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Abstract
The uptake of technetium on bentonite materials has been studied from the point of view of
characterization of long-term radioactive elements behavior in nuclear waste repository.
Bentonite R (locality Rokle, Czech Republic) and two types of model groundwater (granitic
and bentonite) were selected for the sorption experiments. It is generally known that bentonite
materials show an excellent cation-exchange capacity and, on the other hand, a poor uptake of
anions. Technetium occurs under aerobic conditions in its most stable oxidation state (+VII)
as pertechnetate, which makes a question of its sorption on bentonites more complex when
compared with e.g. Cs+ or Sr2+. To increase the Kd values for technetium sorption on
bentonites, it is necessary to carry out the experiments under anaerobic conditions in the
presence of reducing agent, which is capable to lower the oxidation state of technetium which
enables its successful immobilization.
The aim of our research has been to find out the conditions suitable for the technetium
sorption on selected bentonite under oxidizing conditions.
The sorption experiments with 99Tc on bentonite have been carried out by batch method. The
influence of the addition of different materials (e.g. activated carbon, graphite, Fe2+, Fe) with
bentonite, the effect of solid:aqueous phase ratio and a pH value on the percentage of
technetium uptake and on the Kd values were tested.
Perrhenate was selected as an analogue of pertechnetate in non-active experiments of
capillary electrophoresis (CE) and isotachophoresis (ITP). The percentage of rhenium sorbed
on bentonite material was determined from the decrease of perrhenate peak area (CE) and
from the shortening of the ITP zone corresponding to perrhenate. Both electromigration
methods provided comparable results. The results obtained in this study with non-active
material were compared to those of technetium acquired by radiometry and polarography.

1. Introduction

The radionuclide of 99Tc is a long-lived radioactive fission product with a half-life of
2.13·1015 years and a fission yield 6.13 % in nuclear reactors. Although the longer half-life of
99Tc results in a much lower radioactivity in comparison to 137Ce and 90Sr, 99Tc still exhibits
significantly greater radioactivity as compared with natural uranium ore. Therefore, the
behaviour and fate of 99Tc released from the altered spent nuclear fuel is of great importance
in the assessment of the performance of nuclear waste repositories. Mechanism for the near-
field immobilization of fission products includes: (1) solubility-controlled precipitation of
fission product-containing phase; (2) adsorption onto near-field and backfill materials; (3)
incorporation as impurities into secondary phases formed during the corrosion of spent fuel.
Because 99Tc radionuclide may exist in different oxidation states, redox (reduction-oxidation)
reactions will cause changes in speciation of Tc that will have a considerable effect on its
mobility1-5.
The salts  of Tc(VII), which is the stable in oxidation state under non-reducing conditions, are
in general very soluble. The high mobility of the TcO4

- anion must therefore be considered as
long time hazardous for the geosphere. On the other hand, the Tc(IV) hydrous oxide,
TcO(OH)2 or TcO2·nH2O (n=1-2), which is formed under reducing conditions, is only



sparingly soluble, i.e. Tc(IV) is the desirable oxidation state in a nuclear waste repository.
However, in the presence of oxygen, both hydrous TcO2·nH2O and crystalline TcO2 are found
to be oxidized and dissolved as TcO4

-, more or less rapidly. Under aerobic conditions, Tc is
poorly adsorbed onto soils in natural environments. However, the presence of  high amounts
of organic matter, metal and metal oxides improves the sorption of Tc on soil5-6.
Some experiments suggested that the presence of sulfide may immobilize the dissolved TcO4

-

due to the formation of Tc2S7. The removal of Tc by iron fillings could be attributed to a
combination of: (1) reductive conversion of the aqueous mobile Tc(VII) to the lower
oxidation state species, such as Tc(IV), which is relatively immobile; (2) sorption of the
reduced species onto (hydr)oxide surfaces, and (3) (co-) precipitation of Tc with iron
(hydr)oxides on surfaces. Experiments with ferrous or mixed-valence iron minerals, such as
magnetite, and ferrous sulfide proved that Tc precipitation and sorption is possible under
aerobic and anaerobic conditions3,6.  Other possibility for the uptake of technetium in the form
of anion TcO4

- is the adsorption on the activated carbon7-8.
This paper is focused on the sorption of anionic forms of radionuclides (ReO4

- and 99TcO4
-)

on the bentonite under aerobic conditions. It determines suitable additives added to the
bentonite  for the improving uptake of studied anions. Model experiments were performed
using non-active perrhenate as an analogue of pertechnetate due to the similar chemical
behaviour. Electromigration methods (capillary electrophoresis and capillary
isotachophoresis) were used for the determination of concentration of perrhenate in the
bentonite leachate. Diferential pulse polarogrraphy was choosen for the identification of
individual chemical species of technetium.

2. Experimental
Bentonite type R (locality Rokle, 4 km from Kadan town, Czech Republic) with the grain size
0.315 – 0.8 mm was used for the sorption experiments. Several different bentonite mixtures
with various additives e.g. activated carbon (Fluka, Buchs, Switzerland, specific surface area
914 m2/g), iron fillings (Sigma-Aldrich, Prague, Czech Republic, specific surface area 0.08
m2/g), FeSO4 (Lachema, Brno, Czech Republic) and graphite were tested for the uptake of
studied anions (99TcO4

-, ReO4
-). Two types of synthetic ground water were used for the

accurate description of processes in the deep repository. The bentonite water was prepared by
14 days leaching of bentonite in deionized water with the bentonite:water mass ratio 1:10.
Substances for the preparation of granitic water are listed in the table 1.

Table 1.: Compounds for the preparation of  granitic water

Compounds Concentration [mmol/L] Amount in 5 L [g]
NaHCO3 1.80 0.7560
Na2SO4 0.05 0.0355
K2SO4 0.05 0.0435

MgCl2.6H2O 0.18 0.1830
CaCl2 0.36 0.2000
NaCl 0.95 0.2775

Batch method was used for sorption experiments. Reaction mixtures were prepared by mixing
of  0.7 g bentonite R with selected additive and 7 mL of synthetic ground water. These
reaction mixtures were labelled by 50 µL of NH4

99TcO4 (Lacomed s.r.o., Rež, Czech
Republic, c=3.72·10-10 mol/L, specific activity 740 kBq/mL), 100 µL of KReO4 (c= 7·10-3

mol/L) and 20 µl of K186ReO4 (c=2.21·10-6 mol/L, specific activity 11 MBq/mL) respectively.
Radionuclide of 186Re was prepared by irradiation of 4.8 mg KReO4 (Sigma-Aldrich, Prague,



Czech Republic) in the reactor LVR-15 (Nuclear Research Institute, Rež, Czech Republic).
With a capacity of reactor 8.3 MW for 24 hours, approximetly 10 GBq was produced. The
stock solution acquired by dissolving of irradiated KReO4 in 5 mL of deionized water was
used for labelling experiments. Reaction mixtures modified in this way were shaken and after
appropriate time the liquid and solid phase were separated by centrifugation. Eh, pH, specific
conductivity, β activity of 99Tc and individual species of studied elements were determined in
the bentonite leachates.
The kinetics of sorption of studied anions were measured on the bentonite and bentonite
mixtures with selected additives (Fe, FeSO4, graphite and activated carbon) in the time
interval 1 hour – 30 days. The effect of the bentonite:additive ratio in the interval of ratios
bentonite:additive 5:1 - 200:1 was monitored on the sorption experiments with ReO4

-. The
influence of different intial pH values of reaction mixture in the interval of pH 2 – 12 was
measured for the sorption of studied anions.
The β activity of 99Tc was measured by RTF 20026 pulse counter with β scintillation detector
NaI (Tl) SPF 35.
Capillary electrophoresis with the UV detection and capillary isotachophoresis with the
conductivity detection were used for the determination of the concentration of perrhenate.
Electrophoretic experiments were performed in an untreated fused-silica capillary [39 cm long
(30cm to the detector) x 75 µm I.D.] purchased from Composite Metal Services (The Chase
Hallow, Worcester, UK) mounted in the CAPEL 105 capillary electrophoretics system
(Lumex, St. Petersburg, Russia). Detection was done by UV detector set to 214 nm. Before
analysis the capillary was conditioned by sequentially washing with 0.1 M HCl (5min), water
(5min), 0.1 M NaOH (5min) and water (5min). Between individual runs the capillary was
rinsed by run buffer for 5 min. The samples were injected into the capillary hydrodynamically
(1.5 kPa/30s) by setting the electrophoresis apparaturs to the requested value and the analyses
were run at the reverse polarity, - 10 kV, at 20 °C for 20 min.  A 40 mM Britton-Robinson
buffer solution (an equimolar mixture of boric, acetic and phosphoric acids, pH 4.5) were
used as background electrolyte for the analysis of bentonite leachates after sorption of
perrhenate. The concentration of perrhenate was determined from the change of perrhenate
peak area.
The experiments of capillary isotachophoresis (ITP) were carried out in a CS capillary
electrophoretic analyzer EA 100 (Labeco, Spišská Nová Ves, Slovakia) with two separation
columns. Both pre-separation (FEP, 90 mm lenght x 0.8 mm I.D.) and analytical (FEP, 160
mm lenght x 0.3 mm I.D.) columns were equipped with conductivity detection. Current in the
analytical column was set to 50 µA. All experiments were performed in the following set of
electrolytes: 20 mM HCl buffered by β−alanin at pH 3.1 was used as a leading electrolyte in
pre-separation column and 5 mM HCl bufferd by β−alanin at pH 3.1 was used as leading
electrolyte in analytical column, the terminating electrolyte contained 20 mM ammonia
solutions buffered by acetic acid at pH 4.8. The concentration of perrhenate was determined
from the shortening of the ITP zone corresponding to perrhenate. All chemicals for
preparation of buffers except β-alanin (Sigma-Aldrich, Prague, Czech Republic) were
purchased from Lachema (Brno, Czech Republic) and were of analytical grade.
A method of differential pulse polarography (DPP) performed in a three-electrode mode
(dropping mercury working electrode, platinum counter electrode and calomel reference
electrode) has been selected for the identification of individual technetium species. Analysis is
carried out in a supporting electrolyte of 1M citrate and 0.1 M NaOH under following
experimental conditions: modulation amplitude 50 mV, polarization speed 5 mV/s, droplet
time 1s; sensitivity 16 (5 nA/cm) and potential range from -0.35 V to –1.7 V. Polarographic
glass vessel is filled with 10 ml of supporting electrolyte and 0.25 mL of 0.5% gelatin and the
final solution is deaerated by nitrogen (30 min). After the recording of supporting electrolyte



polarogram, the suitable volume of technetium solution is added in the polarographic vessel,
solution is deaerated by nitrogen for 1 min and a sample polarogram is recorded. Due to the
low concentration of pertechnetate in a bentonite leachate after the sorption experiment it is
necessary to concentrate the solution through the evaporation before DPP analysis (1 mL of
bentonite leachate evaporates using IR lamp and the evaporation residue is dissolved in 50
µLof deionized water).

3. Results and discussion

3.1 Kinetic of ReO4
- and 99TcO4

- sorption

The retention of studied anions on the bentonite and bentonite mixtures with graphite and
FeSO4 is almost negligible which is confirmed by a small values of Kd. These values of Kd
are listed in the table 2. The uptake of perrhenate and pertechnetate on the bentonite and
bentonite mixture with graphite was lower than 15 % in the interval of  contact phases 2 hours
– 8 days. When compared with the uptake on the bentonite mixture with FeSO4 the values of
sorption yield of perrhenate were higher, but they did not exceed 25 %.

Table 2.: The Kd values for ReO4
- and 99TcO4

- on the different bentonite mixtures
Solid phase: bentonite and bentonite mixtures with FeSO4, graphite, Fe and activated carbon;
mass ratio of bentonite:additive 10:1, liquid phase: bentonite water, c(ReO4

-) = 1·10-4 mol/L,
c(99TcO4

-) = 2.66·10-12 mol/L.

Kd (mL/g)
Solid phase ReO4

- 99TcO4
-

Bentonite 0.9-1.5 0.1-2.7
Bentonite + FeSO4; 10:1 0.4-3.7 --

Bentonite + graphite; 10:1 0.8-4.1 --
Bentonite + activated carbon; 10:1 7.0-457.0 9.1-473.1

Bentonite + Fe; 10:1 2.8-49.5 5.9-6186

More interesting seems the sorption experiments on the bentonite mixtures with activated
carbon and iron fillings. As you can see from the Fig. 1A, after 10 hours of sorption of
perrhenate and pertechnetate on the bentonite mixture with activated carbon the sorption yield
reached almost 80 %. The values of sorption yield increased with the longer time of contact of
phases, after 2 days uptake of perrhenate and pertechnetate on this bentonite mixture it was
found that sorption yield exceeded 90 %. Almost the same values were measured for the 8
days contact of phases.
Fig. 1B contains the information on the sorption of perrhenate and pertechnetate on the
bentonite mixture with iron fillings. It can be summarized that sorption yield of studied anions
on this bentonite mixture depends on both contact time and concentration of studied anions.
Model experiments with the different concentration of active and non-active perrhenate
(c(ReO4

-) = 1·10-4 mol/L, c(186ReO4
-) = 6.32·10-8 mol/L) included in the reaction mixture

show, to reach the values of sorption yield over 90 %, the prolongation of the time of contact
of phases or the decrease of concentration of perrhenate (pertechnetate) is necessary. In the
case of retention of pertechnetate the time of sorption 1 day was sufficient to achieve the more
than 90 % sorption yield.



Fig. 1.: Sorption kinetics of ReO4
- and 99TcO4

- on the different bentonite mixtures
A) solid phase: bentonite and bentonite mixtures with activated carbon, FeSO4, graphite;

mass ratio bentonite:additive 10:1, liquid phase: bentonite water
B) solid phase: bentonite mixtures with Fe; ratio bentonite:Fe 10:1, liquid phase: bentonite

water
c(ReO4

-) = 1·10-4 mol/L, c(99TcO4
-) = 2.66 ·10-12 mol/L, c(186ReO4

-) = 6.32·10-8 mol/L.
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No changes in the oxidation state of pertechnetate on the bentonite mixtures with activated
carbon, iron fillings and FeSO4 respectively were observed during the experiment.  The main
mechanism of uptake of studied anions on these bentonite mixtures is sorption. This
mechanism was confirmed by DPP. Fig. 2 demonstrates the reduction of pertechnetate to the
three lower oxidation states. First step shows the reduction of Tc(VII) to Tc(IV), second one
corresponds to the Tc(IV)-Tc(III) change and third one is the Tc(III)-Tc(0) reduction step.
Due to the low concentration of 99TcO4

- during the experiments it was possible to observe
polarographic peaks corresponding to Tc(VII)-Tc(IV) and Tc(III)-Tc(0) steps.

Fig. 2.: Illustrative polarogram of bentonite leachate
1-background electrolyte (1mol/L sodium citrate + 0.1 mol/L NaOH); 2-10 the kinetics of
sorption of 99TcO4

-  on the bentonite (1-8 days); A- reduction Tc(VII)-Tc(IV); B-reduction
Tc(III)-Tc(0)

3.2 Effect of pH value on the sorption of ReO4
- and 99TcO4

-

It is generally known that bentonite materials have a great buffering ability in the wide area of
pH9-10. The equlibrium pH after 8 days contact of phases was established on the value 8.5 - 9
for the initial pH of reaction mixture 2 - 9 (Fig. 3). Due to this fact nearly the same values of
sorption yield of studied anions were obtained in the studied pH interval.
Table 3 demonstrates the influence of pH on the sorption yield of perrhenate and
pertechnetate for selected bentonite mixtures.  Values of sorption yield of perrhenate on the
bentonite mixtures with activated carbon are between 94 – 97 % in the interval of equlibrium
pH 6.9 - 8. Sorption yield decreases with the higher value of equlibrium pH which is in
agreement with the literature8.
Precipitates of Fe(OH)3 and Fe(OH)2 were formed in the bentonite mixture with FeSO4, when
the initial pH values were set in the interval 2 - 12. Due to the great buffering ability of
bentonite only precipitates of oxo or hydroxo forms of Fe3+ ions were present in the solutions.
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During first 24 hours, oxidation of Fe2+ to Fe3+ ions occures11. The highest uptake of
perrhenate was obtained in the interval of initial pH value 9 – 12, the values of sorption yield
were higher than 26 %.
Changes of initial pH of liquid phase were insignificant for the sorption of pertechnetate on
the bentonite. The retention of pertechnetate higher than  20 % was observed in the acid area
of initial pH. Sorption yield of  pertechnetate decreased with the increasing value of initial
pH.

Fig. 3.: Buffering capacity of bentonite
Solid phase: bentonite + activated carbon 10:1, liquid phase: bentonite water, c(KReO4)  =
1·10-4 mol/L, initial pH of reaction mixture 1.5 –12, contact of phases 8 days
pHE – equlibrium pH after 8 days of contact of phases, pH0 – initial pH
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Table 3.: Dependence of  the sorption yield of ReO4
- and 99TcO4

- on the initial and equlibrium pH of reaction mixture
Solid phase: bentonite, bentonite mixtures with activated carbon, FeSO4 and Fe; ratio 10:1, initial pH of reaction mixture 2 - 12, contact of phases
8 days, c(ReO4

-) = 1·10-4 mmol/L, c(99TcO4
-) =  2.66·10-12 mol/L, pH0 - initial pH, pHE - equlibrium pH

Bentonite+activated carbon Bentonite+Fe Bentonite+FeSO4 Bentonite

pH0 pHE

Sorption yield
of KReO4

(%)
pH0 pHE

Sorption yield
of KReO4

(%)
pH0 pHE

Sorption yield
of KReO4

(%)
pH0 pHE

Sorption yield
 of  99TcO4

-

(%)
1.9 6.9 94.3 2.0 8.1 57.0 2.1 6.5 29.8 2.0 7.4 26.7
3.0 7.2 93.4 3.0 7.9 59.8 3.1 6.5 18.7 2.9 7.4 21.5
4.0 7.4 93.9 4.2 8.3 56.3 3.9 6.7 19.2 4.1 7.3 19.5
5.0 7.4 95.9 5.1 8.6 57.4 5.0 6.7 21.1 5.0 7.7 19.7
5.9 7.6 96.2 5.9 8.7 50.5 6.0 6.8 20.7 6.1 7.8 0.5
7.1 7.7 97.7 7.0 8.3 53.7 7.0 6.8 23.0 6.9 7.8 8.0
8.2 7.7 96.7 8.1 8.5 57.7 8.1 6.8 24.0 8.0 8.0 7.0
9.0 7.8 97.2 9.2 8.8 54.5 9.0 7.0 25.8 9.2 8.0 6.8
10.0 8.1 94.8 9.9 8.9 57.2 10.1 7.2 33.8 10.1 8.0 10.4
10.9 8.5 95.0 11.0 9.4 49.6 11.1 7.0 33.7 11.3 8.4 5.3
11.9 9.4 88.0 12.1 10.0 50.7 12.2 7.2 33.8 11.9 9.0 0.8



3.3 Effect of ratio bentonite:additive on sorption of ReO4
-

Model experiments with perrhenate were carried out to find the optimum ratios of bentonite
mixtures with activated carbon and Fe. The results of these non-active model experiments
were applied in the pertechnetate sorption study.  The maximum values of sorption yield (<
90 %) were obtained for the interval of ratios bentonite:activated carbon 5:1 - 25:1 and
bentonite:Fe 2:1 - 4:1. Sorption yield decreased with the lowing of the additive amounts
included in the bentonite mixture (see Fig. 4).

Fig.4.: Dependence of the sorption yield of ReO4
- on the different ratio bentonite:activated

carbon and bentonite:Fe,
Solid phase - bentonite:activated carbon ratio 5:1 - 200:1 and bentonite:Fe 2:1 - 30:1,
liquid phase: bentonite water, c(ReO4

-) = 1·10-4 mol/L, contact of phases - 8 days

4. Conclusions
Suitable additives for the uptake of perrhenate and pertechnetate under aerobic conditions are
activated carbon and iron fillings.
It was found that the optimum conditions for the uptake of studied anions on the bentonite
mixture with activated carbon are following: bentonite:activated carbon ratio 10:1, the time of
sorption 2 days is neccesary to reach sorption yield higher than 90 %. The retention of
perrhenate and pertechnetate on the bentonite mixture with iron fillings depends on both
contact time and concentration of studied anions. Optimum ratio bentonite:Fe is 10:1.
Main mechanism of uptake of ReO4

- and 99TcO4
- is sorption, this mechanism was confirmed

by DPP.
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