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Abstract
In the geological disposal of nuclear waste, the simultaneous reduction of diffusion rate of cationic and anionic radioactive 
species is essential. Natural calcium-bentonite only reduces the diffusion rate of cations, not anions. In this study, the half 
of calcium ions is bentonite was exchanged to silver ions to reduce diffusion rates of both of radioactive cation (137Cs+) and 
anions (36Cl−, 131I−) at the same time. This is due to the precipitation of silver halides in the interlayer space. The diffusion 
rate of both anionic and cationic radioactive species are small in compacted the silver-calcium bentonite.
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Introduction

Recently, a part of the electric energy is produced by nuclear 
power plants all over the world. However, nuclear power 
plants produce nuclear waste containing many radioactive 
isotopes. This waste is deposited in geological repositories 
[1] safety isolating the nuclear waste from the biosphere as 
long as 100,000 years. For the storage of radioactive waste, 
the geological formations were used where water-soluble 
compounds have been accumulating for millions of years, 
such as salt mines, clay rocks, granite. In these geological 
formations, further engineering barriers are constructed.

The isolation ability is characterized by the diffusion 
rate of the isotopes through the barriers and depends on 
many factors, including the sorption of radioactive species. 
Geological formations (natural barriers) are typically able 
to bind cationic radionuclides due to their negative surface 
and layer charges, and inhibit their diffusion. However, the 
sorption of anionic substances can only be ensured with an 
engineering barrier.

Bentonite clay rock is generally used in any types of 
waste disposals, and is supposed as barrier material for 
the deep geological disposal of high activity nuclear waste 
[2]. The main mineral component in bentonite rocks is 

montmorillonite, a swelling clay mineral having exchange-
able cations. The radionuclide species, depending on their 
charges, migrate in the different water spaces of bentonite, 
namely in the free pore water, the water of the electrostatic 
double layer, and in the montmorillonite interlayer water 
[3–6]. The diffusion pathways of the cations and anions are 
different: the cations can be present in all water types, the 
anions, however, are excluded from the interlayer water and 
their quantity is less in the water of the electrostatic double 
layer than that of cations. The net diffusion coefficient is 
composed from the diffusion coefficient in the water spaces 
[7]:

where xp, xs and xi are the relative quantities of the diffus-
ing ion in the given pathway, gp, gs and gi are the geometrical 
factors of the pathways, Dp, Ds and Di are the apparent dif-
fusion coefficients on the pathways, p, s and i mean the pore 
water in the pores, on the outer surfaces and in the interlayer. 
For anions xi = 0.

Moreover, the cations can be sorbed in the interlayer of 
montmorillonite; this sorption inhibits the diffusion rate of 
cations. The entity of the interlayer cation highly effects on 
the swelling of montmorillonite, and as a result the ratio of 
the water spaces. Many publications deal with the factors 
influencing the water types, the differences in the diffusion 
of cations and anions in sodium-bentonite. The diffusion 
models include the porosity, bentonite dry density, and the 
distribution coefficient of the migrating cation [8, 9].

( 1)Dtot = xpgpDp+xsgsDs + xigiDi
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However, the mentioned migration and sorption process 
can be modified if the cations in the interlayer space of the 
montmorillonite change to cations that can take place in 
the chemical reactions of the migrating ion. An example is 
the precipitation of the interlayer cation and anion, such as 
the formation of very insoluble precipitates of phosphate 
or arsenite ion with lanthanide bentonites [10–24]. Another 
example is the reduction of pertechnetate ions to Tc(IV) 
by tin(II)- bentonite resulting in the sorption of radioactive 
pertechnetate [25] and reducing the diffusion rate [6]. Simi-
larly, the precipitation of silver-halides in silver-bentonite is 
also possible [26]. As a conclusion, anions can also intro-
duce into the interlayer space of montmorillonite and take 
place in chemical reactions as mentioned before.

In a previous study, we have studied the preparation of 
silver-bentonite and the batch studies of chloride and iodide 
ions on this. The calcium-silver ion exchange was proved by 
X-ray fluorescence and X-ray diffraction studies. Similarly, 
the precipitation of silver-halogenide was proved by X-ray 
diffraction. the sorption of radioactive halide ions (iodide 
and chloride) was studied. It was observed that both anion 
can be effectively bound with silver-bentonite, so there is a 
chance that the rate of diffusion can be reduced. However, 
we have also found that at higher iodide concentrations, the 
binding of iodide ion is reduced due to the formation of 
soluble silver-diiodide complexes, thus opening up another 
diffusion opportunity [26].

In this work, a silver-calcium-bentonite is prepared where 
half of the montmorillonite layer charge is neutralized by sil-
ver ions and the other half by calcium ions. The diffusion of 
radioactive chloride and iodide anions is studied. The effect 
of iodide ion concentration on the change in diffusion rate 
is studied by considering the chemical species. At the same 
time, the diffusion of the radioactive cesium cation is also 
being investigated, as the chemical modifications required 
for anion binding may not result in a significant increase in 
the diffusion rate of the cation. For this reason, the mixed 
silver-calcium exchanged bentonite was used for the diffu-
sion studies. This means that a bentonite sorbent is prepared 
and tested which can simultaneously inhibit the diffusion of 
anions (Cl− and I−) by precipitation with silver ions and a 
cation (Cs+) taking place in ion exchange reactions with the 
interlayer cations.

The thermal neutrons of the nuclear reactors produce 36Cl 
from 35Cl in the structural material introduced with the chlo-
ride content in the water used for concreting [27]. Due to 
its long half-life (3.01 × 105 years) it may have a significant 
long-term effect on human health, because of its long half-
life and potential mobility in geosphere.

Radioactive iodine and cesium are products in the fission 
of 235U [28] in nuclear reactors. Some radioactive iodine iso-
topes have very long half-lives, up to 1.57 × 107 years (129I). 
In the aquatic environments [29], I− is the dominant species. 

Many different sorbents were found to remove radioactive 
I−, they are briefly summarized elsewhere [26].

The most important radioactive isotope of cesium (137Cs) 
is produced with high activity during the fission of 235U and 
has relatively long half-life (cca. 30 years) [30]. For this rea-
son, its transport and sorption is frequently studied [31–35].

The typical apparent diffusion coefficient values of the 
radioactive cations or anion in bentonitic media is in the 
range of 10–11-10–12 m2/s or 10–10 m2/s, respectively, but 
these values strongly depends on the physical and chemical 
conditions of the migrating solution and the solid matrix [4, 
6, 36–41].

Experimental section

Materials and chemicals

Ca‑bentonite

The silver-calcium-bentonite was prepared from calcium-
bentonite, collected in Istenmezeje, Hungary, and charac-
terized with respect to its mineralogy and cation exchange 
capacity (CEC). The raw bentonite was applied without any 
treatments and purification. The elemental composition 
of the original Ca-bentonite is: 73.29 mass% SiO2, 18.71 
mass% Al2O3, 2.98 mass% Fe-oxide, 1.54 mass% CaO and 
3.48 mass% MgO. The mineral composition was determined 
by means of X-ray powder diffraction (XRD) analysis using 
a Philips PW1710 diffractometer (Philips, (today PANalyti-
cal B.V.) De Schakel 18 5651 GH Eindhoven, Netherlands), 
which is operating at 30 mA and 40 kV using Cu Kα radia-
tion source and a graphite monochromator. The scanning 
rate was 2°2θ/min. The mineral composition was calculated 
on the basis of the relative intensities of the reflections char-
acteristic of the minerals, applying the literature or experi-
mental corundum factors on minerals [42]. The CEC, as 
determined by the ammonium acetate method [43], was 
8.1×10–4 eq/g for monovalent cations.

Silver‑nitrate solution

Silver nitrate solution was prepared from the dissolution of 
solid AgNO3 (Reanal, p.a.). 63.78 g silver nitrate was dis-
solved in 375 cm3 tridestilled water. The silver ion concen-
tration of the solution was about 1 mol dm−3.

Radioactive isotopes

The radioactive isotopes (36Cl, 131I, 137Cs) were purchased 
from Isotope Institute Ltd, Budapest (Hungary). The 
iodine and cesium isotopes were carrier-free (concentra-
tion < 10–10 mol/dm3) and were present as I− and Cs+ ions. 
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The commercially available 36Cl isotope contains inactive 
chloride carrier, the specific activity is 4.8 MBq/g. This 
means that the chloride concentration of the solution filled 
into the donor cell (input) (Sect. "Diffusion studies") is about 
1.15*10–3 mol/dm3.

In nuclear waste the iodine-129 is important because 
of its very long half-life. In our experiments, however, 
iodine-131 with short half-life (8 days) was used as a tracer 
of iodine-129. Their chemical and diffusion properties are 
just the same.

Sodium iodide solution

NaI solutions were prepared by dissolving solid NaI (Rea-
nal, puriss) in water. The initial iodide concentrations of the 
donor cell (input) during the diffusion studies (Sect. "Dif-
fusion studies") varied from 1×10–6 to 5×10–4 mol dm−3.

Preparation of Ag‑Ca‑bentonite

Ca-bentonite (120 g, Sect. "Ca-bentonite") was suspended 
in AgNO3 solution (375 cm3, about 1 mol dm−3, Sect. "Sil-
ver-nitrate solution"). The suspension was stirred for 5 h 
at room temperature (25 °C), then the suspension was fil-
tered through a 0.45 μm pore size membrane filter. The solid 
was washed by with distilled water until silver ions could 
be detected in the filtrate by chloride ions. Then the silver-
calcium-bentonite was dried in air at room temperature in a 
silica gel desiccator; the silica gel is changed periodically. 
Finally, the solid was powdered and homogenized in an 
agate mortar. During the operations, the bentonite sample 
was covered by aluminum foil and kept in dark places to 
avoid the reduction of silver ions to metallic silver due to 
sunlight.

Characterization methods

X‑ray fluorescence measurements

Silver concentration of ion exchanged bentonite was meas-
ured using energy dispersive X-ray fluorescence spectros-
copy (XRF). Instrumental parameters were: Si(Li) detector 
with 20 mm2 surface and 3.5 mm evaporated layer (Atomki, 
Debrecen, Hungary), Canberra DSA 1000 digital spectrum 
analyzer (Canberra Industries, Meriden, CT 06450, USA), 
Canberra Genie 2000 3.0 spectroscopy software (Can-
berra Industries, Meriden, CT 06450, USA). The sample 
was excited with 185 MBq 241Am radioactive source. The 
Kα-lines of silver (22.1 keV) was used for the measure-
ment. The Ag concentration was 4.1 × 10–4 mol g−1. This 
means that about 50% of the cation exchange capacity 
(8.1 × 10–4 eq g−1) was exchanged by silver ions in one ion 
exchange. Since the original bentonite contained calcium 

ions as exchangeable cations, this means that the ratio of 
silver to calcium ions expressed in equivalent is about 1:1, 
namely the concentrations of calcium and silver ions is 
2 × 10–4 mol g−1 (4 × 10–4 eq g−1) and 4.1 × 10–4 mol g−1, 
respectively.

The main mineral component of bentonite is montmoril-
lonite which is a TOT (tetrahedron-octahedron-tetrahedron) 
type layer silicate. The central ions SiO4 tetrahedrons and 
AlOOH octahedrons are the tetravalent Si and the trivalent 
Al, respectively. In montmrollonite the trivalent aluminum 
ions are partly substituted by bivalent iron and magnesium 
ions. This means that the layers become negatively charged, 
which is neutralized by hydrated calcium ions in the inter-
layer space between the TOT layers. During the modifica-
tion by silver ion, only the interlayer cations are exchanged; 
the central ions of the crystal structure remained unchanged 
[44].

Swelling of bentonite

During the study of the swelling of bentonite samples in 
water, a powder containing 2 g dry bentonite (after the deter-
mination of water content) was sprinkled onto the top of 100 
cm3 of distilled water in a graduated cylinder. The time of 
bentonite addition was 2 h. After 24 h, the volume of the 
sediment was measured. This volume was 14 cm3, thus the 
water introducing into the free pores and interlayer space is 
7 cm3/ g silver-calcium-bentonite.

Measurement of radioactivity

36Cl was measured on the basis of beta-activity using a Tri-
Carb 4810 TR Liquid Scintillation Analyser. The compo-
sition of the scintillator was as follows: 4.0 g 1,5-diphye-
nil-oxazol (PPO), 257 cm3 Triton-X 100, 37 cm3 ethylene 
glycol, 106 cm3 ethanol, diluted to 1000 cm3 with xylene. 
The samples taken from the receptor half-cells (output) 
(Sect. "Diffusion studies") were mixed with 4 cm3 of this 
scintillator. Because of the weak beta radiation of 36Cl, only 
liquid samples can be well measured, the solid samples 
activities have significant errors.

The activity 131I and 137Cs was measured on the 361 and 
662 keV energy gamma lines, respectively, by multi-channel 
gamma spectrometer equipped with NaI(Tl) scintillation 
detector. Because of the gamma radiation, solid samples 
obtained by slicing of the bentonite samples (Sect. "Diffu-
sion studies") can also be measured.

The half-lives of the 137Cs and 36Cl isotopes are fairly 
long (30.05 and 301,000 years, respectively), so the activity 
does not decrease during the studies (about 1 month). The 
half-life of 131I, however, is 8 days, so the decay correction 
of the 131I was necessary to the starting time to the diffusion 
studies.
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As usual in radioactivity measurement, the background 
activity was continuously measured and the radioactivities 
were corrected with this value.

Diffusion studies

The diffusion cells [45] consisting of three compartments 
were used. The silver-calcium-bentonite discs with 25 mm 
diameter and 5 mm thickness is placed in the middle part 
between two membrane filters (0.45 μm pore size). The 
pores are bigger by several orders of magnitude than the 
diameter of the studied ions. In addition, the filter do not 
adsorb the ions. Thus, the filter do not influence the trans-
port of the radioactive ions. The discs were pressed at about 
150 bar pressure, their mass was 4.00 g in the case of disc 
used for chloride and cesium diffusion studies, or 3.70 g for 
discs used for iodide diffusion studies, respectively. From 
the geometric sizes and mass of the disc, the dry density 
was 1.63 g/cm3 (chloride and cesium diffusion) and 1.50 g/
cm3 (iodide diffusion studies). The bulk density of clay is 
2.6 g/cm3. Comparing the dry and bulk densities, the pore 
ratio is 0.37 or 0.42 cm3/g for the discs used for the study 
of chloride and cesium, or iodide diffusion, respectively. 
To avoid the effect of the swelling, mixing, and other pro-
cesses on the diffusion, the donor half-cell (input) (volume 
is 55 cm3) and the receptor half-cell (output) (cc. 22. cm3) 
was filled with bidistilled water and kept to saturate and 
swell the bentonite sample. A part of the bidestilled water 
was taken up by the swelling bentonite, which was shown 
by the decrease of the water level in the cell; for this reason, 
the water was filled if necessary. About one month later, the 
solution in the donor half-cell (input) was exchanged to an 
initial solution containing the radioactive isotopes. The 137Cs 
and 36Cl isotopes were applied as purchased; this means 
carrier-free concentration (< 10–10 mol dm−3) for cesium 
and 1.15×10–3 mol dm−3 for chloride ions. The diffusion of 
chloride and cesium ions was also investigated when they 
were simultaneously present in the donor cell (input). In the 
case of iodide ion, we tended to study the effect of iodide 
concentration, thus iodide was applied from carrier-free 
(< 10–10 mol dm−3) up to 5 × 10–4 mol dm−3. The increase 
of the concentration was done by non-radioactive NaI solu-
tion (Sect. "Sodium iodide solution").

The isotopes migrate through the bentonite layer into 
the receptor half–cell (output). The samples of 100 μl were 
taken at different times from the both half–cells. The activity 
of 36.Cl was measured by its beta activity by liquid scintilla-
tion technique. 131I and 137Cs isotope emit gamma photons, 
so their activity was measured by NaI(Tl) scintillation detec-
tor (Sect. "Measurement of radioactivity").

After the diffusion experiment was finished (4 weeks) and 
the cell was disassembled, three discs with 5 mm diameter 
were cut from the still wet bentonite pastilles. These discs 

were sliced into 7 pieces. After air drying, the gamma activi-
ties of 131I and 137Cs isotopes were measured by gamma 
spectrometry (Sect. "Measurement of radioactivity").

The diffusion results were evaluated by a particular solu-
tion of the Fick’s second law:

where C is the concentration of the migrating ion, t is the 
time, x is the distance, Dm is the apparent diffusion coeffi-
cient. For the diffusion cell, the boundary and initial condi-
tions are fulfilled as follows:

boundary condition: at x = 0 and t > 0, C = C0.
initial condition: at x > 0 and t = 0, C = 0.
where x = 0 means the contact surface of the solution con-

taining the radioactive solution (donor cell (input)) and the 
bentonite sample.

In this case, the solution of the Fick’s second law [46]:

where erfc z = 1-erfz; z = x

2
√

(Dmt)
.

During the diffusion studies, the radioactive intensities 
(I(x,t)) of the radioactive ions are measured which is propor-
tional to the concentration:

where k is the measuring efficiency, λ is the decay constant 
of the radioactive isotopes, V is the volume of the sample 
solution, NA is the Avogadro number, C(x,t) is the concentra-
tion of the ions. By substituting Eq. (4) into (3):

For the samples taken at different times from the receptor 
half-cells (output), the apparent diffusion coefficient (Dm) 
can be determined from the function C(x,t)-t when x = con-
stant. The same function is used for sliced samples, but in 
this case t = constant. The results are evaluated with the pro-
gram "Scientist".

Results and discussion

Changes of radioactivity in the solutions 
of the donor (input) and receptor half‑cells (output)

Figure 1 shows the decrease of the radioactivity of the 
donor half-cells (input) as a function of diffusion time. In 
Fig. 1a–c, the different notations are the results of parallel 
experiments. As seen, the depletion of chloride ion from the 
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Fig. 1   The decrease of the radioactivity of the donor cells (input) as 
a function of migration time. a: 36Cl; b: 137Cs; c: 131I at carrier-free 
concentration; d: 131I at 1 × 10−6– 5 × 10−4 mol  dm−3 inactive iodide 
concentration added

Fig. 2   a: The changes of 36Cl radioactivity in the bentonite slices. b: 
The chemical species of chloride ions in silver ion-chloride ion sys-
tem on the basis of thermodynamic calculations. Total chloride con-
centration: 1.15 × 10−3 mol dm−3

Fig. 3   The changes of 137Cs radioactivity in the bentonite slices. a: 
without choride ion; b: with 1.15 × 10−3 mol  dm−3 chloride concen-
tration
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donor half-cell (input) is the fastest. After about 600 h, the 
chloride activity of the donor half-cell (input) is less than 
the 10% of the initial activity. For 137Cs another high activ-
ity remains (about 30% of the initial activity) in the donor 
half-cell (input) even at long diffusion times.

It is clearly seen in Fig. 1 c and d, the plots belong to three 
different groups: up to 5×10–5 mol/dm3 inactive (carrier) 
iodide concentration, the depletion of 131I is slower that of 
the carrier free 131I isotope. When the inactive iodide con-
centration is higher that this value, the depletion of iodide 
from the donor cell (input) is faster than that of the carrier 
free iodide ion. This means that the iodide concentration 
strongly effects on the decrease of the radioactivity as well 
as the iodide concentration in the donor cell (input).

At the same time, no radioactivity is detected in the recep-
tor half-cell (output), consequently diffusion coefficients 
cannot be calculated from the radioactivities of the receptor 
half-cells (output) (x = constant). In addition, the radioactiv-
ity missing from the donor half-cells (input) must be in the 
bentonite discs during the experimental period (> 600 h).

Changes of radioactivity in the slices of bentonite 
samples

As mentioned previously in Sect. "Measurement of radioac-
tivity", the 36Cl isotope emits low energy beta radiation, for 
this reason the measurement of the solid samples by liquid 
scintillation method can be measured with significant error. 
Moreover, in the presence of 137Cs, which also emit beta par-
ticles, 36Cl cannot be measured at all because of the continu-
ous character of the beta spectra. For this reason, the changes 

of 36Cl radioactivity in the slices can be shown only for cells 
containing this isotope alone (Fig. 2a). However, the changes 
of 137Cs radioactivity can be shown for cells without and 
with 36Cl (Fig. 3). Since the initial radioactivities were more 
or less different for the cells, for the sake of comparison, the 
relative radioactivities of the slices are plotted, that is all the 
radioactivity values were divided by the I0 values obtained 
during the calculation of diffusion coefficients (Eq. 5). The 
diffusion coefficients are listed in Table 1 and 2.

As seen in Fig. 2 and Table 1, the diffusion coefficient 
for 36Cl are in the range of 10–13 m2/s, which is smaller than 
the typical values for anion diffusion in natural bentonitic 
media (10–10 m2/s; see Introduction). This can be interpreted 
by the chemical species of chloride ion in the presence of 
silver-calcium-bentonite (Fig. 2b). The proportion of chemi-
cal forms in the silver-chloride system was calculated using 
the Visual MINTEQ chemical equilibrium model, using the 
thermodynamic data of the software [26]:

The diffusion of anions (including chloride) in natural 
bentonite takes place in the free pore water; they are usually 
excluded from the interlayer space by electrostatic reasons. 
In our case, however, the presence of silver ions allows chlo-
ride ions to penetrate into the interlayer space. On the one 
hand, this can open a new diffusion pathway, but it is also 
possible that silver chloride precipitates, which inhibits the 
diffusion of chloride. The possibility of the silver chloride 
precipitation is determined by the ratio of the concentration 
of silver and chloride ions. This is valid both in the interlayer 
space and the in the free pore water. The concentration of 
chloride ions in the cell is 1.15*10–3 mol dm−3 (Sect. "Dif-
fusion studies") and this value was used in the calculations 
of the chemical species of chloride (Fig. 2b). The concen-
tration of silver ions can be estimated using the following 
considerations. The amount of silver ions in dry benton-
ite is 4.1e10−4 mol g−1 (Sect. "X-ray fluorescence meas-
urements"); these ions are located in the interlayer space 
of bentonite for electrostatic reasons. The pore volume of 

( 6)
Ag+ + Cl− = AgCl(stability constant of AgCl(s) is lgK = −9.75)

( 7)
AgCl + Cl− =

[

AgCl2
]−
(stability constant is lgK = 5.25)

Table 1   Apparent diffusion coefficients of 36Cl in silver-calcium ben-
tonite

Sample (Fig. 2a) 36Cl, 10–13 m2/s

1 1.15
2 1.77
3 4.20
Mean 2.4
SD  ± 1.6

Table 2   Apparent diffusion 
coefficients of 137Cs in silver-
calcium bentonite

Sample (Fig. 3a) 137Cs, 10–12 m2/s Sample (Fig. 3b) 137Cs in the presence 
of chloride, 10–12 m2/s

1 5.1 1 3.7
2 5.5 2 2.3
3 5.9 3 2.4
4 7.4 4 4.3
5 4.4 5 4.0
Mean 5.6 Mean 3.4
SD  ± 1.1 SD  ± 0.94
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the dry bentonite is 0.37 cm3 g−1 (Sect. "Diffusion stud-
ies"), the swelling in water is 7 cm3 g−1 (Sect. "Swelling 
of bentonite"). Accordingly, the free pore water volume 

is 0.37 cm3 g−1 and the interlayer water is 6.63 cm3 g−1. 
Taking into account the silver content of the dry benton-
ite, the silver concentration in the interlayer space is about 
6×10–2 mol dm−3. However, the amount of the free pore 
water is relatively small (about 5%), thus this does not lead 
to a significant decrease in the concentration of silver ions 
in the interlayer space. It should also be noted that silver 
ions in free pores are subject to much lower electrostatic 
forces than in the interlayer space, so the concentration of 
silver ions there can be orders of magnitude lower (at most 
10–5–10–4 mol dm−3).

Figure 2b shows that at a silver ion concentration of 
10–2 mol dm−3 silver ions form a silver chloride precipitate, 
i.e., the chemical reaction in the interlayer space may be 
responsible for the lower diffusion coefficient. It is seen, 
however, that below 10–4 mol dm−3 silver-concentration the 
dominant chemical species is the negatively charged chloride 
ion, so its diffusion in the free pore water is still possible. As 
shown in Fig. 2a and observed during fitting the diffusion 
model (Eq. 5), the calculated curves fit the measuring points 
well below about 0.003 m, but not beyond. The presence 
of chloride ion in the slices above ~ 0.003 m may be due 
to Cl− diffusion in the free pore water, possibly at higher 
rates, and may be slightly influenced by the water-soluble 
AgCl2

− ions, which are also anionic.
Figure 3 and Table 2 show that the parallel experiments 

for 137Cs are in a fairly good agreement. The diffusion coef-
ficients are in the range of 10–12 m2/s which is consistent 
with the literature data (see Introduction). In the presence of 
chloride ion, which means the formation of silver chloride, 
the values are a little bit smaller. As a conclusion, the partial 
ion exchange of the interlayer calcium cations to silver ions, 
in order to decrease the diffusion rate of anions, does not 
significantly influence the diffusion of cesium ions.

Figure 4 shows the diffusion of iodide ions from the car-
rier-free concentration to the addition of 5×10–4 mol/dm3 
inactive iodide. The diffusion coefficient values are listed 
in Table 3.

The plots shown in Fig. 4 are selected from the typical run 
of donor half-cell (input) activities (Fig. 1c and d). Figure 4a 
shows the carrier-free concentration. Figure 4b indicates an 
iodide concentration (1×10–5 mol dm−3) where the iodide 
ion from the donor cell (input) penetrated more slowly into 
the bentonite pastille than in the case of carrier-free 131I. 
Figure 4d shows a case (5×10–4 mol dm−3) where the iodide 
depletion from the donor cell (input) was faster than that 
from the carrier-free 131I. For comparison, relative activities 
are shown here as in Figs. 2–3. However, the vertical axis 
of Fig. 4c (5×10–5 mol dm−3) shows activity/mass values, 
because the slices at this total iodide concentration showed a 
uniform 131I activity. Therefore, diffusion coefficients could 
not be estimated and, in the absence of the fitted curve, the 
relative activities could not be calculated.

Fig. 4   The changes of 131I radioactivity in the bentonite slices. 
Iodide concentrations: a: carrier-free; b: 1 × 10−5  mol  dm−3; c: 
5 × 10−5 mol dm−3; d: 5 × 10−4 mol dm−3
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The relationship between the diffusion coefficients and 
the total iodide concentration is shown in Fig. 5a. The 
value of the diffusion coefficient for the carrier-free iodide 
concentration is shown by the larger red dot. Figure 5b–d 
shows the species obtained from the equilibrium calcu-
lations for the silver ion concentrations in the interlayer 
space (10–2 mol/dm3, Fig. 5b) and in the free pore water 
(10–5–10–4 mol/dm3, Fig. 5c, d) of bentonite. The propor-
tion of species in the silver-iodide system was calculated 
using the Visual MINTEQ chemical equilibrium model, 
using the thermodynamic data of the software [26]:

It can be seen that at silver concentrations correspond-
ing to the interlayer space (> 10–2 mol/dm3), iodide ions 
can always be present as AgI precipitates. As a result, the 
diffusion coefficients at all iodide concentrations are in 
the range 10–13–10–12 m2/s, which is significantly lower 
than the value typical for anions in natural bentonitic rocks 
(10–10 m2/s). In turn, the dominant species in the free pore 
water vary depending on the iodide ion concentration and 
essentially determine the diffusion rate. These allow us to 
distinguish here also the concentration ranges where the 
diffusion rate in the bentonite slices and the rate of iodide 
transport from the donor cell (input) to the bentonite vary. 
At the carrier-free iodide concentration, negatively charged 
iodide ions are present in the free pore water, because the 
product of the concentration of the ions does not reach the 

( 8)
Ag+ + I− = AgI(stability constant of AgI(s) is lgK = −16.08)

(9)AgI + I− =
[

AgI2
]−
(stability constant is lgK = 11.7)

solubility product required for silver iodide precipitation. 
However, with the addition of inactive iodide ions, i.e., 
with an increase in the iodide ion concentration, a silver 
iodide precipitate is formed and therefore the diffusion 
rate is reduced compared to the carrier-free iodide ion. 
This range extends to about 1×10–4 mol dm−3 total iodide 
concentrations. Above this level, the total iodide concen-
tration in the free pores becomes larger than the silver ion 
concentration and the negatively charged species, I− and 
AgI2

− become dominant. This results in the increase of 
diffusion coefficients.

Conclusions

About half of the exchangeable ions of natural calcium-ben-
tonite were replaced by silver ions. By this chemical modifi-
cation, silver-calcium-bentonite was produced. The diffusion 
rate of the anionic radioactive halide ions in this Ag-Ca-
bentonite is 10–13–10–12 m2/s, which is significantly lower 
than the typical diffusion coefficients of anions in natural 
bentonitic rocks (10–10 m2/s). This is due to the precipitation 
of silver halides in the interlayer space. At the same time, 
the rate of diffusion of cationic Cs-137 is also favorably low 
(10–12 m2/s). This allows a simultaneous reduction of the dif-
fusion rate of both anionic and cationic radioactive species, 
which is beneficial for the geological disposal of radioactive 
waste. Silver-calcium-bentonite can be part of the engineer-
ing barrier system.

However, it can be observed that in the case of iodide 
ion, the presence of a carrier influences the species and thus 
the diffusion rate. The effect depends on the concentration: 

Table 3   Migration coefficients 
of 131I in silver-calcium 
bentonite

*Mean values of three paralel measumerents

Total iodide, mol/dm3 Sample 
(Fig. 4a)

Migration coeffi-
cient, 10–12 m2/s

Mean 10–12 m2/s Standard 
deviation 10–12 
m2/s

1×10–12

(Carrier-free)
1 2.12 2.16  ± 1.13
2 4.22
3 0.82
4 1.20
5 2.33
6 1.62
7 2.81

1.00×10–06 1.44* 0.78*
5.00×10–06 0.80* 0.80*
1.00×10–05 0.17* 0.13*
5.00×10–05 uniform distribution
1.00×10–04 0.16* 0.18*
3.00×10–04 0.09
5.00×10–04 2.74* 0.56*
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up to an iodide concentration of about 10–4 mol dm−3, the 
diffusion coefficients decrease due to the precipitation of 
silver iodide. Above this concentration, the diffusion coef-
ficients increase due to the formation of negatively charged 
I− and AgI2

− species, but do not increase above the range 
of 10–12 m2/s, which is quite appropriate for reducing the 
diffusion rate of anion.

The silver content of the bentonite layer determines the 
duration of the diffusion rate reduction. When the silver ions 
are completely transformed to silver halide, i.e., the silver 
ions are depleted, the anions can no longer precipitate, so the 
diffusion rate can increase up to the value typical for anions 
in natural bentonites. The presence of a carrier therefore has 
a negative effect, taking some portion of the silver ions up.
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