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Abstract
Treatment and disposal of waste radioactive ion exchange resins is one of the most urgent problems for nuclear industries in China. Cement
solidification technology has many advantages, such as requiring simple equipment, easy scaling-up, low working temperature, no trouble of gas
cleaning and low cost. It is a suitable technology for treatment of waste radioactive resins, and has been widely used. The new developments
and theoretical basis of cement solidification of radioactive resins were introduced in this paper. The cement solidification technology suitable for
China and the questions needed to solve were also discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
During the operation and decommissioning of nuclear facilities, lots of waste radioactive ion exchange resins were produced.
The resins loaded with radioactive nuclides could not be reused.
These waste resins should be properly treated and disposed in
order to minimize the potential danger to the environments.
Cement is a best material for resins solidification due to its good
physical, chemical and mechanical properties. Cement solidification was developed in the 1950s, and it had been the only
method for solidification of radioactive wastes before 1965s
[1]. After that pitch, plastic, incineration and pyrogenation were
used in solidification [2,3]. Compared with cement solidification, these new solidification technologies have the disadvantages such as high temperature operation conditions, flammable
and hard handling. So they were seldom accepted and used in
industry. Since cement solidification emerged, researchers from
all over the world had committed themselves to improve this
technique [4–15]. Resin is one the most difficult kind of radioactive wastes to be cemented. For resin cementation, the main
researches focus on increasing loading of spent resins, reducing leaching of nuclides, improving compressing strength of the
matrix and controlling hydration heat during cementation. Some
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new developments of cement solidification had been appeared.
In this paper, the theoretic base and the new developments of
resins cementation in China are introduced.

2. Compatibility between cement and waste resins
The purpose of solidification is to isolate radioactive ions or
hazardous waste from the environment by fixing into cementbased or pozzolan-based solidification systems, where the
wastes are physically contained and/or chemically bound. The
solidified cement-matrix is a kind of porous matter. The cement
compositions, water/cement ratio and molding condition determine the pore structures of the solidification products. The
properties of the solidification products lie on the chemical compositions and the mechanical structures of the matrix. Generally,
the solidification of contaminants by cements includes three
aspects: (a) chemical fixation; (b) physical adsorption; and (c)
physical encapsulation [16,17]. Recent researches found that
the including of resins would not affect the hydration of cement,
and would not change the main forms of hydration products
[18]. Figs. 1 and 2 are pictures of scanning electron microscopy
(SEM) of resins solidified in ASC (a kind of specific cement)
and Ordinary Portland Cement (OPC). From these figures, it can
be seen that the resins and cement had not solidified together,
and the resins were only physically encapsulated.
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efficacy of stabilization/solidification of contaminants. The supplementary materials often used in cementation of radioactive
and hazardous wastes are listed in Table 1. Those supplementary
materials were also used in cement solidification of radioactive
resins.
3.1. Researches on reducing leaching rate of nuclides

Fig. 1. ASC solidification products.

Fig. 2. OPC solidification products.

3. Research works on resin solidification
Cement compositions, cement proportion, resin properties,
resin load, compositions of additive, water/cement ratio and
solidification conditions are main factors that influence the properties of cement solidification products of resins. Various supplementary materials have been used with cements to enhance the

When radioactive ions diffuse into outer medium by conjoint pores, it is called leaching. Leaching rate of containments
is determined by the properties of the waste form such as water
content, pore structure, homogeneity and hydraulic conductivity.
Lots of researches had been done to reveal the relations between
ions leaching and the microstructure of the solidification products. These researches find that minimizing pore in solidification
products and improving pore structures are effective methods
in order to mechanically contain wastes in solid [32]. So, low
water/cement ratio and compressive molding were used to minimize pore in solidification product, and surface painting was
also used to clog pores in the products.
Exhausted ion exchange resins are favorably cemented for
disposal. Heavy metals readily precipitate in the high pH environment of cements, but alkali metals, such as caesium (Cs),
remain substantially soluble. Cementation of Cs-loaded resins
does have its drawbacks. Cs-loaded resins, when cemented,
show one or two orders of magnitude higher leaching rates in
cement-matrix than in the resins themselves. Researches focusing on the reduction of significant Cs leaching (in terms of the
total Cs adsorbed on the resin) by blending natural untreated and
chemically treated zeolites to the cement were done by Bagosi
[21]. They got the conclusion that addition of natural zeolites
decreased Cs release by up to 70–75% (of the quantity originally
bound in the resin) in the course of a 3-year leaching period.
In order to reduce the leaching rates, kaolin clay was added
into cement by Osmanlioglu [23]. The effects of kaolin clay on
the leaching properties of the cemented waste forms were evaluated, and the effect of addition of kaolin on the strength of the
cemented waste form is also investigated. The long-term leaching tests showed that inclusion of kaolin in cement reduces the
leaching rates of the radionuclides significantly. However, clay
additions in excess of 15 wt.% caused a significant decrease in
the hydrolytic stability of cemented waste form. It was found that

Table 1
Additives used in cement solidification
Material

Intended purpose

Unfavorable effect

References

Fly ash

Decrease permeability, increase mix fluidity,
lower initial heat evolution
As above and lower initial Eh
Increase sorption
Increase sorption
Decrease permeability, increase sorption
Reduce water content and permeability

Excess blend, reduce strength

[19,20]
[17,20]
[21,22]
[23,24]
[20,24,25]
[26,27,28]

Precipitate heavy metals, decrease permeability

As above
Excess blend, reduce strength
Reduce strength
Difficulty to mix homogeneously
Unclear long-term effect on
cement properties
Rapid set

Reduce solubility of special radwaste species,
e.g. Ag+ , Ba2+ , for I− , IO3 −

Unstable persistence of salts (e.g.
AgI, BaI2 ) in cement

[30,31]

Blast furnace slag
Natural pozzolan (zeolite)
Clay minerals
Silica fume
Superplasticizers
Sodium silicate, calcium
hydroxide, sodium hydroxide
Miscellaneous getters

[29]
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the best waste isolation, without causing a loss in the mechanical
strength, was obtained when the kaolin content in cement is 5%.
Leaching of 137 Cs and 60 Co radionuclides fixed in cement
and cement-based materials was studied by El-Kamash [25]. It
was found that the leaching tests of 137 Cs and 60 Co radionuclides represent the leaching behaviour of some of the typical
radionuclides encountered in low-level solid waste forms. Addition of 0–15% silica fume and ilmenite to cement decreased the
leaching rate of each nuclide at different studied temperatures
was concluded.
The leaching of heavy metal ions from cementitious waste
had been investigated [33–39]. Various mathematical models
were then used to assess the behaviour of embedded radioactive
wastes. Krishnamoorthy et al. [40] proposed an iterative model
to simulate the release rates of radionuclides from cylindrical
cement blocks. Pescatore [41] derived two leach rate expressions
for the diffusive release of radioactive constituents from both
cylindrical- and rectangular-shaped waste forms.
3.2. Researches on improving resins load and compressing
strength of the solidification products
Lots of researches had been done by Natsuda [42,43] in
order to improve resins load and compressing strength of the
solidification products. It was concluded that resins load in the
solidification products of OPC should be controlled bellow 20%
(volume of wet resins to solidification product). When resins
load was higher than 20%, cracks were often engendered and
the solidification products had lower stability. Resins expansion in water was also researched, and it was believed that the
expansion of resins was one of the main reasons resulting in
cracks. The range of expansion pressure was 0–50 MPa. The
resins should be saturated in water before solidification in order
to prevent cracks. A model of expansion was also established.
From this model, when capacities for ions and water of resins
reach saturation, the expansion pressure should be zero and there
should be no cracks and fractures. But experiments showed that
when resins loads were higher there would be fractures in the
solidification products even if the resins were saturated.
Furnace slag and fly ash were added by PAN [4]. The superior combination was obtained as furnace slag 24 wt.%, fly ash
24 wt.%, and OPC 8 wt.% to mix 24 wt.% of resin with 20 wt.%
of water. The rate of resin to base material is about 43:100 (w/w).
Zeolite and OPC were used in cementation of radioactive resins
[21]. Resins 24 ml, OPC 55.9 g and 37.3 g zeolite were used.
Assuming the weight of 24 ml resins was 20 g, the resins to base
ratio was about 20:100 (w/w).
In order to increase resins loads and stability of the products, fibers (usually stainless steel fibers, fiberglass or carbon
fibers) were added. Research results showed that addition of
fibers could improve stability of the products, but fiberglass and
carbon fibers were not suitable to be used in cement solidification. Fiberglass were not alkali-resistant, and readily to be
dissolved in cement. Carbon fibers were hard to uniformly disperse. Durafiber is a kind of fiber made of polypropylene, and
it is widely used in cement to control cracks. To use this kind
of fiber in solidification of spend radioactive resins, radiation-
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reduced degradation should be considered. Application of fibers
in solidification certainly will increase the cost of treatment, so
it is seldom used in industrial scale.
3.3. Researches on controlling of hydration heat
Heat release during hydration of cement is one of the main
factors resulting in cracks beside expansion of resins during
resins cementation. Controlling the stress of temperature is a
key problem that must be solved before the solidification technology is applied in industrial scale. Large-scale samples were
seldom done in lab, so there were little experiences in temperature cracks control.
In order to prevent cracks resulting from hydration heat,
controlling temperature and improving restrict conditions can
be used. In the process of solidification, when containment
were selected restrict conditions were determined, so controlling
highest temperature was mainly considered. Following methods
can be used in controlling highest temperature [44]:
1. Reducing ratio of cement in the products;
2. Using cement of lower hydration heat;
3. Adding ice into binders, or pre-cooling part or all of the materials;
4. Improving heat emit conditions;
5. Minimizing temperature grads in the products.
Addition of supplementary materials can reduce hydration
heat, but in most conditions, the compressive strength will
reduce. Measuring heat release curve can be used in comparing different prescription [45].
3.4. Researches on cement solidification of waste resins in
China
Researches on effective cement solidification of waste resins
had been carrying out in China. A kind of special cement (ASC)
was used in radioactive spent resins solidification. It was found
that the best prescription was X ASC cement + 0.5X waste resins
(dry) + 0.4X water from researches of prescription comparing.
In this condition, the load of resins was about 45(v/v). The
compressing strengths of the matrices were between 18–20 MPa
[46,47].
By means of Mercury Intrusion Test, X-ray diffraction and
SEM analysis, the properties corresponding to the microstructures of solidification products made by different type of cement
has been studied. The results of Mercury Intrusion Test were
showed in Figs. 3 and 4. From the curves it can be seen that
the apertures of the pores were from 5 to 100 nm, and mercury
intruded into the ASC matrices was hardly to release. The retarding capability of ASC matrices was larger than OPC matrices.
Therefore, the ASC matrices had better apertures structures to
reduce leaching of nuclides than OPC matrices. The interstitial
rate of ASC matrices calculated by software was to be 1.17%,
and the interstitial rate of OPC matrices was 2.26%.
The SEM results of ASC matrices and OPC matrices were
shown in Figs. 5 and 6. From the pictures, the structures of
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Fig. 3. Intrusion and release curve of ASC.
Fig. 5. SEM picture of ASC matrices.

Fig. 4. Intrusion and release curve of OPC.

the needles or spines can be seen in ASC matrices, and the
structures of flakes can be seen in OPC matrices. The differences
of structure reduce the performances of the matrices. The needles
or spines structures can improve the compressing strength of the
solidification products.
The X-ray diffraction of ASC matrices is shown in Fig. 7.
The results showed that the hydration products of ASC are
mainly 3CaO·Al2 O3 ·3CaSO4 ·32H2 O, and the hydration prod-

Fig. 6. SEM picture of OPC matrices.

ucts of OPC are mainly crystals of portlandite and gel of
3CaO·2SiO2 ·3H2 O.
The effects of addition of zeolite on the strength, hydration
heat of cementation and leaching rates of the resins cementation

Fig. 7. XRD result of ASC matrices.
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Fig. 8. Impact of zeolite addition on reservation Cs+ ; (!) no zeolite added; (!)
10% zeolite added; (") 20% zeolite added; (#) 30% zeolite added; ($) 40%
zeolite added.

matrix were investigated. A superior combination was obtained
as ASC 35 wt.%, zeolite 7 wt.% to mix 42 wt.% of resins with
16 wt.% of water, the moisture content of the resins was about
50%. The simulated leaching tests showed that inclusion of
zeolite in ASC reduced the leaching rates of radionuclides significantly. Impact of zeolite addition on reservation of Cs+ was
shown in Fig. 8.
Compared with cement used in solidification processes
before, the ASC cement is a promising material for cementation of radioactive spent resins due to its good properties, such
as low nuclides leaching rates, high spent resin loadings in the
matrices, excellent matrix stability during wet and dry cycling
curing, high matrix strength, and easy solidification. However,
there is still one problem to be resolved before this new technique can be used in industry. High hydration heat releasing
rate of ASC will lead to high temperature in the solidification
products. So controlling the stress of temperature is the main
research aspect in using ASC in cement solidification of resins.
4. Conclusion
The main researches of resins solidification are focused on
increasing loading of spent resins, reducing leaching of nuclides,
improving compressing strength of the matrix. Zeolite is a kind
of promising supplementary materials for reducing leaching
rates. The new kind of specific cement used in China is a kind of
promising cement for solidification radioactive resins for better
apertures structures, low leaching rate and needles or spines like
structures.
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