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The possibility of retaining Cs+ and Co2+ bound by immobilization processes in the cement
matrix is defined as the subject of its investigation: the cement matrix formulation, the water/cement ratio, the amount of waste, and the porosity of such a structure. Implementing the
standard leaching method by Hespe the possibility of comparing different authors' results
was achieved. Diffusion and semi-empirical model were used to investigate the transport phenomenon in order to predict the leaching level for a long period of time. Leaching of Co2+ and
Cs+ ions under dynamic conditions immobilized in the cement matrix dynamic conditions decreases with the increase of the sludge content, regarding porosity increase. The effects of the
diffusion and surface washing are equalized, and the contribution of the matrix dissolution to
the Cs+ and Co2+ transport in the cement porous media increases, on average, for one order of
magnitude. The semi-empirical model gives a better approximation for Co2+ and Cs+ leaching process for the duration of the experiment while both models significantly approximate
leaching results in dynamic conditions.
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INTRODUCTION
The activity of the nuclear industry generates
significant amounts of liquid and solid radioactive
waste (RW). The RW is produced in the processes of
the nuclear fuel cycle, the industry of exploitation,
processing, and enrichment of uranium ore, the activity of reactors of nuclear power plants and research
centers, application of radionuclides in research institutes, hospitals and industry [1-8]. The RW contaminants are mainly b/g emitters that occur in the form of
activated corrosive products (60Co and 54Mn) or fission products (137Cs and 90Sr). Regarding radiation
and toxic effects as well as abundances in waste
streams, the most important RW pollutants for analysis
and treatment are 60Co and 137Cs [2]. In order to immobilize the RW of the low and middle level of activity,
the solidification of the concentrate is accomplished
by binding to inactive matrices: usually cement, bitumen, polymeric materials, and rarely glass. Even
though cement has several unfavorable characteristics
as a solidifying material, e. g., low volume reduction
and relatively high leachability, it possesses many
* Corresponding author; e-mail: dusan@vin.bg.ac.rs

practical advantages: good mechanical characteristics, low cost, easy operation and radiation, and
thermal stability.
The radionuclide leaching process from the cement matrix can be viewed successively through three
phases [9]:
– phase transformation of the dissolution component from the cement matrix composition in the
solvent,
– dissolved component diffusion of the matrix to its
surface, and
– matrix dissolved component migration to the surrounding solvent mass
The rate of radionuclide release from the cement
matrix will be determined by the slowest process.
The possibility of retaining radionuclides bound
by immobilization processes in the cement matrix is
defined as the subject of its investigation: the cement
matrix formulation, the water/cement ratio, the
amount of waste, and the porosity of such a structure,
based on the tests determining the level of their deposition. Implementing the standard leaching testing
method by Hespe [10] accepted by the International
Atomic Energy Agency (IAEA), the possibility of
comparing different authors' results was achieved.
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MATHEMATICAL MODELING OF CS+
AND Co2+ LEACHING BEHAVIOR FROM
CEMENT MATRIX

Flux, j(t), of Cs+ and Co2+ ions, dimension [mgcm2
in the time unit through the sample contact surface S
[cm2], for x ® 0 is therefore
d–1],

Diffusion model

j( t ) x ®0 = -De

The diffusion model is used to investigate the
transport phenomenon in order to predict the leaching
level for a long period of time, and in the past period,
several mathematical interpretations of this problem
have been published [11-13]. Common to the more recently set problem interpretations of linking the
radionuclides diffusion coefficients, from the composition of the cement matrix and their leaching rate from
the matrix surface, are basically starting from the
Fick's law of diffusion.
The assumptions and boundary conditions that
we must implement for the diffusion model application are [14, 15]:
– the mobility of Cs+ and Co2+ ions is limited by diffusion,
– the sample is semi-infinite in the direction of the
negative x axis, ensuring that the waste cumulative leaching fraction does not exceed 20 %,
– the concentration of Cs+ and Co2+ ions is uniformly distributed to the waste, and their quantity
in the center of the matrix does not change during
the leaching period, and
– the concentration of Cs+ and Co2+ ions at the
boundary phase is zero.
The corresponding differential equation and the
boundary conditions that define this law can be presented as
De
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The total concentration of radionuclides accumulated in the leaching solution for each Nth sampling
period over the total duration of the experiment T (d) is
N
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where C0 [mg dm–3] is the initial concentration of Cs+
and Co2+ ions in matrix, V [cm3] – the volume of the
sample exposed to distilled water, S [cm2] – the total
surface area exposed to distilled water, and C [mg dm–3]
– the concentration of Cs+ and Co2+ ions in the leaching
solution according to its Nth variation.
Using the experimentally obtained values for
SCn [mg dm–3] a graph can be created
åC n V
= f ( åt )
C0 S
If the experimental data are obeyed by linear dependence, it can be assumed that diffusion is the dominant mechanism in the process of separating the
radionuclide from the cement matrix and from the slope
of the right, m
D
(12)
m=2 e
p
the effective diffusion coefficient, De [cm2d–1], can be
calculated using the term
2

æ mö
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Semi-empirical model

where C [mgdm–3] is the concentration of Cs+ and Co2+
ions, x [cm] – the distance, t [s] – the time, and De
[cm2d–1] – the effective diffusion coefficient.
The solution of eq. (1) is
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Using the leaching cumulative fraction as a
function of time, we distinguish three different mechanisms: surface wash off, dissolution and diffusion
[14].
A mathematical model involving all three leaching mechanisms is very complex, and the obtained results have very limited practical application.
In order to overcome this problem, the semi-empirical model is adopted, based on an orthogonal-polynomial equation, which describes the leaching of
waste constituents immobilized in a solid matrix over
a long period of time [16]. The leaching cumulative
fraction is expressed according to this model
åC n
= K 1 + K 2 t 1/ 2 + K 3 t
C0

(14)
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where K1 is the constant representing the contribution
of surface wash-out to radionuclide transport, K2 – the
constant representing the contribution of diffusion to
the radionuclides transport (s–1/2), K3 – the constant
representing the contribution of a kinetically controlled solution to the radionuclides transport (s–1), and
t [s] – the duration of the experiment.

EXPERIMENTAL PART

Preparation of cement matrix
The defined composition of the cement matrix,
as well as the initial Cs+ and Co2+ ions concentration,
C0 [mg dm–3], are listed in tab. 1. Materials of the cement matrix are:
– Portland cement, PC-35 (MPa), manufacturer
Lafarge,
– Sand- “'Moravac”', granulate 2 mm,
– Distilled water, electrical conductivity G £ 1.5 ×
106 W cm–1 and pH = 6.2, and
– Sludge, density rsludge = 1.075 gcm–3
The materials were treated in a planetary mixer
to achieve a degree of viscosity that ensures the transfer of the cement matrix to the prepared molds. Using
the mixer with a planetary mixing method, cement matrixes of high structure homogeneity are obtained. The
duration of mixing after the batch is limited to 15 minutes, usually 5 minutes after achieving the required
degree of viscosity. The rotational speed of the mixer
is limited to n1 = 75 rpm while the batch counter to
n2 = 35 rpm.

Investigation of leaching in
dynamic conditions
Leaching investigation of Co2+ and Cs+ ions, immobilized in the cement matrix M1, M2, and M3 in dynamic conditions, was adapted to the standard ANS
test 16.1 [17]. The shape and dimensions of the test
sample, as well as the shape and dimensions of the vessels, the experimental temperature, are identical to the
standard method by Hespe [10]. The sample was completely immersed in 0.5 liters of distilled water while
Table 1. The initial concentration of Cs+ and Co2+ ions
and the cement matrix composition for the production of
the samples V = 1 dm3
Composition
Cement [g]
Sludge [g]
Sand [g]
H2O [ml]
Cs+ [mgdm–3]
Co2+ [mgdm–3]

M1
933
280
747
93
457
819

CEMENT MATRIX
M2
M3
1000
1000
350
500
700
600
40
0
572
817
1024
1463
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the volume flow of the distilled water circulating
around the sample was 200 l day–1. The leaching solution is exchanged after 1st, 2nd, 3rd, 4th, 5th, 6th, 7th, 8th,
10th, 12th, 14th, 16th, 18th, 21st, 23rd, 25th, 28th day and
any change in the leaching solution is an incremental
contribution to the total concentration of ions release.
The concentration of Co2+ and Cs+ metal ions was
measured by the method of atomic absorption spectrometry using Perkin Elmer Analyst 200.
During the experiment, attention was paid to the
reproducibility of the obtained results. The combined
measurement uncertainty of the experimental procedure was expressed by a statistical analytical procedure and was less than 5 % [18-20].

RESULTS AND DISCUSSION

Leaching of Co2+ and Cs+ ions immobilized in
the cement matrix, M1, M2, M3 in the dynamic conditions decreases in the following series M3 > M2 > M1.
The leaching increases with the increase of the sludge
content, regarding porosity increase, figs. 1 and 2.
Leaching level of Co2+ ions is more than two orders of magnitude smaller than leaching level of Cs+
[21-25]. Due to the high alkalinity of the cement matrix
(pH > 10), the Co2+ ions react with the hydroxide ions,
creating a cobalt-hydroxide which can formerly react
with CO2 and form insoluble cobalt-carbonate [24]. Cobalt can also be exchanged with calcium cations that are
present in the C-S-H gel by forming analogous cobalt
complex salts which, by crystallizing, become part of
the cement matrix structure.
Conversely, cesium ions retention in the cement
matrix is poor [21-24]. Cesium is an element of a large
atomic radius and a weak electric field. Therefore, it
does not hydrolyze in solution and is present in the free
cationic form at all pH values. Moreover, precipitating
cesium ions are rarely constituent of the complex salts
that are retained in the matrix structure.
In the dynamic performance of the experiment,
fluid circulation around a sample of the cement matrix
is carried out with its constant depth depletion for the
observed ion, thereby establishing a higher concentration gradient than in the static performance of the experiment [26]. Consequently, higher values of the effective diffusivity coefficients, De, as well as the
higher values of the constants K1 and K2 in the
semi-empirical leaching model are established.
The destructive action of the fluid circulation
around the cement matrix sample leads to its dissolution. This phenomenon is confirmed by the semi-empirical model, where the dissolution constants K3 absolute values are significantly higher and much less
distinctive than the diffusion constants K2 values in the
static conditions.
Generally, in the dynamic conditions, the effect
of diffusion and surface flushing is balanced, and the
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contribution of matrix dissolution to the ions transport
in the cement porous medium increases on average for
one order of magnitude. In consideration of all this, it
becomes clear why the leaching level of Co2+ and Cs+
ions in dynamic is incomparably greater than that in
static conditions. [26-28]. As expected, the leaching
for Cs+ is almost three orders of magnitude greater
than for Co2+.
Although diffusion model cannot describe the
entire leaching process, it is very suitable for simulation due to its simplicity [29]. Based on the value of the
regression coefficient, the semi-empirical model gives
a better approximation for Co2+ and Cs+ leaching process for the duration of the experiment [29, 30]. Furthermore, both models significantly approximate
leaching results in dynamic conditions.
In tab. 2 the effective diffusion coefficients values, De, and the regression coefficients, R, are presented, calculated by leaching diffusion model of Cs+
and Co2+ ions immobilized in the cement matrices M1,
M2, and M3 under dynamic conditions.
In tab. 3 the constants K1, K2, K3 values and the
regression coefficients, R, are presented calculated by
semi-empirical leaching model of Cs+ and Co2+ ions
immobilized in cement matrices M1, M2, and M3 under dynamic conditions.
CONCLUSION

Leaching of Co2+ and Cs+ ions immobilized in
the cement matrix, M1, M2, M3 in dynamic conditions
decreases in the following series M3 > M2 > M1, with
the increase of the sludge content, regarding porosity
increase. Cs+ and Co2+ leaching level in dynamic is
three and two orders of magnitude greater than in static
conditions, respectively.
In dynamic conditions, the effects of the diffusion and surface washing are equalized, and the contribution of the matrix dissolution to the Cs+ and Co2+
transport in the cement porous media increases, on average, for one order of magnitude.
The semi-empirical model gives a better approximation for Co2+ and Cs+ leaching process for the duration of the experiment while both models significantly
approximate leaching results in dynamic conditions.

Figure 1. Leaching of Cs+ ions bound in 100 g of sludge,
immobilized in the cement matrix M1, M2, and M3 under dynamic conditions

Figure 2. Leaching of Co2+ ions bound in 100 g of sludge,
immobilized in the cement matrix M1, M2, and M3 under dynamic conditions
Table 2. Effective diffusion coefficients values, De [cm2d–1],
and regression coefficients, R, calculated by leaching
diffusion model of Cs+ and Co2+ ions immobilized in the
cement matrices M1, M2, and M3 under dynamic
conditions
CEMENT MATRICES
Diffusion molding
parameters
De(Cs+)
De(Co2+)
R(Cs+)
R(Co2+)

M1

M2
–3

2.94×10
3.63×10–6
0.993
0.996

M3
–3

4.74×10 5.36×10–3
6.78×10–6 8.81×10–6
0.990
0.992
0.995
0.993

Table 3. Constants K1, K2 [s–1/2], K3 [s–1] vs. and regression
coefficients, R, calculated by semi-empirical leaching model
of Cs+ and Co2 ions immobilized in cement matrices M1, M2,
and M3 under dynamic conditions
CEMENT MATRICES
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KINETIKA IZLU@IVAWA Cs+ I Co2+ U DINAMI^KIM USLOVIMA
Mogu}nost zadr`avawa Cs+ i Co2+ procesima imobilizacija u cementnom matriksu defini{e se preko formulacije cementog matriksa, odnosa voda/cement, koli~ina otpada i poroznosti takve strukture. Uz pomo} implementacije standardnog metoda izlu`ivawa prema Hespeu
postignuta je mogu}nost upore|ivawa rezultata razli~itih autora. Za istra`ivawe fenomena
transporta kori{}en je difuzioni i poluempirijski model kako bi se predvideo nivo izlu`ivawa
za du`i vremenski period. Izlu`ivawe imobilisaih jona Cs+ i Co2+ u cementnom matriksu u
dinami~kim uslovima raste sa pove}awem sadr`aja muqa i poroznosti. Efekti difuzije i povr{inskog spirawa su izjedna~eni, a doprinos rastvarawa matriksa pri transportu Cs+ i Co2+
pove}ava se, u proseku, za jedan red veli~ine. Poluempirijski model daje boqu aproksimaciju
procesa izlu`ivawa Cs+ i Co2+ tokom trajawa eksperimenta, dok oba modela dobro aproksimiraju
rezultate izlu`ivawa u dinami~kim uslovima.
Kqu~ne re~i: radioaktivni otpad, cementna matrica, ispirawe, matemati~ko modelovawe

