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The aim of the study was to assess Cs* ions transport phenomena from solidified spent ion ex-
change resin by mathematical modeling. The experimental results comparison was obtained
by Hespe's Standard Leaching Method. For the leaching prediction rate as a function of time,
diffusion and semi-empirical models were used. Due to the presence of spent ion exchange
resin, the cement matrix absorbed a larger amount of water, swelled, and degraded. This phe-
nomenon caused a significantly lower value of mechanical resistance to pressure. Also,
through the increase of bentonite and zeolite content, the cement matrix decreased its me-
chanical resistance. The retention of cesium ions in the cement matrix was low and they were
leached during the early phase of the investigation. The diffusion coefficient, D,, decreased by
three orders of magnitude with the addition of zeolite and bentonite in the cement matrix.
Linear regression of experimental Cs* leaching results, under static conditions, displayed that
the semi-empirical parameter K3 absolute values were one to two orders of magnitude lower
than the absolute values of the parameters K, and K. Therefore, the contribution of matrix
dissolution to the total radionuclides transport was irrelevant to the prevailing share of diffu-

sion and surface washing processes.
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INTRODUCTION

Ion exchange processes represent one of the
most important accompanying operations in nuclear
power plant processes. The removal of 37Cs, Tc, and
%0Sr by ion exchange materials has been extensively
utilized [1-3]. It is estimated that the annual consump-
tion of ion exchange resins in nuclear plants amounts
to tens of tons [4, 5]. After their useful life, spent resins
have to be replaced. The end of useful life means that
their regeneration ability is significantly reduced (for
bead resins), or exchange capacity is dramatically de-
creased (for powdered or non-regenerable resins).
Generally, spention exchange resins are rinsed out and
collected in tanks, becoming thereby a source of a
large amount of low-level or intermediate-level radio-
active waste. The cementation process represents a
common practice for disposal of this waste kind,
where by the radioactive ions from resins are immobi-
lized by binding to the inactive cement matrix [6].

Leaching of radioactive ions, immobilized in the
cement matrix, refers to the extraction of a soluble
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constituent from the solid phase by the solvent impact
on the matrix. As follows, the solidification products
free from the leaching of radioactive ions, are created.
By Hespe Standard Leaching Test Method, accepted
by the International Atomic Energy Agency (IAEA),
the comparison of different author's results could be
achieved [7]. In order to study the leaching of
radionuclides from a cement matrix, two models are
most commonly used: the diffusion and the semi-em-
pirical model [8].

The diffusion model investigates the transport
phenomenon to obtain the leaching level as a function
of time. The hypothesis and borderline appliance re-
quirements for the diffusion model request seem sensi-
ble in the experimental static conditions, if a consecu-
tive change-renewal of the leachate solution is
conceded, while ions concentration in the liquid phase
is insignificant in comparison with the solid phase
[8-10]. The diffusion could be considered as a domi-
nant mechanism in the separation of the radionuclide
from the matrix, presuming the experimental data are
obeyed by linear dependence. Thus, the effective dif-
fusion coefficient, D, [cm?d™'], is calculated using the
slope of the right, m, [8-10]
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m 2 Table 1. Cement matrix composition for the samples
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where Cy [mgdm ] is the initial concentration of Cs"
jons in the matrix, ¥’ [cm’] — the volume of the sample
subjected to distilled water, S [cm”] — the total surface
area subjected to distilled water, and C, [mgdm ] —a
concentration of Cs" ions in the leachate solution ac-
cording to its N variation.

The three mechanisms might be distinguished
using the leaching cumulative fraction as a function of
time: surface wash-off, dissolution, and diffusion [8,
11, 12]. The mathematical model regarding the entire
three leaching mechanisms was rather multifaceted,
although achieved results had scarce practical use [8].
To overcome this subject, the semi-empirical model
was accepted, established on an orthogonal-polyno-
mial equation that defines leaching waste components,
immobilized in a solid matrix for a long time. The
leaching cumulative fraction was conveyed rendering
to model yC,

0

=K, +K,t"* +K 5t 3)

where K is a constant which represents the surface
wash-out contribution to radionuclide transport, K,
[s’”z] represents the diffusion contribution to the
radionuclides transport, K3 [s"'] represents the contri-
bution of a kinetically controlled solution to the
radionuclides transpor, and ¢ [s] — the duration of the
experiment.

EXPERIMENTAL PART

Sample preparation

The distinctive cement-resin matrix composi-
tion, R, with proportion variations of bentonite, RB,,
and zeolite, RZ,, with the initial Cs* ions concentra-
tion, C, = 965 mgdm™ is given in tab. 1.

Materials of the cement matrix were:

— portland cement (PC-35, Lafarge),

— sand (2 mm, Moravac),

— spent mix bed ion exchange resin, Lewatit SM600,
density p = 1.13 gem >,

—  bentonite, 200 pm — 250 um, origin Koceljevo mine,
and

— zeolite, 200 um—250 pm, origin Zlatokop mine.

A similar matrix composition already showed
satisfactory Cs* and Co?" ions immobilization proper-
ties in previous investigations with sludge-based sim-
ulated radioactive waste [8, 13].

The materials were processed in a planetary
mixer (Pulverisette 5, Fritsch, Germany) to accom-

Cement matrix

R | RB; |RBs |[RByy| RZ, | RZs | RZ)y
Cement [g] | 1000 | 1000 | 1000|1000 | 1000 | 1000 | 1000
Resin [g] | 330 | 330 | 330 | 330 | 330 | 330 | 330
Sand [g] 340 | 320 | 290 | 240 | 320 | 290 | 240

Bentonite [g] | 0 20 | 50 [ 100 | O 0 0
Zeolite [g] 0 0 0 0 20 | 50 | 100
Water [mL] | 305 | 307 | 309 | 313 | 306 | 308 | 311

Composition

plish viscosity that provides the cement matrix trans-
mission to the formed molds. The mixing duration was
limited to 15 minutes, usually 5 minutes after achiev-
ing the required viscosity degree. The mixer speed rate
was limited to n, =75 rpm and batch counter to n, =35

rpm.

Procedures
Mechanical resistance test

After the drying period of cement matrices in
laboratory conditions for 28 days, their mechanical
resistance was determined by measuring the com-
pressive strength. A hydraulic press, in the range of
0-140 MPa, was used. The compressive strength of
each sample was determined according to the modi-
fied ASTM C1009 standard [14] in triplicate (the re-
sults are presented as mean values with correspond-
ing standard deviation).

Leaching test

Leaching study in static conditions for Cs* ions,
immobilized in the cement matrix, was implemented
by the standard Hespe method [7]. The ortho-cylinder,
H=2r=4.5 cm sample was entirely dipped in 0.4 L
distilled water at temperature 7=25 £ 5 °C. The leach-
ate solution was replaced after 1%, 2", 31, 4th 5t gth.
7th 14t 215t 28h 35t 42nd 50t 637 and 93 day
and any variation represent an incremental contribu-
tion to the overall ions release. The leached Cs+ ions
concentrations were determined by the AAS method
using Perkin Elmer Analyst 200 [8]. Leaching tests
were conducted in duplicate and the results are pre-
sented as mean values with corresponding standard
deviation.

RESULTS AND DISCUSSION

Obtained cement matrix mechanical resistance
values are given in tab. 2.

Solidified spent ion exchange resin shows a det-
rimental effect on the structure of the cement matrix
due to its organic-based structure. Also, the cement
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Table 2. Cement matrix mechanical resistance values [MPa] obtained by determining compressive strength

Cement matrix

Composition RF R RB,

RBs RByo RZ, RZ;s RZo

Compressive strength [MPa] 25.3 +0.7| 23.5+0.8

224+0.7

202+0.7 | 17.5+0.7 |22.8+£0.8| 20.7+0.7 | 23.7+£0.8

L .
resin-free cement matrix

matrix absorbs a larger amount of water, due to the
properties of resin and it swells and degrades its struc-
ture. This caused a lower value of mechanical resis-
tance to pressure compared to the resin-free cement
matrix which, according to previous research,
amounted to 25.3 MPa [13]. Through the increase of
bentonite and zeolite content, the cement matrix de-
creased its mechanical resistance, as expected [14-18].
Also, zeolite as a solid is durable, denser than benton-
ite, does not swell in water occurrence, and therefore
does not damagingly distress the cement matrix struc-
ture. As a result, the cement matrix containing zeolite
had a slightly higher mechanical resistance.

The leaching of Cs*, immobilized in all cement
matrix types under static conditions, is shown in figs. 1
and 2.

The retention of cesium ions in the cement matrix
was low [19]. Cesium is an element of a large atomic ra-
dius and weak electric field. Therefore, it does not hy-
drolyze in solution, thus, it is present in the free cationic
form at all pH values. Besides not being precipitated,
Cs" ions rarely enter into the composition of complex
salts that are retained in the matrix structure [20]. More-
over, cesium ions were leached during the early phase
of the investigation. The reasons were the initial, rapid
leaching of Cs™ ions from surfaces exposed to contact
with the surrounding liquid medium and the exchange
reaction with soluble alkaline elements (Na* and K*),
originated from the cement-based matrix, and conse-
quently present in the leachate solution. The result of
contact of water or aqueous solution with the cement
matrix, solvation effects, and relatively high pH values
of the leachate solution (pH > 10) due to the high alka-
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Figure 1. The leaching of Cs* immobilized in the
cement-resin matrix, R, and cement-resin-bentonite
matrices, RB,, under static conditions
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Figure 2. The leaching of Cs* immobilized in the
cement-resin matrix, R, and cement-resin-zeolite
matrices, RZ,, under static conditions

linity of the cement-based matrix, also enabled the for-
mation of solution-cesium hydroxide or CsNaSO, [21].

The effective diffusion coefficient values, D,, and
the regression coefficients, R, are given in tab. 3, calcu-
lated by the leaching diffusion model. Also, the con-
stants K, K,, and K, and the regression coefficients, R,
are presented in tab. 4 (designed by a semi-empirical
leaching model of Cs* ions immobilized in the cement
matrix under static conditions).

The effect of 2 %, 5 %, and 10 % bentonite and
zeolite content, as cement matrix constituents, on Cs*
ions leaching under static conditions, was examined.
From studying the experimental results, it could be es-
tablished that an increase in the amount of added zeo-
lite and bentonite in the cement matrix considerably
decreases the leaching rate of Cs* ions (diffusion coef-
ficient, D,, decreases by three orders of magnitude).
Moreover, zeolite has a higher sorption ability of Cs*
ions than bentonite. Furthermore, bentonite and zeo-
lite selectivity towards Cs* ions and their influence on
the leaching reduction degree is long-established [3,
22]. The total sorption process in porous materials is
controlled by the sorbate mass diffusion transport in-
side the channel and pore network, instead of the sorp-
tion kinetics itself. The sorbate ions diffusion is af-
fected by sorbent geometric structure, ionic radius,
valence, and hydration energy [23]. The sorption
mechanism includes ion exchange, surface, external,
and internal complexation/precipitation. The nature of
the sorbent-sorbate interaction is inclined by the ion's
hydration and their hydrolysis, hence, the mechanism
of Cs* ion sorption on bentonite and zeolite was ion
exchange.

Linear regression of experimental leaching re-
sults under static conditions Cs* displayed that the pa-
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Table 3. Effective diffusion coefficients values, D, [cm*d '], and regression coefficients, R, calculated by leaching diffusion model

of Cs” immobilized in the cement matrix

Cement matrix
Diffusion leaching model parameters R RB, RB; RBg RZ, RZs RZ
D, [em*d '] 8.04-10° | 9.67-107 | 8.24-10° | 7.58-10° | 1.49-10° | 2.16-10° | 3.10-107°
R 0.985 0.983 0.985 0.968 0.984 0.985 0.990

Table 4. Constants K, K, [s‘m], K; [s'l] vs. and regression coefficients, R, calculated by semi-empirical leaching model of

ions immobilized in the cement matrix

Cement matrix
semi-e;eg{ar?gzelresaglﬁitrlllg model R RB; RB; RB1y RZ, RZs RZo
K, 4.46-10° 1.12-10°° 3.97-10°* 1.10-10°* 3.13-107* 2.50-10°* 9.48-10°°
K[ 7.03-107 2.59-107° 7.33.10° | 2.69-107 1.01-10° 3.71-107 1.28-107
Ki[s'] 279107 | -1.11-10* | -3.04-10° | -1.39-10° | —4.36-10° | —-1.51-10° | —4.43-10°
R 9.997 0.998 0.998 0.998 0.998 0.997 0.997

rameters K; absolute values were one to two orders of
magnitude lower than the absolute values of the pa-
rameters K, and K, tab. 4. This indicated that the ef-
fect of the variable ¢ is insignificant, and the influence
of the variable /7 is predominant. Hence, the matrix
dissolution contribution to the total radionuclide trans-
port was irrelevant concerning the dominant contribu-
tion of diffusion and surface washing. Likewise, sur-
face washing might be identified as an instantaneous
phenomenon (¢ = 0). Although the diffusion model
cannot define the overall leaching process, it is suit-
able for anticipation due to its simplicity [24]. How-
ever, concerning the regression coefficients, a
semi-empirical model provided the improved approxi-
mation of the Cs" static leaching process [25].

CONCLUSION

The investigated cement-based matrix absorbed
a substantial amount of water, due to spent ion ex-
change resin presence, which further influenced the
swelling and its degradation. This caused a signifi-
cantly lower value of mechanical resistance to pres-
sure. Furthermore, the reduction of the mechanical re-
sistance was caused by the presence of the resin, since
it is composed of plastic microspheres, which do not
create bonds, resulting in the reduction of mechanical
strength.

The retaining of Cs* in the cement matrix was
low and they leached during the early phase of the
analysis. By increase of the content of bentonite and
zeolite in the matrix, mechanical resistance to pressure
was decreased, while cement matrix containing zeolite
had slightly higher mechanical resistance. Further-
more, an increase in the amount of zeolite and benton-
ite in the matrix considerably reduced the Cs* leaching
degree while zeolite had a higher sorption ability.

The contribution of the diffusion process to the
total transport of Cs™ in the cement matrix porous me-

dium under static leaching conditions, was dominant.
The contribution of matrix dissolution was negligible
in relation to the considerable contribution of diffu-
sion and surface washing that could be considered an
instantaneous phenomenon. Hence, the semi-empiri-
cal model showed a more acceptable approximation of
the Cs* leaching process.
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Cnaeko [I. IMMOBWh, UBana B. JEJIN'h, Bojucnas . CTAHUR,
Amnpapea A. KOJUR, Ilpeapar M. BOXOBUWHh

MATEMATUYKO MOJEJOBAIBE ®EHOMEHA TPAHCIIOPTA Cs* U3
COMIUPUKOBAHE UCTPOIIEHE JOHOU3BMEILUBAYKE CMOJIE

Lums paga je ga ce MaTeMaTHYKUAM MOJIEJIOBambEeM MIpolieHe (peHOMEHH TpaHcnopTra joHa Cs* u3
conuaupKOBaHe UCTPOIICHE jOHOM3MEIIBAUKE CMOJIE. XECIEOBOM CTAaHAAPHOM METOJIOM HCITyKMBarha
OCTBapeHO je nopebemwe excnepuMeHTaNHuX pe3yarara. 3a npefisubame Op3UHEe UCTYXKUBaa, Y (PYHKIUJU
BpeMeHa, KopuitheHu cy Auy3uoHu U ceMU-eMUPUJCKU MOJENU. Y Clle]| IIPUCYCTBA UCTPOLLEHE JOHOU3ME-
IbUBAavYKe CMOJIe, IEMEHTHN MAapTHKC je arcopboBao Behy konmumHy Boje, HaOyOpmo u pasrpaauo ce. OBaj
(peHOMEH je IPOY3pOKOBAO 3HATHO HUXKY BPENHOCT MeXaHW4Ke OTIOpHOCTU Ha nputucak. [loBehamem
cajp:Kaja OEHTOHHUTA U 3€0JIUTa Y IEMEHTHOM MaTPHUKCY TaKObe je cMambeHa BeroBa MeXaHuuKa OTHOPHOCT.
3ajp:kaBame jJoOHa LIe31jyMa y LEMEHTHOM MaTPHKCY je clialo, Te Cy OBU jOHM U3JTy>KeHU Beh TOKOM paHe hasze
ucnutuBamwa. Koedunujent nudysuje, D, cMambEeH je 32 TPU Pefia BEIUIUHE JOAATKOM 3€0IUTa U OEHTOHUTA y
LEMEHTHH MaTpuKc. JIuHeapHa perpecuja eKCIepUMEHTAJIHUX pe3yiarara u3nyxuBawa Cs™ y cTaTHUKuUM
yCclIOBMMa TIOKa3aja je fja Cy alcolyTHe BpeHOCTU NapameTpa K; Ouiie jefiaH 10 1Ba pefia BEIUUNHE HIDKE Off
aTiCOJyTHUX BpefHocTH Mapamerapa K, u K. Ycnep Tora, HONpUHOC pacTBapamba MaTpUKCa Y YKYITHOM
TPaAHCIIOPTY PAOHYKIIUAA MOKE CE CMAaTpaTH HPEJIEBAHTHIM Y OfHOCY Ha IOMIHAHTHH JOIPUHOC Au(y3Hje 1
TIOBPUIMHCKOT UCTINpakha.

Kmwyune pequ: ucaymrcusarbe, UmMoOUIUIAUU]A, YeMeHTTAUUja, cOpuuUja, paouoaKitiuéHu Oiao



