Radiochim. Acta 96, 625-629 (2008) / DOI 10.1524/ract.2008.1546
© by Oldenbourg Wissenschaftsverlag, Miinchen
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Summary. Redox reactions of Tc in aqueous solutions
by sonolysis were investigated. Aqueous pertechnetate
(Te(VIHO,7) solutions and Tc(1V)O,-nH,O colloids solu-
tions were sonicated (200 kHz, 200 W) in a glass cell with
flat bottom under Ar or He atmosphere at 20 °C. No reduction
of TcO,~ was observed in this study. However, we found that
the TcO,-nH,0O colloids dispersed in an aqueous solution were
completely dissolved by ultrasonic irradiation within 30 min
under Ar atmosphere, and TcO,~ was eventually produced.
The production of TcO,~ was considerably suppressed in
the presence of t-butyl alcohol (an effective scavenger of
OH radicals), indicating that Tc(IV) was oxidized by OH
radicals (produced by dissociation of water molecules) in hot
cavitation bubbles created by ultrasound. The formation rate
of TcO,~ under He atmosphere was smaller than that under
Ar atmosphere. This can be attributed to a difference of
the effective maximum temperature in the collapsing bubbles.
Because thermal conductivity of He is much higher than Ar,
thermal transport effectively occurs from the bubbles to the
surrounding liquid. Thus, temperature of cavitation bubbles
filled with He should be lower than those filled with Ar,
resulting in the smaller OH formation rate.

Introduction

Technetium-99 is a long-lived fission product with a half-
life of 2.11 x 10°y. It is produced in appreciable amounts
(thermal neutron fission yield = 6.1%) in nuclear fuel.
Because of its long half-life, the migration of *Tc in
the environment is of great importance from a viewpoint
of high-level radioactive wastes disposal in deep under-
ground. The mobility of technetium in agueous medium
depends on its redox conditions. It exists as pertechnetate
(Tc(VI)O,4 ™), which is well known as a highly soluble and
mobile species, in oxidizing conditions, whereas Tc(IV)
(TcO(OH),, TcO,-nH,0) is formed as insoluble and im-
mobile species under reducing atmosphere such as deep
underground.

Recently, radiolytic reactions of technetium have been
extensively investigated [1-10]. Because a high dose is an-
ticipated to surroundings from the wastes for a long period
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of time, it is important to know radiolytic effects on al-
teration of a matrix of waste materials itself and a change
of chemical species of radionuclides. Said et al. [1] found
a brown turbid solution by irradiation of aqueous TcO,~
solutions in carbonate media with ®°Co y-rays, and they con-
cluded the formation of Tc(IV) colloids. Lukens et al. [2]
reported that TcO,~ was efficiently reduced during radiol-
ysis in the excess nitrate solution, and they analyzed the
structure of TcO,-nH,0, as radiolytic products in alkaline
solutions, by EXAFS [3]. We have reported the forma-
tion of nanoparticles of TcO,-nH,O by Bremsstrahlung
irradiation of aqueous TcO,~ solutions [4] and clarified
the reduction mechanisms initiated by hydrated electrons
in neutral solutions. A soluble Tc(lIV) species as a pre-
cursor of TcO,-nH,O colloids was radiolytically formed
when acidic solutions of TcO,” were irradiated [5,6].
The soluble Tc(IV) species was chemically synthesized
by Vichot et al. and its structural analysis was made by
EXAFS [7]. Furthermore, its chemical properties were ex-
tensively investigated [8]. Thus, chemical species of tech-
netium produced by radiolysis have been clarified step by
step, and it was recognized that radiolytic products of wa-
ter molecules (hydrated electrons, H, OH radicals and so
on) played an important role on the redox reactions of
technetium.

Unique radical reactions are also expected by sonoly-
sis. The chemical effects of ultrasound are driven primarily
from acoustic cavitation, namely the formation, growth and
implosive collapse of tiny bubbles in medium [11]. Bub-
ble collapse in liquids results in an enormous concentration
of energy by adiabatic contraction of bubble volume, and
it results high temperature (5000 K [12]) and high pressure
(300 bar [12]) interior the bubble. In an aqueous media, wa-
ter molecules in the bubble are partly dissociated, resulting
in the formation of H and OH radicals in and around the bub-
bles. Radical reactions with technetium by sonolysis are of
scientific interest compared with radiolytic reactions studied
before.

In this paper, we report sonolytic effects on technetium in
aqueous solutions focused on the redox reactions of Tc(VI1I)
(TcO,7) and Te(I1V) (TcO,-nH,0) which are the main final
chemical species found in radiolytic reactions in aqueous so-
lutions. We have found that TcO,-nH,O colloids dispersed
in an aqueous solution were easily oxidized by ultrasonic
treatment for 30 min under Ar atmosphere, and TcO,~ was
eventually formed. The oxidation Kinetics is discussed.
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Experimental

Technetium-99 (NH,*TcO, or K¥*TcO,) was purchased
from the Radiochemical Center, Amersham. Its crystal was
dissolved in triply distilled water and the TcO,~ concentra-
tion of the solution was adjusted to 10~* M for sonolysis.
Hydrosols of TcO,-nH,O nanoparticles were prepared by
radiolysis of TcO,~ as reported previously [4—6]. The aque-
ous solutions of TcO,~ were sealed in polypropylene vials
(5mL in volume) after Ar-bubbling, and were irradiated
with Bremsstrahlung from an electron linear accelerator of
the Laboratory of Nuclear Science, Tohoku University. The
electrons (30 MeV) were converted to Bremsstrahlung by
hitting a platinum converter (1 mm thick), and were removed
with a sweep magnet behind the converter. The temperature
of the target solutions was maintained at 17 & 3°C during
the irradiation with a cooling system [4]. The conversion
yields from Tc(VII) to Tc(IV) were larger than 90%. The
dispersed solutions were kept in a refrigerator (5°C). The
colloids were centrifuged and washed with triply distilled
water prior to use, then dispersed again in aqueous media.
The concentration of ®Tc(1V) was adjusted from 10 uM to
0.1 mM for sonolysis experiments.

In the Bremsstrahlung irradiation of aqueous solutions of
TcO,™, colloid formation is pH dependent [5]. When its pH
is lower than 3, soluble Tc(IV) oxide polymer [7] is pro-
duced [5], whereas the TcO,-nH,O colloids are formed at
pH higher than 3. In this study, only neutral dispersed solu-
tions of the TcO,-nH,0O colloids were used for sonolysis.

Ultrasonic treatment was carried out using a 65 mm & 0s-
cillator (Barium titanate) and an ultrasonic generator (Kaijo
4021, frequency 200 kHz) operated at 200 W. A schematic
figure of the sonication system is shown in Fig. 1. A cylindri-
cal glass vessel with a flat bottom (inner diameter 25 mm &,
bottom thickness 1 mm) was used for sonication of the sam-
ple solutions. One of the side arms connected to a quartz
cell enables spectrophotometric measurements of the solu-
tions without exposure to air. Another has a silicon rubber
septum for sampling an aliquot of the solution for chemical
analyses. The cell was mounted at a constant position, hav-
ing 4.0 mm distance from the top surface of the oscillator.
After bubbling the solution (10 mL) with Ar or He gas, son-
ication was conducted for 5 min-2 days. The reaction vessel
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Fig. 1. A schematic view of the ultrasonic irradiation system.

was closed during the irradiation, and the temperature was
kept at 20 °C controlled with a thermostatic circulation bath.

The concentration of *Tc was determined from the
radioactivity measured with a liquid scintillation counter
(Aloka LSC-5100). UV-visible spectra were recorded on
a Shimadzu MultiSpec-1500 in the range from 190 to
800 nm. The fraction of *TcO,-nH,O colloids and TcO,~
ions in the sample was determined by thin layer chromatog-
raphy (TLC). TLC was performed using Merck 60 F254
precoated silica gel plate (0.2 mm in thickness). Radioactiv-
ity of ®Tc species on a TLC-plate was visualized with an
imaging plate (Fuji Photo Film, BAS-IP SR 2025) analyzed
with a Bio Imaging Analyzer (Fuji Photo Film, BAS-5000).

The formation rate of OH radicals during sonolysis of
water was estimated by a method similar to Fricke dosime-
try [14]. A 10 mL of Ar-saturated (and/or He) aqueous so-
lution containing 50 mM Fe(NH,),(S0O,), and 0.8 M H,SO,
was sonicated, and amounts of Fe(lll) ions formed from the
oxidation of Fe(ll) by OH radicals were determined spec-
trophotometrically.

Resultsand discussion
Sonication of aqueous solution of TcO4~

In sonolysis of water molecules, H radicals as a reducing
reagent should be produced primarily by cavitation phe-
nomena. However, no reduction of Tc(VII) was observed
by UV-vis spectrophotometry (Fig. 2) when aqueous TcO,~
solutions were sonicated for 5 min—2 days under Ar atmo-
sphere. This observation is different from the y-radiolysis of
TcO,™ ions [4-6]; Tc(VII) was reduced via reduction pro-
cesses triggered by hydrated electrons in neutral solutions
and by H radicals in acidic solutions, resulting that Tc(IV)
species were formed.

The reason why Tc(VII) was not reduced by sonoly-
sis might be qualitatively explained as follows. A reduction
reaction of Tc(VII) with H radicals is quite slow. The re-
action rate previously determined, 5x 10’ M~ts= [5], is
much smaller than the oxidation rate of Tc(VI) by OH rad-
icals [15], 2.0 x 10° M~ts~. In addition, it is taken into
consideration that the radical reactions by sonolysis only
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Fig. 2. Absorption spectra of the aqueous TcO,~ solution depending on
a sonication time. Sonication time is indicated in the figure. Absorption
peaks at 245 nm and 287 nm are due to TcO,".
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take place in and around the cavitation bubbles, where con-
centrations of H and OH radicals are quite high. Thus,
if Tc(VII) is reduced by H radicals and Tc(VI) is once
formed, Tc(VI) should be immediately oxidized by OH
radicals in its vicinity. This local reaction of the radicals
can be consequently recognized as the efficient produc-
tion of hydrogen peroxide (H,0,). In Fig. 2 an absorption
peak around 210 nm (H,0,) quickly emerges with increas-
ing sonication time, suggesting that the recombination reac-
tion of OH radicals occurred effectively in the vicinity of the
bubbles.

In contrast to sonolysis, radiolysis by y-rays provides
different conditions; it gives homogeneous distribution of
the radicals in bulk solutions, and a production of hy-
drated electrons that reduce Tc(VI1) effectively (a bimolec-
ular reaction of TcO,~ with e;, with a reaction constant of
101 M~1s~1 [15]). On the other hand, a high LET irradiation
such as « particles irradiation of Tc(IV) species resulted in
the production of TcO,~, observed by Poineau et al. [10].
They pointed out that the radiolytic oxidation of Tc(IV) by
« particles irradiation occurred even under a reducing condi-
tions and H,0, was involved in its oxidation processes. The
enhancement of H,O, production is one of the characteristic
phenomena in the case of high LET irradiations due to re-
combination reactions of OH radicals. This situation seems
similar to the present sonolysis case where a production of
H,0, was prominent and oxidation of Tc(IV) was observed
as discussed below.

Sonication of TcO,-nH,O colloids solutions

Sonolysis of TcO,-nH,O colloids dispersed in aqueous solu-
tions was investigated under Ar or He atmosphere. Gradual
oxidation was observed from the Tc(IV)O,-nH,O colloids
to TcO,~ as shown in Fig. 3. The original brownish black
color of the suspension disappeared leaving behind a color-
less solution. The original suspension (t = 0) showed con-
tinuous absorption spectra due to light scattering by colloid
particles [4]. With an increase of sonication time, this broad
background intensity decreased and the absorption peaks
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Fig. 3. Sonication time dependence on the absorption spectra of the
TcO,-nH,0 colloids solutions. Sonication time is indicated in the fig-
ure. Absorption peaks at 245 nm and 287 nm are due to TcO,".
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Fig.4. The concentration change of Tc(IV) against sonication
time. Initial Tc(1V) concentration: ® 5.0 x 10°°M x 3.7 x 10° M x
2.0x10°M.

(245 nm and 287 nm) of TcO,~ appeared. In Fig. 4, the con-
centration of Tc(IV) against sonication time was plotted as
typical examples of experimental data in Ar. The oxida-
tion of Tc(IV) was nearly completed in 30 min under Ar
atmosphere. It took more than 30 min for a complete oxi-
dation under He atmosphere. The sonochemical oxidation
of TcO,-nH,0 was depressed about 40% by the addition of
0.5 M t-butyl alcohol (an effective scavenger of OH radi-
cals), indicating that Tc(IV) was oxidized by the attack of
OH radicals.

It should be noted again that the rate of oxidation of
Tc(IV) in Ar was larger than that in He. It was likely con-
sidered that Tc(IV) might be oxdized by trace oxygen in the
solutions or the reaction vessel during sonication. However,
our preliminary sonolysis experiments denied its possibil-
ity. We found that Tc(IV) in aerobic condition was oxi-
dized slower than in Ar, and more or less faster than in He.
This fact strongly suggests that the Tc(IV) oxidation was
governed by sonolytic effects. The reaction Kinetics is dis-
cussed for the data in noble gas atmosphere for simplicity in
this paper, and analysis of the data in air will be discussed
elsewhere.

Kinetics of sonochemical oxidation of TcO,-nH,O

Although various sonochemical reactions have already been
reported, the kinetics for the reactions is still unclear. Analy-
sis with a simple model with a first order reaction was failed
to fit to the present data, and a heterogeneous reaction model
proposed by Okitsu et al. [16] was examined.

The model is similar to a Langmuir-Hinshelwood mech-
anism or an Eley-Rideal mechanism which is often applied
to a kinetic analysis of heterogeneous gas-solid catalytic
reactions [17]. In this model, it is assumed that OH rad-
icals exist in the interface region of the collapsing bub-
bles and then solute molecules react with OH radicals in
this region. “An effective reaction site” is defined at the
surrounding cavitation bubble. In addition, the equilibrium
constant of solutes toward the effective reaction site, K, is
defined in which solute molecules are concentrated or non-
concentrated on the reaction site before the bubbles collapse.
At the moment the bubbles collapse, it is assumed that solute
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molecules react with OH radicals with a pseudo-rate con-
stant of k.

The rate of adsorption of solute (X) molecules from the
bulk solution to “the effective reaction site” around the cavi-
tation bubbles is proportional to the concentration of solutes
in the bulk solution and (1 — 0), where 6 corresponds to the
ratio of solutes occupied in the effective reaction site. In
addition, the rate of desorption is proportional to 6. At equi-
librium, the rates should be equal,

k[X]1—6) =k.0, 1)

where ki, k_; are the rate constant for adsorption and for de-
sorption, respectively, and K is defined as k, /k_;. Then, 6 is
written as

_ KIX]
T 14+ K[X]C
When the solute molecules in the effective reaction site react

with OH radicals, the reaction rate, r (M's1), could be rep-
resented as

(2)

_kK[X]
T14+K[X]]

where k is the pseudo-rate constant for the reaction of so-
lutes with OH radicals. Inverting both sides of Eq. (3) gives,

1 11 1

FTRKIX Tk @)
The values of k and K for TcO,-nH,0O can be determined
by preparing a reciprocal plot of initial decomposition rate r
(at sonication time t = 0) of TcO,-nH,0 versus initial con-
centration of TcO,-nH,0. In the present case, the solute
concentration [X] was taken as Tc(IV) monomer concentra-
tion for simplicity, as shown in Fig. 5. In both cases, a lin-
ear correlation was roughly obtained. Hence, it is said that
the heterogeneous model of sonolysis reactions proposed by
Okitsu et al. [16] can be applied to the present case.

Table 1 summarizes the rate constant (k) and the equilib-
rium constant (K) calculated from the straight lines in Fig. 5.
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Fig.5. Analysis of the kinetics of Tc(IV) oxidation by using Eq. (4).
Reciprocal plot of initial rate of oxidation of Tc(IV) versus initial con-
centration of Tc(IV). O: He atmosphere, @: Ar atmosphere.

Table 1. Pseudo-rate constants, k, and equilibrium constants, K, calcu-
lated on the basis of the heterogeneous model (Eq. (4)).

Saturating gas R? K, piMmint K, puM™?
Helium 0.91 3.3 0.044
Argon 0.92 10.1 0.014

a: Correlation factor for fitting.

Table2. Effects of saturating gases on OH formation rate.

Gas OH formation  Thermal conductivity,
rate, pM min~t mWm-tK-! (300 K)*

Polytropic index,
C,/C, (25°C)*

11.6+1.2 156.7 1.67
28.1+2.7 17.9 1.68

Helium
Argon

The K values obtained in this experiment are smaller than
unity, and it means that the rate of adsorption (k;) is smaller
than the rate of desorption (k_,). On the other hands, the rate
constant of Tc(IV) oxidation showed that the rate constant
under Ar is three times higher than the rate constant under
He. In order to understand the difference of the oxidation
rates depending on the atmosphere, we tried to measure the
formation rate of OH radicals as discussed below.

Formation rates of OH radicals in sonolysis of water were
measured by using Fricke dosimetry [14] as used for radiol-
ysis. From the yield of Fe(lll) ions, the rate was estimated
as 28.1 2.7 uM min~t under Ar, and 11.6 1.2 pM min—!
under He, respectively (Table 2). The formation rate under
Ar was almost three times higher than that under He, and this
result explains the difference of the oxidation rate of Tc(IV)
in different atmospheres well.

The OH-radical production yield depends on the nature
of the operating gas. The temperature reached in the com-
pressed bubble depends mainly on the ratio of specific heats
C,/C, (polytropic index) of the gas and its thermal conduc-
tivity [18]. In simple adiabatic model, a final temperature T;
and a final volume V; of the collapsed bubble are linked by
the expression T;/ Ty = (Vo/Vp)S/< 71, where T, and V, are
an initial temperature and an initial volume of the bubble. In
the present case, the ratio C,/C, of He and Ar is almost the
same (Table 2), because both are monoatomic gases. How-
ever, thermal conductivity of He is much higher than that of
Ar (Table 2). The rate at which energy is transferred out of
the bubble is expected to increase as the thermal conductiv-
ity of the gas increases. Thus, bubbles with He should be
cooler than bubbles with Ar, resulting that the OH-radical
yield under He should be lower than under Ar atmosphere.
It is consistent with the experimental results that the oxida-
tion reaction of Tc(IV) under Ar occur more rapidly than
under He.

Conclusion

We examined redox reactions of Tc(VII) and Tc(IV) by
sonolysis comparing with the radiolysis results previously
reported. Formation of Tc(IV) by reduction of Tc(VII) was
observed in y-radiolysis, while no reduction of Tc(VII) in
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an aqueous solution was found in the case of sonolysis. On
the contrary, Tc(IV) oxidation was occurred in sonolysis and
Tc(VII) was eventually produced. It is concluded that OH
radicals produced by cavitation phenomena played an im-
portant role on the oxidation of Tc(IV) in sonolysis. The
oxidation rates of Tc(IV) under Ar atmosphere was three
times higher that under He atmosphere. This is attributed
to the difference of OH formation rates in cavitation bub-
bles caused by the difference of thermal conductivity of the
gases.
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