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An adequate response to terrorist event of any magnitude requires the effective coordination of many
organizations. A terrorist event involves the release and dispersion of radioactive material among ci-
vilian population or over vital area causes a permanent radioactive contamination, which should be
removed in decontamination process. Finally, after this procedure, a large amount of radioactive
waste water is made, which should be collected and stored in a special nuclear waste stockpile. We
present results of experimental work, which was focused on removal of radioactive substances from
waste water from decontamination process after using “dirty bomb”. The ion flotation process was used
to remove radioisotopes from slightly salty (<1.0-10 mol/dm?®) aqueous solutions. Multistage ion flota-
tion and fractionation of concentrate from the ion flotation process using appropriate lariat ethers as
collectors allowed separation of radioisotopes, which might have a practical usage for the decontamina-
tion of radioactive waste aqueous solutions.
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INTRODUCTION

The threat of radiation event as a result of terrorist activity has recently arisen, and
a “dirty bomb” seems to be excellent “psychological” weapon to cause the ensuing
panic and psychological distress. In the “dirty bomb” conventional explosives are
linked to a radioactive source with the intention of dispersing radioactive particles.
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Sealed medical and industrial sources, such as cobalt-60, cesium-137, strontium-90,
and iridium-192, could be targets for terrorists (Tintinalli, 2004). A terrorist event in-
volves the release and dispersion of radioactive material among civilian population or
over vital area causes a permanent radioactive contamination, which should be re-
moved in decontamination process. Finally, after this procedure, a large amount of
radioactive waste water is made, which should be collected and stored in a special
nuclear waste stockpile. The ion flotation process seems to be excellent for this task as
that it is a simple and effective method for removal and separation of metals ions from
dilute aqueous solutions (¢ < 1.0 10~ mol/dm?). In this process, an ionic surface ac-
tive compound (collector) is introduced to the aqueous solution to transport non-
surface active colligent of the opposite charge from a bulk aqueous solution to the in-
terface of solution and vapour. Counter ions must be co-adsorbed to neutralize the
charge. If a sufficiently large aqueous solution/gas interface is provided by sparging
gas through the solution, the colligend ions can be concentrated and removed along
with the collector in a foam phase. The most important fact is that the radioactive sub-
stances are collected in a separate container.

We now present results of experimental work, which was focused on removal
of radioactive substances from waste water from decontamination process after using
“dirty bomb” in the ion flotation process.

MACROCYCLIC COMPOUNDS IN ION FLOTATION

Since the discovery of the first crown ether in 1967 by Pedersen the, i.e. dibenzo-
18-crown-6, the macrocyclic compounds hold great interest and potential. They have
applied successfully for many metal ion separations in solvent extraction, transport across lig-
uid membranes, and ion-exchange systems (Bond et al., 1999; Bartsch, Way, 1996;
Nghiem et al., 2006; Ulewicz et al., 2006). The recent advances of the crown ethers
chemistry have been reviewed (Ludwig; 2000; Alexandratos, Stine, 2004; Robak et
al., 2006; Maciejewski et al., 2008). There are only few papers which deal with appli-
cation of macrocycles in the ion flotation process. Koide et al. (1996) used phos-
phate ethers of C-undecylcalix(4)resorcinarenes for uranium flotation from seawater
and calyx(4)arenes derivatives for alkali metal cations flotation (1993). Schulz and
Warr (1998) applied cryptand 222, and 18-crown-6 together with anionic surfactant, i.e.
bis (2,2")-cthylhexylsulfosuccinate (AOT) for alkali metal cations separation. Another
approach to application of macrocycles for flotation of metal cations was done by
Charewicz et al. (2001). They used the macrocycles proton-ionizable lariat ethers with
sulphonic, phosphate and carboxylic acid groups for flotation of Sr*" and Cs" cations.
Ulewicz et al. (2003, 2006) used proton-ionizable lariat ethers with foaming agent for
flotation of Zn(II) and Cd(II) ions from aqueous solutions. Maciejewski and Walkowiak
(2004) studied selective removal of Cs(I), Sr(II) and Ba(Il) cations with proton-
ionizable lariat ethers in the ion flotation process.
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EXPERIMENTAL SECTION

Reagents. The aqueous solutions were prepared with doubly distilled water
of 5 uS/m conductivity at 25 °C. Analytical grade inorganic compounds: NaNO;,
HNO;, NH; - H,O, were obtained from POCh (Gliwice, Poland). The nonionic foam-
ing agent - octylphenylodecyl (ethylene glycol) ether (Triton X-100) was from Merck. As
the collectors 6 lariat ethers possessing cavities from DB-16-C-5 to DB-22-C-7 and differ-
ent acidic groups, i.e. sulphonamide and sulfonic were used (from prof. Bartsch, R.A.,
Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, USA,
see Tab.1). The lariat ethers were added as ethanol solutions. The gamma-radioactive
isotopes, i.e. Cs-137, Sr-85 and Co-60 were purchased from the Atomic Energy Insti-
tute (Swierk/Otwock, Poland), Ba-133 and Pb-212 from Institute of Nuclear Chemis-
try and Technology (Warsaw, Poland). They were of sufficiently high specific activity
to neglect the effect of carrier concentration.

Table 1. List of lariat ethers and nonionic foaming agent

Structure Crown R X eljh(;r
R X —OCH,CONHSO,CF, 1
DB16C5 —CoH =
% 10721 —O(CH,);SO;Na 2
IO DB19C6 —CyoH,; | “OCH,CONHSO,CFj; 3
@ @ “C.Hs —O(CH,);SO;Na 4
0 o DB22C7 —C4Ho 5
—OCH,CONHSO,CF
AN —CyoHay 2 el
Ry i_CxH” Triton X-100 (eter
Ri Re R, = oktylofenylodekaetylenoglikolowy) z
O(CH,CH,0),,H yloteny YICNOEHKOIOWY

Ion Flotation Procedure. The flotation experiments have been carried out in ambi-
ent temperature (20 £ 2°C) in a glass column 45.7 cm in height and 2.4 ¢cm in diame-
ter. The argon gas was saturated with water, and the flow rate was maintained at 12
mL/min through a sintered glass sparger of 20-30 wm nominal porosity. The initial
volume of each feed solution was 100 mL and contained aqueous solutions of Cs-137,
Sr-90, Ba-133, Co-60 and Pb-212 radioisotopes (at 1.0-10™® mol/dm’ concentration),
and NaNO; as the source of foreign cations (at 1.0-10~ mol/dm’ concentration). The
single and multi channel, gamma radiation spectrometers were used as the detectors
of radiation intensity of specific energy.

The percent of decontamination was calculated by the equation:

D=(1-4_/4,)-100% (1)
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where Aj, A; — initial and residual gamma radiation intensity of solution,

Bg/dm’.

% Fig. 1. Scheme of ion flotation apparatus

5 1 — gas flow and pressure meter,
2 — humidifier,
3 — flotation column,
4 — foam receiver,
5 — lead screen,

56 6 — spectrometric scintillation probe,
%ﬁ— 7 7 — gamma radiation spectrometer with com-
3 puter,

8 — injection capable valve (for collector).

RESULTS AND DISCUSSION

RADIATION RESISTANCE OF LARIAT ETHERS

An important parameter for flotation of metal ions from radioactive waste aqueous
solutions is a radiation resistance of lariat ethers. The radiation resistance of two lariat
ethers (1, 2) using Cs-137 source was measured. The lariat ethers after exposition
(dose from 0.1 to 10 Gy) were examined for Cs-137 (1.0-10"* mol/dm’). The percent
decontamination of Cs-137 for 1 and 2 after exposition is at the same level as be-
fore radiation, so the lariat ethers have enough radiation resistance and can be used
for ion flotation of radioactive cations.

SELECTIVE FLOTATION OF CS-137, SR-90, BA-133, CO-60 AND PB-212
RADIOISOTOPES

The ion flotation process was applied for selective removal of Cs-137, Sr-90, Ba-
133, Co-60 and Pb-212 radioisotopes, which could be consider as radioactive waste
water from decontamination. The aqueous solutions contained Cs-137, Sr-90, Ba-133,
Co-60 and Pb-212 radioisotopes (at 1.0-10® mol/dm® concentration) and NaNOs as
the source of foreign cations (at 1.0-10~° mol/dm’ concentration).
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The preliminary flotation experiments with the addition of NaNQOj as the source of
foreign cations indicated reduction of all radioisotopes removal. When the concentra-
tion of NaNO; was higher than 1.0-10~ mol/dm’, the removal of radioisotopes was
very low. The experiments were performed also at the various initial concentrations of
lariat ethers and pH values.

Fig. 2. The selective flotation of Cs-137, Sr-90, Ba-133, Co-60 and Pb-212 with lariat ethers: 5, 6, 3,2 and 4 at
1.0-10" mol/dm? initial concentration and in the presence of nonionic foaming agent 7 from aqueous
solutions containing NaNO; (1.0-10~° mol/dm®), [Lariat ether] = [7] = 1.0-10~> mol/dm’

In the Figure 2, there are results for competitive flotation of Cs-137, Sr-90, Ba-
133, Co-60 and Pb-212 radioisotopes with appropriate proton-ionizable lariat ethers
from dilute, slightly salty ((NaNOs] = 1.0-10~ mol/dm®) aqueous solutions. The stud-
ied cations have different ionic radius and ionic potential, which allow separation of
mentioned cations from dilute aqueous solutions with using 5 lariat ethers possessing
DB-16-C-5 cavity and different liphofilic (from butyl to decyl) and acidic groups, i.e. sul-
fonamide (i.e. 1, 3, 5, 6) and sulfonic (2, 4) (Ulewicz et. al., 2006a). As it can be seen
in this Figure, five stages of ion flotation and concentrate fractionation of the ion flo-
tation process with appropriate lariat ethers as collectors (i.e. 5, 6, 3, 2, 4) allow sepa-
ration of radioisotopes in the order: Pb-212 > Ba-133 > Sr-85 > Co-60 > Cs-137. A
multistage ion flotation means that in one experiment the same feed solution is floated
with using a proper collector in a correct sequence. Each stage was started with injec-
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tion of a new portion of collector (<1.0-10~ mol/dm’) which was injected through
valve 8 (see Figure 1) and the stage was finished when it was stopped floating. One
stage took about 5 minutes and there was a small amount of foam (< 0,5 g), which
means that the enrichment ratio of radioisotope in foam is high. The competitive ion
flotation of radioisotopes was fast and after 30 minutes final removal was reached,
which might have a practical usage for the decontamination of radioactive, slightly
salty (<1.0-10° mol/dm®), waste aqueous solutions.

CONCLUSIONS

Proton-ionizable crown ethers with sufficient surface activity and water solubility
seem to be the new generation of collectors for flotation of Cs*, Sr**, Ba*" and Pb*"
cations from dilute aqueous solutions.

The lariat ethers have enough radiation resistance so they can be used for ion flota-
tion of radioactive isotopes.

The ion flotation process allows the efficient decontamination of slightly salty
(<1.0-10~° mol/dm?®) aqueous solutions containing Co-60, Sr-85, Ba-133, Cs-137 and Pb-
212 isotopes. Multistage ion flotation and fractionation of concentrate from the ion
flotation process using appropriate lariat ethers as collectors allowed us to separate
radioisotopes with selectivity decreasing in the order: Pb-212 > Ba-133 > Sr-85 > Co-
60 > Cs-137. The competitive ion flotation of radioisotopes is fast, with final removal
reached in just 30 minutes, which might have a practical usage for the decontamina-
tion of radioactive waste aqueous solutions.
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Zbadano selektywne wydzielanie radioizotopow: Pb-212, Ba-133, Sr-85, Co-60 i Cs-137,
z rozcieficzonych, zasolonych NaNO; (1.0-10~° M) roztworéw wodnych z uzyciem nowej grupy zwiaz-
koéw makrocyklicznych, tj. jonizowanych eterow lariatowych o stezeniu 1-10~° M w obecnosci spieniacza
niejonowego Tritonu X-100 (1-10~° M). Stezenie kazdego radioizotopu w mieszaninie wynosito 1 - 107
M i zatozenia odpowiadato sktadem radioaktywnym $ciekom po dekontaminacji obiektow po ataku bom-
ba radiologiczna. Zastosowanie frakcjonowania koncentratu podczas flotacji radioaktywnych, zasolonych
NaNOj; (1.0-107* M) roztworéw wodnych z uzyciem odpowiedniej sekwencji jonizowalnych eterow laria-
towych (1-10° M) umozliwita efektywne i selektywne usunigcie radioizotopéw z roztworu wodnego.
Zbadano réwniez odpornos¢ radiacyjna kolektorow, ktora okazata si¢ wysoka (< 10 Gy), co pozwala na
wielokrotne uzycie kolektora w procesie flotacji jonowej. Omawiana metoda moze by¢ uzyta do dekon-
taminacji toksycznych (radioaktywnych) roztworéw wodnych.
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