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1. Introduction
An urgent task of environ-

mental safety is to solve prob-
lems not only in the removal 
of residual concentrations of 
radioactive 137Cs+1 [1, 2] from 
low-level aqueous solutions, 
but also in the utilization of 
the sorption product. The most 
common methods of cesium 
ion extraction are adsorption, 
ion exchange, chemical pre-
cipitation, chemical reduction, 
membrane technologies, coag-
ulation, extraction, ion f lota-
tion [3–6]. Adsorption methods 
have become the most widely 
used in liquid radioactive waste 
decontamination technologies 
due to a wide range of adsor-
bents, process efficiency, simple 
technology and a wide range 
of applications [7]. The most 
effective sorbents for cesium 
extraction are ferrocyanide 
sorbents (synthetic materials 
based on iron (III), nickel (II), 
copper (II) and other metals 
or their mixtures) [8, 9]. These 
materials, due to their stability, 
cost, and sorption parameters, 
are superior to the known syn-
thetic sorbents based on silica 
gel and silica. The issue of im-
mobilization of low-level radio-
active ferrocyanide complexes 
arises, namely, the creation of a 
mineral-like durable matrix in 
which the complexes be chemi-
cally bound.

In our opinion, it is advis-
able to use alkali-activated ce-
ments [10] for immobilization of 
waste of low and medium specif-
ic activity, which they character-
ized by high strength and water 
resistance. In case of radionu-
clides immobilization in them, 
the latter is incorporated into 
the cement stone structure as 
an active chemical component 
and reliably bound in it. The 
synthesis of zeolite-like hydrate 
formations in alkaline cement 
stone, which have a high sorp-
tion capacity, is an additional factor in the physical blocking of 
radioactive elements. Toxic elements not only form the struc-
ture of the artificial stone, but also find themselves locked in 
the three-dimensional lattice of the zeolite matrix, which has 
large energy-unsaturated cavities  [11, 12].

Alkali-activated cements are products of the chemical 
interaction of alkali element compounds with an aluminos-
ilicate component. In the case of metallurgical slag, the min-

eralogical composition of the 
curing products (slag cements) 
also includes tobermorite -like 
low-base calcium hydrosilicates, 
hydrogranates, and alkaline-al-
kaline earth hydroalumina of 
zeolite type [13, 14].

Thus, unlike traditional ce-
mentation, when radionuclides 
fixed only mechanically in the 
cement stone matrix, cemen-
tation with alkaline activated 
cements allows their long-term 
fixation due to adsorption and 
chemical binding.

The aim of the study is to 
establish the possibility of im-
mobilizing dry low-level radio-
active waste containing copper 
ferrocyanide with alkali-acti-
vated cements. To achieve this 
goal, it to plan to solve the fol-
lowing tasks, namely, to opti-
mize alkali-activated cement by 
adding magnetite, zeolite and 
dry radioactive waste based on 
copper ferrocyanide and deter-
mine the main properties of the 
compound.

2. Materials and Methods
In the study, alkaline slag 

Portland cement LCEM IV [10] 
are used, obtained by mixing 
ground granulated blast fur-
nace slag – slag basicity mod-
ule 1.09; Blaine specific surface 
3000 cm2/g (ArcelorMittal, 
Kryvyi Rih, Ukraine) and 
Portland cement PC I-500 
(Dyckerhoff, Ukraine) in a ra-
tio of 80:20. As alkaline acti-
vators, a mixture of Na2CO3 
and Na2SiO3⋅5H2O is used in 
the amounts regulated by [10], 
and sodium lignosulfonate 
“Borresperse Na” (Norway) is 
used as a plasticizer. Magne-
tite concentrate (Poltava Min-
ing Plant, Ukraine) and zeo-
lite (Sokyrnytsia Zeolite Plant 
LLC, Ukraine) were used as 
additives-modifiers. The dry 
average composition of real ra-
dioactive waste obtained after 

sorption of cesium ions with complex sorbents based on 
copper ferrocyanide (RW – dry radioactive waste) is used as 
low-level radioactive waste.

The optimization of the compositions of the compounds 
was carried out using a three-factor simplex central design of 
the experiment in the mathematical environment STATISTI-
CA 12 with the implementation of a special cubic model that 
takes into account the non-linearity of the influence of factors 
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on the properties of the initial parameters. The factors of vari-
ation and the matrix for planning the experiment they given 
in Tables 1, 2.

The following parameters they chosen as the initial pa-
rameters: mass, density, compressive strength and activity. The 
compressive strength of the mixture samples after 7 and 28 days 
was determined on 3×3×3 cm cubes of alkali-activated cement 
(W/C=0.36=const), which was cured at a relative humidity of 
65 % at a temperature of 20±2 °C. The activity of the compound 
samples (ARR) is measured using a FoodLight radiometer 
(developed by State Institute “Institute of Environmental Geo-
chemistry” of National Academy of Sciences of Ukraine). The 
technical characteristics of the device are as follows:

– NaI(TI) detector with a crystal ∅63×63 mm;
– lead protection thickness 40 mm;
– energy resolution of the spectrometer is 6.5 %;
– minimum detection activity for 137Cs1+ 2 Bq/l;
– mode of express measurement 1–5 min;
– standard volume of measuring samples in a Marinelli 

vessel is 1.00±0.01 l;
– own background is not more than 5 imp/s;
– time for setting the operating mode is not more than 10 min.
The numerical values of the initial parameters they given 

in Table 3. The standard level of assessment of the compressive 
strength of composites on the 28th day of curing should be at 
least 10 MPa.

3. Results
Using the three-factor simplex central plan, mathematical 

models (1), (2) and isoparametric surfaces of response func-
tions (Fig. 1) of the influence of the varied factors on changes 
in the mass of composites after 7 and 28 days of curing were 
obtained:

m7=58.22x1+53.74x2+47.41x3–30.16x1x2–
–23.38x1x3+19.74x2x3+108.16x1x2x3,	 (1)

m28=54.94x1+52.47x2+42.75x3–
–38.38x1x2–27.46x1x3+25.48x2x3+122.1x1x2x3.	 (2)

Using the three-factor simplex central plan, mathematical 
models (3), (4) and isoparametric surfaces of response func-
tions (Fig. 2) of the influence of the varied factors on changes in 
the density of composites after 7 and 28 days of curing:

ρ7=1.95x1+1.9x2+1.6x3–0.76x1x2–
–0.42x1x3+0.26x2x3+8.1x1x2x3,			   (3)

ρ28=1.86x1+1.87x2+1.44х3–1.15x1x2–
–0.54х1x3+0.43x2x3+5.54x1x2x3.		  (4)

Using a three-factor simplex central plan, mathematical mod-
els (5), (6) and isoparametric surfaces of response functions (Fig. 3) 

were obtained for the influence 
of varying factors on changes 
in the compressive strength of 
composites after 7 and 28 days 
of curing:

= + +
+ − −
− − +
+

7 3 1 7.8 2
0.43 3 18.88 1 2
5.18 1 3 5.46 2 3
73.89 1 2 3,

csR x x
x x x
x x x x

x x x (5)

= + +
+ − −
− −
− +
+

28 6.1 1 13.9 2
0.87 3 35.68 1 2
10.5 1 3
11.34 2 3
155.91 1 2 3.

csR x x
x x x
x x

x x
x x x   (6)

Using the three-factor 
simplex central plan, math-
ematical models (7), (8) and 
isoparametric surfaces of re-
sponse functions (Fig. 4) of 
the inf luence of the varied 
factors on changes in the ra-
diation activity of composites 
after 7 and 28 days of curing:

ARR7=19.9x1+33.26x2+
+12.31x3–55.58x1x2–
–42.8x1x3–69.34x2x3+
+359.7x1x2x3,	 (7)

ARR28=19.74x1+30.78x2+
+10.79x3–51x1x2–
–40.26x1x3–61.38x2x3+
+261.7x1x2x3.	 (8)

Table 1
Variation factors

Factors, view Natural Codes
Varying levels Interval of varia-

tion0 1
Magnetite % Х1 5 15 10

Zeolite % Х2 2.5 7.5 5
RW % Х3 10 25 15

Table 2
Planning matrix experiment

No. point plan
Matrix plan codes Matrix plan in full size

X1 X2 X3 Magnetite Zeolite RW
1 0.00 1.00 0.00 5 7.5 10
2 0.33 0.33 0.33 8.3 4.2 15
3 1.00 0.00 0.00 15 2.5 25
4 0.50 0.50 0.00 10 5 10
5 0.00 0.00 1.00 5 2.5 25
6 0.50 0.00 0.50 10 2.5 17.5
7 0.00 0.00 0.50 5 5 17.5

Table 3
Results of experiment

No. 
point 
plan

Hardening 7 days Hardening 28 days

m, g ρ,  
g/cm3 Rcs, MPa ARR, 

Bq m, g ρ,  
g/cm3

Rcs, 
MPa

ARR, 
Bq

1 53.74 1.901 7.8 31.49 52.47 1.871 13.9 29.06
2 53.37 2.016 3.2 14.77 50.09 1.789 6.34 11.45
3 58.22 1.958 3.0 18.22 54.94 1.863 6.1 18.02
4 48.44 1.739 0.68 10.96 44.11 1.58 1.08 10.79
5 47.41 1.601 0.43 10.54 42.75 1.439 0.87 9.07
6 46.97 1.623 0.42 3.68 41.98 1.515 0.86 3.48
7 55.51 1.815 2.75 3.68 53.98 1.761 4.55 3.62



5

CHEMICAL ENGINEERING

Fig. 1. Influence of variable factors on the change in mass (g) 
of composites on response surfaces with the expected responses 

after curing: а, b – 7 day; c, d – 28 day

а

b

c

d

Fig. 2. Influence of variable factors on the change in density (g/cm3) 
of composites on response surfaces with the expected responses 

after curing: а, b – 7 day; c, d – 28 day

а

b

c
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Fig. 3. Influence of variable factors on the change in 
compressive strength (MPa) of composites on response surfaces 
with expected reactions after curing: а, b – 7 day; c, d – 28 day

а

b

c

d

Fig. 4. Influence of variable factors on the change in radiation 
activity (Bq) of composites on response surfaces with expected 

reactions after curing: а, b – 7 day; c, d – 28 day

а

b

c

d
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4. Discussion and scope of application
The analysis of regression equations (1), (2) shows that the 

varied factors are significant for the change in the weight of the 
compounds both on day 7 of curing and on day 28, with the 
most significant effect of x1 and x2, which is confirmed by the 
expected responses shown in Fig. 1, b, d. The isoparametric sur-
faces are similar but differ in numerical values (Fig. 1, a, c). Re-
gardless of the influence of the factors, on average, the weight of 
the composites on the 28th day of curing decreases by 1.07 times 
compared to the 7th day (Table 3). 

The analysis of regression equations (3), (4) shows that 
the varied factors are significant for changing the density 
of the compositions both on the 7th day of curing and on 
the 28th day, with the most significant effect being exerted 
by x1 and x2, which is confirmed by the expected responses 
shown in Fig. 2, b, d. The isoparametric surfaces are similar 
but differ in numerical values (Fig. 2, a, c). The maximum 
density value (2.016 g/cm3) is characteristic of a compound 
containing 8.3 wt. % magnetite, 4.2 wt. % zeolite, and 15 wt. % 
radioactive waste. On the 28th day of solidification, the iso-
lines of the maximum values of the densities of the compo-
sitions (1.867 g/cm3) shift to the region containing 10 wt. % 
magnetite, 10 wt. % zeolite and 17.5 wt. % radioactive waste. In 
general, the densities of the compounds decrease by 1.07 times 
compared to day 7 (Table 3).

Analysis of the regression equations (5), (6) shows that the 
varied factors are significant for the change in compressive 
strength both on the 7th day of curing and on the 28th day, with 
the most significant effect being exerted by factor x2, which is 
confirmed by the expected responses shown in Fig. 3, b, d. The 
isoparametric surfaces are similar but differ in numerical val-
ues (Fig. 3, a, c). The maximum value of compressive strength 
at 7 days of curing – 7.8 MPa, and at 28 days – 13.2 MPa is 
characteristic of the compound containing 15 wt. % magnetite, 
7.5 wt. % zeolite, and 10 wt. % radioactive waste. In general, the 
compressive strength of the composites increased by 1.87 times 
compared to day 7 (Table 3).

The analysis of regression equations (7), (8) shows that the 
varied factors are significant for the change in radiation activity 
values both on the 7th day of curing and on the 28th day, with 
the most significant effect being exerted by factor x2, which 
is confirmed by the expected responses shown in Fig. 4, b, d. 
The isoparametric surfaces are similar but differ in numerical 
values (Fig. 4, a, b). The maximum radiation activity values of 
31.49 and 29.06 Bq, respectively, are characteristic of a com-
pound containing 15 wt. % magnetite, 7.5 wt. % zeolite, and 
10 wt. % of radioactive waste. In general, the values of radiation 
activity of the compounds decrease by 1.09 times compared to 
the 7th day (Table 3).

The processes occurring in the volume of compounds 
explain the decrease in mass, density and radiation activity of 
the compounds. The energy released during the radioactive 
decay of cesium, strontium and other radionuclides absorbed 
by magnetite and converted to heat [15]. Heat promotes the re-
moval of both physically bound and partially chemically bound 

water from the structure of tobermorite-like low-basic calcium 
hydrosilicates, hydrogranates and alkaline-alkaline-earth zeo-
lite-type hydrous aluminosilicates, as well as from the hydrate 
shell of copper ferrocyanide. This assumption is confirmed by 
the data of [16, 17].

5. Conclusions
As a result of optimization of a compound based on alka-

li-activated slag-portland cement, the areas of existence of com-
positions containing magnetite in the amount of 14...15 wt. % 
(factor X1), zeolite in the amount of 6.5...7.5 wt. % (factor x2) 
and dry radioactive waste based on copper ferrocyanide in the 
amount of 10...12 wt. % (factor x3), which allow obtaining an 
artificial stone with a compressive strength of 13.2 MPa on the 
28th day of hardening, which meets the requirements of the reg-
ulatory level. It has been shown that the priority factor affecting 
the indicators of changes in mass, compressive strength density 
and radiation activity of composites is the addition of zeolite, 
which contributes to the formation of alkaline-alkaline-earth 
hydroalumina of zeolite-like type in the binder, which, in turn, 
contribute to a decrease in the intensity of β-radiation from 
copper ferrocyanide-based waste. The presence of magnetite in 
the composition of the compound contributes to the scattering 
of γ-radiation from cesium ions. The presence of hydrosilicate 
and hydroalumino silicate compounds in alkaline slag Portland 
cement curing products helps to reduce heat release from radio-
nuclide decay.
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