
INTRODUCTION

NPP spent resins is a special type of
heterogeneous radioactive waste of intermediate
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ABSTRACT

The possibility for spent ion-exchange resins (IER) of intermediate specific activity to be
solidified in alkali-slag (geocement) water-resistant matrixes with an increased level of filling with
resins was studied. Comparative tests of the IER immobilization process were done for justifying
the most technologically effective matrix material. We used three different alkali-slag cementing
systems and the prepared simulated pulps of IER with the specific activity of 3×108 Bq/L, saturated
with 137Cs radionuclide. The manufactured samples of the alkali-slag compounds, filled with IER at
the level of 24-27% by weight, meet the regulatory requirements set in NP-019-15 code and
feature better working quality parameters (mechanical strength: 5-14 MPa, leaching rate of 137Cs,
Na, Ca: <2×10-4 g/cm2’”day on the 7th-10th day, mechanical strength of compounds rises by the
factor of 1.2-1.5 after immersion tests). The incorporation of the spent IER in the most technologically
effective alkali-slag matrix makes it possible to decrease the cementing material consumption by
the factor of 2.4 in comparison with Portland cement and by the factor of 1.3 in comparison with the
known slag binders, while a compound with better quality parameters is produced. The research
was done with the support of the Russian Ministry of Education and Science (unique identifier of
the applied research studies - RFMEFI57915X0101) for justifying a new energy-efficient and
resource-saving technology of reprocessing the spent IER-containing waste.

Key words: ion-exchange resins (IER), radioactive waste (RAW), cementation, conditioning,
alkali-slag binders, matrix material, quality parameters of compounds, radionuclide immobilization.

activity level. They are stored separately from other
RAW categories and under a layer of water, and
these conditions define, to a large extent, the
approach to their reprocessing and conditioning1.
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At present the main methods of the spent
IER reprocessing is direct solidification by
cementation or bituminization. The cementation is
a preferable one, as a rule, due to easier process
operations, combustibility of the finished product,
and high radiation stability of cement binding
materials and cement matrix. Thermal methods of
reprocessing followed by the incorporation of IER
thermal destruction products in a water-resistant
matrix rank high among the perspective
developments in the field of the spent IER
management. New processes of pyrolytic oxidation
of various organic compounds and IER with the use
of metals and their oxides as catalysts are studied.
These studies are aimed at the improvement of
engineering and economic parameters of the
processes1-5.

Along with the above stated, direct
solidification methods (cementation, incorporation
in a polymer matrix) are still topical, especially from
the point of view of practical application6.

A low degree of incorporation (usually not
more than 10% by weight in terms of a dry resin for
Portland cement matrixes) and a restricted storage
time (absence of durability) of traditional Portland
cement stones are referred to as the main problems
of IER cementation. Specific features of the IER direct
cementation are determined by tendency of the
dehydrated ion-exchange resins to swell (due to
the exothermic reaction of cement hydration). The
formation of tiny cracks or general cracking of the
cement compound structure, as a consequence of
swelling, define poor mechanical properties and
low water-resistance of the compound. Ion
exchange of Ña2+ cation with the cement, interaction
of binder’s components with some ions contained
in IER (borates, sulfates, ammonia) are also referred
to as the causes of the above mentioned problems7.
The spent IER immobilization in a cement matrix is
frequently connected with the problem of excessive
water removal because the cement compound
quality (water-resistance) is determined more by
water/cement ratio than by IER concentration in the
compound8.

Experts believe that the problem of the rise
of the level of the IER incorporation in a cement
matrix can be solved by neutralization of the impacts

that deteriorate physical and chemical properties
of the finished product and hinder the
implementation of the solidification process (for
example, the exothermic reaction of cement
hydration, setting time, and plasticity, in the course
of mixing, of the pulp being solidified). IER amount
that can be incorporated in a cement matrix is a
function of the binder type and the water/binder ratio.
The selection of a cement is an important factor that
determines quality parameters of the solidified
compound9,10.

Due to the above mentioned, it is still
topical to develop and introduce into practice new
types of inorganic binding systems, to develop
formulations of heterogeneous RAW cementation
with the view of increasing the level of filling with
IER, to improve quality parameters of the matrix
material and its durability and, thus, to provide
reduction of volume of the solidified compounds
and enhancement of efficiency of using special
storage facilities for the conditioned RAW.

Alkali-slag binders are a special type of
binders. Their main advantage is good physical and
mechanical properties and performance due to the
synthesis of weakly basic hydrate phases of zeolite
type as a part of stone – analogs of rock-building
minerals11.

Physical and chemical foundations of the
theory of alkali-slag binders (alkali-slag cements
and concretes) that had been developed in the
middle of the XX century for the construction
industry12 have been used then for justifying the
possibility of effective fixation of toxic and radioactive
nuclides in the structure of these compounds with
the view of isolating them from the biosphere13.

Alkali-slag cements are produced by
mixing ground granulated metallurgic slags with
solutions of alkaline metal compounds. They are a
special case of alkaline – alkaline-earth binders of
hydration solidification. The main components of the
alkali-slag cement are metallurgic granulated slags
(blast-furnace, non-ferrous, steel-melting, ashes
and slags of thermal power plants) and compounds
of alkaline metals – sodium and potassium that
demonstrate alkaline properties. The introduction
of special additives of mineral origin – clay, burnt
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rock, glass-like rocks as well as clinker substances,
including Portland cement clinker, makes it possible
to produce alkali-slag cements with special
properties. Specific features of the alkali-slag stone,
which determine its good physical and mechanical
and chemical properties, durability in comparison
with the Portland cement stone is mineralogical
composition of neoformations as well as its porous
structure and structures of the “binder – filler” contact
zone14.

The alkaline compounds, added in the
amounts that are optimal, play the role of not only
slag activators, but act also as an independent
component of an alkali-slag binding system. In the
course of hardening of the cement grout the main
products of the structure formation of alkali-slag
binding systems – zeolite-like hydrate
neoformations are formed as a result of consecutive
processes of gelation, crystallization, and re-
crystallization. They are analogs of water-resistant
rock-building silicate minerals: alkaline and
alkaline-earth hydroalumosilicates
(Na,K)2O×Al2O3(2¸4)SiO2×2H2O and (Ca,
Na2)O×Al2O3×nSiO2×mH2O, etc.; weakly basic
hydrosilicates of calcium, e.g. tobermorates,
(5¸6)CaO×6SiO2×nH2O. These processes take
place during a long time and enhance gradually
the compound resistance to natural media.

The operational advantages of the alkali-
slag binders, as compared with traditional cements
(strength, water impermeability, resistance to
corrosion, frost-resistance, etc.), are consequences
of special features of hardening products, which
do not contain free lime and strongly basic
hydrosilicates that are typical for traditional cement
stone and deteriorate its properties.

In terms of strength properties, alkali-slag
cement surpasses Portland, slag-Portland and
aluminate cements. The alkali component makes
strong plasticizing effect on alkali-slag cement, and,
as a result, it features the reduced water requirement
and the enhanced placeability. The heat rise that 2-
3 times as low (as compared with Portland cement),
high stability in the number of aggressive media,
the enhanced frost-resistance and water
impermeability are specific for alkali-slag cement15.

The porous structure of alkali-slag cement
(as compared with that of Portland cement) features
the enhanced microporosity. The alkali component
that is available in pores of different size and freezes
at the lower temperatures than the porous liquid of
the Portland cement stone determines gradual (not
jump-like) character of freezing and the general
enhanced frost-resistance of the alkali-slag stone.
If the alkali-slag compound contains the filter, the
alkali substances react not only with the slag but
also with the filler’s surface. As the activity of this
interaction increases, the degree of homogeneity
of neoformations along the whole width of the
contact zone rises and facilitates hardening [14].

National and international experts do
research and development on the immobilization
of various RAW using alkali-slag binders as a matrix
material16-20 with the view of optimizing formulations
of solidification of various RAW including the spent
IER.

It is the opinion of experts21 that the
application of slag cements is an illustrative
example of using resource-saving technologies for
solving environmental problems – radioactive waste
is localized using man-made waste as a matrix
material.

The experimental studies of physical and
chemical properties and structure of the
synthesized alkali-slag compounds (geocements)
that have been performed earlier demonstrate that
the application of a special formulation of the alkali-
slag binding system for the solidification of various
types of RAW provides production of a cement grout
(in terms of plasticity, setting time and hardening)
and a cement stone (in terms of correspondence to
NP-019-15 code requirements) with good working
properties. It has been shown that the fixation
strength of main radionuclides of RAW (22Na, 137Cs,
90Sr, σ) of intermediate specific activity in alkali-slag
cement compounds is determined by their
incorporation, by means of isomorphous
replacement, into the structure of water-resistant
zeolite-like neoformations.

The experiments and developments on
cementation were performed for the following types
of RAW and their simulators incorporated in alkali-
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slag compounds:
´ Spent silicate sorbents (clinoptilotite, tripoli,

bentonite, etc.) for concentration of
radionuclides from liquid RAW with a low salt
content;

´ Alkaline (30-50 NaOH by weight) and
alkaline salt concentrates (400-500 g/L) –
the liquid RAW formed in the course of
washing BR-10 and BN-350 reactor
equipment from sodium coolant;

´ The concentrated liquid RAW (CLRAW) with
the increased concentration of the organic
components accumulated over 50 years.

Filling with the dry residue of concentrates
reached up to 30% by weight in the synthesized
alkali-slag compounds depending on composition
and concentration of original liquid RAW, filling with
organic sorbents – up to 35% by weight.

The quality parameters of the synthesized
samples of alkali-slag stone meet the regulatory
requirements specified for the cement compounds
that are formed in the course of cementation of
homogeneous and heterogeneous  liquid RAW of
intermediate activity level (NP-019-15 code) and
can satisfy the requirements for their near-surface
storage.

Durability of the compound being formed
was predicted on the basis of the study of crystal
structure and mineralogical composition of the
samples of alkali-slag cement stones with different
types of the incorporated RAW simulators. This
property will make it possible to provide
environmental safety of long-term storage of
RAW10,16.

EXPERIMENTAL

Three types of alkali-slag binding systems
- based on PC-500 Portland cement, slag-Portland
cement and granulated blast-furnace slag - were
tested for the spent IER immobilization.

In our batches we used the granulated,
finely ground blast-furnace slag of Novotulsky
Metallurgical Plant (NTMK), in accordance with
GOST (State Standard) 34-76-74, which contained
(% by weight): 40.0 SiO2; 6.0 Al2O3; 44.0 CaO; 7.0

MgO; 0.5-1 Fe2O3; 0.2 TiO2. It possessed basicity
properties (basicity index Ib=1.1) and specific
surface of 0.4-0.95 m2/g.

Tripoli is a silicate sorbent from Zikeevsky
deposit. It was used as an additive in all three
binding systems. It is a fine-pored sedimentary rock
with non-uniform mineral composition (opal-
cristobalite, montmorillonite with quartz and
clinoptilotite impurities). The finely dispersed silica
(% by weight: 80-83 SiO2; 7-9 Al2O3; 1.5 CaO+MgO;
2-3 Fe2O3) with a high specific surface (e” 101 m2/g)
predominates in the tripoli composition.

The incorporation of alkali components as
NaOH hydroxide (in accordance with GOST 4328-
77) or as sodium silicate solution (liquid sodium
glass in accordance with GOST 13078-81 with
silicate index Is = 1.5-3) into alkali-slag binding
systems has been substantiated by the known data
and the results of the studies (that have been
performed earlier by the authors) of the application
of alkali-slag cements (geocements) as perspective
binders for the immobilization of various RAW10,14-16.

The intended use of the components and
additives, their concentrations in alkali-slag binding
systems are justified by the following physical and
chemical properties:
´ Alkali compounds act as slag activators and

as an independent component of a binding
system; their presence leads to the
acceleration of dissolution and hydration
processes in the binding system, facilitates
strengthening  of the alkali-slag stone
structure. A necessary amount of NaOH in
the composition of the binding system is
calculated with regard for the requirement of
equimolarity of alkali and alumina oxides in
the binding system that is typical for the most
alkali hydroalumosilicate minerals, which
analogs are formed in the composition of the
alkali-slag stone;

´ Additives of kaolinite, which falls into the
group of non-swelling clay minerals (ion-
exchange properties are generally inherent
in them), help to enhance plasticity of the
binding system and to deliver a necessary
amount of Al

2O3 to the binding system;
´ Additives of tripoli help to enhance strength
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and water-resistance of the cement
compound due to binding of calcium oxide
hydrate by an active silica in the clinker
composition and formation of an additional
amount of weakly basic calcium
hydrosilicates – main carriers of high
strength of silicate hydraulic binding systems;
they also help to enhance stability of the
cement grout by improving its capability to
retain water.

The solidification process was tested using
simulators of a pulp of spent resins of liquid RAW of
a nuclear power plant (NPP) in the form of a mixture
of KU-2-8 (50%) and AB-17 (50%) ion-exchange
resins. As it is known, they are co-polymers of sterol
and divinylbenzene with functional groups of SO3Í
(KU-2-8) and –N(CH3)3OH (AB-17).

Standard procedures for the IER transition
into H+-form (KU-2-8) and OH--form (AB-17)
followed by the transition into other salt forms by
processing a cationite or an anionite with the
saturated solution of the corresponding salt were
taken as the basis for making simulators of the spent
IER. Mixtures of ionites with the pre-determined
ratios (Table 1) were prepared for making simulators
of “low-active” and “high-active” spent IER of NPPs.

In accordance with the procedure of
batching the cement compound simulators of the
spent IER are mixed under the pre-determined
conditions with components of a binding system
made of blast-furnace granulated slag or Portland
cement, or slag-Portland cement with mineral
additives and an alkali component solution in the
ratio that corresponds to the composition of the
cementing formulation being tested; and they are
mixed until a homogeneous cement grout of normal
density is formed.

The first group of batches was made on
the basis of Portland cement (M PC-500 grade in
accordance with GOST 31 108-2003) with additions
of tripoli and an alkali component. The second group
of batches was made on the basis of the finely
ground granulated blast-furnace slag produced by
“NTMK” in the mixture with kaolin (in accordance
with Technical specifications (TS) 5729-10-
40705684), tripoli and an alkali component. The

third group of batches was made on the basis of
slag-Portland cement (up to 70% by weight of slag),
which contained the finely ground granulated blast-
furnace slag produced by “NTMK” and Portland
cement (PC-500) in the ratio of 1.5:1 with the
addition of tripoli and an alkali component.

Simulators of the spent IER that had been
saturated previously with 137Cs radionuclides up to
the specific activity of 3×108 Bq/L using CsNO3

solution with the activity of 8.109 Bq/L were used for
making cement samples for testing water-resistance
by 137Cs leaching rate. The activity of the
manufactured cement samples was 2-2×6.105 Bq/
g.

The cement solution temperature, its
density (by the volume-weight method), cement
solution spreadability (in accordance with GOST
310.4-81), and the cement solution setting time (in
accordance with GOST 310.3-92) were measured
during batching.

Standard dismountable moulds with the
mesh size of 20×20×20 mm were used for making
samples of cement compounds that were subject
to tests for mechanical strength, water-resistance,
and impermeability to water (immersion tests);
standard dismountable moulds with the mesh size
of 70×70×70 mm were used for tests for resistance
to thermal cycles in accordance with GOST
10060.0-95.

The total weight and the composition of
the binding system (% by weight), the solution/
binder ratio (S/B) (water/binder ratio (W/B)), the
degree of the compound filling with IER (% by
weight), and quality parameters of the solidified
cement compound were recorded during
manufacture of the cement compound samples. The
cement stone samples were tested for mechanical
compression strength and impermeability to water
under (25±3)0C after their storage under the normal
humidity conditions for 28 days.

The tests for mechanical compression
strength were performed in accordance with GOST
310.4-81 by a certified procedure at “PRG-150” test
press or “CD-4” universal hydraulic test machine
with the following load ranges: 0-–400, 0–2000,
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and 0–4000 kgf; its loading supports made it
possible to center a sample and to compensate for
non-parallelism of its butt ends. The measurement
error of the ultimate breaking load is ±1%.

The value of the ultimate breaking load
(P), expressed in kgf, and the value of cross-section
area of the samples (Ssample), expressed in cm2, were
obtained by measurements for each of two parallel
samples.

The result of strength measurements (R)
was calculated in MPa by the formula (1):

R = P/Ssample, ...(1)

where
P is maximal value of breaking load, kN,
Ssample is sample’s cross-section area, cm2.

The impermeability to water of the samples
was ascertained by a certified procedure in
accordance with GOST R 52126-2003 by
measuring the rate of 137Cs leaching to water. 137Cs
was identified and its concentration was measured
in the contact solutions by the semiconducting
spectrometry method using a standard g-
spectrometer. 137Cs measurement sensitivity was 5
Bq/100 mL. The measurement error did not exceed
+5%.

The test results were calculated by the
formula (2):

Rn = An/Asp.F.tn, ...(2)

where
Rn is leaching rate during the n-th period of time, g/
cm2.day;
An is activity of the nuclide that has been leached
over this time, Bq;
Asp is specific activity of the nuclide in the original
sample, Bq/g;
F   is open geometric surface of the sample, cm2;
tn is duration of the n-th period of leaching, days.

In addition, in accordance with GOST R
52126-2003 (par.3.2), concentrations of the main
components of the cement matrix – sodium and
calcium ions were analyzed in the contact water

samples, and the rate, at which they went out from
the matrix, was evaluated.

The contact solutions were analyzed for
sodium concentration by the acidimetric titration
method with two indicators (phenolphthalein and
methyl orange); the method sensitivity was 5×10-5 g
of Na per an aliquot of the contact solution.

The contact solutions were analyzed for
calcium concentration by the chelatometry method
in accordance with GOST 3773-72; this method is
based on the ability of calcium ions to form complex
compounds with Trilon B at pH 10-12. The lower
limit of calcium detection is 0.001 mg/sample.

The values of weight and weight
concentration (mn/Ib) of a corresponding ion were
used instead of nuclide activity values (An/Asp) for
calculating the rate of sodium and calcium leaching
from the cement matrix to the contact solution.

RESULTS AND DISCUSSION

The measurement results given in Tables
2-5 reflect qualitative characteristics of the samples
of three groups of alkali-slag compounds that meet
the regulatory requirements (NP-019-15 code), in
terms of mechanical strength (≥4.9 MPa), and
feature the compound filling with IER at the level of
≥ 21% by weight (in terms of the equivalent amounts
of dry resins). It follows from the given Tables that on
the basis of all three alkali-slag binding systems we
synthesized the compound samples filled with resins
at the level of 21-31% by weight, and these samples
featured mechanical compression strength in the
range of 5-14 MPa.

The analysis of the obtained results on the
cement grout quality and mechanical strength of
the samples enables us to conclude that the
application of alkali-slag binding systems for the
immobilization of spent ion-exchange resins makes
it possible to achieve a higher level of the compound
filling with IER, as compared with the known
developments3,17.

As it follows from Tables 2-5, when the alkali
component in the form of NaOH solution is replaced
in the binding system’s composition with liquid
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Table 1: The composition of simulators of NPP’s spent IER

Name of a simulator of Simulator Chemical Ratio of KU-2 Concentration of
NPP’s spent IER components form and AB-17 ionite components in the total

 volumes  volume, % by volume

Simulators of KU-2-8 H+-form 1:1 25
“low-active” IER AB-17-8 OH--form

KU-2-8 Na+-form 1:1 75
AB-17-8 NO3

--form
Simulators of KU-2-8 H+-form 1:1 10
“high-active” IER AB-17-8 OH--form

KU-2-8 K+-form 1:1
KU-2-8 NH4-form
AB-17-8 BO3

3--form 1:1 90

Table 2: The characteristics of the samples based on slag and kaolin with the IER simulated pulps

Sample Compound composition, % by weight S/B Setting Mechanical
 No. total, time,  strength

Slag+Kaolin+ Water NaOH Liquid IER kg/kg Days σσσσσcompr,

Tripoli glass (dry) MPa
Is=1.5

10 58.5 15.5 4.0 - 22.0 0.71 < 1 day 6.7;  6.1
68 54.1 10.3 4.6 - 30.9 0.70 < 1 day 5.9, 6.0
45 50.3 - - 19.6 30.1 0.99 < 1 day 12.6; 11.8
71 51.4 - - 19.1 29.4 0.94 < 1 day 13.3; 8.9

sodium glass solution (with silica index Is=1.5), one
may observe the enhancement of mechanical
strength of the solidified samples (with the
incorporated IER simulators) of all the synthesized
alkali-slag compounds.

The results of immersion tests of the
chosen alkali-slag samples manufactured on the
basis of Portland cement and slag-Portland cement
show that both types of the samples feature high
water-resistance (Table 5). After holding them in
water for 3-4 months the mechanical compression
strength of the samples meets the regulatory
requirements, and numerical values of it for the
alkali-slag compounds based on slag-Portland
cement rise, generally, by the factor of 1.2-1.5.

The results of measurements of the rate of
137Cs, Na and Ca leaching from the studied
samples, the character of leaching as a function of

time of holding the samples in water (shown in
Figures 1-4) reflect high water-resistance of the
synthesized compounds.

The presented data demonstrates that the
rate of 137Cs leaching from the samples with the
incorporated IER that have been manufactured from
slag-Portland cement is about 10-3-10-4g/cm2.day,
but already from the second experimental point
(that corresponds to 3 days during which a sample
was held in water) this value becomes less than
the permissible one: ≤1×10-3 g/(cm2.day). The rate
of 137Cs leaching from the samples manufactured
from PC-500 is less than the permissible value as
well:  ≤1×10-3 g/(cm2.day).

The results of measurements of the rate of
sodium and calcium leaching from a series of
cement samples, the character of leaching as a
function of time of holding the samples in water
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Table 4: The characteristics of the samples based on
slag-Portland cement with the IER simulated pulps

Sample Compound composition, % by weight S/B Setting Mechanical
 No. total, time,  strength

Slag+ PC-500 Water NaOH Liquid IER kg/kg Days σσσσσcompr,

+Tripoli glass MPa
Is=1.5

22 58.3 14.7 3.3 - 23.7 0.65 < 1 day 5.7; 4.2
27 57.8 17.5 3.3 - 25.7 0.66 < 1 day  Cracks
43 47.5 8.5 - 17.0 27.0 0.87 < 1 day 8.9;  9.9
46-2 46.5 7.5 - 17.5 28.5 0.93 2 days 5.2; 11.4
74 56.3 8.7 - 12.0 23.0 0.65 <1 hour 14.4; 14.6
8? 54.6 11.5 - 9.7 24.3 0.70 <1 hour 16.1; 11.7
34-R 58.0 0 - 16.2 25.8 0.62 0.7-1 hour 9.3; 10.7
84 56.7 8.7 - 12.0 22.6 0.67 0.7-1 hour 10.5; 14.7
85 56.3 8.9 - 12.1 22.7 0.66 0.7-1 hour 10.7; 15.0
86 55.0 9.4 - 11.7 23.9 0.70 0.7-1 hour 8.1; 7.9
87 58.2 8.2 - 12.3 21.3 0.62 0.7-1 hour 11.7; 13.5
1-3 56.9 8.2 - 12.1 22.8 0.65 0.7-1 hour 10.9; 11.7
6-3* 56.9 8.2 - 12.1 22.8 0.65 0.7-1 hour 11.4; 11.8
7-3** 56.9 8.2 - 12.1 22.8 0.65 0.7-1 hour 9.0; 9.6

*Sample contains a simulator of low-active IER (see Table 1)

**Sample contains a simulator of high-active IER (see Table 1)

Table 3: The characteristics of the samples based on
PC-500 M Portland cement with the IER simulated pulps

Sample Compound composition, % by weight S/B Setting Mechanical
 No. total, time,  strength

PC+Tripoli Water NaOH Liquid IER kg/kg Days σσσσσcompr,

glass MPa
Is=1.5

24 54.0 18.1 2.1 - 25.8 0.72 <  1 day 7.2; 5.8
23 56.1 18.2 2.1 - 23.6 0.78 <  1 day 5.5; 8.5
34-1 58.2 - - 10.4 31.4 0.72 <  1 day 5.0; 7.6
7U 55.4 12.2 - 5.1 27.3 0.81    < 1 day       9.3; 12.1
44 54.7 9.2 - 6.5 29.6 0.82 <  1 day 11.0; 9.8
73 54.0 4.6 7.7 23.7 0.64 0.7-1 hour 10.3;10.5
77 57.9 9.8 - 7.6 24.7 0.64 0.7-1 hour 11.3; 9.4
47 52.6 9.5 - 9.2 28.7 0.90 <  1 day 12.8; 7.7

and binding system’s composition (shown in Figure
3-4) demonstrate that the developed alkali-slag
cement matrix based on slag-Portland cement with
the incorporated spent IER features higher water-
resistance (by one-two orders of magnitude) in

terms of dissolution and yield of the matrix main
components – sodium and calcium – to the distilled
water in comparison with the alkali-slag matrix
based on Portland cement.
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Table 6: The change of mechanical strength of the samples made of
slag-Portland cement with the IER simulated pulps in case of long-term storage

Sample IER concentration in the S/B, Mechanical strength σσσσσcompr., MPa

No. compound, % by weight kg/kg After storage over After storage over
28 days 5 years

43 27.0 0.87 8.9;  9.9 10.6
85 22.7 0.66 10.7; 15.0 11.6
86 23.9 0.70 8.1; 7.9 8.0; 10.7
87 21.3 0.62 11.7; 13.5 13.0
1-3 22.7 0.65 10.9; 11.7 10.9; 10.2
6-3* 22.8 0.65 11.4; 11.8 12.4; 10.6
7-3**                        22.8 0.65 9.0; 9.6 10.7

*Sample contains a simulator of low-active IER (see Table 1)

**Sample contains a simulator of high-active IER (see Table 1)

Table 5: The results of immersion tests of samples of the alkali-slag compounds
based on Portland cement (PC) and slag-Portland cement (slag-PC)

Sample Weight of Sample Sample Duration of σσσσσ,  MPa σσσσσ,  MPa
No.*  initial weight after composition holding** in before tests  after holding

sample, g holding it in water, days (an average in water
water, g value)

7 13.754 14.30 IER-PC 100 6.87 8.0
34 14.224 14.34 IER-slag-PC 123 9.16 9.85
43 13.709 13.69 IER-slag-PC 114 9.4 9.98
44 14.817 14.94 IER-PC 114 10.4 8.14
73 15.989 16.26 IER-PC 100 10.36 21.1
74 14.930 15.24 IER-slag-PC 100 14.4 23.1

* the samples shaped as cubes (20 × 20 × 20 mm).

** holding with the distilled water replacement.

The alkali-slag binding system based on
the granulated blast-furnace slag with the addition
of kaolin (geocement) makes it possible to
synthesize the compound samples filled with IER
at the level of e” 21% by weight. The solution of
geocement mass features the enhanced plasticity.
The grout was set and a necessary strength that
was sufficient for demolding the samples was
achieved over less than 1 day. As it follows from the
data given in Table 2 and Figure 2, the samples
manufactured on the basis of the geocement
binding system meet the regulatory requirements
specified for mechanical strength and water-
resistance, and are characterized with the values

of 5.9-13.9 MPa and <10-4g/cm2.day (137Cs leaching
rate) already from the second experimental point
(that corresponds to 3 days during which a sample
was held in water). The properties of geocement
compounds with various incorporated RAW of
sorbents were described and analyzed in detail in
paper10.

The application of alkali-slag binding
systems based on Portland cement and slag-
Portland cement for the spent IER immobilization is
of interest as more feasible and cost-effective
version.
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Table 7: The results of making the enlarged batches in the test mixer

Characteristics of initial Batch  1 Batch  2
materials IER – 1.5 kg IER – 1.8 kg
Compositions of binder’s PC-500 + tripoli Slag +PC-500 + tripoli
components and additives *Liquid glass Water *Liquid glass Water

Cement solution characteristics
S/B,  kgΓ/kg 0.81 0.70
Density ρ1,  kg/dm3 1.77 1.57
Temperature, 0C 35 29
Spreadability, mm 90-95 90-95
Setting time, hour 0.7-1 0.7-1
Cement compound characteristics
Weight, volume 5.49 kg;3.10 dm3 7.32 kg;4.65 dm3

IER concentration, % by weight 27.3 (IER) 24.6 (IER)
σ, MPa 12.1;  9.3 9.9
σ,  MPa after holding in water for 90 days 8.0; 8.2 12.1;11.6

*- sodium liquid glass solution with Is = 1.5

As it is known, slag-Portland cement that
is more universal (as compared with pozzolanic
cement) and cost-effective hydraulic binder is
applied for RAW solidification increasingly
frequently. Due to active mineral additives (blast-
furnace granulated slag, natural hydraulic additives
of tripoli, diatomite) slag-Portland cement features
the enhanced water-resistance and resistance to
sulfates and has satisfactory airproof and frost-
resistant properties1.

The ideas exist14 that durability of alkali-
slag compounds is predicted proceeding from
special features of the structure formation process.
Zeolite-like hydrate neoformations – analogs of
water-resistant rock-building silicate minerals are
formed through this process in the structure of an
alkali-slag stone. These processes take place over
long time and gradually enhance the compound
resistance to natural media.

As it follows from the data given in Table 6,
mechanical strength of the samples made of slag-
Portland cement (PC-500 mixed with blast-furnace
granulated slag) with the incorporated simulated
pulps of IER after storage under normal humidity
conditions over 5 years enhanced for almost all
tested samples.

The enlarged batches were made in a test
mixer of 18L in volume for experimental tests of the
formulations. It enabled us to manufacture cement
solutions and solidified compounds of 5.5kg and
7.3kg in weight; and they included the spent IER in
the amount of 27.3% and 24.3% by weight,
correspondingly (Table 7).

The quality evaluation of the solution-
cement mass in the course of batching showed
satisfactory uniformity, absence of lumps or residual
dry impurities in the main bulk of the solution-cement
mass as well as in the near-wall sections of the
mixer in all batches.

It has been found out that a temperature
rise (as compared with the initial one) was not
observed during batching of the solution-cement
mass using the well-tried formulations as well as
during hardening of the enlarged samples. The
setting time of the solution-cement mass made in
accordance with the well-tried formulations did not
exceed 1-2.5 hours.

The characteristics of the samples
manufactured from slag-PC as well as from PC-
500 meet the set quality criteria related to
mechanical compression strength and water-
resistance (Table 7).
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Fig. 4: The rate of calcium leaching from
cement stone samples with the simulated IER

(26-29% by weight) based on alkali-slag binders
(1 – sample No.43 based on slag-PC)
(2 – sample No. 44 based on PC-500)
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Fig. 3: The rate of sodium leaching from cement
stone samples with the simulated IER (26-29%

by weight) based on alkali-slag binders
 (1 – sample No. 43 based on slag-PC)
(2 – sample No.44 based on PC-500)

Fig. 1: The rate of 137Cs leaching from cement
stone samples with the simulated IER (24.3-24.7%
by weight) based on alkali-slag binding systems

(1 – sample No. 8U based on slag-PC )
(2 – sample No.77 based on PC-500)
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Fig. 2: The rate of 137Cs leaching from cement
stone samples with the simulated IER (~ 29%
by weight) based on granulated blast-furnace

slag with kaolin  (sample No.71)

The measurements of density of alkali-
slag cement solutions carried out by the volume-
weight method show changes in the range of 1.50-
1.65 kg/m3 depending on the solution/binder ratio
(Fig. 5).

Proceeding from the experimental results,
the alkali-slag binding system based on slag-
Portland cement, that contains the finely ground
granulated blast-furnace slag in accordance with
GOST 34-76-74, Portland cement (M PC-500
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Fig. 5: Cement solution density as a function
of the solution/binder ratio in the cement
samples made of slag-Portland cement

with the incorporated spent IER

grade), tripoli, alkali component as sodium silicate
solution in accordance with GOST 13078-81 with
silica index Is=1.5 (liquid glass, D=300 g NaOH/liter),
has been recommended as the most perspective
system for direct solidification of the spent IER of
NPPs.

The obtained data enabled us to make
calculation assessment of the consumption of an
alkali-slag binding material for the immobilization
of the spent IER of NPPs per a 200L barrel; the
filling factor was 0.9. It follows from the calculation
results that the consumption of binder’s dry
component for the solidification of 100 kg of the
spent IER’s pulp will be 170 kg including the finely
ground granulated blast-furnace slag, Portland
cement and tripoli as well as 30 kg of the alkali
component as liquid glass solution with Is=1.5.
Filling with resins reaches the level of 24.6-27.3%
by weight (in terms of dry IER) or 58-70% by weight
of the IER pulp in the compound in case when the
spent IER are solidified in the alkali-slag binding
system.

Therefore, the incorporation of the spent
IER in the alkali-slag matrix makes it possible to
reduce the binding material consumption by the
factor of 2.4 in comparison with Portland cement
(filling factor in terms of dry IER is 10% by weight)
and by the factor of 1.3 in comparison with the known
slag binders (filling factor in terms of dry IER is 18.2%
by weight), while a compound with better quality
parameters is produced.

CONCLUSION

The results of studies of how mechanical
strength and water-resistance of alkali-slag samples
meet the regulatory requirements of NP-019-15 and
RD-95 10497-93 codes attest high quality of the
alkali-slag compounds filled with IER up to the level
of 24.6-27.3% by weight and manufactured by the
developed formulations on the basis of Portland
cement, slag-Portland cement, and blast-furnace
finely ground granulated slag. Mechanical strength
is ³5-14 MPa, 137Cs leaching rate after 3 days of
holding in water is (3.2-9.5×10-4) g/cm2×day for the
solidified compounds with the incorporated IER.
Calcium leaching rate is (1-6)×10-4 g/cm2×day after
one day of holding in water.

It has been concluded from the tests of
137Cs, sodium, and calcium leaching from the alkali-
slag samples that the compounds based on slag-
Portland cement binding system with the
incorporated spent IER demonstrate higher water-
resistance (by one-two orders of magnitude) of the
main matrix components – sodium and calcium - in
comparison with the samples based on Portland
cement binding system.

The results of sampling water-resistance
tests demonstrated the enhancement of mechanical
strength of the compounds after immersion tests by
the factor of 1.2-1.5.

The quality analysis of the cement grout
and the solidified matrices enables us to
recommend the alkali-slag binding system based
on the finely ground granulated blast-furnace slag
and Portland cement (PC-500) at the ratio of 1.5:1
with the addition of the dispersed silica (of gaize-
tripoli type under TS 21663-001-26127152-94, M-
80 grade) and the alkali component as liquid sodium
glass in accordance with GOST 13078-81 with silica
index Is=1.5, as more technological system for
solving the task – direct cementation of NPP’s IER
on the basis of an alkali-slag binding system.

The obtained data enabled us to make
calculation assessment of the consumption of a
binding material for the immobilization of the spent
IER of NPPs. This assessment demonstrated that
the solidification of the spent IER to an alkali-slag
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matrix in accordance with the developed
formulation made it possible to reduce the binder
consumption by the factor of 2.4 in comparison with
traditional inorganic binders and by the factor of
1.3 times in comparison with the known slag
binders, while a compound with better quality
parameters is produced.

Tests of mechanical strength of the alkali-
slag samples after long-term storage (5 years)
proved experimentally the enhancement of
mechanical strength of the samples in the course
of time.

The results of tests of quality parameters
of the alkali-slag compounds with the incorporated
spent IER as well as the results of the earlier
performed studies of crystal structure and
mineralogical composition of samples of alkali-slag
cement stones with the incorporated various

simulators of RAW demonstrate that the application
of an alkali-slag binding system for the
immobilization of NPP’s spent IER makes it possible
to provide not only a higher level of filling with RAW
components but also the improved quality of cement
compounds and, above all, to provide their long-
term storage, during which the compound strength
and water-resistance rise in the course of time.
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