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Abstract 
The underground disposal of waste arising from the nuclear industry needs constant 
evaluation in order to improve it through minimizing the volume and cost by reducing the 
amount of glass used without compromising the safety of any leakage from the radioactive 
waste form. The immobilization of the spent resin (NRW-40) in borosilicate glass was 
investigated to meet the acceptance criteria for disposal of nuclear waste. The organic 
mixed bed resin in granular form was used as a waste target. The analysis of surrogate 
resin doped with radioactive and non-radioactive cesium (Cs) and cobalt (Co) was carried 
out to investigate their thermal and chemical properties and their compatibility with an 
alkaline borosilicate glass. Thermal analysis indicates that the structural damage caused 
by 1 mSv gamma radiation to the radioactive resin has altered its properties in comparison 
with the non-radioactive resin, using the same amount of cesium (8.88 wt%) and cobalt 
(1.88 wt%) in both resins. The immobilization of residue shows that the excess sulfur in 
the residue caused phase crystallization in the final glass matrix. It was found that the 
volatilization of Cs-137 and Co-60 from the successful radioactive resin-glass matrix (HG-
3-IER-500) were more than that in the non-radioactive resin-glass matrix (HG-3-IEX-500). 
The study demonstrates comprehensive experimental and analytical work and shows that 
it is possible to minimize the volume of the waste while keeping the required safety levels; 
however, further research needs to be carried out in this area.  
 
Keywords: Absorption processes, borosilicate glass, immobilization, ion exchange resin, 

nuclear waste management. 
 
1. Introduction 
In the nuclear industry there are a number 
of water waste streams that require 
chemically controlled treatments and/or the 
removal of the radioactive contaminants. 
These chemical treatments may be used 
for the reactor’s primary coolants; the 
cleanup of spent fuel pools; or for the liquid 
radioactive waste management systems. 
Spent ion exchanges are considered to be 

a problematic type of waste, which in many 
cases require a special approach to reduce 
their volume (via thermal treatment) and 
reduce their carbon and sulfur content1.  
A common treatment method for aqueous 
radioactive waste streams is the use of ion 
exchange, which is a well-developed 
technique that has been employed for 
many years in both the nuclear and 
chemical industries. The regeneration 
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process of the spent resin using acid 
leaching to remove the radionuclides, is 
uneconomical in comparison to purchasing 
fresh resin. The regeneration requires the 
use of shielding and hydraulic separation 
equipment to separate the cationic from 
anionic beads of the resin1. Moreover, the 
spent resins are accumulating at an 
increasing rate at nuclear industry silos.  
Currently, there are 92 boiling water 
reactors (BWR), 44 pressure heavy water 
reactors (PHWR) and 264 pressurized 
water reactors (PWR) operating around the 
world2. According to study conducted by 
the International Atomic Energy Agency 
(IAEA), the maximum IEX generations are; 
7, 7 and 20 m3/y for typical PHWR, PWR 
and BWR respectively3. Therefore, using 
the data given in Table 1, the total spent 
resin generated by world operating reactors 
is calculated to be 3996 m3/y. Another 
study in Russia mentioned that a nuclear 
power reactor of 1000 MW generate annual 
volume of spent IEX of more than (40 
m3/y)4. These quantities are considered to 
be a potential hazard to human health and 
the environment when it enters to the 
earth’s biosphere. According to reference3 
“unit” is specified as a typical nuclear plant 
reactor.  
The focus of the previous studies was 
mainly to observe the influence of the 
doped ions in the resin on its degradation 

process or its residue content, followed by 
the characterization of the residue and the 
major gases evolved5; however, few 
studies such as the present one were 
considered with the elimination of the 
carbon and sulfur from the resin, or given 
significant consideration to the volatilization 
of radionuclides during treatment. Many 
studies did not consider a thermal analysis 
of the resin as an option to minimise the 
volume of the final waste except studies 
focused mainly with the influence of 
volatilization of cesium and cobalt from 
residue during vitrification or the advantage 
of the weight reduction or the impact of 
sulfur and carbon in the residue6. None of 
these studies dealt with the corrosives of 
sulfur arising from IEX immobilisation in 
glass7.  
In this study, ion-exchange resins 
polymerized polystyrene in form of divinyl 
benzene (DVB) were thermally treated to 
different temperatures in order to 
investigate the ability of the optimum matrix 
to integrate the resulting ash.  
 
1.1. Sulfur Content of IEX 
DVB ion exchangers are considered to be 
rich in carbon (49.9 wt.%) and sulfur (15.5 
wt.%), which restricts the waste loading in 
the glass matrix8. An organic resin stored in 
an

 
Table 1. Spent organic ion exchange resin generation by all world reactors. 
 

Reactor Type Spent IEX generation  (m3/unit.y) 

Pressurize water reactor (PWR) 7 x 264 = 1848 

Pressure heavy water reactor 
(PHWR) 

7 x 44 = 308 

Boiling water reactor (BWR) 20 x 92= 1840 

Total 3996 
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aqueous phase requires thermal treatment 
to de-moisturize the matrix and reduce the 
carbon and sulfur content. High carbon 
content causes high Redox state of the 
glass, which may cause a blockage in the 
nozzle of the melter during vitrification, 
erosion of the refractory material of the 
melter, or difficulties in controlling its 
temperature9. High sulfur content in the 
glass reduces the number of bridging 
oxygen (n) in the structural unit of silica 
(Qn) and produces sodium sulfate (Na2SO4) 
as a covering layer on the molten glass10. 
Sodium sulfate is a good heat conductor, 
which causes difficulties in controlling the 
temperature of the melter; its good water 
solubility also makes the final glass less 
chemically durable. Additionally, it attracts 
radionuclides (e.g. Cs-137, Co-60 and Sr-
90) to dissolve in its matrix11. The factors 
stated above make the glass matrix 
unacceptable for long term disposal.  
The word “clean resin” refers to a resin free 
from any contaminants; its thermal 
properties were used as a reference to both 
the surrogate and radioactive resins. 
Vitrification is a well established and 
studied technology used in many 
commercial applications. It can produce 
high waste loading by using a suitable 
glass composition and achieve large 
reductions in waste volume. The hazard of 
long-term storage and the cost of disposal 
will increase with time if the resin cannot be 
regenerated or safely vitrified and 
disposed12.  
 
1.2.  RISKS OF IEX STORAGE 
The storage of spent resins in water and 
wet media poses a major challenge in 
nuclear waste management. In the case of 
wet media storage, the generation of 
hydrogen gas from spent ion exchange 

resins is a fairly well understood 
phenomenon and is based upon the 
radiolysis decomposition of water by alpha, 
beta and gamma radiation. Water 
decomposition results in the formation of 
hydrogen gas and hydrogen peroxide. The 
potential hazard, therefore, exists from the 
buildup of flammable hydrogen 
concentrations (4 vol.% H2) in air, if the 
facility is not properly ventilated. The 
experimental G values of the hydrogen gas 
evolved from other spent resin slurry 
(Argentine resin samples) were in the range 
of 0.3 to 0.8 molecules/100 eV radiation 
exposure. There are other potential 
hazards relating to the isotopes migrating 
from the stored resin to the ground water in 
the case of a tank leakage. All these 
identified hazards must be isolated, 
reduced, controlled and eliminated 
throughout safe disposal of the spent 
resin6.  
Several attempts have been made by 
British Nuclear Group (BNG) to 
encapsulate the spent resin in a cement 
matrix; however, results showed that the 
immobilisation of 30 wt% of resin in pure 
Ordinary Portland Cement (OPC) gave 
initially a satisfactory waste form, but later 
on this matrix crumbled into powder over a 
period of only a few weeks13. The aim of 
this study is to achieve a amorphous final 
waste form posses low crystalline 
inclusions and high retention of cesium and 
cobalt.  
 
3. EXPERIMENTAL WORK 
The experimental procedure was 
developed in the laboratory to prepare a 
surrogate and radioactive resins doped with 
equal amount of Cs (8.8 wt %) and Co 
(1.88 wt %) and both resins were thermally 
treated at various temperatures 150, 300, 
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450, 650 and 1000oC.The resulting 
residues were analysed using Thermal 
Gravimetric Analysis (TGA), Differential 
Thermal Analysis (DTA) and Carbon-
Hydrogen-Nitrogen-Sulfur (CHNS) 
Analysis. The resulting residues were 
mixed independently with a fixed amount of 
alkaline borosilicate glass powders (38.5 
wt% waste loading) and were melted at 
1200oC in a muffle furnace and then 
analysed using X-ray diffraction (XRD), X-
ray fluorescence and Scanning Electron 
Microscopy (SEM).  

 
3.1. Samples Preparation  
The average diameters of the resin beads 
were 0.55 mm and the nominal density was 
1.2 and 1.06 g/cm3 for cationic and anionic 
resins, respectively. The chemically bound 
water content was 50–55 wt% and 48–54 
wt% for cationic and anionic resins 
respectively.  The major radioactivity in the 
spent resin used in the nuclear facilities 
originate from cobalt (Co-58 and Co-60) 
and cesium (Cs-134 and Cs-137); these 
contributions accounted for 90% of the 
radioactivity measured in the cationic ion-
exchange resins involved in the PWR 
operation. The measured concentrations of 
these elements in the spent resins are 
given below7: 

• 60Co: 36.7% equivalent to 1.5x10-4 
mol/m3 

• 58Co: 31.9% equivalent to 4.6x10-5 
mol/m3 

• 137Cs: 11.75% equivalent to 2.7x10-4 
mol/m3 

• 134Cs: 7.07% equivalent to 1.1x10-5 
mol/m3. 

These concentrations are too small to be 
detected during the thermal treatment and 
vitrification, therefore both resins were 
doped with higher concentrations (spiking) 
of the Cs and Co in order to track their 
mobility later. The surrogate and 
radioactive resins were doped with 8.88 
wt% of Cs (0.65 mmol/g) and 1.88 wt% of 
Co (0.32 mmol/g). The doping process 
show in Figure 1 demonstrates that the 
resin absorbed the Cs and Co ions (violet 
color) from the de-ionized water. 
 
in Zeolite resin in a previous study and it 
was estimated that the final concentrations 
of both Cs and Co should be in the range of 
1.17-2.84 mmol/g resin14 or 0.268 mmole/g 
resin15. In the present work, a total doping 
concentration of 0.97 mmol/g was used. 
The residues were analysed using mass 
spectroscopy to determine the Cs and Co 
concentrations, listed in Table 2.  
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Figure 1. Photo shows ion exchanging before and after adding the clean resin to the solution of 
cesium and cobalt. 

3.2. Preparation of alkaline borosilicate 
glass (HG-3) 

Hard glass (HG-3) was developed to obtain 
a glass with a low melting temperature and 
its initial and final compositions are listed in 
Table-3. The final compositions of HG-3 
glass were analysed using X-ray 
fluorescence (XRF- Panalytical XIROS, 
PW-4400124, Netherlands). The arising 
concentration of the alumina in the final 
glass was predicted due to the 
contamination of the glass from alumina 
crucible. The increasing silica and alumina 
concentrations caused a decrease of the 

rest precursors. Analysis of the percentage 
linear coefficient (PLC) of HG-3 glass using 
dilatometer (Netzsch DIL, 402C, Germany) 
determines the glass transition temperature 
(Tg) with error deviation of 7oC (error 3% 
according to Netzsch Dilatometer) as 
shown in Figure-2. According to a previous 
study, the melting temperature TL was 
estimated using the Kauzmann rule 
equation and approximated using the 
average value of both glass transition 
temperatures16. 
TL = 3/2 [(483+490/2) + 273] = 1139.25K = 
866oC……………. (1) 

 
Table 2. The variation in masses in g/100g resin with temperature. 
 

Treatment Temperature 
(oC) 

Al2O3* Co Cs Fe2O3* CaO* 

150 0.81 1.88 8.88 0.2 0.20 

300 0.81 1.88 8.88 0.21 0.22 

450 0.83 1.87 8.88 0.22 0.22 

650 0.83 1.87 8.88 0.24 0.20 

1000 0.8 1.86 8.87 0.2 0.2 

1100 0.82 1.80 8.81 0.23 0.25 

1200 0.84 1.75 8.75 0.25 0.29 

*Contamination from the alumina crucible during the heat treatment. 

 
 
Table 3. Initial and final HG-3 glass composition 
 

HG-3 SiO2 Na2O B2O3 Fe2O3 Al2O3 CaO PbO Li2O Total 

Initial 52 5.2 5.8 13.0 0.0 2.0 10.0 12.0 100 

Final 54.1 3.1 5.7 12.5 2.1 1.8 9.5 11.2 100 
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Figure 2. Percentage linear coefficient of HG-3 shows differences in Tg due to the 
dilatometer error. 
 
 

The immobilization of the residues with the 
HG-3 powder is initiated by matching the 
grain size of both particles in order to obtain 
a homogenous mixture. It is difficult to 
achieve equilibrium during glass melting 
without the use of a platinum stirrer or 
purging the air in the melter plenum17. 
Therefore, HG-3 glass was crushed and 

sieved to a 600µm particle size, so that it 
corresponded to the particle size of the 
thermally treated residues. Using a portable 
dosimeter, the radioactive resin, when 
treated at 150oC (IER-150), was estimated 
as having a radioactivity of 8.41 µSv/hr 
(see Figure 3).  

 

 

 

 

 
 
 
 

Figure 3. Photos showing IER-500 residue before and after mixing with HG-3 glass. 

It is important to note that the radiation dose rate (8.41µSv/hr) corresponds to a radiation 
exposure of 1 mSv to one gram of IER-150 kept for 1000 hours (41 days) in its container.  
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The Experimental procedure
comprised two batches: 
First Batch. In this part, the residues treated 
at 150oC were mixed with a fixed amount of 
borosilicate powder (fixed waste loading 
38.5 wt%) in alumina and platinum 
crucibles. Three resins were used: clean 
resin, non-radioactive resin (IEX) and 
radioactive resin (IER); each was mixed 
with HG-3 glass powder (10 g of resin with 
16 g glass). The initial concentrations 
(metal basis) of sulfur, carbon, caesium and 
cobalt in the resins were estimated using 
XRF analysis and are listed in Table 4. The 
crucibles were heated in a muffle furnace at 
1050oC (5oC/min) and then quenched at 
room temperature. Same here 
Initially it was expected that the sulfur and 
carbon in the resin would decompose into 
carbon and sulfur (mono)di-oxides during 
the glass melting. However, it was 
observed that the colour of the glass 
powder had changed from red (colour of 

Fe2O3) to dark gray (colour of C and S) 
during melting. This change occurred at 
above 500oC can be seen in Figure 4, 
comparing that with Figure 3, it is obvious 
that the glass had absorbed some of the C 
and the S. Part of the Cs and Co were 
volatilized as the dose rate decreased from 

8.41 to 8.18 µSv/hr. 
 
Second Batch. In this part, the residues 
treated at 500oC were mixed independently 
with a fixed amount of borosilicate powder 
(fixed waste loading 38.5wt %) in alumina 
and platinum crucibles. The three types of 
resins were clean resin, non-radioactive 
resin (IEX) and radioactive resin (IER), and 
these were mixed independently with HG-3 
glass powder (10g of resin with 16g glass). 
Figure 5 shows the three residues during 
the glass melting procedure. 

Table 4. Initial concentrations (wt.%) of S, C, Cs and Co in the resin treated at 150oC. 
 

Resin type (
o
C) S C Cs Co 

Clean-150 9.8 53.5 0 0 

IEX-150 9.7 53.9 8.88 1.88 

IER-150 9.8 53.2 8.88 1.88 

 

 
 

Figure 4. Photos show the mixture of HG3 glass with IER treated at 150oC. 
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Table 5. Masses in (g/100g resin) of S, C, Cs and Co in resin treated at 500oC. 
 

Resin type (
o
C) Sulfur Carbon Caesium* Cobalt* 

Clean-500 0.9 25.5 0 0 

IEX-500 1.1 15.9 14.6 3.31 

IER-500 2.2 13.5. 14.6 3.31 

* Change in Cs and Co doping due to resin burn out from during heat treatment from 
150oC to 500oC 

 
 

Figure 5. Photos show all glasses during melting in the second batch 
 
The initial concentrations (metal basis) of 
Cs and Co in the resins treated at 500oC 
were estimated using XRF, these 
concentrations were increased due to the 
weight reduction of the resins during the 
thermal treatment. The weight of S, C, Co 
and Cs concentrations are listed in Table 5. 
The final glass matrix appeared to have no 
foam or immiscible layer formation on the 
top of the glass as seen in Figure 5.  
 

4. RESULTS 
TGA and DTA  
The weight reduction in the surrogate resin 
treated at 150oC (IEX-150) and 300oC (IEX-
300) were analysed for comparison with the 
radioactive (IER) and the clean resin 
treated at the same temperatures (Figure 
6). DTA graphs, in Figure 7, show the 
thermal behavior of IEX, IER and clean 
resins. This allows for the definition of 5 

characteristic degradation regions with 
respect to the treatment temperature: 
i) The zone W (25-150oC) represents the 

evaporation of water from the resin. All 
the resin types (clean, IER, IEX-150 and 
IEX-300) have shown very little moisture 
content because they were already 
preheated to above 100oC. The TG 
graph is very similar to the Indion-223 
and indion 225 thermal treatments, 
which were reported inxviii. 

ii) The zone S (150-490oC) represents the 
decomposition of S containing 
compounds into SO and SO2 gases. At 
this intermediate temperature range, the 
degradation of the functional group 
(SO3-H

+) attached to the benzene group 
corresponds to the first peak labeled “a” 
and the decomposition of sulfonate 
group between the phenol rings to the 
second peak labelled as “b” in Figure 7. 
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Similar results were reported 
previously19. 

iii) The zone C (490-650oC) represents the 
decomposition of hydro-carbon matrix 
into CO and CO2 gases labelled as “c” 
in Figure 7. In the case of IER resins, it 
appears that the decomposition of C 
occurred at around 490oC labelled as 
“c” and an additional decomposition at 
around 650oC labelled as “c1”, which 
might give us an idea of why the mass 
loss in IER was more than in the other 
resinsxix. 

iv) In the zone O (650-950oC), the 
observed weight increase might be due 
to oxidation of the doped Cs and Co 
oxides in the resin to higher oxidizing 
valence such as Cs11O3, Cs4O and 
Cs7O, and Co2O3 and Co3O4 
respectively. The oxidation zone may 
result in oxygen-rich compounds, which 
help in the reduction of the Redox state 
of the glass during vitrification later, 
adding to the quality of the final glass5.  

v) The zone Vs (1050-1200oC) represents 
the volatilization of the Cs and Co from 
the IEX-150 and IEX-300 resins. The 

weight loss of the resins at 1050oC and 
the decreasing concentrations of Cs and 
Co at the same temperature (Table 2) 
can be considered as evidence of the 
reduction of the concentrationxx. 

vi) The zone Vr (950-1200oC) represents 
volatilization of the radioactive oxides of 
Cs and Co from the IER resin20.  

Although the IER resin was loaded with 
same amount of Co and Cs, the residue of 
IER was mostly lower than residue of the 
rest resins over the entire temperature 
range (25 to 1200oC), which was not 
expected. The rapid degradation and 
decomposition of the IER residue into CO2 

and SO2 gases may be due to the impact of 
the radiation, which may have broken the 
C-H and S-C bonds. This was not observed 
in the other resins. 
There was a minor difference between the 
TGA wt% loss results and the manually 
measured weight of the residues after 
treatments at various temperatures. Small 
errors (0.5 to 1 wt%) may be due to the 
difference in the amount of the sample 
used in the TGA analyzer (8-10mg) and the 
manual procedure (8-10g) 

 

 

 
 

Figure 6. TGA graphs showing the wt% loss of the residue at various temperatures. 
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Figure 7. DTA plots showing heat absorption/emission at various temperatures. 
 

After various heat treatments, the resulting residues were crushed and sieved into powder 
to determine S, C and N2 contents using CHNS analysis. 

 

Carbon-Hydrogen-Nitrogen-Sulfur 
(CHNS)  
Cobalt and cesium sulfate are common 
products in both the residues of the IEX 
and IER resins. Cs2SO4 is white salt (Figure 
8A) resulting from the reaction of sulfur in 
the functional group with the doped cesium 
in the resin, whilst cobalt sulfate (CoSO4) is 
blue coloured salt (Figure 8B). It should be 
noted that sulfate has a very low solubility 
in silicate melts (<0.6 mol%) and during a 
plant scale vitrification of sulfate bearing 

waste, an immiscible sulfate layer is 
formed. This comprises a water-soluble 
phase and a phase enriched with 137Cs and 
60Co radio-nuclides that float above the 
borosilicate melt [21]. This immiscible layer 
prevents an easy release of the reaction 
gases from the melter leading to froth 
formation. Furthermore, the sulfate layer, 
being a good electricity and heat conductor, 
reduces the efficiency of the vitrification 
process22. 

 

 
 

Figure 8. Photos showing cesium and cobalt sulfates after manual thermal treatment at 650oC. 
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The residues treated at 150, 300, 650, 800 
and 1000oC were analysed using CHNS. 
The data were plotted versus the treatment 
temperatures shown in Figure 9. The 
critical decomposition temperatures of C, S 
and N2 can be observed. These critical 
temperatures might provide an idea about 
the optimum treatment temperature of the 
resin. At these temperatures, S and C 
should decompose rapidly without major 
volatilization of both surrogate and 
radioactive Cs and Co from the resin. 
Figure 9A shows that C begins to 
decompose rapidly at around 550 to 650oC. 
It was observed that the radiation damage 
in the IER might result in the accumulation 
of relatively less C in the residue than in the 
IEX. High C content increases the Redox 
state of the final glass. Surprisingly, IER 
had the lowest C content during its 
degradation and even lower than that in the 
clean unloaded resin.  
Observations of the sulfur degradation in 
the clean, IEX and IER resins indicated that 

S began to decompose rapidly at 300 to 
500oC (Figure 9B). It was observed that, 
below 600oC, S reduction rate in IEX resin 
was more than in the IER resin, while at 
temperatures >600oC, this phenomenon 
was reversed. The clean resin was then 
analysed as a reference to compare the 
contents of C, S and N2 in the IER and IEX 
resins. 
The N2 degradation (Figure 9C) 
corresponds to the decomposition of the 
anion part of the resin. This resin is a 60:40 
mixture of cations and anions. The anion 
resin has an ammonia functional group 
(NH3

+1) that absorbs the SO3
-2 and CO3

-2 
anions from the water in the fuel pond23. All 
resin types were observed to decompose 
linearly and completed their 
decompositions at around 600oC; however, 
the IEX resin kept more residue N2 (~3%) 
than the other resins at the same 
temperature. 

 

 
 
Figure 9. The plot of A) C decomposition, B) S decomposition and C) N2 decomposition at 
various temperatures in all the investigated three types of resins.  
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5. DISCUSSION 
The final three glass matrixes (HG-3-clean, 
HG-3-IEX, HG-3-IER) produced from the 
first batch were crumbled into glass frits as 
shown in Figure 10. The residues were not 
able to enter the glass network, so they 
were segregated on the boundaries and the 
top of the glass. 
 

Serious damage to the bottom of the 
platinum crucible occurred due to the 
chemical reaction of high corrosives sulfur 
with the metal, as shown in Figure 11. The 
presence of sulfur in the air atmosphere 
created a highly corrosive environment, 
which then enabled the molten glass to 
react with a rare earth metal like Platinum 
at an elevated temperature.  

 

 
 

Figure 10. Photo shows the resulting glass matrix.
 

 
 

Figure 11. Photos show the upper and lower parts of a platinum crucible. 
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Phase analyses of these glasses were 
carried out using X-ray Diffractometry 
(JEOL JDX 3532, Japan) with a CuKα 
source. XRD patterns of the glasses 
identified peaks over the amorphous hump 
labeled as “A” in Figure 12; this 
corresponds to cobalt cesium sulfate 
Cs2Co3S4, card #260368 according to 
library of the ICCD Data base. 

A JEOL JSM5910 Scanning Electron 
Microscope (SEM) operating at 30 kV was 
used to investigate the crystalline inclusions 
within the final glass matrix. A small fine 
polished frit of HG3-IEX-150 was 
investigated; the black arrows labeled in 
Figure 13 refer to the crystalline inclusions 
within the glass matrix. 

 
Figure 12. XRD patterns of glasses melted in the first batch. 

 

 
 

Figure 13. SEM micrograph from HG3-IEX-150 glass showing the formation of a crystal inclusion. 
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The final glass matrixes, resulting from the 
second batch, were inspected visually as 
shown in Figure 14, they were visually 
assessed as a homogenous and brittle 
glass. 
Phase analyses of these glasses were 
carried out using X-ray Diffraction (XRD). 

The patterns of the glasses shown in Figure 
15 were fully amorphous except Cs2O 
crystalline inclusions in the amorphous 
phase of HG-3-IEX-500 glass, which are 

quite visible at 2θ of 23.1, 25.6, 29.95 and 
42.7 

 

 
 

Figure 14. Photos show the glasses resulted from the second batch. 
 

 

 
 

Figure 15. XRD patterns of the glasses melted in the second batch, HG-IEX-500 shows Cs2O 
crystalline inclusions. Cs2O peaks are labelled with an ‘*’ in the  HG-3-IEX-500 XRD pattern. 
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A Scanning Electron Microscope (SEM) 
was used to investigate the crystalline 
inclusions within the final glass matrix 
melted in the second batch. HG3-IEX-150 
glass showed the formation of a minor 
crystal inclusion (labeled with black arrows 
in Figure 16B), while HG-3-IER-500 and 
HG-3-clean-500 glasses were able to 
integrate into their networks (labeled as 

black arrows in Figure 16C and 16A 
respectively). 
The majority of the radionuclides trapped in 
the resin were immobilized in the glass 
network. Figure 17 shows a high 

magnification SEM image (0.2µm) of HG3-
IER-500 glass. Light colored areas are 
shown by the arrows within the glass matrix 
that could indicate the presence of 
embedded crystals within the glass. 

 

 
 

Figure 16. SEM micrograph of: A) HG3-clean-500, B) HG3-IEX-500, C) HG-3-IER-500. 
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Figure 17. SEM magnified image of HG3-IER-500 glass. 
Table-6: Concentrations of initial (R1) and the final (R2) of Cs, Co in the glasses. 
Doping HG-3-IEX-150 HG-3-IER-150 HG-3-IER-500 HG-3-IEX-500 

Cs 
R2-R1 %loss R2-R1 %loss R2-R1 %loss R2-R1 %loss 

8.88-8.31=0.57 6.4 8.88-8.39=0.49 5.51 14.6-13.7=0.09 6.16 14.6-13.3=0.13 8.9 

Co 
R2-R1 %loss R2-R1 %loss R2-R1 %loss R2-R1 %loss 

1.88-1.8=0.08 4.25 1.88-1.79=0.09 4.78 3.31-3.15=0.16 4.83 3.31-3.13=0.18 5.4 

 
The data obtained from the XRF analysis 
indicate that the level of Cs-137 
volatilization is less than predicted. Losses 
of Cs-137 and Co-60 were determined by 
comparing their measured final 
concentrations in the glass to their initial 
concentrations. Previous attempts by 
Savannah River Technology Centre 
(SRTC) to immobilise similar spent ion 
exchange resin (IRN-77, IRN-78), used in 
an Argentinean nuclear power plant, had 
shown considerable volatilisation of doped 
Co (11 wt.%) and Cs (29 wt.%) without the 
need for a cold cap during vitrification. The 
operating temperature was 1150oC at 
around 30 wt.% waste loading24. 
XRF analysis of the current study revealed 
that the losses of Cs and Co in the final 
glass were less than the studies achieved 
at SRTC; these data are listed in Table 6. 
Less volatilisation from the melter means 
less contamination to the environment 
despite the presence of the off-gas system 
and high retention of the radionuclides in 
the waste stream, this affect the overall 
efficiency of fixation of a radioactive waste 
in any matrix. 
 
CONCLUSION 
In the past, non-radioactive Cs and Co 
have been used to simulate the actual 
spent ion exchange resins arising from 
nuclear power plants. This leads to the 
measurement of the thermal properties of 
the actual resin based on surrogate resin to 
considerable errors due to damage caused 

from the radiation by breaking down the 
carbon-hydrogen-sulphur bonds within the 
radioactive resin matrix. Previous studies at 
SRTC, on the same type of resins using 
higher radioactive concentrations in a 
radiochemical hood, showed higher 
volatilisation of the Cs and Co. The major 
conclusions of the present study are as 
follows: 
1. XRF analysis of the low radioactive 

resin (IER) revealed that part of the Cs 
and Co volatilisation occurred during 
pyrolysis before vitrification. SRTC 
researchers used highly radioactive 
doping in the resin, which consequently 
restricted many analyses due to the risk 
of radiation exposure and hazardous 
contamination from the resin. XRF of 
the initial IEX and IER solutions 
revealed that the loss of Cs and Co 
could occur during the drying process 
at 150oC, and the losses in the IEX 
were more than in the IER solution. 

2. Weight reduction and minimization of 
radioactive waste volume is a vital 
factor in water waste disposal criteria 
and cost. The TGA results revealed 
that radiation damage in the IER 
residue at 1000oC (wt.7.7%) was less 

(∼ 12wt.%) than IEX residue at the 
same temperature, despite the minor 
difference (3.8 wt.%) in Cs doped in 
both the resins. TGA combined with 
XRF results revealed that the 
volatilisation of Cs and Co in IEX resin 
started at 1050oC, while their 
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volatilisation in IER resin started at 
950oC. 

3. Sulphur and carbon are vital elements 
in thermal treatment. Different C and S 
decomposition profiles were observed 
during pyrolysis of IER and IEX at 150-
1000oC. The CHNS results 
demonstrated that major decomposition 
of sulphur occurred at 300-500oC. Initial 
concentration of S was around 9.8 wt.% 
and its final concentration was around 
0.4 wt.% in IER resin and 0.5 wt.% in 
IEX resin.  Carbon decomposed rapidly 
at 500-650oC and its initial 
concentration in both the resins was 
around 50 wt.% and its final 
concentration (6.9 wt.%) in the IEX was 
around 9 times more than its final 
concentration (0.8 wt.%) in the IER 
resin.    

4. The N2 decomposition corresponds to 
the anion parts of the resin. Its 
decomposition occurred at 300-650oC. 
Its initial concentration in both the 
resins was around 25 wt.% and its final 
concentration in the IEX resin was 
around 1.7 wt.% i.e. also around 9 
times more than its final concentration 
(0.18 wt.%) in the IER resin. 

5. The final glasses resulting from the first 
batch were deemed unacceptable upon 
visual and technical inspection.  Their 
XRD patterns showed crystalline 
inclusions identified as cobalt cesium 
sulfate (Cs2Co3S4), and their SEM 
images showed crystalline inclusions 
as well. The decomposed sulfur from 
the functional group of the cations in 
the resin was absorbed by the glass 
and caused damages to the final glass 
matrix and to the platinum crucible. 

6. The final glasses resulting from the 
second batch were deemed partially 

acceptable. The XRD patterns and the 
SEM images showed that HG3-IEX-
500 glass had minor Cs2Ocrystalline 
inclusions while both HG3-IER-500 and 
HG3-clean-500 showed fully 
amorphous phases.  

It can be concluded that radiation damage, 
or the presence of the radioactive cesium 
and cobalt, might be the reason behind the 
differences in the behavior of the resins.  In 
this study a low volatilization of cesium (~ 8 
wt.%) and cobalt (~ 4 wt.%) was observed. 
A low melting temperature of HG-3 glass 
allowed the resin to be burned out and the 
elements to be captured in the glass 
network before they started to volatilize 
from the resin. The project is underway to 
examine the chemical durability of the final 
glass matrix. 
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