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This paper presents the results of optimizing the composition of an aluminosilicate binder based on the main 
structure-forming oxides SiO2/Al2O3 and H2O/Al2O3, with the aim of obtaining an effective matrix for the conditioning 
of liquid radioactive waste. It is shown that during heat treatment of the samples at temperatures of 60 and 120 °C, 
followed by curing under normal conditions for 7 and 28 days, the binders under consideration exhibit average 
densities ranging from 1.58 to 1.83 g/cm³ and compressive strengths ranging from 25 to 36 MPa, which is 5.6–8 times 
higher than the criterion value (Rcm > 4.5 MPa). The optimal compositions of aluminosilicate binders lie within a 
region bounded along the X1 axis by a SiO2/Al2O3 ratio of 7.5 to 8 mol, along the X2 axis by an H2O/Al2O3 ratio of 
15 to 15.5 mol, and along the X3 axis by a ground slag content ranging from 5 to 6 per cent. The aluminosilicate 

binders from the specified region belong to the mordenite type Na2OAl2O3(7.5–8)SiO2(15–15.5)H2O and will be 
used for the conditioning of boron-containing liquid radioactive waste.  

 

INTRODUCTION 

Ukraine has a powerful nuclear industry, which 
includes all components of the nuclear fuel cycle (NFC): 
from uranium mining, primary enrichment at mining and 
enrichment plants, to nuclear energy production at 15 
NPP units, an underdeveloped processing system and a 
low-efficiency radioactive waste disposal system. Every 
year, up to tens of millions of tons of Class 1 hazardous 
waste are generated at NPPs; only one NPP generates 
about 28 t of various types of radioactive waste, of which 
about 20 t are spent nuclear fuel (SNF). Today, there are 
already problems with the storage of SNF (cubic residue 
of about 9,000 thousand m3, molten salt of about 
3,000 thousand t) and long-term radioactive waste (up to 
80 thousand m3). The issue of their safe conditioning and 
safe disposal arises. This problematic situation they be 
solved by expanding the use of alkaline binders as matrix 
systems, which will help prevent radiation threats, 
especially those currently emerging from the aggressor 

country − Russia. 
Therefore, the issue of developing effective methods 

for handling radioactive waste (RW) is relevant, namely 
the introduction of effective binder systems into 
conditioning technologies. Conditioning of evaporated 
residues from reactor coolers with alkaline 
aluminosilicate (geocement) matrices is primarily aimed 
at creating compounds with stable characteristics 
(strength, frost resistance, radiation resistance, low 
porosity and leaching rate, etc.) during long periods of 
their storage and disposal due to chemical binding of 
uranium fission products, which will contribute to 
effective strategies for the disposal of radioactive waste. 

LITERARY REVIEW AND PROBLEM 

STATEMENT 

It should we noted that the main ideas for identifying 
the binding properties of alkaline elements were 
formulated in the late 1950s by the Ukrainian scientist 
V.D. Glukhovsky [1]. He discovered that alkaline 
activation of burnt clay rocks contributes to the formation 

of new formations in the hardening products, which are 
direct analogues of natural zeolites and feldspathoids. 
Such materials were called soil silicates (alkaline 
hydroaluminosilicates), and in modern interpretation ‒ 
geocements. After 20 years, J. Davydovich somewhat 
expanded the idea of V.D. Glukhovsky [2, 3] in the 
direction of creating binders obtained by dissolving 

metakaolin in an alkaline medium [4−6]. He introduced 
the term “geopolymers”, the same as geocements. 

The basis for obtaining such binders is the formation 
of artificial zeolite-like minerals through the dissolution 
of powdered mineral substances rich in amorphous silica 
and alumina in an alkaline medium, and the 
polycondensation of the dissolution products into three-
dimensional aluminosilicate structures. When using 
highly reactive metakaolin, a complete transition of 
amorphous silica and alumina into new formations 
occurs with the formation of an artificial material of 
monomineral composition. 

Currently, more than 85 public and private research 
institutes worldwide are engaged in the study of 
geocements (geopolymers). Significant research into 
their development has been carried out by Ukrainian 
scientists: A. Baranovsky, G. Voznyuk, V. Gonchar, 
M. Mokhort, G. Popel and others; and by foreign 
researchers: T. Kriven (USA), F. Giacobello & 
F. Pankotti (Italy), M. Kumar (UK), P. Sturm 
(Netherlands), V.F.F. Barbosa (Brazil), L. Theodon 
(France), I. Lodeiro & A. Fernández-Jiménez (Spain), 
E. Vance (Australia) and others. 

Research into and development of geocement 
(geopolymer) compositions they being conducted along 
the same lines as for slag-alkali binders – studies of the 
influence of composition [7, 8]. The fineness of grinding 
and the particle size distribution of the raw materials, and 
the curing conditions [9]. The type and content of the 
activator and other factors affecting the composition [10]. 
The influence of the composition of new formations on 
the properties of the binder [11]. The search for new types 
of raw materials [12]. The search for ways to reduce the 
alkali content, the improvement of technical and 
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operational properties through the introduction of 
chemical and mineral additives [13], fibres of various 
types and dispersibility [14, 15]; the use of various 
activation methods [16–20]. 

A conceptual model of the geocement 
polycondensation process they shown in Fig. 1. 

 

 

Fig. 1. Conceptual design of polycondensation 

process 

In Figs. 2, 3, illustrate the polycondensation reactions 
of hydrolysed aluminate and silicate particles and the 
formation of a 3D geocement matrix, followed by the 
dissolution and hydrolysis of the aluminosilicate 
precursor [21]. 

 
Fig. 2. Polycondensation of hydrolyzed aluminate and 

silicate species and formation of 3D geocement network 

 
Fig. 3. Dissolution and hydrolysis reaction of the 

alumino-silicate precursor 

More detailed information on the polycondensation 
processes in geocements involving the formation of zeolite-like 
phases such as hydronepheline Na2O·Al2O3·2SiO2·2H2O, 
natrolite Na2O·Al2O3·3SiO2·2H2O, analcime 
Na2O·Al2O3·4SiO2·2H2O, an artificial helandite 
Na2O·Al2O3·6SiO2·15H2O and mordenite 
Na2O·Al2O3·8SiO2·15H2O is presented in the works [22–26].  

 

Fig. 4. The reliability of radionuclide retention 
depending on the nature of their interaction with cement 

minerals 

The presence of the above-mentioned phases in 
geocements will facilitate the chemical binding of 
radionuclide ions into water-insoluble compounds 
(Fig. 4), which will be located in 3D unsaturated voids 
and held in place by electrostatic forces (Fig. 5). 

 

Fig. 5. Radioactive elements ‘encapsulated’ in the 
synthetic zeolite matrix of geocements:  

1 – radionuclides; 2 – matrix 
In geocement technology, the balance of key molar 

ratios determines the polycondensation of the 
aluminosilicate network, the formation of the gel phase, 
and durability [13]. The SiO2/Al2O3 ratio is critical for 
tuning the structural and chemical properties of 
geocements. Adjusting this ratio using specially selected 
mixtures of precursors and additional silica additives 
significantly alters the kinetics of dissolution, hardening 
and strength development. A higher silica content 
promotes the formation of dense Si-O-Al and Si-O-Si 
bonds, improving compressive strength and 
microstructural integrity, particularly under gamma 
irradiation [27], by accelerating the formation of 
mordenite-type zeolite. 

According to [27], a SiO2/Al2O3 ratio in the range of 
3.4–3.8 increases viscosity, improves mouldability and 
enhances long-term mechanical stability. Tightly cross-
linked aluminosilicate networks with a higher silica 
content improve thermal stability, chemical resistance 
and resistance to freezing and thawing. Other molar 
ratios also play a significant role in the 
geopolycondensation process [27]: 

• Na2O/SiO2 and Na2O/Al2O3 are critical for 
regulating the alkaline environment and the dissolution 
of precursors, ensuring stable polycondensation; 

• H2O/Na2O governs the kinetics of dissolution and 
gel formation, directly influencing workability and final 
strength; 

• SiO2/Na2O regulates network connectivity and 
mechanical stability, with higher ratios promoting 
microstructural homogeneity and reducing pore 
connectivity. 

According to [28], at a SiO2/Al2O3 ratio of 2, sodalite, 
faujasite and EMT zeolite may appear in the reaction 
products of geocement. The results of MAS NMR 
spectroscopy of 29Si and 27Al indicate predominantly 
Si(4Al) and Al(4Si) sites, which is consistent with the 
presence of zeolite A, hydrosodalite, sodalite and              
N-A-S-H gel compared to a low SiO2/Al2O3 ratio. 

The study [29] examined aluminosilicate 
compositions with SiO2/Al2O3 ratios ranging from 0.5 to 
300, which were prepared from mixtures of 

dehydroxylated kaolinite with -Al2O3 or fine Aerosil 
SiO2, at constant Na2O/SiO2 and H2O/SiO2 ratios. All 
compositions set at room temperature, but those with a 
high alumina content had low strength and did not exhibit 
the typical XRD and NMR characteristics of geocements. 
Unlike compositions with SiO2/Al2O3 ratios ranging 
from 2 to 300. Which exhibited typical XRD patterns of 
an amorphous geopolymer and NMR spectra of 27Al, 
29Si, and 23Na. Samples with increasing SiO2 content 
(SiO2/Al2O3 > 24) exhibited increasingly elastic 
behaviour, deforming rather than fracturing brittle, and 
upon heating to 100…250 °C, their hydration water was 
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released in the form of bubbles, forming stable foamed 
materials at approximately 300 °C. 

Using an experimental modelling tool based on the 
CCD method to determine the optimal influence of the 
components of the geocement mixture (the content of 
silicate SiO2 and alumina Al2O3) on the strength 
properties of the composite, the researchers [30] 
established an optimal silica-to-alumina ratio of 3.7. 

In a study of the behaviour of geocements as their 
compressive strength [31] varied as a function of curing 
temperature at 20 and 80 °C. As well as the molar ratios 
SiO2/Al2O3 = 2.64–4.04 and Na2O/Al2O3 = 0.62–1.54, 
the optimal ratios for geocement hardening at 20 °C were 
determined as SiO2/Al2O3 = 2.96 and Na2O/Al2O3 = 0.62, 
reaching 85 MPa after 28 days. Curing at 80 °C had a 
positive effect on strength development only during the 
first 3 days. X-ray diffraction of the geocement 
formulations revealed the formation of amorphous 
hydroaluminosilicates. The microstructure of the 
artificial stone consisted of unreacted quartz, 
metakaolinite particles and unreacted silica gel within a 
hydroaluminosilicate matrix. The paper [32] examines 
the benefits of using geocements for the immobilisation 
of low- and intermediate-level radioactive waste. It 
highlights the advantages of rapid setting, the formation 
of radiolytic hydrogen, fire resistance, and behaviour 
during freeze-thaw cycles. 

Romanian researchers [33] found in their work that 
geocement, obtained by reacting an aluminosilicate 
precursor (BFS + volcanic tuff) with an alkaline activator 
(NaOH and Na2SiO3), at a SiO2/Al2O3 ratio of 
3.67…4.76, provides compressive strength ranging from 
19.3 to 34.97 MPa. 

There is evidence regarding the use of geocement, 
activated with NaOH and Na2SO3, for the immobilisation 
of spent ion-exchange resins and fly ash [34]. Gamma-
spectrometric analysis revealed the presence of 40K, 226Ra 
and 232Th in fly ash, whilst in spent ion-exchange resins, 
134Cs, 137Cs, 152Eu, 54Mn, 58Co, 60Co, and 65Zn. The 
incorporation of up to 10% of these wastes into the 
geocement matrix contributes to the production of 
samples with a strength of up to 6.1 MPa. 

In [35], it they noted that geocement exposed to 
gamma radiation during setting retained satisfactory 
compressive strength, demonstrating high radiation 
resistance. This indicates that it is a promising binder for 
the immobilisation of waste containing Cs and Sr. 

In [36, 37], it was noted that geocement of a 
mordenite composition and composite cement are 
promising binders for the conditioning of boron-
containing evaporated radioactive waste. 

Analysis of the information provided has shown that 
the most common SiO2/Al2O3 ratio for producing 
geocements in the conditioning of evaporated liquid 
radioactive waste is 2–4. Geocements with a higher silica 
content (SiO2/Al2O3 > 10) are technologically unsuitable 
for such purposes.  

The aim of this study they therefore to optimise the 
composition of geocement in the “Na2O-Al2O3-nSiO2-
mH2O” system, intended for the conditioning of liquid 
radioactive waste (LRW) at a SiO2/Al2O3 ratio of 4–8 and 

an H2O/Al2O3 ratio of 15–20 at various curing and setting 
temperatures. 

MATERIALS AND METHODS 

The object of the study was alkaline composite 
cements of type V [38]. Alkaline aluminosilicate binders 
(synonym – geocements) were obtained by sol-gel 
synthesis technology [39–41] using the following raw 
materials: metakaolin (Mk), microsilica (M), liquid glass 

(Мs=2.6, =1.36 g/cm3) and NaOH. Adjustment of the 
compositions of aluminosilicate binders for the main 
structure-forming oxides nSiO2/Al2O3=4–8 and 
mH2O/Al2O3=15–20 was carried out in accordance with 
the recommendations [23, 25]. Ground granulated blast 
furnace slag (BFS) of the Mariupol Ilyich Metallurgical 
Plant we used as a hardener. The chemical composition 
of the main components of the binders we given in 
Table 1. 

                                                                  Table 1 
Chemical composition of raw materials 

Oxide 
content, % 

Мk М BFS 

SiO2 53.42 96.0 38.28 

Al2O3 43.8 0.47 6.52 

Fe2O3 0.75 0.4 0.36 

CaO 0.52 1.7 45.46 

MgO – 0.1 5.02 

MnO ‒ – 0.42 

K2O 0.75 0.2 0.45 

Na2O 0.25 0,2 0.42 

Others – 0.93 1.37 

LDC 1.2 – – 
 

Aluminosilicate gels we obtained by dispersing solid 
phases in a dispersion medium with a cavitation mixer 
for 3 min. To determine the physical and mechanical 
properties, the gels of the studied compositions were 
poured into 3x3x3 cm molds and heat-treated at 60 and 
120 °C for 4 h. Additionally, taking into account the 
characteristics of the conditioning of the LRW, the 
samples after heat treatment at 60 °C we placed in a 
desiccator and kept for 7 and 28 days. Optimization of 
the binder compositions was carried out using a three-
factor simplex central planning of experiments in the 
mathematical environment STATISTICA 12 with the 
implementation of a special cubic model that takes into 
account the nonlinearity of the influence of factors on the 
properties of the initial parameters. 

The coefficients of variation and the matrix for 
experimental design we given in Tables 2 and 3, and the 
implementation of the experiment this given in Tables 4 
and 5. 

Table 2  
Variation intervals and values of variable factors 

Factors, 
type 

Natu- 
ral 

Coded 

Levels of 
variation 

Variation 
interval 

0 1 

SiO2/Al2O3 mole X1 4 8 4 

H2O/Al2O3 mole X2 15 20 5 

BFS % X3 5 12 7 
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                                                                                                                                              Table 3 
Experiment planning matrix 

Plan points 
Matrix plan in codes Full size matrix plan 

X1 X2 X3 SiO2/Al2O3 H2O/Al2O3 BFS 

1 0.00 1.00 0.00 4 20 5 

2 0.33 0.33 0.33 5.3 16.7 7.3 

3 1.00 0.00 0.00 8 15 5 

4 0.50 0.50 0.00 6 17,5 5 

5 0.00 0.00 1.00 4 15 12 

6 0.50 0.00 0.50 6 15 8.5 

7 0.00 0.00 0.50 4 17,5 8.5 

Table 4 
Correspondence of coded values to natural values 

Coded 
Natural 

SiO2/Al2O3 (Х1) H2O/Al2O3 (Х2) BFS (Х3) 
0 4 15 5 

0.25 5 16.25 6.75 

0.5 6 17.5 8.5 

0.75 7 18.75 10.25 

1.0 8 20 12 

Table 5 
Physical and mechanical characteristics of samples of artificial stone on geocement-based 

Plan 
points 

, g/cm3, after heat treatment and hardening of 
samples under normal conditions 

Rcm, MPa, after heat treatment and hardening of 
samples under normal conditions 

60 С 120 С 
after 60 С 

60 С 120 С 
after 60 С 

7 day 28 day 7 day 28 day 
1 1.5 1.17 1.56 1.58 5.79 8.17 3.76 12.22 

2 1.63 1.52 1.77 1.81 8.93 8.64 9.64 11.11 

3 1.81 1.61 1.82 1.85 25.37 28.69 17.07 36.67 

4 1.74 1.67 1.78 1.80 8.24 10.29 9.33 13.89 

5 1.71 1.31 1.68 1.70 12.58 9.62 9.48 15.56 

6 1.86 1.43 1.73 1.75 23.01 19.93 23.30 14.44 

7 1.64 1.28 1.65 1.69 10.13 11.20 7.80 15.56 
 

The physical and mechanical properties of samples 
from aluminosilicate binders were determined according 
to the current regulatory and technical documents of 
Ukraine [42]. 

RESULTS AND DISCUSSION 

Because of mathematical processing of the results of 
experimental data (see Table 4), regression equations     
(1–8) we obtained, which reflect the influence of the 
studied factors on the change in the physical and 
mechanical properties of geocement samples: 
60=1.81Х1+1.5Х2+1.71Х3+0.34Х1Х2+0.4Х1Х3
+0.14Х2Х3-3.81Х1Х2Х3; 

 
(1) 

60
7=1.82Х1+1.56Х2+1.68Х3+0.36Х1Х2-

0.08Х1Х3+0.12Х2Х3+1.05Х1Х2Х3; 

 
(2) 

60
28=1.85X1+1.58X2+1.7X3+0.34X1X2-

0.1X1X3+0.2X2X3+1.38X1X2X3; 

 
(3) 

120=1.61Х1+1.17Х2+1.31Х3+1.12Х1Х2-
0.12Х1Х3+0.16Х2Х3+0.75Х1Х2Х3; 

 
(4) 

Rcm
60=25.4Х1+5.8Х2+12.6Х3-

29.4Х1Х2+16.1Х1Х3+3.8Х2Х3-

124.2Х1Х2Х3; 

 

 

(5) 

Rcm
60

7=17.1Х1+3.8Х2+9.5Х3-

4.3Х1Х2+40.1Х1Х3+4.7Х2Х3-133.9Х1Х2Х3; 

 

(6) 

Rcm
60

28=36.67X1+12.22X2+15.56X3-42.22X1X2-

46.7X1X3+6.68X2X3-33.36X1X2X3; 

 

(7) 

Rcm
120=28.7Х1+8.2Х2+9.6Х3-

32.6Х1Х2+3.1Х1Х3+9.2Х2Х3-124.3Х1Х2Х3. 

 

(8) 

The response surfaces are shown in Figs. 6–13. 

Analysis of equation (1) shows that the variation 

factors are significant, the most significant influence on 

the change in the density values of the samples is exerted 

by factors X1 and X3 (Fig. 6,b). Moreover, due to the joint 

action of these factors, 80% of the effect is achieved 

(Fig. 6,c); the action of factor X2 and the products of the 

factors provide up to 20% of the effect. At a processing 

temperature of 60 °C.  

   
a b c 

Fig. 6. Influence of variation factors on changes in density, g/cm3, of geocement samples after hardening at 

T=60С: a – volumetric diagram; b – expected reactions; c – Pareto chart of effects  
1 
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The isolines of maximum density values from 1.76 to 

1.85 g/cm3 (Fig. 6,a) are located in the left part of the 

ternary space with a simultaneous increase in the 

SiO2/Al2O3 ratio from 4 to 8 mol (factor Х1), the amount 

of slag from 5 to 12% (factor Х2) and a decrease in the 

H2O/Al2O3 ratio from 17.5 to 15 mol (factor X3). 
Analysis of equation (2) shows that the variation 

factors are significant, the most significant influence on 
the change in the density values of the samples is exerted 

by the factors X1, X3, and X2 (Fig. 7,b). Moreover, due 
to the joint action of these factors, 80% of the effect is 
achieved (Fig. 7,c); the joint action of the products of the 
factors provides up to 20% of the effect. After heat 
treatment at 60 °C and holding the samples for 7 days 
under normal conditions, it leads to a slight decrease in 
the density values from 1.73 to 1.82 g/cm3 (Fig. 7,a) due 
to the renewal of hydrate formation in alkali 
aluminosilicates 

   
a b с 

Fig. 7. Influence of variation factors on changes in density, g/cm3, of geocement samples after hardening at T=60°C 
and aging for 7 days under normal conditions: a ‒ volumetric diagram;  

b – expected reactions; с – Pareto chart of effects 
 

The contours of maximum density values are located to 
the left of the central region of the ternary space with a 
simultaneous increase in the SiO2/Al2O3 ratio from 5.5 to 8 
mol (factor Х1), H2O/Al2O3 from 15 to 18 mol (factor X2) 
and the amount of slag from 5 to 9% (factor Х3). 

Analysis of equation (3) shows that the variation factors 
are significant, the most significant influence on the change 
in the density values of the samples is exerted by the factors 
X1, X3, and X2 and the product of the factors X1X2X3 (Fig. 
8,b). Moreover, due to the joint action of these factors, 80% 
of the effect is achieved (Fig. 8,c); the joint action of other 

products of the factors provides up to 20% of the effect. 
After heat treatment at 60 °C and aging of the samples for 
28 days under normal conditions, the density values from 
1.79 to 1.85 g/cm3 (Fig. 8,a) remain unchanged, which 
indicates the completion of hydrate formation in alkali 
aluminosilicates. The contours of maximum density values 
are located to the left of the central region of the ternary 
space with a simultaneous increase in the SiO2/Al2O3 ratio 
from 5.2 to 8 mol (factor Х1), H2O/Al2O3 from 15 to 18 mol 
(factor X2) and the amount of slag from 5 to 9% (factor Х3).  

    

a b с 
Fig. 8. Influence of variation factors on changes in density, g/cm3, of geocement samples after hardening at 

T=60 °C and aging for 28 days under normal conditions: a – volumetric diagram;  
b – expected reactions; с – Pareto chart of effects  

 

Analysis of equation (4) shows that the variation factors 
are significant, the most significant influence on the change 
in the density values of the samples is exerted by the factors 
X1, X3, and X2 and the product of the factors X1X2 (Fig. 
9,b). Moreover, due to the joint action of these factors, 80% 
of the effect is achieved (Fig. 9,c); the joint action of other 
products of the factors provides up to 20% of the effect. 
After heat treatment at 120 °C, the density values are in the 
range from 1.58 to 1.7 g/cm3 (Fig. 9,a), their decrease is 
associated with the processes of removal of physically 
bound water and partially hydrated water from zeolite-like 
new formation and low-basic calcium hydrosilicates.  

The contours of maximum density values are located to 
the left of the central region of the ternary space with a 
simultaneous increase in the SiO2/Al2O3 ratio from 6.5 to 
8 mol (factor Х1), H2O/Al2O3 from 15 to 17.5 mol (factor 
X2) and the amount of slag from 5 to 8% (factor Х3). 

Analysis of equation (5) shows that the variation factors 
are significant, the most significant influence on the change 
in the strength values of the samples is exerted by the factors 
X1, X3, and the product of the factors X1X3 (Fig. 10,b). 
Moreover, due to the joint action of these factors, 80% of 
the effect is achieved (Fig. 10,c); the joint action of the 
factors X2 and other products of the factors provide up to 
20% of the effect. After heat treatment at 60 °C, the strength 
values are in the range from 21 to 25 MPa (Fig. 10,a). The 
isolines of the maximum strength values occupy a rather 
narrow strip, which takes place on the left side of the ternary 
space with a simultaneous increase in the SiO2/Al2O3 ratio 
from 5 to 8 mol (factor Х1), the amount of slag from 5 to 
10% (factor Х3) and a decrease in the H2O/Al2O3 ratio from 
16 to 15 mol (factor X2). 
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a b c 

Fig. 9. Influence of variation factors on changes in density, g/cm3, of geocement samples after hardening at 

T=120 °C: a – volumetric diagram; b – expected reactions; c – Pareto chart of effects 
 

  
 

a b с 

Fig. 10. Influence of variation factors on compressive strength, MPa, of geocement samples after hardening at 

T=60°C: a – volume diagram; b – expected reactions; с ‒ Pareto chart of effects 
 

Analysis of equation (6) shows that the variation 
factors are significant, the most significant influence on 
the change in the strength values of the samples is exerted 
by the product of factors X1X3, factors X1, and X3 
(Fig. 11,b). Moreover, due to the joint action of these 
factors, 80% of the effect is achieved (Fig. 11,c); the joint 
action of factors X2 and other products of factors provide 

up to 20% of the effect. After heat treatment of the 
samples at 60 °C and their hardening for 7 days under 
normal conditions, the strength values are in the range 
from 20 to 22 MPa (Fig. 11,a), which is somewhat less 
than in the previous case. The decrease in strength is 
associated with the resumption of hydrate formation 
processes in alkali aluminosilicates. 

  
 

a b с 

Fig. 11. Influence of variation factors on compressive strength, MPa, of geocement samples after hardening at 

T=60 °C and aging for 7 days under normal conditions: a – volumetric diagram; b – expected reactions; 

 с – Pareto chart of effects

The isolines of maximum strength values occupy a 
rather narrow strip, which occupies a place on the left 
edge of the ternary space with a simultaneous increase in 
the SiO2/Al2O3 ratio from 4.5 to 8 mol (factor X1), the 
amount of slag from 5 to 11% (factor X3) and a decrease 
in the H2O/Al2O3 ratio from 16 to 15 mol (factor X2). 

Analysis of equation (7) shows that the variation 
factors are significant, the most significant influence on 
the change in strength values is exerted by factor X1 
(Fig. 12,b), due to the action of which 80% of the effect 
is achieved (Fig. 12,c); the combined action of factors X2, 
X3, and other products of factors provide up to 20% of 
the effect. After heat treatment of samples at 60 °C and 
their hardening for 28 days under normal conditions, the 
strength values are in the range from 31 to 36 MPa 
(Fig. 12,a), which is significantly higher compared to the 

previous hardening period. The increase in strength is 
associated with the crystallization of zeolite-like 
neoplasms and mixed sodium-calcium aluminosilicate 
phases in the alkaline matrix. The isolines of maximum 
strength values are located in the left corner of the ternary 
space, the area of which is limited by the ratios of 
SiO2/Al2O3 from 7.5 to 8 mol (factor Х1), H2O/Al2O3 
from 15 to 15.75 mol (factor X2) and the amount of slag 
from 5 to 6.5% (factor Х3). 

Analysis of equation (8) shows that the variation 
factors are significant, the most significant influence on 
the change in strength values is exerted by the factor X1, 
X3, and the product of the factors X2X3 (Fig. 13,b), due 
to the action of which 80% of the effect is achieved 
(Fig. 13,c); the combined action of the factors X2 and 
other products of the factors provide up to 20% of the 



166                                                                       ISSN 1562-6016. Problems of Atomic Science and Technology. 2026. №4(164) 

effect. After heat treatment of the samples at 120 °C, the 
strength values are in the range from 23 to 28 MPa 

(Fig. 13,a), which is significantly higher compared to the 
strength of the samples heat treated at 60 °C. 

  

 

a b с 
Fig. 12. Influence of variation factors on compressive strength, MPa, of geocement samples after hardening  

at T=60 °C and aging for 28 days under normal conditions: a – volumetric diagram; 
 b – expected reactions; с ‒ Pareto chart of effects 

 

The increase in strength is associated with the 
formation of zeolite-like crystalline phases. The isolines 
of maximum strength values are located in the left corner 
of the ternary space, the area of which is limited by the 

ratios of SiO2/Al2O3 from 6 to 8 mol (factor X1), 
H2O/Al2O3 from 15 to 15.75 mol (factor X2) and the 
amount of slag from 5 to 7% (factor X3). 

 
 

 

a b с 
Fig. 13. Influence of variation factors on compressive strength, MPa,  

of geocement samples after hardening at T= 120 оС: a – volumetric diagram; 
 b – expected reactions; с – Pareto chart of effects  

 

The area of existence of aluminosilicate binder 
compositions that meets the requirements of the initial 
criteria we determined by the method of superimposing 
the response surfaces of flat diagrams (Fig. 14).  

 

Fig. 14. Combined diagram of the influence of variation 

factors and processing temperatures on the change 

in the physical and mechanical properties of 

aluminosilicate binders 

This area is limited on the X1 axis by the SiO2/Al2O3 
ratio from 7.5 to 8 mol, on the X2 axis by the H2O/Al2O3 
ratio from 15 to 15.5 mol and on the X3 axis by the 
amount of ground slag from 5 to 6% aluminosilicate 
binders. Regardless of the processing temperatures, we 
characterized by a density from 1.58 to 1.83 g/cm3 and a 
compressive strength from 25 to 36 MPa. 

Aluminosilicate binders from the specified region of 
composition existence belong to the mordenite type with 

the structural formula Na2OAl2O3(7.5–8)SiO2(15–
15.5)H2O [9, 36] and will be used in the conditioning of 
boron-containing LRW [43–45]. 

CONCLUSIONS 

Because of the work, the composition of the 

aluminosilicate binder we optimized according to the 

main structure-forming oxides and the region of 

existence of the compositions was determined, which 

corresponds to the established initial criteria. It is shown 

that during the heat treatment of samples at temperatures 

of 50 and 120 °C, and their hardening under normal 

conditions for 7 and 28 days, the obtained binder 

compositions are characterized by average density values 

from 1.58 to 1.83 g/cm3 and compressive strength from 

25 to 36 MPa. The optimal compositions of 

aluminosilicate binders are located in the region limited 

along the X1 axis by the SiO2/Al2O3 ratio from 7.5 to 

8 mol, along the X2 axis by the H2O/Al2O3 ratio from 15 

to 15.5 mol, and along the X3 axis by the amount of 

ground slag from 5 to 6%. Aluminosilicate binders from 

the specified area belong to the mordenite type with the 

structural formula Na2OAl2O3(7.5–8)SiO2(15–

15.5)H2O and will be used for conditioning boron-

containing LRW. 
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ОПТИМІЗАЦІЯ В'ЯЖУЧИХ РЕЧОВИН У СИСТЕМІ «Na2O-Al2O3-nSiO2-mH2O»  

ЯК МАТРИЦІ ПРИ КОНДИЦІЮВАННІ РІДКИХ РАДІОАКТИВНИХ ВІДХОДІВ 

Сергій Гузій 

Представлено результати оптимізації складу алюмосилікатного в’яжучого по основним 

структуроутворюючим оксидам SiO2/Al2O3 і H2O/Al2O3 з метою отримання ефективної матриці при 

кондиціюванні рідких радіоактивних відходів. Показано, що під час теплової обробки зразків за температур 

60 і 120 °C і з їх наступним твердінням за нормальних умов на протязі 7 і 28 днів розглянуті в’яжучі 

характеризуються середніми значеннями щільності від 1,58 до 1,83 г/см³ і міцності при стиску від 25 до 

36 МПа, що в 5.6–8 разів вище за критеріальну (Rcm  4,5 МПа). Оптимальні склади алюмосилікатних 

в’яжучих знаходяться в області, що обмежена вздовж осі X1 співвідношенням SiO₂/Al₂O₃ від 7,5 до 8 моль, 

вздовж осі X2 – співвідношенням H₂O/Al₂O₃ від 15 до 15,5 моль, а вздовж осі X3 – вмістом меленого шлаку 

від 5 до 6%. Алюмосилікатні в'яжучі зі зазначеної області належать до морденітового типу Na₂OAl₂O₃        

(7,5–8)SiO₂(15–15,5)H₂O і будуть використовуватися для кондиціонування борвмісних рідких радіоактивних 

відходів. 
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