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Summary 
Ion exchange resins are used for purification of radioactive waste waters in the nuclear 
industry. The process involves removal of radioactive nuclides and other hazardous 
contaminants that could potentially harm the equipment or corrode reactor fuel rods. 
These resins have to be replaced periodically with clean ones to continue the purification 
process and dispose of the spent resins. Disposal often becomes uneconomic because of 
the large volume of the resin produced and the relatively few technologies capable of 
economically stabilizing this waste. Various methods to treat liquid radioactive waste in the 
reactor fuel pond using ion exchange resins have been reviewed in this paper. The 
potential of verification to immobilize and contain the spent ion exchange resin for long 
term disposal using novel borosilicate glass has been discussed. 
 
1. Introduction 
Ion exchange is one of the most common 
and effective methods for treating liquid 
radioactive waste. It is a well-developed 
technique and has been employed for 
many years in both the nuclear as well as 
other industries. In spite of its advanced 
stage of development, various aspects of 
ion exchange technology are being studied 
to improve its efficiency and cost 
effectiveness for radioactive waste 
management [1].  
One of the major challenges facing the 
nuclear industry is how to dispose of Spent 
Ion Exchange (IEX) resin used for 
purification of water systems in nuclear fuel 
ponds [2]. The main aim being the 
immobilization of rich sulfur-carbon, 
organic, radioactive, spent resin into stable 
borosilicate glass matrix. Molten 
borosilicate glass has low viscosity, so it 
can be vitrified with the spent resin and 
poured easily into stainless steel canister 
for long term storage or disposal. 
These studies involve the application of 

verification technology for radioactive waste 
treatment, which has been developed 
recently in Pakistan [3]. In principle, 
verification is an attractive option because 
of the potential durability of the final product 
in accommodating a variety of waste 
streams and contaminants from the nuclear 
power plants. It is a proven method to 
achieve volume reduction for radioactive 
waste [4]. A thorough analysis of the 
previous studies indicates that this is the 
Best Demonstrated Available Technology 
(BDAT) for treatment of spent IEX resin 
(NRW40) instead of the expensive process 
of regenerating the resin. The regeneration 
is carried out by acidic leaching to extract 
the radio-nuclides from the spent resin. The 
extraction requires hot cells and 
sophisticated high cost reprocessing plant 
to separate radio-nuclides from the 
resulting acid.  
The spent resin is rich in sulfate functional 
group (H+SO3); the formation of sulfate salt 
(gall) or segregated layer (often white in 
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colour) occurs if the glass melt is 
oversaturated with sulphate; therefore, 
thermal organic reduction (THOR) is 
essential prior to vitrification. The 
concerned waste is the spent resin from 
purification process at Nuclear Power 
Plants (NPPs) [5] which needs to be 
managed to meet national regulatory 
requirements complying international 
expectations as legislated by the 
International Atomic Energy Agency (IAEA); 
the following points are, for example, 
considered for managing the waste [6]: 

 Radioactive waste shall not be imported 
or exported, unless otherwise approved 
by the relevant authority.  

 The government shall support the 
development of the regulatory and 
technical infrastructure for the safe 
management of radioactive waste. 

 Every producer of radioactive waste 
shall be responsible for the safe and 
secure management of its radioactive 
waste and shall pay for its safe disposal; 
however, the government will be 
responsible for bearing the cost for 
management of ownerless waste. 

 The relevant Nuclear Regulatory 
Authority shall ensure safe control of all 
the generated radioactive waste and 
shall also be responsible for the 
verification of compliance with 
regulatory requirements. 

 The relevant authority shall be 
responsible for safe and secure disposal 
of civilian radioactive waste generated 
from all sources and activities, including 
waste transferred from other activities 
within the country.  

 All radioactive waste management 
activities shall be conducted in an open 
and transparent manner and the public 
shall have access to information 
regarding waste management. 

 The relevant authorities will have agree 
to provide high quality standard in waste 
immobilization and allocate adequate 
funds for radioactive waste 
management, and develop the 
technology in accordance with the 
international standards [7]. 

 
To address the above-mentioned issues, 
pilot projects are designed and run, for 
example, aimed at investigating: 
1. the ability of high waste loading through 

incorporation of the waste constituents 
into the structure of a novel borosilicate 
glass 

2. the solubility of different elements in the 
glass melt such as cesium, cobalt, 
sulfate salt (from the resin), fluorine 
(from the glass additives) and analysis 
of the vitrified products by X-ray 
diffraction (XRD) and X-ray 
fluorescence (XRF) 

3. Redox state of the glass using 
Mossbauer spectroscopy 

4. the chemical durability of the final glass 
form, to be determined by initial wash-
off and diffusion control 

5. the mechanical strength of the final 
waste using compression test 

6. the radiological nature of the glass 
product before commencing actual 
production. The Product Consistency 
Test (PCT) can be performed in 
shielded cell facilities with radioactive 
samples to examine the glass durability 
(leach) and homogeneity. The test can 
be performed remotely on highly 
radioactive samples to yield reliable 
results [8]. 

 
Energy demands are increasing 
continuously with time at a significant rate 
and increase in electricity production is very 
important for the national development 
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programs; therefore, for example in 
Pakistan, production of electricity from 
nuclear energy will be a significant fraction 
by 2030 [9]. In Pakistan, the total power 
generation including nuclear, thermal and 
hydro-electric was 60 billion kilowatt-hours 
(bkwh) in 2000, which increased rapidly to 
80 bkwh in 2004, and reached 100 bkwh in 
2009 [9]. Figure 1 illustrates the increase in 
Pakistani‟s electricity generation from 1984-
2004. Thus the amount of waste will 

increase with increase in power generation. 
Spent nuclear fuel obtained from operating 
NPPs, is stored in pools so as to loose 
most of its radioactivity before being 
transferred to a treatment center. The water 
of these pools is controlled and purified 
continuously via flowing on mixed beds of 
ion-exchange resins, which capture all of 
the splitting or activation products dissolved 
in the solution [10]. 
 

 

Figure 1. Pakistan's Electricity Generation by source 1984-2004 .
[9]

 
 

To look for possible solutions, the chemical 
and thermal behavior of a stimulant 
(surrogate) resin produced on laboratory 
scale is investigated. For example, some 
novel borosilicate glass compositions are 
being designed and melted with simulated 
resin on lab-scale to achieve high leach-
ability of the waste glass and low viscosity 
of the glass melt [11]. The novel glass is 
based on different compositions using the 
optimum ternary diagram of Si/Na-B/alkali 

as other components. The desired target is 
the designing of novel borosilicate glass 
composition to provide high flux of non-
bridging oxygen within the glass matrix to 
achieve up to 60% waste loading. The 
environmental concerns and rapid increase 
in disposal costs of the spent radioactive 
resin makes vitrification cost-effective on a 
life-cycle basis. The process shows large 
volume reduction in the final waste form and 
minimizes long-term storage costs. 
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Borosilicate glasses are selected as they 
are used to stabilize radioactive waste due 
to their low viscosity and high incorporation 
of a wide range of mixed waste [12]. 
Glass compositions are selected on the 
basis of their durability, viscosity and 
optimum waste loading. Utilizing different 
glass frits to vitrify spent IEX with variable 
compositions is another area to be 
considered. After successful trials on lab-
scale, pilot plants may be designed and 
developed for industrial scale vitrification. 
The government has allocated fund to 
establish such a project [13].  
 
1.1 Borosilicate glass 
Development of glass composite materials 
for a given waste stream is basically a 
problem constrained by multi-variant 
optimization. The main constraints are 
economics, process-ability and chemical 
durability of the final glass composite. 
Waste loading is the major factor that 
influences the overall economics. Similarly, 
additives are selected in a way that 
minimum addition of non-waste additives 
enables the largest possible waste loading 
accompanied by volume reduction. 
Viscosity of the melt also plays an 
important role in process-ability. The major 
objective of waste solidification is to 
effectively isolate the radio-nuclides or 
other contaminants and prevent their 
release into the environment. Thus the 
glass formulation development is aimed at 
the optimization of the waste loading, 
homogeneity, viscosity and chemical 
durability [14]. 
Silicate glasses as waste forms for 
immobilisation of high level nuclear waste 
(HLW) have received maximum attention 
and are currently used in many countries. 
Many different compositions have been 
proposed but borosilicate glass is most 

commonly used. The principle behind that 
is based on the basic glass composition 
derived from the Na2O-B2O3-SiO2 ternary 
system. The molten glass has low viscosity, 
so that it can be poured together with the 
waste into stainless steel containers and 
sealed by welding. Boron lowers the 
melting point and viscosity of the melt, 
whereas alkali elements enhance the 
chemical durability of the glass if added in 
appropriate proportions [15]. The alkali 
content of the melt must be adjusted to the 
alkali content of the waste to keep the PH 
stable in the melter and prevent the base 
from reacting with acid compounds in order 
to avoid salt and water production. 
Radiation effects have a limited influence 
on the chemical and physical integrity of the 
waste form because of the amorphous 
nature of the product glass. 
In the past, most investigations 
concentrated on the vitrification of high-
level liquid waste (HLW) using borosilicate 
glasses whereas studies regarding 
Intermediate Level Waste (ILW) were 
limited. The present review is about ILW 
according to its radioactivity classified by 
IAEA. Typical HLW borosilicate waste glass 
compositions may not be suitable for direct 
application to ion exchange resin 
vitrification due to significant carbon and 
sulfur (derived from the resin) leading to 
unfavorable Redox conditions, foaming and 
formation of sulfate molten salts [16]; 
therefore, different glass additives 
(modifiers) such as Fe2O3, Na2O, CaF2, 
CaO, B2O5, Li2O, and Al2O3 are being used 
to improve, a) integrity and stabilization, b) 
chemical durability, c) mechanical strength, 
d) viscosity to facilitate vitrification, e) 
potential to incorporate sulfur and f) ability 
to accept reducing melting conditions. The 
most important additives in borosilicate 
glass are alumina, iron oxide, lithium oxide 
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and calcium oxide. These oxides are very 
useful for designing glass compositions 
with potential to incorporate sulfur. From 
structural point of view, the modifiers are 
reflected in the distribution of basic network 
units (SiO2 Q

n units) where n is the number 
of bridging oxygen. 
 
Table1. Qn values of different glass 
structures. 
 

Structural Unit Q
4
 Q

3
 Q

2
 Q

1
 Q

0
 

Bridging 
Oxygen 

4 3 2 1 0 

Non-bridging 
Oxygen 

0 1 2 3 4 

Symbol 

 
   

 

 
Silicon tetra-oxide SiO4 makes a 
continuous random chain with some local 
coordination order, i.e. several silicon–
oxygen tetrahedral atomic arrangements 
(with basic glass structural unit „SU‟ 
covalently linked by the bridging oxygen 
atoms (BO) without extending to a long-
range crystalline order. When modifier 
cations are added, some of the BOs bonds 
are removed and several chain positions 
become non-bridging oxygen (NBO). In an 
ordinary borosilicate glass, the oxygen SU 
is linked with Na+ modifier cations that 
lowers the viscosity, or linked with a Ca2+ 
modifier to improve the chemical durability 
of the resulting glass [17]. Qn values of 
different glass structures are given in Table 
1. 
A brief description of various glass network 
modifiers (additives) and their possible 
impact on the resulting product glass is 
given below: 
 
a) Aluminium oxide (Al2O3):   
The usefulness of alumina comes from its 
high strength, melting temperature, 
abrasion resistance, optical transparency 

and electrical resistively. Traditional uses of 
alumina are in furnace components, cutting 
tools and bearings. The presence of 
alumina in glass improves its properties 
such as chemical durability and mechanical 
strength. Al2O3 raises the viscosity of the 
glass which improves its thermal stability by 
reducing the melt tendency to phase 
separate or de-vitrify [18]. 
 
b) Iron oxide (Fe2O3):  
Iron is chemically amphoteric like alumina, 
and acts as a fluxing agent allowing the 
glass matrix to incorporate increased 
amount of waste. The addition of Fe2O3 to 
the glass produces high relative density, 
mechanical strength, chemical durability 
and thermal properties [19]. 
 
c) Lithium oxide (Li2O):  
Lithium together with boron and sodium 
acts as a flux to lower melting temperatures 
of the constituent glass; however, to 
suppress devitrification, its concentration 
should not be more than 5wt% in the glass 
initial composition. Li2O can also promote 
bubble defects in glasses if used in 
isolation from the other alkalis. The high 
cost of Li2O limits its use; however, in small 
amounts it acts as a powerful auxiliary 
alkaline flux with acceptable thermal 
expansion lowering effects. Additionally, 
large amounts of Li2O can drastically 
increase the thermal expansion of the 
resulting glass [20]. 
 
d) Sodium oxide (Na2O): Sodium is a 
useful flux at temperatures ranging from 
900-1200ºC. It is highly reactive at high 
temperatures. Soda should be used in 
moderate amounts because of its higher 
thermal coefficient of expansion than any 
other oxide and may adversely affect the 
chemical durability of the final waste form. 
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Also it decreases tensile strength, elasticity 
and viscosity more than the other common 
bases. High soda glasses are usually 
soluble and can be scratched easily [15]. 
 
e) Calcium oxide (CaO):  
Generally, CaO hardens a glass and makes 
it more scratch and acid resistant, 
especially in alkaline glasses. Its expansion 
is intermediate. Hardness, stability and 
expansion properties of silicates of soda 
are almost always improved with the 
addition of CaO. CaO is not effective in low 
concentrations as a flux in glass but in 
intermediate amounts (<10 wt%), it can 
dissolve in glass melts especially with 
silica, soda, boric oxide adding hardness 
and resistance to leaching. In large 
amounts (>10 wt%), it encourages crystal 
growth [21]. High CaO glasses tend to de-
vitrify either because of the high fluidity of 
the melt imparted by CaO at higher 
temperatures or due to the high tendency of 
CaO to form crystals. Rapid cooling of the 
glass melt from melting temperature (e.g. 
1200ºC) may be required to suppress 
crystallization and therefore, contain more 
bridging CaO in the Na2O-B2O3-SiO2 
ternary system [22].  
 
1.2 Surrogate Waste IEX Resin (NRW40) 
The IEX resin (NRW40) is Gel/Macro 
porous polystyrene cross-linked with 
divinylbenzene produced by Purolite Ion 
Exchange Resins Supplier. The cartridge 
consists of mixed bed nuclear grade resin. 
The resin contains a combination of 40% of 
strong acid cations (H+SO3) highly selective 
for Cesium-137, Cobalt-60 and other 
radioactive colloids anions in cooling ponds 
and 60% strong base anions (hydroxyl 
groups) highly selective for cations in the 
water [23]. Early stage operations are carried 
out to produce simulated spent resin 

through trapping non-radioactive 
representative compounds such as Cesium 
oxide, representing the main remaining 
fission product in the pond, and Cobalt 
oxide, representing the main activation 
product produced by neutron bombardment 
of stainless steel compounds in the NPP 
equipment. These two elements represent 
90% of the radioactivity in the spent active 
resins [24]. The simulated wastewater is 
prepared by dissolving cesium carbonate 
(Cs2CO3) and anhydrate cobalt Acetate 
[Co(C2H3O2)2.4H2O] in sodium hydroxide 
solution (12m) de-ionized water. The 
concentration of Cs+ and Co+2 can be 
determined using Atomic Absorption 
Spectroscopy. The surrogate resin traps 
these elements by soaking it in a solution 
containing these non-radioactive, 
representative compounds, so that the 
resin can be  spiked with high concentration 
of Cs2O and CoO for at least 15 days. Then 
the surrogate resin is dried at 300°C and 
mixed with glass frits to form borosilicate 
glass envelope.   
 

1.3. Vitrification of IEX Resin 
Vitrification of radioactive and other 
hazardous wastes into glass is a widely 
recommended method because it 
atomically bonds the hazardous and 
radioactive species into a solid glass 
matrix. The waste forms produced are, 
therefore, very durable, and chemically and 
environmentally stable over long time 
periods. In general, these materials can be 
vitrified by two methods; a) elementary and 
b) direct method described briefly in the 
following section. Then the best-
demonstrated available technology is 
selected for practical application. In 
contrast to the direct method, the 
elementary melter technology minimizes 
capital and operational costs, making the 
elementary method cost-effective on a life-
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cycle basis. Vitrification enables high waste 
loading (25-85 wt%) into a glass of suitable 
composition and is used to achieve large 
reductions in waste volume; therefore, 
elementary method minimizes long-term 
storage or disposal costs for non-recyclable 
wastes [25]. 
 

a) Elementary Process  
Elementary process is the basic method in 
vitrification, in which the batch, instead of 
the continuous process, is used to 
immobilise the waste. The process involves 
pumping of the resin from a storage tank 
into a calciner which is a rotating kiln inside 
a heated furnace operating at 250 to 
1000ºC to achieve initial drying and thermal 
decomposition of the resin (Figure 2). The 
resulting solid powder is mixed with glass 
powder of matching particle size in an 
electromagnetically heated ceramic melter 
called Cold Crucible Glass Melter (CCGM) 
at about 1200ºC. The ingredients are mixed 
continuously for 8 h with a certain waste 
ratio in the batch (Figure 3). The molten 
glass is then poured into a stainless steel 
canister kept at room temperature to cool 
down, and ready to be disposed of into 
long-term-repository. The melting and 
cooling down processes are illustrated in 
Figure 4. The final non-leaching durable 
glass product can trap high proportions of 
waste using the right technique. The 
method asserts that the waste can be 
stored for relatively long periods in this form 
without any concern for health or 
environmental issues [27].   
 

b) Direct Process  
Direct process is the vitrification of ion 
exchange resins loaded with hazardous or 
radioactive wastes. The vitrification is 
performed in such a way that produces a 
homogenous durable waste form and 
reduces the volume of the resin to be 

disposed. This method involves direct 
mixing of the modified borosilicate glass 
frits with NRW40 spent resin in a CCGM 
and then heated to 1200ºC. The mixture is 
then poured into a stainless steel canister 
ready for long term disposal as illustrated in 
Figure 5. The Direct vitrification might be 
recognised as an unviable option for IEX 
resin vitrification using a CCGM because 
the resin is not pre-treated before mixing it 
with the glass in the melter. Pre-treating or 
calcination of the resin to a certain level is 
always preferred before pouring it on the 
surface of the molten glass in the melter to 
avoid inappropriate consequences. For 
example, the amount of sulfate exceeding 
the solubility limit of the glass will tend to 
accumulate as a second immiscible salt 
phase at the glass crust interface. In this 
case, the final vitrified product cannot be 
buried because of low chemical durability of 
the salt phase. In addition, isotopes may 
accumulate in the salt phase which may 
make the migration of radio-nuclides risky 
[28]. 
 

 
 

Figure 2. The calciner [26]. 
 
The presence of untreated inhomogeneous 
resin can result in inappropriate melter 
operation which may require more electrical 
current to pass through the electrodes in 
order to maintain the melt at the desired 
temperature. The presence of the resin in 
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the melter can introduce adverse effects 
such as blockage of the melter feed tube or 
off gas system through elements 
volatilisation [29]. 
 

 
 

Figure 3. The Cold Crucible Glass  
Melter [26]. 

 
 

2.3.1. Organic Ion Exchange Resins 
Organic ion exchange resins (NRW40) are 
typically used in NPPs to control the system 
chemistry of water in the fuel pond to 
minimize corrosion or degradation of the 
system components and to remove 
radioactive contaminants. Organic resins 
are also used in a number of chemical 
decontamination or cleaning processes for 
the regeneration process of water by 
reagents and for the removal of radio-
nuclides. Generally, organic resins should 
meet the following requirements [30]:  
 

 
 

Figure 4. Schematic of the whole process. 
 

 
 

Figure 5. Direct feed in a glass melter. 
 

a) Stability in hot water 
b) Stability to common chemicals in 

solution such as chlorine 
c) The presence of only one type of 

functional group 
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d) Obtainable in a bead form of any 
desired size range 

e) Range of weak- and strong acidic- 
and basic- types available 

f) Degree of cross-linking controllable 
for special purposes 

 
Inorganic materials can act as ion 
exchangers if their structures bear a 
surplus electrical charge. This charge can 
be caused by two phenomena described 
below: 
 

a) In the lattice, Mz+ ions are replaced 
by M(z-1)+ which results in the ion of 
minor valence acquiring a negative 
charge. This charge has to be 
balanced by mobile cations. 

b) Chemical groups present on the 
surface of the inorganic resin can be 
ionised due to protonation or de-
protonation. The resulting electrical 
charges have to be compensated by 
mobile ions. 

 
Natural inorganic exchangers can be 
classified into three main categories:  

i) Mineral ion exchangers 
ii) Oxides and clay minerals 
iii) Synthetic inorganic exchangers 

 
2.3.2 Inorganic Ion Exchange Resins 
Inorganic ion exchange materials have 
attracted increased interest as a substitute 
for conventional organic ion exchange 
resins, particularly in liquid radioactive 
waste treatment and spent fuel-
reprocessing applications. Inorganic ion 
exchangers often have the advantage of a 
much greater selectivity than organic resins 
for some of the currently important 
radiological species, such as Cs137 and Sr90 
[31]. These inorganic materials may also 
prove to have advantages with respect to 

immobilisation and final disposal when 
compared with organic ion exchangers; 
however, in the operations of NPPs, the 
currently available inorganic exchangers 
cannot entirely replace conventional 
organic ion exchange resins [32], especially 
in high purity water applications or in 
operations where the system chemistry 
must be controlled through the 
maintenance of dissolved species such as 
lithium ions or boric acid. Boric acid is used 
for neutron flux depreciation, dissolved in 
water as a coolant or moderator in the 
event of freshly charged nuclear fuel due to 
its high neutron absorption cross section 
[11]. 
Organic ion exchange resins have been 
developed over a much longer time than 
the selective inorganic ion exchanger that 
are now becoming available in commercial 
quantities and different applications, which 
can now meet the demand of the nuclear 
industry [33]. The spent IEX resins are 
available as Resin Refillable Cartridges and 
Resin Disposable Cartridges. The Resin 
Refillable Cartridges are cartridges filled 
with media which can be regenerated 
(reused). One the other hand, Resin 
Disposable Cartridges consist of a vertically 
oriented plastic or metal container filled with 
an IEX resin supported on both ends by a 
porous plate or screen to isolate the resins 
within the containment.  
 
Conclusions 
Vitrification of radioactive waste is a 
preferred technology because of its 
capability to incorporate a wide range of 
mixed waste accompanied by reduction in 
disposal volumes through organic 
destruction, moisture evaporation and 
porosity reduction. Similarly, vitrification of 
organic IEX resins is a proven method used 
in the nuclear waste management because 
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of its capability to incorporate high organic 
content and the volatile Cs-137. High 
organics contents tend to induce reducing 
environments in the melter which can result 
in metals reduction, melter materials 
corrosion and reduced glass with a high 
Redox state. An acceptable final glass 
matrix can be produced by introducing 
appropriate modifiers into the glass network 
and adjustment of the precursors to the 
waste composition. A viable and economic 
treatment option would benefit both the 
nuclear industry and the radioactive waste 
management globally. 
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