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The probability of Cs* and Co?* jons retention by immobilization processes in the cement
matrix was determinate as the subject of analyses: matrix design, water/cement ratio, and
structure porosity. Comparison of experimental results was accomplished by Hespe standard
leaching method. Diffusion and semi-empirical models were used for the assessment of the
washing rate as a function of time. The higher value of cement matrix mechanical resistance
corresponds to alower value of Co?* and Cs* ions leaching. The Co?* leaching level was more
than two orders of magnitude less than the leaching level of Cs*. The influence of bentonite
and zeolite on Co?* leaching reduction was significantly smaller in comparison with Cs*,
while zeolite had a higher Cs* and Co?* sorption ability than bentonite. Under static leaching
conditions, the contribution of diffusion to the total transport of ions in the matrix porous
medium was dominant. The contribution of matrix dissolution was insignificant concerning
the dominant contribution of diffusion and surface washing. The semi-empirical model
showed a better approximation of the Co?* and Cs* ions laboratory leaching process.
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INTRODUCTION

Liquid and solid radioactive waste (RW) is gener-
ated in the processes of the nuclear fuel cycle, the indus-
try of exploitation, processing, and enrichment of ura-
nium ore, the activity of reactors of nuclear power plants
and research centers, application of radionuclides in re-
search institutes, hospitals and industry [1, 2]. Further-
more, RW pollutants are mainly 8/y emitters that occur in
the form of activated corrosive products (°*Co and **Mn)
or fission products ('*’Cs and *°Sr). To facilitate immobi-
lization of the RW, the solidification of the concentrate is
achieved by binding to inactive matrices: generally, ce-
ment bitumen, polymeric materials, and glass. Cement
has several unfavorable characteristics as a solidifying
material, e. g. low volume reduction and relatively high
leachability, but it keeps many practical advantages such
as good mechanical characteristics, low cost, easy opera-
tion, and thermal and radiation stability.

The probability of radionuclides retention by im-
mobilization processes in the cement matrix was deter-
minate as the subject of analyses: cement matrix formu-
lation, water/cement ratio, and structure porosity. The
comparison of the different leaching results could be ac-
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complished by the implementation of the standard leach-
ing method by Hespe [3], which was approved by the
International Atomic Energy Agency (IAEA).

The diffusion model is used to study the trans-
port phenomenon in order to predict the leaching rate
as a function of time, and numerous mathematical
analyses are available [4, 5]. The assumptions and
boundary conditions that must be implemented for the
diffusion model application make sense in the experi-
mental static conditions, if a successive change-re-
newal of the leaching solution is carried out, where the
concentration of Cs* and Co?" ions in the liquid phase
is negligible compared to the solid phase [6, 7]. If the
experimental data are obeyed by linear dependence,
diffusion is the dominant mechanism in the process of
separating the radionuclide from the cement matrix.
The corresponding differential equations solution
could be presented as the effective diffusion coeffi-
cient, D,, calculated by the slope of the right, m, from
the graphics of cumulative leaching fraction of Cs*
and Co?" ions as a time, ¢, function [4-7]
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where C, [mgdm ] —represents the initial concentration
of Cs" and Co*" ions in the matrix, ¥ [cm’] — denotes a
volume of the sample exposed to distilled water, S [cm’]
— a total surface area exposed to distilled water, and C,
[mg dm ] represents a concentration of Cs™ and Co”"
ions in the leaching solution according to its n™ variation.

Via the leaching cumulative fraction as a time
function, it could be differentiated into three mecha-
nisms: diffusion, dissolution, and surface wash off [8].
The mathematical model concerning all three leaching
mechanisms is quite complex, while obtained results
have very limited practical application. To overwhelm
this issue, a semi-empirical model is approved, based
on an orthogonal-polynomial equation, which de-
scribes leaching waste constituents immobilized in a
solid matrix over a long period of time [9]. The leach-
ing cumulative fraction is expressed according to this
model yC,

0
where K is a constant that represents the contribution of
surface wash-out to radionuclide transport, K, [s"%]-
the contribution of diffusion to the radionuclides trans-
port, K3 [s"'] — the contribution of a kinetically con-
trolled solution to the radionuclides transport, and the ¢
[s] — the experiment time-span.

=K, +K,t"* +K st 3)

EXPERIMENTAL PART

Preparation of cement matrix

The defined composition of the cement matrix
(M) with proportion variations of bentonite (MB) or
zeolite (MZ), along with the initial Cs* and Co** ions
concentration, C,, of 457 and 819 mg dm™>, respec-
tively, are listed in tab. 1.
Materials of the cement matrix are:
— Portland cement, PC-35 (MPa), manufacturer
lafarge,
— Sand Moravac, granulate 2 mm,
— Sludge, density psjudge = 1.075 gcm’3,
—  Bentonite, origin Koceljevo mine, Sabac,
granulate 200 um — 250 pm,
— Zeolite, origin Zlatokop mine, Vranjska Banja,
granulate 200 pm — 250 pm.
The materials were treated in a planetary mixer
to achieve a degree of viscosity that ensures the trans-

Table 1. Cement matrix composition for the samples
V=1 dm’ production

Composition Cement matrix
[g] M | MB, | MB;s | MBy, | MZ, | MZs |MZ,,
Cement | 1000 | 1000 | 1000 | 1000 | 1000 | 1000| 1000
Sludge | 500 | 500 | 500 | 500 | 500 | 500 | 500
Sand 600 | 580 | 550 | 500 | 580 | 550 | 500
Bentonite 0 20 50 100 0 0 0
Zeolite 0 0 0 0 | 20 | 50 | 100

fer of the cement matrix to the prepared molds. The du-
ration of mixing after the batch was limited to 15 min-
utes, generally 5 minutes after achieving the required
degree of viscosity. The rotational speed of the mixer
was limited to ; = 75 rpm while the batch counter was
limited to n, = 35 rpm.

Investigation of cement matrix
mechanical resistance

After cement matrices drying period of 28 days
in laboratory conditions, their mechanical resistance
was tested by the compressive strength determination.
The tested cement matrices samples were cube-shaped
with a dimension of 10 cm, while a hydraulic press, in
the range 0-140 MPa, was used. The uniaxial com-
pressive strength of these samples was determined fol-
lowing the ASTM standards.

Investigation of leaching
in static conditions

Investigation of leaching in static conditions for
Co*" and Cs" ions immobilized in the cement matrix
was performed by the standard Hespe method [3]. The
ortho-cylinder, H = 2r = 4.5 cm sample was com-
pletely immersed in 0.4 L distilled water at tempera-
ture 7= 25 £ 5 °C. The leaching solution was ex-
changed after 1%, 2nd, 314 gth sth gth 7th qqth 5st
28t 35t 4ond 50t 631 and 9374 day and any change
in the leaching solution represented an incremental
contribution to the total ions discharge. The concentra-
tion of leached metal ions Co?* and Cs* was measured
by the AAS method using Perkin Elmer Analyst 200.

RESULTS AND DISCUSSION

With the increase of the bentonite and zeolite con-
tent, the cement matrix reduced their mechanical resis-
tance, tab. 2, as expected [10, 11]. As a material, zeolite is
harder, more compact than bentonite, does not swell in
the presence of water, and thus does not negatively affect
the structure of the cement matrix. Owing to these prop-
erties, the cement matrix containing zeolite has a slightly
higher mechanical resistance than the cement matrix
with the same bentonite content.

Table 2. Cement matrix mechanical resistance obtained
by compressive strength determination

Cement matrix
M |MB,| MBs |MBj,| MZ, | MZs |MZ,,

Compressive
strength [MPa] 253|24.0|23.7 | 19.2 | 24.6 | 22.2 | 21.7
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Leaching and mechanical resistance represent
the correlated parameters. The higher value of me-
chanical resistance corresponds to a lower leaching
level [12]. The leaching of Cs* and Co?" immobilized
in all cement matrix types under static conditions is
shown in figs. 1-6.

The leaching level of Co?" ions was more than
two orders of magnitude lower than the leaching level
of Cs* as expected [13]. As aresult of the high cement
matrix alkalinity (pH > 10), the Co®" ions react with
the hydroxide ions, forming a cobalt-hydroxide that
could previously react with CO, and create soluble co-
balt-carbonate [14]. Cobalt also could be exchanged
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Figure 1. Leaching of Cs* immobilized in the cement
matrix M (o) under static conditions
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Figure 2. Leaching of Cs" immobilized in the cement
matrix: MB, (s), MBs (a), and MBy, (¢) under static
conditions
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Figure 3. Leaching of Cs* immobilized in the cement
matrix: MZ, (»), MZs (a), and MZ,y (¢) under static
conditions
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Figure 4. Leaching of Co*" immobilized in the cement
matrix M (¢) under static conditions
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Figure 5. Leaching of Co*" immobilized in the cement
matrix: MB, (0), MBs (2), and MBy, (0) under static
conditions
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Figure 6. Leaching of Co®* immobilized in the cement
matrix: MZ, (0), MZs (»), and MZ,, (0) under static
conditions

with calcium cations in the C-S-H gel, creating analo-
gous cobalt complex salts and becoming a constituent
of the cement matrix structure. On the contrary, since
cesium hydrolyzes in solution and is present in the free
cationic form at all pH values, its ions retention in the
cement matrix is insufficient [15, 16].

The effective diffusion coefficients values, D,
and the regression coefficients, R, are obtained, by
leaching diffusion model of Cs" and Co** ions immo-
bilized in the cement matrix under static conditions.
The constants K, K,, and K; values and the regression
coefficients, R, are calculated by a semi-empirical
leaching model of Cs* and Co?* ions bound by the ma-
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trix under static conditions. The results are shown in
tabs. 3 and 4.

The influence of 2 %, 5 %, and 10 % (in relation
to the cement mass) bentonite and zeolite content, as
cement matrix constituents, on Co?" and Cs" ions
leaching under static conditions, was investigated.
Through analyzing the experimental results, it could
be concluded that the increase of the amount of added
zeolite and bentonite in the cement matrix signifi-
cantly reduces the level of leaching of Cs™ ions (diffu-
sion coefficient, D, decreased by four orders of mag-
nitude). Furthermore, zeolite has a higher sorption
ability of Cs* ions than bentonite. The influence of
bentonite and zeolite on Co®" ions leaching level was
significantly smaller, compared to Cs™ (diffusion coef-
ficient, D,, was reduced five times at most). Once
more, a slightly higher sorption ability of Co?" ions on
zeolite was observed.

Moreover, bentonite and zeolite selectivity to-
wards Cs" and Co?" ions and their influence on the
leaching reduction degree was confirmed [17-19]. The
overall sorption level in porous materials, such as ben-
tonite and zeolite, is controlled by the sorbate mass dif-
fusion transport within their channel and pore net-
work, rather than by the sorption kinetics itself. The
diffusion of sorbate ions depends on the sorbent geo-
metric structure (arrangement, size, and irregularity of
the pores), hydration energy, ionic radius, and valence
[20]. The sorption mechanisms could be ion exchange,
surface, and external and internal complexation/pre-
cipitation. The nature of the sorbent-sorbate interac-
tion, i. e., the sorption mechanism, is influenced by the
hydration of ions and their hydrolysis, thus the mecha-
nism of Cs" ion sorption on bentonite and zeolite rep-

resents ion exchange, while the mechanism of Co”*

ion sorption is surface complexation/precipitation.

Linear regression of experimental leaching re-
sults under static conditions Co** and Cs*™ showed that
the absolute values of the parameters K are one to two
orders of magnitude smaller than the absolute values
of the parameters K, and K. This means that the influ-
ence of the variable t was negligible, and the influence
of the variable /> was predominant. Therefore, the
contribution of matrix dissolution to the total
radionuclides transport was insignificant in relation to
the dominant contribution of diffusion and surface
washing. Moreover, surface washing could be consid-
ered an instantaneous phenomenon (¢ = 0). Even
though the diffusion model cannot define the overall
leaching process, it is very appropriate for prediction
as a result of its simplicity [21]. Based on the regres-
sion coefficients values, the semi-empirical model
gives a better approximation of the Co?>* and Cs” static
leaching process [22].

CONCLUSIONS

By increasing the content of bentonite and zeo-
lite in the cement matrix mechanical resistance to pres-
sure was reduced. The cement matrix containing zeo-
lite showed slightly higher mechanical resistance to
pressure than the cement matrix with the same benton-
ite amount. Furthermore, a higher value of cement ma-
trix mechanical resistance corresponded to a lower
leaching level of Co?" and Cs ions.

The Co** leaching level was more than two orders
of magnitude lower than the leaching level of Cs™ ions.
Moreover, the increased amount of zeolite and benton-

Table 3. Effective diffusion coefficients values and regression coefficients calculated by leaching diffusion model of

Cs" and Co*" ions immobilized in the cement matrix

Cement matrix
Diffusion leaching model parameters M MB, MB; MBi, MZ, MZs MZo
D(Cs") [em*d '] 8.34-10° | 7.02.107 | 6.78:10° | 5.05-10° | 4.15-10° | 2.11-10° | 1.91-10°
Dy(Co™) [em’d '] 22210°% | 1.33.10° | 833.10° | 555107 | 1.07-10° | 6.63-10° | 4.89-107
R(Cs") 0.981 0.989 0.987 0.976 0.996 0.980 0.970
R(Co™") 0.982 0.988 0.986 0.987 0.987 0.985 0.985
Table 4. Constants and regression coefficients calculated by semi-empirical leaching model of
Cs*and Co”' ions immobilized in the cement matrix
Cement matrix
semi-ell‘ilegiirizz;elresaglflitgg model M MB, MBs MBio MZ, MZ; MZyp
Ki(Cs") 265107 | -1.05-10° | 2.02:10" | 2.74-107* 8.57-10°% | —6.21-10° | 6.67-10°
K\(Co™) -1.29-10* | —4.38-10° | -5.78-10° | —3.52:10° | -6.10-10° | -5.94.10° | —5.06-107°
Ky(Cs") 8.02:107° 2.01-10° | 6.51-10* 1.99-10°* 4.05-10* 3.90-10°* 1.31-10°
Ky(Co™) 4.09-107 2.77-10°% | 2.31.107 1.83-107 2.60-107 2.09-107 1.80-107"
K3(Cs") 37110 | -7.59-10° | —2.61-10° | —9.34.10° | —9.98-10° | -1.72:10° | —6.63-10°°
K3(Co™) -1.86:10° | -1.05-10° | -9.41-10° | —7.16:10° | -1.05.10° | -8.70-10° | —7.51.10°°
R(Cs") 1.000 0.999 0.999 0.995 0.999 0.996 0.997
R(Co™) 0.999 0.998 0.998 0.998 0.999 0.998 0.999
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ite in the cement matrix significantly reduced the Cs*
leaching. The influence of bentonite and zeolite on the
Co?" leaching reduction was significantly lower in
comparison with Cs*, while zeolite showed a higher
Cs" and Co?" sorption ability than bentonite.

Under static leaching conditions, the contribu-
tion of diffusion to the total transport of Co>* and Cs*
ions in the cement matrix porous medium was domi-
nant. The contribution of matrix dissolution was insig-
nificant in relation to the dominant contribution of dif-
fusion and surface washing, which could be
considered an instantanecous phenomenon. The
semi-empirical model gave a better approximation of
the Co?" and Cs* leaching process for the duration of
the experiment.
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Cnasko [I. IMMOBHWh, Usana B. JEJITh, Mapuja 3. IIIbUBUh-UBAHOBU'h

YTUIIAJ BEHTOHUTA U 3EOJNUTA HA ®EHOMEH UN3/J1Y2XKUBAIbA
Cst U Co?* U3 HEMEHTHOTI MATPUKCA

Beposarnoha 3ajipxasama jona Cs* u Co?* mporiecom uMoGHIn3aIHje Y IEMEHTHOM MATPUKCY
onpebeHa je Kao mpeaMeT aHanu3e: AM3ajHa MaTpPUKCa, OJHOCA BOJA/LIEMEHT W HEeroBe MOPO3HOCTH.
INopebeme ekcniepruMeHTATHAX PE3yJITaTa U3BPIICHO je Hespe-0BOM CTaHAAPAHOM METOOM H3ITY>KHBaHbA.
[ndy3nonn n ceMu-eMNUPHUjCKN MOJIeN KopuiTheHn cy 3a npefBnbama Op3uHe ucnupama y (pyHKIujn
BpeMeHa. Buila BpeHOCT MeXaHMYKe OTIIOPHOCTH LIEMEHTHOI MaTpHUKCa OroBapa HUKOj BPEAHOCTHU
usnyxuBama jona Co** u Cs*. Crenen usnyxusama Co>* 610 je BUIE Off 1B PEla BEIUUMHE MAU O]
HUBOA M3JykuBama CsT. YTulaj GeHTOHUTA M 3€0/TUTa HAa CMabehe n3jyxkupama Co>t 610 je 3Ha4ajHO
Mamu y mopebemy ca Cs*, 1ok je 3eonut umao Behy copnumony cnoco6roct 3a Cst u Co?* jone of
OEHTOHMTA. Y CTATHMUYKHUM YCIOBUMA U3Iy>KMBamka JONPUHOC Npoleca fudy3uje JOMUHUPAO je Y YKYITHOM
TPaHCHOPTY jOHA y MOPO3HOj CpEeMHU MaTpuKca. [lonpuHOC pacTBapama MaTpukca 6uo je Oe3HavajaH y
OffHOCY Ha MOMHHAHTHHU AONPHHOC AU(Y3Uje W MOBPIUIMHCKOT ncnuparma. CeMH-eMIUpPHjCKH MO
N0Ka3a0 je 60Jby AMPOKCUMAI]jy eKCIepUMEHTATHOT Ipolieca ucnupama jona Co?* u Cs*.

Kmwyune peuu: usayxcusarbe, umiioouauzayuja, copiuyuja, paouoaxiiugHu omiiao




