxides can be written as 

follows: ZnO < B2O3 < BaO < CaO. Observed variation in the Cs loss as a function of additives 

suggests that nature of additive plays a very important role in the extent of Cs loss from glass 

samples prepared at and above 950°C as can be seen from Table 5-3.    

Further insight of the volatilization behavior was unveiled from the nature of the Cs loss 

profile presented in Figs. 5-11 to 5-14 in the form of cumulative Cs loss against square root of 

heating time. As observed for TiO2 containing glasses (in section 4.7.1), only one slope in rate 

loss profiles was observed for all the glasses heated at temperatures 900 and 950
o
C. 
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Figure 5-11: Cs loss profile as a function of square root of heating time for glass sample of 

molecular formula (SiO2)0.45 (B2O3)0.35 (Na2O)0.175 (Cs2O)0.025 in dry air at different temperature 
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Figure 5-12: Cs loss profile as a function of square root of heating time for glass sample of 

molecular formula (SiO2)0.45 (B2O3)0.3 (Na2O)0.175 (Cs2O)0.025 (CaO)0.05 in dry air at different 

temperature 
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Figure 5-13: Cs loss profile as a function of square root of heating time for glass sample of 

molecular formula (SiO2)0.45 (B2O3)0.3 (Na2O)0.175 (Cs2O)0.025 (BaO)0.05 in dry air at different 

temperature
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Figure 5-14: Cs loss profile as a function of square root of heating time for glass sample of 

molecular formula (SiO2)0.45 (B2O3)0.3 (Na2O)0.175 (Cs2O)0.025 (ZnO)0.05 in dry air at different 

temperature 

 

The same is also true for the base glass and ZnO containing glass heated at 1000
o
C. 

This is attributed to the fact that volatilization occurred predominantly through one type rate 

determining process. In case of CaO and BaO containing glasses heated at 1000
o
C, the slope of 

the straight-line changed after approximately 15 hours suggesting that another process might be 

the rate controlling step. From the straight-line plots of cumulative Cs losses against square 

root of time, it can be stated that of Cs loss occurred predominantly through diffusion 

controlled process. The values of diffusion coefficients for all the glasses heated at three 

different temperatures were calculated adopting similar procedure as discussed in section 2.8.3 

and D values are plotted as a function of 1/T and is shown in Fig. 5-15.  From the slope and the 

intercept of each line, activation energy and D0 values for Cs diffusion from the glasses have 

been calculated (Table 5-4). The activation energy values for all the glasses are in the range of 
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300 to 515 kJ/mol and was found to increase in the order ZnO<B2O3<BaO<CaO. The value of 

D0 also followed the same trend, however, their magnitudes varied significantly in the range of 

10
3
 to 10

12
 cm

2
/s. It is interesting to note that the Cs loss is lower when the activation energy 

for Cs diffusion is lower. Similar trends in weight loss and activation energy have also been 

reported for borosilicate glasses having different compositions by various authors
76, 117

.The fact 

that low Cs loss corresponds to lower activation energy suggests that the D0 value (pre 

exponential) is controlling the Cs loss. The Cs losses are found to increase with the increase of 

the D0 value. 

 

 

 

Figure 5-15: Plot of ln D vs 1000/T for Cs borosilicate glasses with different additives 
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Table 5-4:  Activation energy and pre exponential factor for Cs volatilization from the glasses 

of general formula: (SiO2)0.45 (B2O3)0.3 (Na2O)0.175 (Cs2O)0.025 (MO)0.05 

MO Cs taken for 

glass 

preparation 

(mg) 

C0 

(mg/cm
3
) 

E (kJ/mole) D0 (cm
2
/s) 

ZnO 2336 252.29 302 ± 10 9.8  10
2
 

B2O3 2358 232.03 452 ± 18 7.0  10
9
 

BaO 2223 250.75 502 ± 20 1.1  10
12

 

CaO 2378 246.36 515 ± 29 5.6  10
12

 

 

5.4.1  Discussion on Cs volatilization results 

Although diffusion of any species from molten glass made of several oxides proceeds 

through a complex pathway, simple molecular interaction existing between the non-bridging 

oxygen and Cs
+
 ions (diffusing ions) in glass is expected to significantly influence the observed 

variations in pre-exponential factor and activation energy values. This aspect has been 

considered to explain the variation in the pre-exponential factor and activation energy values in 

the present study. In general, the increase of ionic character of the O
-
Cs

+ 
linkage results in a 

decrease of pre-exponential factor as well as activation energy. The covalent bond will have 

more energy and higher frequency. In order to find the nature of O-Cs linkages in the different 

glasses, structural elucidation of the glasses has been done by taking into consideration 

structural information of borosilicate glasses including possible inter linkages between different 

structural units. The base glass of the present study {molecular formula: (SiO2)0.45 (B2O3)0.35 

(Na2O)0.175 (Cs2O)0.025}is a simple alkali borosilicate glass with the atom ratio of 

Si:B:M:O=9:14:8:43, where M represents total alkali ions. For simplicity, it is assumed that 
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each structural unit is built with 9 Si, 14 B, 8 M (alkali = Cs and Na) and 43 oxygen atoms. 

According to the model of Dell et al, sodium borosilicate glass containing Na/B < 0.5, all the 

alkali ions are utilized for charge neutralization of BO4
-
 units

153
. The BO4

-
 units can exist as 

diborate and reedmergnerite units. The base glass of this present study contains about 58% 

BO4
-
 units, obtained from a 

11
B MAS NMR (magic angle spinning nuclear magnetic resonance) 

study (Table 4-9). The 58% corresponds to approximately 8 out of every 14 B being present as 

BO4
-
 . With these considerations, a model structural unit of the base glass is proposed which 

consists of interconnecting diborate and reedmergnerite groups and is shown in Fig.5-16.  

 

 

Figure 5-16: Model structural unit of the base glass 

(Atom ratio shown at the left side of the unit is as per molecular formula of the glass. Bonds represented 

without oxygen is part of extended network and have half contribution for this unit. The distribution BO4 

and BO3 are taken from the results of 
11

B MAS NMR study). 

 

Possible model structural units for other glasses are derived from this base model 

assuming that minimum changes are taking place in the presence of the variable oxide additive. 

As per molecular formula of Ca or Ba containing glasses, 9 Si, 12 B, 8 M, 1 Ca and 41 O are 

present and the measured concentration of  BO4
-
 units  in these glasses was found to be about 

64%. The structural unit of such glasses can be derived by subtracting 2 BO units from the base 
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glass and adding 1 Ca and this is possible if 2 BO units are removed from one diborate as 

represented below in Fig.5-17. It can be seen that due to the formation of additional 

nonbridging oxygen by Ca
2+

, the electron charge density on the BO4
-
 ion will be greater and 

this will increase the covalent nature of the BO4
-
 and Cs

+
 interaction.  This results in higher 

activation energy as well as higher pre-exponential values for Cs diffusion. This is in 

accordance with the increase of activation energy for Na
+
 diffusion with the increase of Ca

2+
 or 

Ba
2+

 in borosilicate glasses as  reported by different groups
154, 155

, which has been explained by 

considering the dipole–dipole interaction between non bridging oxygen and Na
+
 ions. The 

simple molecular interactions as indicated above are similar to the dipole-dipole interaction, 

however considering the nature of bonding helps to explain both the activation energy and pre-

exponential factor.  

 

 

Figure 5-17: Model structural unit of the Cs borosilicate glass containing CaO along with its 

formation from base glass.  

(Atom ratio from molecular formula and distribution of BO3 and BO4 from 
11

B MAS NMR results are 

shown at the left side of the each unit). 
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Similarly, one might expect higher activation energies for glasses containing ZnO. 

However, the observed results of lowest activation energy and lowest pre-exponential factor for 

ZnO containing glass suggest that the behavior of Zn
2+

 is not similar to Ca
2+

. This can be 

explained by considering the formation of ZnO4
-2

 units in the glass. The proposed structural 

unit of this glass is indicated in Fig.5-18.  It can be noted from Fig.5-18 that the total amount of 

BO4
-
 units is reduced to 50% (from 58% in base glass). The experimentally measured BO4

-
 

concentration of about 54% supports this. In this configuration, two M
+
 are attached to a single 

ZnO4
-2

 as compared to base glass where two M
+
 were associated with two BO4

-
 units. Because 

of the bigger size of the ZnO4
-2

 anion, its interaction with M
+
 will be more ionic in nature when 

compared to the interaction between BO4
- 

with M
+
. This can explain the lower activation 

energy and lower pre-exponential factor for the Zn containing glasses. An alternative 

configuration would be to put Zn in place of B in the reedmergnerite unit and to remove one B 

and two O from the diborate unit which will also lead to the same final outcome.  

 

Figure 5-18: Model structural unit of the Cs borosilicate glass containing CaO along with its 

formation from base glass.  

(Atom ratio from molecular formula and distribution of BO3 and BO4 from 
11

B MAS NMR results are 

shown at the left side of the each unit).
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5.5  Leaching study  

5.5.1   Leaching tests in distilled water at 90oC for 24 h 

Short duration leaching tests (24 h) were carried out for the comparative evaluation of 

formulation. The result of leaching tests for CaO containing and different divalent metal oxide 

containing glasses are presented in Fig. 5-19 and 5-20, respectively. Based on duplicate 

experiments, the variations in the values have been estimated to be around 10%. It can be seen 

from Fig.5-19 that both Na and Cs leach rate decrease significantly with increase of CaO 

incorporation at the expense of B2O3. For all the glasses, the leach rates for Na and Cs were 

significantly higher, whereas Si leach rate was found to remain the same. With respect to Na 

leach rate, a similar trend in durability was observed for borosilicate glasses of different 

composition by Chick et al
99

. It is noteworthy to mention that in the present study Na leach - 

 

Figure 5-19: Leaching of Na and Cs from Cs-borosilicate glasses in distilled water at 90°C for 

24 hours, lines are guided to eye.
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rate of the glasses improved more than the Cs leach rate.  For example, Na and Cs leach rates 

of the glass containing 10 mole% CaO were found to improve 45 and 15 times, respectively, as 

compared to those in base glass (Ca-0). The improvement in the durability of the glass can be 

explained by considering the cumulative effect of the decrease in B2O3 content and increase in 

CaO content in the glass. 

Among the glasses containing different divalent metal cation, MgO glass showed highest leach 

rates for Na and Cs (Fig. 5-20). The Na and Cs leach rates for Zn oxide bearing glass were 

found to be marginally lower than MgO and higher than the glasses containing other oxides of 

group-II (Ca, Sr, Ba) metal ion. The glasses obtained by incorporating the other oxides of 

group-II (Ca, Sr, Ba) metal ion are similar with respect to their corrosion resistance to 

hydrolytic attack. According to lower leach rates of Na and Cs, the glasses can be arranged as 

follows: BaO SrO < CaO < ZnO < MgO. The higher release of Na and Cs ion in leachate is 

reflected in the pH of the solution. As expected, highest pH (9.6) in leachate was observed for 

MgO bearing glass and lowest (9.2) for BaO containing glass. Interestingly, similar pH (9.4) 

was observed for ZnO and CaO containing glasses on dissolution, although the concentration of 

Na and Cs ions in leachate of ZnO glass is significantly higher than in CaO glass. This is 

possibly due to some ZnO leaching out and its amphoteric nature leading to reduction in pH of 

the medium. The dissolution rate for alkaline earth metal ions was found to increase from Mg 

to Ba. This can be explained by considering the rate of reaction of these alkaline earth oxides 

with water and the solubility of the corresponding hydroxides in water. It is known that the rate 

of reaction of these alkaline earth oxides with water increases as MgO<CaO<SrO<BaO and the 

solubility of the corresponding hydroxides increases as Mg(OH)2<Ca(OH)2 < Sr(OH)2 < 

Ba(OH)2.  It is interesting to note that the sequence of alkali ion leaching observed in the 
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present study is reverse from that reported by Paul and Israd for sodium silicate and sodium 

aluminosilicate glasses containing different alkaline earth metal oxides
102, 134

. In order to 

understand the observed sequence of durability, detailed studies have been carried out and the 

results are discussed below. 

 

Figure 5-20: Elemental leach rates from the borosilicate glasses against the atomic radii of the 

incorporated bivalent cation (MO) 

 

5.5.2    Leaching tests as a function of time 

Detailed leaching tests, as a function of leaching time were conducted with the three 

glasses containing 0, 5 and 10 mol% CaO. Elemental leaching profiles of these glasses 

evaluated over a period of 7 days are shown in Fig. 5-21. The elemental leach rate was found to 

follow the order: Na>Cs ≈ B >> Ca ≈ Si (leach rate for Ca is not shown in the figure). The pH 

of leachates for all the samples was within 9.3 to 9.0, highest for base glass (Ca-0) and lowest 

for glass Ca-10, containing 10 mole% CaO. This lower pH, in-spite of the higher concentration 
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of Na
+
 and Cs

+
 ions in leachate in the base glass can be attributed to neutralization of some 

alkali ions by the higher concentration of B in leachate. This lower pH also helped to restrict 

the silicate network dissolution, which can be inferred from the lower concentrations of Si in 

leachate. It is observed that for glass sample without any CaO, the amount of sodium leached 

out is around 50 % of total sodium present in the glass. Unlike this, the extent of leached out 

sodium is found to be only around 5 and 3 % for the glass samples containing 5 and 10 mol % 

CaO, respectively. From these results, it can be inferred that CaO plays crucial role probably by 

forming a protective layer around the surface of the glass
129

. In order to confirm this, SEM, 

XRD and structural studies have been carried out and the results are discussed below.  

 

 

Figure 5-21: Elemental leaching profiles of the Cs borosilicate glasses containing varying 

concentrations of CaO as a function of leaching time. (leaching in distilled water at 90
o
C). 
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5.5.3  Discussion on leaching results 

It is known that leaching of alkali ions from glass is the result of reaction between glass 

and water followed by transport of the ions
103

. The overall rate of the reaction depends on 

several factors like composition of glass, nature and composition of leachant, pH of leachant, 

reaction time, temperature, extent and nature of leached layer formation. Moreover, it is the 

cumulative result of the processes, like (i) ion exchange reaction of alkali ions and H3O
+
 in 

solution (ii) hydrolysis of Si-O/B-O bonds (iii) condensation of aqueous species at reaction 

inter-phases (iv) precipitation of secondary phases, etc
102-105

. The ion exchange reaction and 

network hydrolysis occurring during the leaching process can be generally expressed by the 

following reactions 

-Si-O-Na + H2O = -Si-O H + Na
+
 + OH

-                         
….. (17) 

 

-Si-O-Si- + H2O = 2 (Si-OH)                                 …. (18) 

 

 

5.5.4  Mechanism of leaching process 

In order to identify the predominant process, leaching tests were conducted as a 

function of time and the results are presented in Figure 5-22.  The amount of Cs leached out at 

90
o
C from both the glasses followed a straight line relationship against square root of time 

which is a characteristic of a diffusion controlled process. Similar observations were also noted 

in the case of Na ion leaching.   
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Figure 5-22: Kinetics of Cs extraction from ZnO and CaO bearing Cs-borosilicate glasses in 

distilled water at 90
o
C 

 

5.5.5   Identification of leached layer 

The formation of leached layer if any will be more prominent in the sample leached for 

longer duration. The test was therefore carried out with the 5% CaO containing glass sample in 

bead form leached for 7 days. After leaching, the samples were washed in acetone, dried at 110 

o
C. A cross section of the bead was cut using diamond saw to observe and study the interface. 

Due to the charging/insulating nature of the sample, a thin gold coating (~50nm) was applied 

prior to loading the sample. Fig.5-23 shows the cross-sectional SEM image of 5% CaO 

containing glass sample leached for 5 days at 90°C. Three regions with distinctly different 

morphologies namely the resin, interface and bulk glass, can be seen from the image. The 

interface region was found to have a width of approximately 40-50 m. 
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Figure 5-23: SEM micrograph of 5 mole% CaO containing glass sample (after 5 days leaching 

in distilled water at 90
o
C). Here, G, S and R represents bulk glass, outer surface and resin, 

respectively  

 

EDX analysis on the bulk glass showed the presence of all the elements whereas the 

interface region showed Ca, Si and Cs only (Fig. 5-24). Based on these results it is inferred that 

a calcium and silicon rich layer was forming at the glass surface and this layer is responsible 

for the improved leaching properties of the CaO containing glass sample. 

The same is expected to be true for the other glasses of present study when another 

divalent metal ion was incorporated in place of CaO.  As the measured rate of release of 

divalent metal ion from the glasses was found to increase from Mg to Ba and the relative 

stability of the M-SiO3 (M-divalent metal ion) also increased in the same order, it can be stated 
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that extent of leached layer formation is highest for BaO glass and lowest for MgO glass. This 

explains the sequence of Na and Cs leach rate among the glasses (MgO<CaO<SrO<BaO) 

investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-24: EDX spectra recorded at the interface. The line spectrum 1 and line spectrum 2 

represent outer surface layer and bulk glass, respectively  

 

5.5.6  XRD study of the leached glass samples  

XRD pattern of the glass samples after 7 days of leaching were also recorded and the 

profile is shown in Fig.5-25 along with the corresponding glass sample before leaching. It is 
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clearly evident that no crystalline phases are formed due to leaching, possibly due to the 

amorphous nature of leached layers. 
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Figure 5-25: XRD pattern of the Cs-borosilicate glasses before and after leaching 

 

5.5.7   FTIR study of the leached glass samples  

Figure 5-26 shows the FTIR patterns of the base glass (Ca-0) samples obtained after 

leaching for different time periods. For the sake of comparison, spectrum of parent (unleached) 

glass is also shown. As compared to un-leached glass, the peak corresponds to asymmetric 

stretching vibrations of Si-O-Si/Si-O-B linkages blue-shifted from 987 to 1050 cm
-1

. The 

shifting of the band has been attributed to the formation of more covalent Si-OH bonds at the 

expense of Si-O
-
 Na

+
 linkages. These Si-OH bonds are likely to be formed by the hydrolysis of 

the network as represented in equation 17. The peak corresponding to B-O stretching vibration 

also shifted from 1408 to 1535 cm
-1

 with significant reduction of the peak intensity. This is 
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attributed to the combined effect of B-OH bond formation and dissolution of BO4/BO3 

structural units during leaching. Substantial amount of boron concentrations in the leachate 

further confirm this.  In other words, both boron and silicon structural units undergo significant 

hydrolysis. The noteworthy feature of these FTIR spectra is that the line width corresponding to 

987 cm
-1

 peak has significantly reduced in leached samples (Fig. 5-26) compared to the parent 

glass, indicating a reduction in the extent of network polymerisation (more number of non-

bridging oxygen are created during leaching).  

 

Figure 5-26: FTIR spectram of the base Cs-borosilicate glass without CaO before and after 

leaching 

 

Fig.5-27 shows the FTIR pattern glass samples containing 5 mole% CaO (Ca-5) before 

and after leaching. The patterns are found to be identical as no change of the peak position and 

line shape corresponding to asymmetric Si-O-Si/Si-O-B vibrations was observed, even though 
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there is a slight decrease in the line width corresponding to this peak. Similar observation is 

also noted for the glass containing 10 mole% CaO (Ca-10). Based on this results it is inferred 

that the extent of hydrolysis is significantly reduced for the glass samples containing CaO.     

 

Figure 5-27: FTIR spectram of the Cs-borosilicate glass containing 5 mole% CaO before and 

after leaching 

 

5.5.8    11B MAS NMR study of the leached glass samples  

Figure 5-28 shows the 
11

B MAS NMR patterns of leached and unleached glass samples 

with 5 mole% CaO and base glass (without any CaO). The 
11

B MAS NMR patterns were found 

to be comparable for both the samples in terms of the peak position and line shape. Apparently, 

the relative intensity of peak corresponding to BO4 structural units increases compared to BO3 

structural units in leached glass sample without CaO. As the leached volume fraction is 

substantial for glass sample without CaO and NMR gives an average picture of 
11

B structural 

units present in leached and unleached fractions, it is not proper to compare the relative 
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intensities of BO3 and BO4 structural units in the glass samples before and after leaching. 

Nevertheless it can be inferred that the BO3 structural units are more susceptible for leaching 

compared to BO4 structural units and that is reflected in the intensity profile. For glass samples 

containing ≥ 5 mole% CaO, the relative intensity of peaks corresponding to BO3 and BO4 

structural units remained same before and after leaching (Fig.5-28) suggesting that the glass 

network is more stable against hydrolytic attack when CaO is present. These results are in 

conformity the FTIR studies. 

 

 

Figure 5-28:
 11

B MAS NMR pattern of base (without CaO) and 5 mole% CaO containing 

glasses before and after leaching 
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5.6  Summary of the results and conclusions 

Results of the present study can be summarized as follows: 

1. Physiochemical properties of the Cs borosilicate glasses alter significantly due to 

incorporation of the different divalent cations. For example, density of the glasses 

increases with increase of atomic weight of the incorporated divalent cation. Chemical 

durability of the glasses was found to improve with the incorporation of CaO or BaO. 

However, it was found that the incorporation of CaO or BaO lead to higher 

volatilization loss of Cs. The incorporation of ZnO in glass helped to suppress the Cs 

volatilization loss. 

2. Incorporation of CaO at the expense of B2O3 in Cs borosilicate glasses has been found 

to improve their leaching characteristics. Formation of protective amorphous layer at 

the interface enriched with Ca and Si, as revealed by the SEM and EDX studies, is 

responsible for the improved leaching characteristics of the glasses. It is established that 

diffusion controlled ion exchange is the rate controlling process for leaching of mobile 

Na/Cs ions from these glasses. According to lower leach rates for alkali metal ions, the 

glasses can be arranged as: BaO SrO < CaO < ZnO < MgO. FTIR and 
11

B MAS NMR 

studies confirmed that the borosilicate network remains unaffected during leaching for 

the glasses containing ≥ 5 mole% CaO.  

3. It is confirmed that the Cs volatilization from the glass melt occurs through a diffusion 

controlled process. The extent of loss due to Cs volatilization increases with increase of 

CaO content in the glass. The observed sequence in terms of increasing loss of Cs was 

found to be: ZnO<BaO<CaO<MgO. Based on the results of this study, it is concluded 

that the addition ZnO to a simple alkali borosilicate glass is highly beneficial with 
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respect to a reduction of Cs volatility, while the effects of CaO or BaO incorporation are 

detrimental. Volatilization profiles for Cs from all the glasses followed a diffusion 

controlled process. Temperature dependence of Cs volatility profiles confirms that pre-

exponential factor and not the activation energy for Cs diffusion influences the extent of 

Cs loss. The pre-exponential factor and activation energy for Cs diffusion in these 

compositions were found to be in the range of 10
3
 to 10

12 
cm

2
/s

 
and 300 – 500 kJ/mol, 

respectively. A structural model based on the available structural information has been 

proposed and is used to explain the observed variation in the activation energies and 

pre-exponential factor for Cs diffusion. 

4. In summary, although the incorporation of CaO showed mixed behavior, i.e., 

improvement in durability and higher volatilization of Cs, addition of about 5% CaO 

can be considered to draw the long-term beneficial effects of durability.  On the other 

hand, incorporation of ZnO helped in reducing Cs volatilization significantly. 

Therefore, the glasses containing mixture of alkaline earth metal oxide CaO and ZnO 

could be considered for preparation of Cs source to draw the beneficial effects like 

long-term of durability and low Cs volatilization. This aspect was investigated and 

discussed in the next chapter.   
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Development of borosilicate 

glasses for use as a source in 

radiation technology applications 
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Development of borosilicate glasses for 
use as a source in radiation technology 
applications  

 

6.1 Introduction 

Investigations on the effect of various additives on the physiochemical properties 

of glasses have been discussed in detail earlier (Chapter 4 and 5). These studies gave a 

clear insight that the different additives played specific roles in the glass network. It also 

revealed that no single additive could give a glass matrix suitable for use as gamma 

source in radiation technology application. One of the objectives of this thesis is  to find a 

suitable glass formulation, which has the following properties (i) loading of Cs2O ≥ 10 

wt% (ii) formation temperature ≤ 950
o
C (iii) good chemical durability (iv) low Cs 

volatilization loss. Based on the results of our study, it is expected that the use of mixed 

additives will lead to glasses with desirable characteristics. With this vision, a series of 

Cs-borosilicate glasses containing more than one additive has been prepared and 

characterized. Based on these results, three glass formulations have been shortlisted and 

characterized in detail. Result of the study will help in selection of glass formulations to 

be used as radiation source in medical irradiators. Results of this investigation are 

presented in the first part of this chapter.  

A little effort has been made in the second part of this chapter for preparation and 

characterization of glasses containing more than 10 wt% of Cs2O. The glasses with 

higher loading of Cs2O are required for use as gamma source in industrial irradiators. In 
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the present study, preparations of such glasses were carried out by varying the Na and Cs 

oxides, keeping the total alkali oxides content constant. The base glass composition 

selected for this study is one of the optimized formulations shortlisted in first part of this 

chapter. Properties of the glasses measured include pour temperature, swelling factor, 

density, molar volume, Cs volatilization and chemical durability. This study describes the 

stated physicochemical properties including pour temperature, swelling factor, density, 

molar volume, Cs volatilization and chemical durability of the mixed alkali glasses. 

Based on these studies,  Cs bearing glass containing 6 mole% (21 wt%) of Cs2O and 14 

mole% of Na2O with formation temperature of  950
o
C or less and with good chemical 

durability has been proposed for possible use as a gamma source in industrial radiation 

technology applications. 

6.2  Properties of glasses containing a single additive  

Generally, additives in small quantities are incorporated in the glass to improve their 

properties. In our earlier investigations, the influences of some of the additives like TiO2 and 

CaO were discussed in detail. In addition, effect of additives like MnO and ZnO were 

investigated and the results of chemical durability tests of such glasses are summarized in Table 

6-1. For ease in comparison, the normalized leach rates of the glasses are represented as leach 

rate factors (Na and Cs) w.r.t #CBS-3 standard which is calculated as follows. 

  

      

   …(19) 

where X = batch number of the glass under evaluation  
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When this factor is >1 it indicates that the leach rate of the glass is less than the #CBS-3  glass 

i.e. the glass is more durable than #CBS-3.  It is to be noted that all these additives were added 

by decreasing B2O3 content in the base glass.   

Table 6-1: Effect of additives on Na and Cs leach rates of CBS glasses of general formulation:  

2.5 Cs2O + 17.5 Na2O + 45 SiO2 + (35-x) B2O3 + MO. The values in the table represent the 

factor by which leach rate of the different glass samples decrease with respect to the base glass.   

MO 

added 

Leach 

fraction 

mole% MO addition 

2.5 5 7.5 10 

CaO 
fCs 3.4

a
 5.0

a
 11.5

b
 15.3

b
 

fNa 5.7 11.4 29.1 46.3 

TiO2 
fCs 1.5

a
 2.8

b
 4.4

b
 15.0

b
 

fNa 1.1 1.2 1.5 4.4 

MnO 
fCs 1.0

a
 1.3

a
 1.2

a
 2.0

a
 

fNa 1.0 1.6 1.4 2.0 

ZnO 
fCs - 1.2

a
 - 5.9

b
 

fNa - 1.8 - 4.1 

#
Superscript ‘a’ and ‘b’ represent the formation temperature 900

 o
C and 950

o
C 

respectively. Na and Cs leach rate of CBS-3 glass (where x =0) are 3.0 x 10
-3

 and 8.9 x 

10
-4

 g/cm
2
/d  respectively. 

 

It can be seen from Table 6-1 that all the additives used in the present investigation are 

to some extent effective in improving the chemical durability of the product glasses. It is worth 

pointing out that CaO was most useful in improving the chemical durability of the product 

glasses. According to chemical durability enhancement, the additives can be arranged as 

CaO>TiO2>ZnO>MnO.  However, influence of the different additives on Na and Cs leach rates 

was found to vary significantly. For example, incorporation of CaO resulted in significantly 

more improvement in Na than in Cs leach rate. Whereas the reverse effect has been observed 
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when TiO2 was used as additive.  It is noted that at least 7.5 mole% for CaO or 10 mole% for 

TiO2 is required to produce glasses having an order of magnitude more chemical durability than 

the base glass. However, such glasses are formed at relatively higher temperature (950
o
C). The 

use of MnO and ZnO as additive had a marginal effect on the leach rate. Nevertheless, MnO 

helped in reducing the formation temperature but its use leads to more frothing during glass 

preparation. Based on our earlier investigations, it can be stated that additives like ZnO and 

TiO2 are promising for lowering of Cs volatility.  According to Cs volatility suppressing ability, 

the additives can be arranged as ZnO≈TiO2>CaO.  

 

6.3 Properties of glasses containing more than one additive 

Based on the above discussion, it is clear that glasses with desirable properties can be 

obtained using a mixture of the additives and therefore a series of glasses were prepared using 

varying proportions of additives. A maximum of three additives were used at a time. Results of 

chemical durability tests of some selected formulations are shown in Table 6-2. 

It can be seen from Table 6-2 that a few glasses which were formed at 900
o
C have an 

order of magnitude more chemical durability (wrt. Na leach rate) than the base glass and 

particularly,  these glasses are obtained using as high as 25 mole% of additives (CaO, TiO2 and 

MnO). In order to optimize the glass composition containing a total of 25 mole% of these three 

additives, a series of glasses were prepared by statistically varying the concentrations of these 

three additives and their characteristics are shown in Fig.6-1. It can be seen from Fig.6-1 that 

the glasses containing 12.5 mole% of TiO2 are more durable in this series. However, formation 

temperature of such glasses was found to be relatively higher (950
o
C). Among the glasses 

formed at 900
o
C in this series, the #CBS-15 is one of the most chemically durable glasses.  
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Other than this series (containing 25 mole% additive), #CBS-28 is one of the glass 

formulations possessing relatively higher chemical durability. Based on this high durability, 

two glass formulations, viz., #CBS-28 and 15 are chosen for detailed studies. #CBS-40 was 

also under consideration because it has the highest durability among the ZnO containing 

glasses and it is also likely to suppress Cs volatility significantly owing to the combined 

influence of TiO2 and ZnO.  Detailed studies with these three formulations have been carried 

out and the results are described below.   

 

Table 6-2: Properties of the Cs borosilicate glasses containing more than one additive 

 

Batch No 

Additive concentration (mole %) Properties 

CaO TiO2 MnO ZnO 
Density 

(g/cc) 

LR-Cs 

(g/cm2/d) 

LR-Na 

(g/cm2/d) 

CBS-25 5 5 0 0 2.58 4.3 4.5 

CBS-26 5 0 5 0 2.59 9.2 7.5 

CBS-27 0 5 5 0 2.57 4.5 3.2 

CBS-41 0 5 0 5 2.62 4.1 3.5 

CBS-42 5 0 0 5 2.57 3.2 4.2 

CBS-28 5 5 5 0 2.65 11.6 9.8 

CBS-40 5 5 0 5 2.7 6.4 6.0 

CBS-30 5 7.5 7.5 0 2.8 7.7 9.6 

CBS-15 5 10 10 0 2.9 7.4 13.0 
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Figure 6-1: Optimization of CaO, TiO2 and MnO2 concentrations for the production of a 

chemically durable Cs-borosilicate glass containing constant levels of other oxides (mole %)  

45 SiO2-10 B2O3-15 Na2O-10 Cs2O. The number inside the circle represents batch number 

along with the corresponding chemical durability improvement index.  

 

 

 

6.4 Detailed characterization of the shortlisted glasses 

6.4.1 XRD patterns  

Fig.6-2 shows the XRD pattern of the three shortlisted glasses. It can be seen that all the 

patterns consist of a broad peak around a 2θ value of about 25
o
, characteristic of the amorphous 

borosilicate network. Absence of sharp peaks clearly confirmed that no crystalline phases 

(within the detection limits of XRD technique) are present in these glasses. 



 

168 

10 20 30 40 50 60 70

 

CBS-28

CBS-40

In
te

n
s
it

y
 (

a
.u

.)

2 theta

 

CBS-15

 

 

 

 

 

Figure 6-2: XRD patterns of the three shortlisted glasses 

 

6.4.2 Leaching   

Fig.6-3 shows the results of leaching tests as a function of leaching time. It can be seen 

that both the Na and Cs leach rates for all the glasses decrease slowly with the progress of 

leaching time upto 7 days and thereafter almost no change is observed.  It is known that the 

leaching of alkali ions from the glasses occurs through ion exchange mechanism in which 

diffusion is the rate determining step. From our earlier studies it is established that the 

formation of Ca and Si leached leach layer, which acts as a diffusion barrier, is responsible for 

the reduction in the leach rates. Based on the results of these leaching tests, it can be concluded 

that all three formulations are equally good with respect to long term Na and Cs release 

behavior, even though Na and Cs leach rates for the glass #CBS-40 were found to be 

marginally higher during initial days.   
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Figure 6-3: Na and Cs leach rates in distilled water at 90
o
C as a function of leaching time upto 

21 days for the three shortlisted glasses.   

 

6.4.3 Cs volatilization  

The results of Cs volatilization study are shown in Fig.6-4, in the form of cumulative 

loss of Cs in glass making, including calcination, fusion and soaking.  It is observed that 

minimum Cs volatilization occurred from the glass sample #CBS28, which contained 5 mole% 

each of TiO2, CaO and MnO. The loss of Cs from glass sample #CBS15 is little more than that 

from #CBS28, possibly because of higher TiO2 content in the glass [Inferred from this study 

described in Chapter 4]. Results of our earlier studies showed that TiO2 and ZnO if added alone 

suppress Cs volatility. Therefore it was expected that, the glass #CBS40, which contains both 

TiO2 and ZnO would show the lowest Cs volatilization loss. However this was not practically 

observed probably due to a behavioral change when the two additives were added together.   
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Figure 6-4: Cs volatilization loss during glass preparation including soaking at 950 
o
C for 4 

hours. 

 

Further to determine the Cs volatilization loss as function of soaking duration, the glass 

sample #15 was prepared at 900
o
C from required amounts of starting materials (2 g batch) in a 

silica boat. Four such experiments with varying soaking time (4-10 hours) were carried out. 

Unlike earlier experiments, in this case no radioactive Cs was added and analysis of Cs was 

carried out using atomic emission spectroscopy (AES). Results showed (Fig.6-5) that the 

maximum loss of cesium due to volatilization was < 3% and it is found to be almost 

independent of fusion time in the range of 4-10 hours. This loss of Cs is slightly lower than the 

values obtained from 25 g glass batch (Fig. 6-4).  The low Cs loss from inactive run can be 

attributed to (i) batch size and (ii) uncertainty associated with the analysis of Cs using AES and 

difference in soaking temperatures.  
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Figure 6-5: Cs volatilization during preparation of glass#15, as a function of soaking time. 

About 2 g glass was prepared in silica boat at 900
o
C. 
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6.5 Preparation of high Cs bearing glasses 

  As mentioned earlier, the preparation of high Cs bearing glasses were carried out by 

varying the Na and Cs concentrations on the #CBS-15, which is one of the shortlisted 

formulations for use as a source in medical irradiators. The detailed formulation of the #glass 

CBS-15 is shown in Fig.6-6.  Eight glasses on the series were prepared and characterized. 

Glasses of this series can also be categorized as mixed alkali glasses.  

 

Figure 6-6: Composition of the glass used in Na and Cs variation study 

 

6.6 Properties of high Cs bearing glasses 

6.6.1 Formation temperature  

  Although it is evident that the incorporation of Cs2O in place of Na2O is directly 

reflected on the source strength, the preparation of the glasses with more Cs2O is likely to be 

difficult. The higher ionic diameter of Cs compared to Na requires a higher temperature for 

incorporation into the network (fusion) and also for homogenization. In fact, the formation 

temperature of the glasses was found to be increase with the increase of Cs loading, as can be 
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seen from Fig. 6-7. The calculated source strength of the glasses plotted in Fig. 6-7 was arrived 

at from Cs loading and specific activity of 
137

Cs in waste (35 Ci/g). It can be seen that the 

loading of Cs2O upto 4 mole% has no effect on the formation temperature as  all these glasses 

are formed at around 900-930 
o
C. Glasses containing Cs2O as high as 6 mol % can be prepared 

within 950 
o
C while glass preparation at concentrations of more than 6% Cs2O needs a 

temperature of 1000 
o
C and above.  

 

Figure 6-7: formation temperature and source strength of the glasses as a function of Cs2O 

content in glass 

 

6.6.2 Density and molar volume 

  Fig.6-8 shows the density of the glasses as a function of composition ratio of the 

substituted alkali cation. The density was found to increase linearly with the increase of Cs2O 

loading. This is expected as the lighter Na2O is replaced by a much heavier Cs ion. The molar 
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volumes of the glasses also increased with the Cs2O loading (Fig.6-8), which indicates that 

higher ionic diameter of Cs occupies more volume in the resulting glass.    

 

Figure 6-8: Density and molar volume of the mixed alkali Na-Cs borosilicate glasses 

 

6.6.3 Swelling factor  

Fig. 6-9 shows the swelling factor as a function of Cs2O loading in glass. The swelling 

factor was calculated from the volume ratio of the glass melt (maximum volume level of the 

melt reached during melting) and the final product glass. The significance of representing 

swelling factor in this manner is that it directly indicates volume of melter required for 

production of a unit volume of glass. For example, swelling factor of 12 indicates that a melter 

of more than 12 liter operating capacity is required for production of 1 L of that glass. This 

parameter is therefore important from melter design point of view. It can be seen from Fig.6-9 

that swelling factor decreases with the increase of Cs2O loading. Highly violent reaction of 

molten Na2O with other glass forming oxides may possibly result in higher swelling for high 
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Na2O bearing glasses. Results of this study conclusively prove that the preparation of higher Cs 

bearing glasses is advantageous from swelling point of view.    

 

Figure 6-9: Swelling factor of the mixed alkali Na-Cs borosilicate glasses 

 

6.6.4 Volatilization of Cs 

Volatilization of Cs is one of the major concerns for the preparation of high Cs bearing 

glasses. This is mainly due to the high gamma radioactivity associated with the decay of 
137

Cs. 

It is therefore desirable to evolve a formulation where volatilization loss is very low. It is 

known that Cs is highly volatile at elevated temperatures (> 514 
o
C) and composition of the 

melt can only play a little role in minimizing losses. Results of the present study presented in 

Fig.6-10 address the volatilization loss due to change of composition of melt and it is presented 

in terms of loss of weight (%). Admittedly, in addition to Cs, boron and Na are also volatilized 

during glass formation yet it is evident that Cs has maximum contribution on the measured 

weight loss. This is due to its highly volatile nature as well as its significantly higher molecular 

weight.  The weight loss, (indirectly Cs volatilization) increases almost linearly with the 
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increase of Cs2O content in glass. This linear behavior is valid upto Cs2O loading of 6 mole% 

only and the magnitude of weight loss varies within a narrow range, between 2 to 4 wt%. 

However, a significant loss of weight is noted for the glasses containing > 6 mole% Cs2O.  

 

Figure 6-10: Cs volatilization of the mixed alkali Na-Cs borosilicate glasses 

 

6.6.5 Leaching behavior 

Fig. 6-11 shows the leaching behavior of the glasses as a function of Cs/(Na+Cs) molar 

ratio. The incorporation of Cs2O up to 2.5 mole% at the expense of Na2O in glass, results in 

significant decrease of Na leaching. However, incorporation of more Cs2O thereafter does not 

affect Na extraction significantly.  On the other hand, the extent of Cs extraction is found to 

increase slowly with the increase of Cs content in glass. In terms of overall chemical durability of 

the glasses, i.e., considering the total number of alkali ion extracted, the curve passes through a 

minimum at the alkali ion ratio (Cs/Na) of 0.1. This behavior of leaching is due to mixed alkali 

effect. Unlike simple borosilicate system, where large mixed alkali effects are generally observed, 

the effect in these glasses was seen to be marginal. This is possibly due to very complex 
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formulation of the glasses. This study concludes that the glass containing 2.5 to 5 mole% Cs2O is 

more chemically durable.  

 

Figure 6-11: Leaching profile of Na and Cs from mixed alkali Na-Cs borosilicate glasses 

 

6.7 Summary of the results and conclusions 

Results of the present study can be summarized as follows: 

(i) The properties of Cs-borosilicate glasses determined as a function of additive 

concentrations (Cao, TiO2, MnO, ZnO) show that it is highly dependent on the 

nature and concentration of the additive incorporated.  

(ii) The incorporation of mixed additive, helped in producing glasses with desirable 

characteristics such as low formation temperature and high chemical durability.  

(iii) Based on the results of this study, three glass formulations have been shortlisted for 

possible application as a gamma source in medical irradiators.  
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(iv) The seven component glass formulation finalized for use as a source in blood 

irradiator, can be upgraded for application in industrial irradiators by incorporating 

more Cs2O at the expense of Na2O. Incorporation of Cs2O results in glasses with 

improved physicochemical characteristics, viz., higher density, lower swelling 

factor and better resistance to hydrolytic attack.  

(v) In line with our expectation, mixed alkali effect was observed for leaching of alkali 

ions as this phenomenon is related to the movement of alkali ions. Possibly due to 

complex formulation of the base glass, significant improvement in chemical 

durability is not obtained. Although it is small, advantage of the mixed alkali effect 

can be utilized for selection of the chemically durable formulation for the 

application.   

(vi) Based on the formation temperature within 950
o
C and good chemical durability, the 

highest Cs bearing glass containing 6 mole% (21 wt%) of Cs2O and 14 mole% of 

Na2O, can be selected for possible use as a gamma source in industrial radiation 

technology applications.   
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Conclusions and plan of future work 

 

7.1 Introduction 

Investigations carried out in this thesis addressed to both the recovery of 
137

Cs from 

nuclear waste and the immobilization of the recovered 
137

Cs into borosilicate based glass 

matrix, the objective being to use the final product as a gamma source in radiation technology 

applications. A brief survey of literature pertaining to the recovery of Cs from nuclear waste 

streams revealed that solvent extraction based processes utilizing novel solvents like 

Calix[4]arene are most promising  for recovery of 
137

Cs in chemically pure form from nuclear 

waste. However, due to unavailability of such solvent, during this research work efforts were 

made to use the indigenously developed ion exchange resins instead of the exotic solvents for 

Cs recovery. Two ion exchange resins, viz., ammonium molybdophosphate and resorcinol 

formaldehyde polycondensate resin used in the present study for recovery of 
137

Cs from acidic 

and alkaline waste streams, have been synthesized and extensively characterized earlier in our 

laboratory. Although deployment of the ion exchange process in plant scale treatment of 

intermediate level waste has also successfully been accomplished, it was found that the 

recovered 
137

Cs is contaminated with substantial amount of Na and hence is not suitable for 

preparation of radiation source. Purification of the Cs solution has also been performed during 

this work. For the recovery of Cs from acidic high level waste, an integrated process schematic 

has been developed and demonstrated. The process steps include separation of Cs from acidic 

waste using ammonium molybdophosphate, recovery of Cs from AMP column by dissolution 

of AMP in NaOH and purification of Cs from dissolved AMP solution using RFPR. The 
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important contribution of the present work lies in the final purification step which gave speeded 

up application of the recovered Cs in radiation technology applications). 

The second part of the work was devoted to the preparation and characterization of 

borosilicate based glass formulation for immobilization of about 10 wt% Cs2O. It can be noted 

that the loading of 10 wt% Cs2O is the minimum requirement for use of the product glass as 

source in medical irradiators. Although borosilicate glass is known for a long time and it has 

extensively been used for immobilization of high level nuclear waste, the development of a 

chemically durable glass with high alkali oxides load including higher amount of Cs was a 

challenging task. Most importantly, volatilization of Cs during preparation of such glasses was 

also of concern.  During the course of the present study, these aspects have been addressed by 

incorporating various additives alone and in combination in the glass network. In addition, 

effect of additives on the change in glass structure has been investigated in detail. Results of the 

study helped in finalizing suitable formulations and extended our understanding on the leaching 

and volatilization behavior of the glasses as a function of glass composition.  

Detailed description of the above mentioned work and the results have already been 

discussed in earlier chapters. In this chapter, a summary of the present investigation along with 

highlights of the important contributions are presented.  

7.2 Recovery of 137Cs 

The use of RFPR has been limited so far for the separation of 
137

Cs from alkaline 

intermediate level waste. Present investigation, for the first time, examines the Cs separation 

behavior of the resin from high Cs bearing solution. The Cs exchange isotherms of RFPR from 

solutions containing Cs concentrations in the range of 110
-4

 to 0.1 M have been evaluated. 
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Further, column behavior of the resin from high Cs bearing solution has been evaluated by 

conducting five column runs using feed solution containing Cs concentration in the range of 

2.57x10
-4

 to 4.3x10
-3

 M. These studies have established that the resins can be used for 

separation of Cs from high Cs bearing solution. The use of high Cs bearing solution helped in 

higher loading of Cs on the column. Further, adoption of sequential elution helped in separation 

of Na rich and Cs rich fractions. The Cs rich fraction was found to be a concentrated 
137

Cs 

solution containing very low concentration of accompanying Na ions and hence useful for the 

preparation of radiation source. The extent of purification achieved by employing RFPR in two 

step ion exchange processes is summarized in Table 3-9. 

Separation and recovery of 
137

Cs from acidic solution was investigated using AMP-

PMMA beads, prepared by coating of AMP powder on PMMA beads. The sorbent containing 

about 37 wt% AMP showed excellent Cs sorption behavior as revealed from batch and column 

study.  It is inferred from column data that up to 800 Ci of 
137

Cs can be loaded on 1 L bed of 

AMP-PMMA beads from radioactive waste solution containing 10 Ci/L of 
137

Cs. Quantitative 

recovery of sorbed Cs from AMP-PMMA bed is achieved by dissolution of AMP in NaOH 

solution.  Further purification of Cs from dissolved AMP solution is carried out by passing 

through RFPR column. Based on the results, an integrated process flowsheet (Fig. 7-1) is 

developed. It is established that the purified product solution will have a very low concentration 

of Na and Na/Cs ratio as low as 0.2. This solution can be used for the preparation of radiation 

source for industrial radiation technology application. 
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Figure 7-1: Process schematic for recovery 
137

Cs from acidic HLW and production of source 

pencils 

 

7.3   Preparation and characterization of Cs borosilicate glasses 

In the preparation of Cs borosilicate glasses, initially, physico-chemical properties of 

the glasses as a function of incorporated TiO2 concentration were investigated, with major 

emphasis on evolving the Cs volatilization profile.  Although TiO2 is a well known additive for 

reduction of Cs volatility, the extent of Cs volatilization and understanding of the phenomenon 

was of interest. It was found that addition of TiO2 in a small quantity reduces Cs volatility, 

whereas higher TiO2 in glass increased the Cs volatilization. Based on the structural 

information obtained through FTIR, 
11

B MAS NMR and uv-visible optical absorption studies, 

it is inferred that TiO2 initially acts as a network modifier and as a network former when 

increased TiO2 is present. It is inferred that presence of TiO2 as network modifier, affects the 

bonding nature of Na-O and Cs-O linkages in the glass, which in turn is responsible for 
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suppression of Cs volatility. It is also confirmed that the addition of TiO2 improves the 

chemical durability of the glasses.  

Our understanding of Cs volatilization behavior improved after carrying out Cs 

volatilization studies with the incorporation of different additives like CaO, BaO, ZnO, as a 

function of temperature and time. It is confirmed that the Cs volatilization from the glass melt 

occurs through a diffusion controlled process. The observed sequence in terms of increasing 

loss of Cs was found to be: ZnO<TiO2< B2O3<BaO<CaO<MgO. Based on the results of this 

study, it is concluded that the addition of ZnO to a simple alkali borosilicate glass is highly 

beneficial with respect to a reduction of Cs volatility, while the effects of CaO or BaO 

incorporation are detrimental. Temperature dependence of Cs volatility profiles confirms that 

pre-exponential factor and not the activation energy for Cs diffusion influences the extent of Cs 

loss. A unique empirical structural model has been proposed and is used to explain the 

observed variation in the activation energies and pre-exponential factor for Cs diffusion. 

Incorporation of CaO and BaO at the expense of B2O3 in Cs borosilicate glasses has 

been found to improve their leaching characteristics. It is established that diffusion controlled 

ion exchange is the rate controlling process for leaching of mobile Na/Cs ions from these 

glasses. The results of SEM and EDX studies confirmed that the formation of protective 

amorphous layer at the interface enriched with Ca and Si is responsible for the improved 

leaching characteristics of the glasses.  According to lower leach rates for alkali metal ions, the 

glasses can be arranged as: BaO SrO < CaO < ZnO < MgO.  

In summary, incorporation of CaO or BaO improves the durability but increases loss of 

Cs by volatilization.  On the other hand, incorporation of ZnO or TiO2 helped in reducing Cs 

volatilization significantly. Therefore, the glasses containing mixture of alkaline earth metal 
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oxide CaO and ZnO and /or TiO2 could be considered for preparation of Cs source to draw the 

beneficial effects like long-term of durability and low Cs volatilization.  

The incorporation of mixed additives helped in producing glasses with desirable 

characteristics such as low formation temperature and high chemical durability. Based on the 

results of this study, three glass formulations have been shortlisted for the possible application 

as a gamma source in medical irradiators.  

In the final part of the work, efforts were made to produce glasses for use as source in 

industrial irradiators. The feasibility of higher loading of Cs2O at the expense of Na2O was 

investigated on the seven component glass formulation (CBS-15) finalized for use as a source 

in blood irradiators. Incorporation of Cs2O results in glasses with improved physicochemical 

characteristics, viz., higher density, lower swelling factor and better resistance to hydrolytic 

attack. In line with our expectation, mixed alkali effect was observed for leaching of alkali ions 

as this phenomenon is related to the movement of alkali ions. Possibly due to complex 

formulation of the base glass, significant improvement in chemical durability is not obtained. 

Although it is small, advantage of the mixed alkali effect can be utilized for selection of the 

chemically durable formulation for the application.  Based on the formation temperature within 

950
o
C and good chemical durability, the highest Cs bearing glass containing 6 mole% (21 

wt%) of Cs2O and 14 mole% of Na2O, can be selected for possible use as a gamma source in 

industrial radiation technology applications.   
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7.4 Future work 

In the present work, various aspects involved in the immobilization of cesium in 

borosilicate glass have been discussed in detail. From the studies, it is clear that volatilization 

of certain extent of cesium in the above glass matrix is unavoidable as the glass samples are 

formed at higher temperatures of the order of 900°C and above. There are reports that 

immobilization of cesium can also be achieved in inorganic matrices like sodium zirconium 

phosphate (NZP) at relatively low temperatures like 450
o
C by adopting microwave heating 

technique 
156

. Because of low processing temperature, it is expected that Cs volatility in this 

process would be significantly lower compared to that involved in the immobilization in 

borosilicate glass matrix. Reported studies 
157

, 
158

[157-158] on Cs incorporated NZP materials 

also revealed that the, Cs leach rate from the matrix is comparable with that of the borosilicate 

glasses reported in this work. In view of this it is absolutely necessary to perform a detailed 

comparative study on the various aspects involved in the two immobilization processes along 

the respective final product characteristics. It is proposed to investigate this aspect as a future 

work 

 It is also planned that further work will be dedicated on the development of high Cs 

bearing matrices for use in industrial irradiators. As it is quite evident from this study that 

loading of higher amounts of Cs (> 6 mole %) in borosilicate matrix needs higher formation 

temperature which in turn will increase the Cs volatilization. The use of small amount of Li in 

place of Na could be an option to make the glasses at relatively lower temperature. 

Alternatively, feasibility of using phosphate based glasses, mainly alumino-phosphate and iron 

phosphate based glasses will be explored in the future with a view to accommodate large 

amounts of alkali oxides.  
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During the course of thesis work, two important questions pertaining to the role of TiO2 

and ZnO in glass network could not be addressed. It is known that as the role of the cation 

changes in the glass, its coordination environment also changes. For examples, Ti
4+

 is known to 

have octahedral configuration when it is in the network modifying positions. However, as the 

role changes to network former, the coordination number changes to four. In order to confirm 

this fact with glass samples of present study, detailed Raman and Ti K edge EXFAS 

measurements needs to be carried out. In a similar fashion change in the role of Zn
2+

 ions in the 

glass with respect to change in composition also needs to be understood by carrying out 

EXAFS measurements. Such studies can give valuable information regarding the cation 

distribution in the glass. This will be quite useful for predicting and understanding the physico-

chemical properties of different glass compositions. 

As an extension of this work, in future, it is also proposed to carry out 
17

O and 
133

Cs 

NMR studies on these glasses to get idea regarding the nature of different oxygen and Cs 

environments in the glass matrix. It is expected that the advanced  techniques like 
17

O multi 

quantum magic angle spinning (MQMAS) NMR can distinguish between the oxygen atoms in 

the close vicinity of different cations like Cs
+
, Na

+
, Zn

2+
, Ca

2+
, Ti

4+
  etc., in addition to bridging 

and non-bridging oxygen atoms. The information on this aspect will be helpful for 

understanding the composition dependent changes in the network modifying and network 

forming actions of some of the above mentioned cations.  Even though 
133

Cs is quadrupolar 

nucleus with a spin value 7/2, it has got very low quadruple moment. This result in sharp line 

NMR line shapes and hence can be used to identify the changes in the Cs environment as the 

composition changes in the glass.     
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