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The aim of the study was to as sess Cs+ ions trans port phe nom ena from so lid i fied spent ion ex -
change resin by math e mat i cal mod el ing. The ex per i men tal re sults com par i son was ob tained
by Hespe's Stan dard Leach ing Method. For the leach ing pre dic tion rate as a func tion of time,
dif fu sion and semi-em pir i cal mod els were used. Due to the pres ence of spent ion ex change
resin, the ce ment ma trix ab sorbed a larger amount of wa ter, swelled, and de graded. This phe -
nom e non caused a sig nif i cantly lower value of me chan i cal re sis tance to pres sure. Also,
through the in crease of ben ton ite and ze o lite con tent, the ce ment ma trix de creased its me -
chan i cal re sis tance. The re ten tion of ce sium ions in the ce ment ma trix was low and they were
leached dur ing the early phase of the in ves ti ga tion. The dif fu sion co ef fi cient, De, de creased by
three or ders of mag ni tude with the ad di tion of ze o lite and ben ton ite in the ce ment ma trix.
Lin ear re gres sion of ex per i men tal Cs+ leach ing re sults, un der static con di tions, dis played that 
the semi-em pir i cal pa ram e ter K3 ab so lute val ues were one to two or ders of mag ni tude lower
than the ab so lute val ues of the pa ram e ters K2 and K1. There fore, the con tri bu tion of ma trix
dis so lu tion to the to tal radionuclides trans port was ir rel e vant to the pre vail ing share of dif fu -
sion and sur face wash ing pro cesses.
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IN TRO DUC TION

Ion ex change pro cesses rep re sent one of the
most im por tant ac com pa ny ing op er a tions in nu clear
power plant pro cesses. The re moval of 137Cs, 99Tc, and 
90Sr by ion ex change ma te ri als has been ex ten sively
uti lized [1-3]. It is es ti mated that the an nual con sump -
tion of ion ex change res ins in nu clear plants amounts
to tens of tons [4, 5]. Af ter their use ful life, spent res ins 
have to be re placed. The end of use ful life means that
their re gen er a tion abil ity is sig nif i cantly re duced (for
bead res ins), or ex change ca pac ity is dra mat i cally de -
creased (for pow dered or non-regenerable res ins).
Gen er ally, spent ion ex change res ins are rinsed out and 
col lected in tanks, be com ing thereby a source of a
large amount of low-level or in ter me di ate-level ra dio -
ac tive waste. The ce men ta tion pro cess rep re sents a
com mon prac tice for dis posal of this waste kind,
where by the ra dio ac tive ions from res ins are im mo bi -
lized by bind ing to the in ac tive ce ment ma trix [6].

Leach ing of ra dio ac tive ions, im mo bi lized in the 
ce ment ma trix, re fers to the ex trac tion of a sol u ble

con stit u ent from the solid phase by the sol vent im pact
on the ma trix. As fol lows, the so lid i fi ca tion prod ucts
free from the leach ing of ra dio ac tive ions, are cre ated.
By Hespe Stan dard Leach ing Test Method, ac cepted
by the In ter na tional Atomic En ergy Agency (IAEA),
the com par i son of dif fer ent au thor's re sults could be
achieved [7]. In or der to study the leach ing of
radionuclides from a ce ment ma trix, two mod els are
most com monly used: the dif fu sion and the semi-em -
pir i cal model [8].

The dif fu sion model in ves ti gates the trans port
phe nom e non to ob tain the leach ing level as a func tion
of time. The hy poth e sis and bor der line ap pli ance re -
quire ments for the dif fu sion model re quest seem sen si -
ble in the ex per i men tal static con di tions, if a con sec u -
tive change-re newal of the leach ate so lu tion is
con ceded, while ions con cen tra tion in the liq uid phase
is in sig nif i cant in com par i son with the solid phase
[8-10]. The dif fu sion could be con sid ered as a dom i -
nant mech a nism in the sep a ra tion of the radionuclide
from the ma trix, pre sum ing the ex per i men tal data are
obeyed by lin ear de pend ence. Thus, the ef fec tive dif -
fu sion co ef fi cient, De [cm2d–1], is cal cu lated us ing the
slope of the right, m, [8-10]
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where C0 [mgdm–3] is the ini tial con cen tra tion of Cs+

ions in the ma trix, V [cm3] – the vol ume of the sam ple
sub jected to dis tilled wa ter, S [cm2] – the to tal sur face
area sub jected to dis tilled wa ter, and Cn [mgdm–3] – a
con cen tra tion of Cs+ ions in the leach ate so lu tion ac -
cord ing to its Nth vari a tion.

The three mech a nisms might be dis tin guished
us ing the leach ing cu mu la tive frac tion as a func tion of
time: sur face wash-off, dis so lu tion, and dif fu sion [8,
11, 12]. The math e mat i cal model re gard ing the en tire
three leach ing mech a nisms was rather mul ti fac eted,
al though achieved re sults had scarce prac ti cal use [8].
To over come this sub ject, the semi-em pir i cal model
was ac cepted, es tab lished on an or thogo nal-poly no -
mial equa tion that de fines leach ing waste com po nents, 
im mo bi lized in a solid ma trix for a long time. The
leach ing cu mu la tive frac tion was con veyed ren der ing
to model

C

C
K K t K tn

0

å
= + +1 2

1 2
3

/ (3)

where K1 is a con stant which rep re sents the sur face
wash-out con tri bu tion to radionuclide trans port, K2

[s–1/2] rep re sents the dif fu sion con tri bu tion to the
radionuclides trans port, K3 [s

–1] rep re sents the con tri -
bu tion of a kinetically con trolled so lu tion to the
radionuclides transpor, and t [s] – the du ra tion of the
ex per i ment.

EX PER I MEN TAL PART

Sam ple prep a ra tion

The dis tinc tive ce ment-resin ma trix com po si -
tion, R, with pro por tion vari a tions of ben ton ite, RBx,
and ze o lite, RZx, with the ini tial Cs+ ions con cen tra -
tion, C0 = 965 mgdm–3 is given in tab. 1.

Ma te ri als of the ce ment ma trix were:
– port land ce ment (PC-35, Lafarge),
– sand (2 mm, Moravac),
– spent mix bed ion ex change resin, Lewatit SM600,

den sity r = 1.13 gcm–3,
– ben ton ite, 200 µm – 250 µm, or i gin Koceljevo mine,

and
– ze o lite, 200 µm – 250 µm, or i gin Zlatokop mine.

A sim i lar ma trix com po si tion al ready showed
sat is fac tory Cs+ and Co2+ ions im mo bi li za tion prop er -
ties in pre vi ous in ves ti ga tions with sludge-based sim -
u lated ra dio ac tive waste [8, 13].

The ma te ri als were pro cessed in a plan e tary
mixer (Pulverisette 5, Fritsch, Ger many) to ac com -

plish vis cos ity that pro vides the ce ment ma trix trans -
mis sion to the formed molds. The mix ing du ra tion was 
lim ited to 15 min utes, usu ally 5 min utes af ter achiev -
ing the re quired vis cos ity de gree. The mixer speed rate 
was lim ited to n1 = 75 rpm and batch coun ter to n2 = 35
rpm.

Pro ce dures

Me chan i cal re sis tance test

Af ter the dry ing pe riod of ce ment ma tri ces in
lab o ra tory  con di tions  for 28 days, their me chan i cal
re sis tance was de ter mined by mea sur ing the com -
pres sive strength. A hy drau lic press, in the range of
0-140 MPa, was used. The com pres sive strength of
each sam ple was de ter mined ac cord ing to the mod i -
fied ASTM C109 stan dard [14] in trip li cate (the re -
sults are pre sented as mean val ues with cor re spond -
ing stan dard de vi a tion).

Leach ing test

Leach ing study in static con di tions for Cs+ ions,
im mo bi lized in the ce ment ma trix, was im ple mented
by the stan dard Hespe method [7]. The ortho-cyl in der,
H = 2r = 4.5 cm sam ple was en tirely dipped in 0.4 L
dis tilled wa ter at tem per a ture T = 25 ± 5 °C. The leach -
ate so lu tion was re placed af ter 1st, 2nd, 3rd, 4th, 5th, 6th,
7th, 14th, 21st, 28th, 35th, 42nd, 50th, 63rd, and 93rd day
and any vari a tion rep re sent an in cre men tal con tri bu -
tion to the over all ions re lease. The leached Cs+ ions
con cen tra tions were de ter mined by the AAS method
us ing Perkin Elmer An a lyst 200 [8]. Leach ing tests
were con ducted in du pli cate and the re sults are pre -
sented as mean val ues with cor re spond ing stan dard
de vi a tion.

RE SULTS AND DIS CUS SION

Ob tained ce ment ma trix me chan i cal re sis tance
val ues are given in tab. 2.

So lid i fied spent ion ex change resin shows a det -
ri men tal ef fect on the struc ture of the ce ment ma trix
due to its or ganic-based struc ture. Also, the ce ment
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Ta ble 1. Ce ment ma trix com po si tion for the sam ples
V = 1 dm3 pro duc tion

Com po si tion
Ce ment ma trix

R RB2 RB5 RB10 RZ2 RZ5 RZ10

Ce ment [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

Ben ton ite [g] 0 20 50 100 0 0 0

Ze o lite [g] 0 0 0 0 20 50 100

Wa ter [mL] 305 307 309 313 306 308 311



ma trix ab sorbs a larger amount of wa ter, due to the
prop er ties of resin and it swells and de grades its struc -
ture. This caused a lower value of me chan i cal re sis -
tance to pres sure com pared to the resin-free ce ment
ma trix which, ac cord ing to pre vi ous re search,
amounted to 25.3 MPa [13]. Through the in crease of
ben ton ite and ze o lite con tent, the ce ment ma trix de -
creased its me chan i cal re sis tance, as ex pected [14-18]. 
Also, ze o lite as a solid is du ra ble, denser than ben ton -
ite, does not swell in wa ter oc cur rence, and there fore
does not dam ag ingly dis tress the ce ment ma trix struc -
ture. As a re sult, the ce ment ma trix con tain ing ze o lite
had a slightly higher me chan i cal re sis tance.

The leach ing of Cs+, im mo bi lized in all ce ment
ma trix types un der static con di tions, is shown in figs. 1 
and 2.

The re ten tion of ce sium ions in the ce ment ma trix
was low [19]. Ce sium is an el e ment of a large atomic ra -
dius and weak elec tric field. There fore, it does not hy -
dro lyze in so lu tion, thus, it is pres ent in the free cationic
form at all pH val ues. Be sides not be ing pre cip i tated,
Cs+ ions rarely en ter into the com po si tion of com plex
salts that are re tained in the ma trix struc ture [20]. More -
over, ce sium ions were leached dur ing the early phase
of the in ves ti ga tion. The rea sons were the ini tial, rapid
leach ing of Cs+ ions from sur faces ex posed to con tact
with the sur round ing liq uid me dium and the ex change
re ac tion with sol u ble al ka line el e ments (Na+ and K+),
orig i nated from the ce ment-based ma trix, and con se -
quently pres ent in the leach ate so lu tion. The re sult of
con tact of wa ter or aque ous so lu tion with the ce ment
ma trix, sol va tion ef fects, and rel a tively high pH val ues
of the leach ate so lu tion (pH > 10) due to the high al ka -

lin ity of the ce ment-based ma trix, also en abled the for -
ma tion of so lu tion-ce sium hy drox ide or CsNaSO4 [21].

The ef fec tive dif fu sion co ef fi cient val ues, De, and 
the re gres sion co ef fi cients, R, are given in tab. 3, cal cu -
lated by the leach ing dif fu sion model. Also, the con -
stants K1, K2, and K3 and the re gres sion co ef fi cients, R,
are pre sented in tab. 4 (de signed by a semi-em pir i cal
leach ing model of Cs+ ions im mo bi lized in the ce ment
ma trix un der static con di tions).

The ef fect of 2 %, 5 %, and 10 % ben ton ite and
ze o lite con tent, as ce ment ma trix con stit u ents, on Cs+

ions leach ing un der static con di tions, was ex am ined.
From study ing the ex per i men tal re sults, it could be es -
tab lished that an in crease in the amount of added ze o -
lite and ben ton ite in the ce ment ma trix con sid er ably
de creases the leach ing rate of Cs+ ions (dif fu sion co ef -
fi cient, De, de creases by three or ders of mag ni tude).
More over, ze o lite has a higher sorp tion abil ity of Cs+

ions than ben ton ite. Fur ther more, ben ton ite and ze o -
lite se lec tiv ity to wards Cs+ ions and their in flu ence on
the leach ing re duc tion de gree is long-es tab lished [3,
22]. The to tal sorp tion pro cess in po rous ma te ri als is
con trolled by the sorbate mass dif fu sion trans port in -
side the chan nel and pore net work, in stead of the sorp -
tion ki net ics it self. The sorbate ions dif fu sion is af -
fected by sorbent geo met ric struc ture, ionic ra dius,
va lence, and hydration en ergy [23]. The sorp tion
mech a nism in cludes ion ex change, sur face, ex ter nal,
and in ter nal complexation/pre cip i ta tion. The na ture of 
the sorbent-sorbate in ter ac tion is in clined by the ion's
hydration and their hy dro ly sis, hence, the mech a nism
of Cs+ ion sorp tion on ben ton ite and ze o lite was ion
ex change.

Lin ear re gres sion of ex per i men tal leach ing re -
sults un der static con di tions Cs+ dis played that the pa -
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Ta ble 2. Ce ment ma trix me chan i cal re sis tance val ues [MPa] ob tained by de ter min ing com pres sive strength

Ce ment ma trix

Com po si tion RF* R RB2 RB5 RB10 RZ2 RZ5 RZ10

Com pres sive strength [MPa] 25.3 ± 0.7 23.5 ± 0.8 22.4 ± 0.7 20.2 ± 0.7 17.5 ± 0.7 22.8 ± 0.8 20.7 ± 0.7 23.7 ± 0.8

*resin-free ce ment ma trix

Fig ure 1. The leach ing of Cs+ im mo bi lized in the
ce ment-resin ma trix, R, and ce ment-resin-ben ton ite
ma tri ces, RBx, un der static con di tions

Fig ure 2. The leach ing of Cs+ im mo bi lized in the
ce ment-resin ma trix, R, and ce ment-resin-ze o lite
ma tri ces, RZx, un der static con di tions



ram e ters K3 ab so lute val ues were one to two or ders of
mag ni tude lower than the ab so lute val ues of the pa -
ram e ters K2 and K1, tab. 4. This in di cated that the ef -
fect of the vari able t is in sig nif i cant, and the in flu ence
of the vari able t  is pre dom i nant. Hence, the ma trix
dis so lu tion con tri bu tion to the to tal radionuclide trans -
port was ir rel e vant con cern ing the dom i nant con tri bu -
tion of dif fu sion and sur face wash ing. Like wise, sur -
face wash ing might be iden ti fied as an in stan ta neous
phe nom e non (t = 0). Al though the dif fu sion model
can not de fine the over all leach ing pro cess, it is suit -
able for an tic i pa tion due to its sim plic ity [24]. How -
ever, con cern ing the re gres sion co ef fi cients, a
semi-em pir i cal model pro vided the im proved ap prox i -
ma tion of the Cs+ static leach ing pro cess [25].

CON CLU SION

The in ves ti gated ce ment-based ma trix ab sorbed
a sub stan tial amount of wa ter, due to spent ion ex -
change resin pres ence, which fur ther in flu enced the
swell ing and its deg ra da tion. This caused a sig nif i -
cantly lower value of me chan i cal re sis tance to pres -
sure. Fur ther more, the re duc tion of the me chan i cal re -
sis tance was caused by the pres ence of the resin, since
it is com posed of plas tic microspheres, which do not
cre ate bonds, re sult ing in the re duc tion of me chan i cal
strength.

The re tain ing of Cs+ in the ce ment ma trix was
low and they leached dur ing the early phase of the
anal y sis. By in crease of the con tent of ben ton ite and
ze o lite in the ma trix, me chan i cal re sis tance to pres sure 
was de creased, while ce ment ma trix con tain ing ze o lite 
had slightly higher me chan i cal re sis tance. Fur ther -
more, an in crease in the amount of ze o lite and ben ton -
ite in the ma trix con sid er ably re duced the Cs+ leach ing 
de gree while ze o lite had a higher sorp tion abil ity.

The con tri bu tion of the dif fu sion pro cess to the
to tal trans port of Cs+ in the ce ment ma trix po rous me -

dium un der static leach ing con di tions, was dom i nant.
The con tri bu tion of ma trix dis so lu tion was neg li gi ble
in re la tion to the con sid er able con tri bu tion of dif fu -
sion and sur face wash ing that could be con sid ered an
in stan ta neous phe nom e non. Hence, the semi-em pir i -
cal model showed a more ac cept able ap prox i ma tion of 
the Cs+ leach ing pro cess.
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MATEMATI^KO  MODELOVAWE  FENOMENA  TRANSPORTA  Cs+  IZ 
SOLIDIFIKOVANE  ISTRO[ENE  JONOIZMEWIVA^KE  SMOLE

Ciq rada je da se matemati~kim modelovawem procene fenomeni transporta jona Cs+ iz
solidifikovane istro{ene jonoizmewiva~ke smole. Hespeovom standardnom metodom islu`ivawa
ostvareno je pore|ewe eksperimentalnih rezultata. Za predvi|awe brzine islu`ivawa, u funkciji
vremena, kori{}eni su difuzioni i semi-emirijski modeli. Usled prisustva istro{ene jonoizme-
wiva~ke smole, cementni martiks je apsorbovao ve}u koli~inu vode, nabubrio i razgradio se. Ovaj
fenomen je prouzrokovao znatno ni`u vrednost mehani~ke otpornosti na pritisak. Pove}awem
sadr`aja bentonita i zeolita u cementnom matriksu tako|e je smawena wegova mehani~ka otpornost.
Zadr`avawe jona cezijuma u cementnom matriksu je slabo, te su ovi joni izlu`eni ve} tokom rane faze
ispitivawa. Koeficijent difuzije, De, smawen je za tri reda veli~ine dodatkom zeolita i bentonita u
cementni matriks. Linearna regresija eksperimentalnih rezultata izlu`ivawa Cs+ u stati~kim
uslovima pokazala je da su apsolutne vrednosti parametra K3 bile jedan do dva reda veli~ine ni`e od
apsolutnih vrednosti parametara K2 i K1. Usled toga, doprinos rastvarawa matriksa u ukupnom
transportu radionuklida mo`e se smatrati irelevantnim u odnosu na dominantni doprinos difuzije i
povr{inskog ispirawa.

Kqu~ne re~i: islu`ivawe, imobilizacija, cementacija, sorpcija, radioaktivni otpad


