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Ozonide radical, 05", is used in this study for probing radiolytic species formed in the radiolysis of liquid water at elevated

pH. Its formation allows the scavenging of 0" whereas its disappearing is due to its reactions with HO,  and 0,"". This

www.rsc.org/

article focuses on the formation and the reaction of 0;" at pH 13.2 by using pulse radiolysis technique, with 10 M

electrons and 1 GeV C* ions beams for the first time. This allowed us to work with two different Linear Energy Transfe-

(LET) values (0.27 and 33 eV/nm respectively), which means with two different primary distributions of radiolytic species.

Consequently the rates constant of reactions 05" +HO,” and O3 +0," could be revised with acceptable accuracy thanks to
deterministic simulations: (1.1+0.2)x10°M™s® and (1.5+0.5)x 10’ Ms™ respectively. Furthermore, the primary
radiolytic yields of HO'/O"™ and H,0,/HO;," at high LET and pH 13.2 were estimated at 6.5 and 9.6 x 10° mol.J™ respectively

which corresponds to the literature values.

Introduction

Radiation chemistry of water has been widely investigated in
the last 50 years with a large literature concerning water at
neutral pH as it can be exploited in recent reviews, reports or
books."™® More recently attention was paid on extreme
conditions in radiation chemistry of water and particularly on
the temperature range extended to supercritical conditions of
water especially for converging to the next generation of
nuclear reactor or the understanding of phenomena under
conditions of nuclear accidents . Going to more and more
mimicking the real conditions in the industry, researches were
focused on mixing the conditions lying on temperature
elevation and high Linear Energy Transfer (LET =-dE/dx)
irradiations.® Evidently the complexity of acquiring the data in
term of radiolytic yields or rate constants was becoming higher
and only few articles are available. That is the similar
explanation of why no coupling exists between high LET
irradiation and extreme pH variations. Extreme pH exists in
real conditions, in nuclear industry. It is a particular case of
extremely high concentrated solutions under radiation that
causes problems of
mechanisms (see for example ref.7).7 Extremely low pH is used
to dissolve nuclear spent fuel whereas high alkaline pH has to
be considered in the pore solution of cement-based materials
used in the nuclear wastes conditioning.8 The presence of a
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residual aqueous solution within the material pores is
considered to be the cause of enhanced H, production since
the liquid is in interaction with the ionizing radiation, inducing
its decomposition.'Es Actually the interstitial solution is known
for its high pH value (>13). In the history of radiation
chemistry this latter conditions (ie high pH) were investigated
by Hayon,9 and Haissinsky10 in the 60’s under y-rays provided
by a ®9¢Co source. In 2000, Ferradini and Jay-Gerin claimed that
effect of pH is still an open question especially for the
determination of radiolytic yields.11 Tentative Monte Caric
simulations in 2005 by Cobut et al. showed that molecular
hydrogen yields were not sensitive to pH in the range 1 to 13.22
Since evaluating the radiolysis effects on cement matrices in a
century is still on demand especially in terms of hydrogen
release, methods must be proposed to obtain better accuracy
of input data which are necessary to simulate chemica!
processes in pore solution at long term. The evolution of
radiolytic yields at high pH or high LET (under alpha irradiation
for instance) is known separately and conceptually which
means without enough accuracy.13 The reactions involved in
the and in
homogeneous stages of the radiolysis scheme are not known

chemical processes in non-homogeneous
at all due to the equilibria involved for the formed radic-'
species themselves when pH becomes extreme. In these
conditions, the rate constants must be determined with the
highest precision even for the slowest supposed reactions. . -
it is shown in Table 1, many reactions involving Reactive
Oxygen Species (ROS)14 in alkaline context are of this type and
among the Haber-Weiss reactior ~

(presented in Reaction A in neutral solution) is for example a

them controversial
case that should be revisited.

HO," + H,0, = HO® + H,0 + O, (48)
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Several research groups tried to study the Haber-Weiss
reaction qualitatively and they concluded that the reaction
either does not occur,16 either is very slow.”” 8 It is the case
for the basic form for which the rate constant is estimated to
8.23 x 102 Ms1." Also reported by direct observation in the
gas phase,20 the Haber-Weiss reaction in solution is a
secondary source for O, and O"~ which can react and produce
easily ozonide radical, 05"~ as followed, presented in alkaline

solution within a long chemical mechanism (Table 1):

0, +HO, > 07 +0,+HO (41)
0" +0,>0; (k=3.7x10*M*s™h)® (28)
0,7 >0 +0,(k=26x10°M"s™"® (51)

Monitoring ROS should allow us to elaborate a complete
reaction scheme in alkaline media since they are involved in
secondary reactions which enter in competition with the
Haber-Weiss once. As recently published by Si et al. the O°~
formation can be analyzed by using a specific fluorescent dye
as scavenger during hydrogen peroxide decomposition under a
temperature elevation in alkaline solution and without
irradiation effect’™. But 0" is involved in many reactions in
water radiolysis and its scavenging would be difficult to
interpret. In oxygen saturated solution, O;" should be then
potentially a more recommended species for the detection of
0" scavenged by molecular oxygen (Reaction 28). Above all,
0, absorbs in the visible region with a maximum located at
430 nm (see the spectra in Figure 1).22
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Fig. 1 UV-visible spectra of species present in aerated alkaline solution (0, HO, , 0,

and 0;"7) under radiation or used in the chemical dosimetry ((SCN),”). These spectra

. 22-2
come from literature.”>*

Moreover, on the one hand, considering a pH value of 13.2
and the pKa(HO®/O™) value of 11.6, a majority of HO" is
converted into O™ directly in the tracks (vide infra, Reaction 64
in Table 2), and on the other hand, a typical concentration O,
of 10°M in oxygen saturated solution should scavenge O~
within the microsecond time scale regarding Reaction 28 in the
whole radiolysis scheme™. That means O should be
scavenged as a primary species. We can have a similar

2 | RSC Advances, 2015, 00, 1-3

discussion with H,0,/HO, which is particularly involved in
Reaction 41 and for which pKa value is 11.75.

The idea of the present study is to use the detection of 05" for.
determining both rate constants involving this freshly formed
species and the primary yield of HO"/O"™ at pH 13.2 at two LIT
values provided by 10 MeV electrons and 1 GeV Carbon ions.
As far as we know this is the first time those conditions are
encountered and studied in the literature. Those are close to
the conditions encountered in the cement used for the waste
conditioning in nuclear industry.

In the following study, the effect of two parameters will be
monitored through the absorption kinetics of O3 : the
presence of various concentrations of hydrogen peroxide and
the ionizing particles having two different LET values. The
initial distributions being very different in terms of G-values
and/or initial concentrations of H,0, will favor some reactions
in the competitive mechanism, especially in the long-ter..
reactions (i.e. 100 us — 1 s range). This method using vario
LET values as a competition parameter has been already used
successfully in the past.25 Then the comparison of the kineti~-
will allow the simulation of the experimental data by revisiting
these reactions, and when it is necessary, their rate constants
in the mechanism of alkaline water radiolysis. Furthermore,
the determination of primary radiolytic yield of HO*/O™™ an-
H,0,/HO," at high LET will be attempted.

Materials and methods

All alkaline solutions were prepared by dissolving NaOH pellets
into pure water. The investigated NaOH concentration was
equal to 0.24 M which insured a pH of 13.2 in the medium.
H,0, was added into the medium prior to irradiations and four
concentrations were investigated: 0, 0.1, 0.2 and 0.5 mM.
NaOH pellets were purchased from Sigma-Aldrich and were
the highest purity (> 99%). H,0, solution was purchased from
Acros Organics (30 wt% in water) and was non-stabilized. All
chemical reagents were used without any further treatment.
Ultra-pure water (18.2 MQ-cm) from Milli-Q Millipore System
has been used in the preparation of solutions. All solutions
were prepared in a glove box under inert atmosphere (Ar gas
of the highest purity) in order to properly weight NaOH pellets
at a minimum humidity rate (< 6.5 %).

After their preparation, and prior to their irradiation, solutions
were bubbled with oxygen during an hour to insure the
saturation of the medium with O,g. During irradiations,
solution tanks were also continuously kept under O, bubbling.
The pulse radiolysis setups used for both types of accelerated
particles, electrons and c® ions, have been describeu
elsewhere.?*?° Briefly, in both cases, the same irradiation flow
cell has been used. The cell is purchased from Hellm-
Analytics, and is made of Suprasil® silica. Both width and deptn
are equal to 12.5 mm, and knowing that the width of silica is
equal to 3 mm per side, the ionizing radiation passes throug’
6.5 mm of solution. The cell holds 750 uL of solution and s
renewed after each acquisition. Optical path is equal to 1 cm
and the light source used in our study is a 405 nm laser dio( e
purchased from Oxxius. The transmitted light is then detected
with a Silicon photodiode and through adjustable impedan e
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(Thorlabs). Signal is then digitalized by a fast oscilloscope
(Tektronix, DPO 7254).

Pulse radiolysis experiments

Electron pulse radiolysis experiments were performed using a
10-MeV electron accelerator (ALIENOR) providing electron
pulses with duration of 10 ns and repetition rate of 0.5 Hz.”®
Two acquisition time-ranges were recorded, long (50 ms) and
short (200 us). The delivered dose was determined using
potassium thiocyanate solution (KSCN, 102 M) saturated with
N,O,) as a dosimetry system.30’31 The determination of
(SCN),”™ concentration (Figure 1) leads to a dose value of
84 + 5 Gy/pulse.

Pulse radiolysis with 13 of 1.23 GeV (95 MeV/nucleon) was
performed at GANIL cyclotron facility. Pulse duration was
100 ps with a repetition period of 500 ms.

Energy deposition in the medium, corresponding to the Linear
Energy Transfer (LET) defined as LET = -(dE/dX)ee., " along the
trajectory of the solution/irradiation interaction was calculated
using SRIM software32, and is shown in Figure 2. An average value of
33 eV-nm™ is found for LET. Note that 10 MeV electrons have an
LET of 0.27 eV-nm™" A dose of 12.5 Gy/100-ps-pulse was then
determined using the LET value and the ion flux (3 x 10° ions/s)).

6+

Deterministic simulation of the radiolysis

Simulation of the chemical mechanism of radiolysis of alkaline
water has been carried out with an ad hoc differential
equations system solver, Chemsimul.®® It represents a
computerized chemical simulator which is used, in our case,
for translating the input series of chemical reactions, following
the irradiation of alkaline water, into differential equations.
Therefore, this code is used for simulating the homogeneous
chemistry considering the primary vyields (G-values)
distribution of species escaped from recombination in the non-
homogeneous stage of the radiolysis scheme.® Then, the
obtained result represents a prediction of the behaviour of
radical and molecular species over a defined period of time.
For this purpose, several parameters need to be defined in the
code before performing the simulations. Among those
parameters we mention the rate constant of chemical
reactions, G-values of radical and molecular species (a
collection is presented in Table 3 for electron beam and c®
beam), initial concentrations of solutes, medium temperature
(T (K)), irradiation mode (single shot or pulse train), time
duration of the irradiation, irradiation dose and simulation
time. Details regarding the constituents of Chemsimul codes
can be found elsewhere.”®**
Simulations for both
collecting the experimental data. For this purpose an input file
containing the same reactional mechanism of water radiolysis

irradiation systems followed after

was used (Tables1 and 2). Both input files were identical
except for some differences related to the delivered dose,
pulse duration, and for the G-values of radicals and molecules
(Table 3).

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Energy deposition of B¢ jons of incident energy of 1.13GeV, in alkaline
medium, calculated using SRIM software. Within the aqueous medium, LET variati -
can be considered as negligible and the average value is 33 eV-nm™.

Initial composition of the alkaline solution, i.e. initial
concentration species prior to irradiation, was determined
using Mathematica® software. For this purpose, the
knowledge of parameters such as the ionic product of water,>’
and water density at a precise temperature,36 24.5 °C for this
work, is required in order to compute ionic strength and
activity coefficients (Debye-Hlickel model with Davies

extension).

Results

In this study, obtained results focus on the reactivity of 03"~
radical anion following the irradiation of water alkalin~
solutions in presence of various concentrations hydrogen
peroxide. Our choice of studying this ROS (0O3;) was made
even easier due to its relatively long half-life, its exclusive
presence in alkaline condition due to its pKa(HO;'/O;™
)=6.45,"" and knowing that its absorption spectrum exhibits
its maximum at 430 nm (€430nm = 1900 M'l-cm'l).zz‘ % Thus,
transient absorption of 05" radical anion can be monitored
without the need of any further treatment of the spectrum
interferences of other ROS.

Irradiations were performed using two types of accelerated
particles, 10 MeV-electrons and 1 Gev-C* corresponding tc
low (0.27 eV-nm'l) and high (33 eV-nm'l) LET values,
respectively. As a consequence of LET variation, the G-values
distribution of radicals (e,, HO'/O" and H') and molecul..
species (H,0,/HO, and H,) change. One can see the
distributions in Table 3. As a consequence of the LET variation.
the chemistry taking place in the irradiated medium can vai,
due to the present quantities of species which are readily
available for interaction.

Electron Irradiation

10 MeV-electrons were used to irradiate NaOH solutions n
presence of 4 concentrations of H,0, going from 0 to 5x10™ M.
Figure 3 represents transient absorption recorded at 405 nr .,

RSC Advances, 2015, 00, 1-3 | 3
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where upper and lower graphs correspond to long (30 ms) and
short (165 ps) acquisitions time scales, respectively. In the case
of the lower graph, transient absorption of black, red and blue
plots, corresponding to the addition of O, 10% and 2 x 10* M
H,0, respectively were arbitrary separated by using a
convenient factor.

Thus, the influence of presence of various concentrations of H,0,
can be shown clearly. The upper graph shows the real absorbance
values. In the lower graph, following the passage of the ionizing
radiation (at t=0), the 05" rise, during a few us, is attributed to the
time-resolution limitation due to the 5 kQ impedance plugged to
the oscilloscope. As a result this rise is not easily analyzed. Then this
is followed by a decay of the transient absorption signal. It is
attributed to the reactivity of O, over the time window of
acquisition. Aside from this latter species, hydrated electron could
also contribute to the observed absorption due to its broad
absorption spectrum extending over UV-Vis and NIR ranges.22 But,
since the solution is saturated with O, (1.3 x 10> M),* and since it
represents an excellent scavenger for solvated electron (Reaction 9,
Table 1), contribution of the solvated electron to the observed
transient absorption is shortened and negligible.

For both graphs in Figure 3, we can notice that O;"~ decay becomes
faster when the amount of added H,0, prior to irradiation,
increases. This is mainly attributed to the reaction of 05"~ with HO,”
(Reaction 52 in Table 1). In fact, due to medium’s pH, H,0, will react
with HO in order to form the hydroperoxide anion (HO, ) (Table 2).
Thus, the presence of HO, with such important quantities makes it
readily available for reaction with ozonide radical anion, which can
explain the observed faster decays as a function of the initially
added hydrogen peroxide solution.

C* ions irradiation

Bcs (1.23GeV) ions have been used to irradiate oxygen saturated
aqueous sodium hydroxide solutions, of a concentration of 0.24
mol-dm corresponding to a pH of 13.2, in presence of several
concentrations of H,0, going from 0 to 5x10™* mol-dm™ similarly to
the 10 MeV-electrons irradiations. Absorption kinetics were
obtained using the pulse radiolysis technique where c* pulse
trains, with a pulse duration of 100 ps and repetition period of
500 ms (except for no-added H,0, kinetics where single shot was
used), were delivered by GANIL cyclotron.

Figure 4 presents recorded kinetics at 405 nm following the
irradiation of sodium hydroxide aqueous solutions with carbon ions.
Black, red, green and blue dotted plots represent experimental
kinetics corresponding to O, 10'4, 2x10™” and 5x10® M of added
H,0,, respectively. The passage of c* through the different media
led, like in the case of electron beams, to the formation and then
decay of O;" over the temporal acquisition window (17 ms). It is
important to note that again hydrated electron cannot contribute
to the absorption at 405 nm for the similar reason than electron
beam irradiation. We can add that due to irradiation with high LET
beam primary yield of hydrated electron is much less than at low
LET.”

From the absorbance amplitude point of view, one can notice that
absorbance values are low (about 1.3x10° at maximum) and lower
of about a factor of 10 than under electron beam irradiations. This

4 | RSC Advances, 2015, 00, 1-3

is mainly due to the lower dose per pulse (12.5 Gy whereas 84 Gy
for electron pulses) and a probable lower O~ G-value than at lo
LET irradiation (similarly than in neutral pH conditions for HO® G-
value® 40). Formation of O, radical anion is complete within the
100 ps of the C** pulse.

Absorbance (10% at 405 nm

0 5 10 15 20 25 30
Time (ms)

15 T T T T

[y
o
T

Absorbance (10°) at 405 nm

5| 5x10* M ]
2x10*M
104y Of RO
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O -
1 1 1 1
0 50 100 150
Time (us)

Fig. 3 Transient absorbance recorded at 405 nm following the irradiation of oxygen
saturated NaOH aqueous solutions (0.24 mol-dm™) with 10 MeV-electron pulse (10 ns
0.5 Hz). Dose per 10 ns-pulse was around 84 Gy. Upper and lower graphics correspond
to long (50 ms) and short (165 us) acquisition time scales. Alkaline solution contained
four H,0, initial concentrations: 0, 10'4, 2x10™ and 5x10™* mol-dm™ corresponding tc
black, red, green and blue dotted plots, respectively. Solid lines observed in the lower
graph represent simulations. In order to make the figure easier to read, black, red anc
blue plots of the lower graph have been each divided by a convenient factor: 1.5, 1.3
and 1.2, respectively.

Considering the decay stage, one can also note that without
added H,0,, 05"~ decays faster than under low LET irradiatio

Nevertheless under high LET irradiation H,0, G-value is greater
than under low LET: from a value of 7x10°® under y-rays to 9-
10x10°® mol/J*:. This change of primary yield affects the init’ il
condition like an added concentration of H,0,. This additio.
would correspond to a concentration of 2.5x107 M whir’.
cannot explain itself this acceleration. To understand tt -
phenomenon we must look at the concentrations of 05" ar '

This journal is © The Royal Society of Chemistry 2015
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0,”” formed in the pulse. Both of them are high at low LET
because they follow the scavenging reactions of O™ and of
hydrated electron. These two primary species have greater G-
values under low LET irradiation than under high LET one. With
a LET of 0.27 eV/nm, these G-values are about 2.7x10” mol/J
which correspond to “initial” concentrations of O3 " and O,"” of
2.3x10° M respectively. The 05"~ and 0, implication in the
radiolysis process is complex by following both second order
laws (disproportionation Reaction 43) and combined reactions
like Reaction 45. Then their concentrations can rapidly decline.
Therefore it is probably the main reason why 05" decay is
faster at low LET value.

15 T T T T
£ L
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v 10
< L
@
) I of [H,0,],
8 o5}
o
S i
£
o
n
o
<

0.0 m

0 5 10 15
Time (ms)

Fig. 4 Transient absorbance recorded at 405 nm following the irradiation of
NaOH aqueous solutions (0.24 mol~dm'3) with C® 95 MeV/A. Solution contained
various concentrations of H,0; injected into the medium prior to irradiations,
and H,0; initial concentrations were equal to 0O, 10'4, 2x10™ and 5x10™* mol-dm™
corresponding to black, red, green and blue dotted plots, respectively. Solid line
plots are simulations. Dose per 100 ps-pulse was 12.5 Gy. Due to the long lived
ozonide without added H,0,, the kinetics was recorded with single shot mode.
All Solutions were saturated with molecular oxygen prior to irradiation.

More over when the concentration of added H,O, increases
decay is again faster. In fact, following the addition of H,0,,
and due to the high pH value of the medium, H,0, is
immediately converted into its alkaline equivalent, HO,,
through the acid base equilibrium consisting of both Reactions
73 and 74 (Table 2). 05" and HO, can react following Reaction
52. Moreover the rate of the decays seems faster for high-LET
records than the ones at low LET. This important LET effect is
logically attributed to a significant difference in the radiolytic
yield distribution between high and low LET experiments.

Simulations and adjustment of ks, ks, and G(H,0,)

After obtaining the data from the radiolysis of agueous NaOH
solutions using energetic electrons and c® ions, we proceeded
by performing simulations using a set of reactions as a model
for the mechanism of water radiolysis in alkaline conditions.
The obtained results showed significant deviations from the
experimental kinetics implying that one or several rate
constant values of reactions used in the model and shown in
Table 1 need to be re-evaluated. Table 1 collects 60 reactions

This journal is © The Royal Society of Chemistry 2015
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which constitute the mechanism of water radiolysis used in
this study. The background colors are used to differentiat-
reactions revisited by Elliot and Bartels in 2009,2 written over
green background and representing half of Table 1, from the
ones not mentioned in their report. Our choice in separatii g
reactions into two groups was being supported by our need to
reduce the number of parameters, in this case rate constant
values, which might require adjustment in order to properly fit
the experimental recorded kinetics. Following this reasoning,
we considered that all
Bartels report do not require further investigation and that the

reactions mentioned in Elliot and
rest might require some revisiting procedure following the fact
that the new technological advances and this new current
approach allow us to determine rate constant of reactions
more precisely than it had been done in the past.

Add to that rate constants of simple reaction cannot be
adjusted in a complex reaction mechanism without accountir._
the effect of the whole mechanism. We have notice -
previously that 05" is involved in several reactions and makes
its kinetics impossible to fit with a simple order reaction la\-
Also previously noticed is the consequences of LET value that
affects the observable rates. The previous section has finally
concluded that an adjustment of the rate constant ks, should
be better in high LET condition instead of k;s under low LET
one. Therefore we proceeded an iteration between
simulations at high and low LET of the respective experimental
kinetics, adjusting first ks, to Os;" kinetics in the former
condition, then ks to O3 kinetics in the latter condition.

The results of these iterations are the found values of ks, and
kgs: 1.1%£0.2 x 10° and 1.5+0.5 x 10’ M™*-s™ respectively. Figures
2 and 3 include simulations obtained using Chemsimul
software including the whole mechanism depicted in Tables 1
and 2 and the novel values of ks, and kys. Actually the be .
agreement with experimental results was obtained when the
rate constant ks, is fixed at 1.1 x 10° instead of 8.9 x 10° M™+s™
found in literature.*? At this stage, note also that k,5 value was
fixed arbitrarily to 10* M™-s™ in the literature up to now.*®
Following the determination of these rate values, we then
proceeded by performing the same simulation for NaOH
solutions, saturated with O,, without addition of H,0,, and
irradiated using C% swift ions. Actually, the presence of added
H,0, has shown the influence of H,0, but it has masked the
intrinsic H,0, formed as a primary product of water radiolysis
and made its influence negligible. As a consequence, in
absence of added H,0,, simulations should be sensitive
towards the modification of G(H,0,/HO, ) value. The effect is
presented in Figure 5. Along with the reference values (Tabie
3, first line for c® ions) taken for this work and corresponding
to the green solid line, three other values were used for the
simulations: 0.5, 1.5 and 2 molecules/100 eV. Comparing to
the experimental results, all simulated plots seem to be in
good agreement with our scattered data. Moreover we ar
aware that a fitting of full range kinetics would have brought =
better precision to the G-value adjustment but
impossible due to the slow decay and the perturbation visik e
transient absorption
within an accuracy of 10 in absorbance suggests that signal f

it was

in Figure 4. Therefore experimental

RSC Advances, 2015, 00, 1-3 | 5
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0;"" alone is not sufficient in the precise determination of
G(H,0,). It is important to note that the G-values for c® ions
irradiation were then used in the input files of all the studied
systems.

E I ,

10 | -
0 | E
S [ ] 8
-— 8 | 0.5 molecules/100 eV :r“
@© L i Bk
vg 6 “‘ 1.5 molecules/100 eV §
o :
; 4 , g1
8 4 $
& 2
8 2t f <
=t 12 ]
2 05 00 05 10 15 20 25 30
e Time (ms) )
<

4 (S W T S S T S M T
-0.5 0.0 0.5 1.0 1.5 2.0 25 3.0

Time (ms)
Fig. 5 Transient absorbance recorded at 405 nm following the irradiation of O,
saturated NaOH aqueous solutions (0.24 mol-dm™) with C** of 95 MeV/A. Solid lines
represent simulations where red, green, blue, and orange lines correspond to 0.5, 0.96,
1.5, and 2.0 molecules/100 eV for G(H,0,), respectively. The inset plot represents a
zoom of the transient absorption recorded at 405 nm following the passage of C*"ions
beam.

Discussion

The particularity of the system we are studying is that its
radiolysis leads to the formation of several ROS. 0"~ and O,
are both known to have their respective absorption spectrum
in the same UV range,“’45
separation a complicated task. Thus, O;" represented an
interesting species for our studies since: 1- it has a major role

making their detection and

in the mechanism of water radiolysis in alkaline and aerated
conditions, 2- some of its reactions are satellite reactions of
the Haber-Weiss one (Reactions 41 and 42, Table 1), and 3- its
absorption spectrum lies in the visible region without being
overlapped by the absorption of any other ROS.*®

Then 05" has been studied by irradiating aqueous solutions of
NaOH of a concentration of 0.24 M, the equivalent of pH 13.2
that matches the pH found in cement based materials used for
radwaste conditioning.8 Energetic electrons and c® ions were
used as pulsed radiation sources. The use of heavy ions having
high LET was motivated by the need to minimize the quantities
of formed radical species in the medium. It artificially allows
the changes in the initial distribution of concentration of each
radiolytic species:
following chemistry and makes some reactions favored in the
big competition including more than 50 reactions. In fact,
knowing the important number of reactions which might
potentially require adjustments, we used heavy ions as
irradiation source in order to limit the quantities of transient

G-values distribution can disturb the

ROS species present in the medium, thus minimizing their
influence through their reactivity through secondary and
satellite reactions. This approach allowed us to concentrate on
the reactivity of 05"~ without having to worry about oxide and

6 | RSC Advances, 2015, 00, 1-3

superoxide reactivity. This method is used for the first time to
determine rate constants in alkaline solutions.

The formation and decay kinetics of O;"~ presented in Figure 4
were then simulated using the Chemsimul code and we four d
that even a slight variation of Reaction 52 will have a direct
impact on the simulated behavior of the transient absorption.
The performed simulations led us to properly fit the
experimental kinetics by considering ks, to be equal to (1.1 +
0.2) x 10° M™-s™". This value is slightly higher than (8.9+ 1.1) x
10° M™*s™ and slightly lower than 1.6 x 10° Mgt reported by
Felix et al,** and Czapski in 1967, respectively. The slight
differences between the reported values can be attributed to
the long kinetic acquisitions, since the main difficulties in such
acquisitions lie in the stability of the light source used for the
study, the presence of impurities and the photodecomposition
of hydrogen peroxide due to the analyzing light source. In fac.,
for long time scales, light sources exhibit some intensi’.
fluctuations which can affect the recorded kinetic. Add to that,
a potential impurity can react with any of the present speci--
in the irradiated medium (radical and/or molecular species)
causing a change in the chemistry taking place in the medium
and thus affecting the evaluation of rate constant values of
reactions of interest. For this reason, special care has bee~
brought to the used water, glassware and used chemicals.”’
Moreover, when intense light sources are used, it is well
known that the interaction between light and HO, can lead to
the photodecomposition of this latter species as shown in the
Reactions 79 and 80."®

HO, +hv > HO" + 0™
HO,™ + hv = HO™ + O(°P)

(79)
(80)

Accompanying the change of ks,, it was necessary to adjust the
rate constant of Reaction 45 at 1.5 + 0.5 x 10’ M™s™. k45 was
fixed up to now to 10* M™:s™ by Sehested et al. who have
never considered the occurrence of Reaction 52 in their
experiments/simulations under high pressure of oxygen.38 In
these conditions they observed very long lifetime of 05"
decaying with a no-order reaction. This imposed that Reaction
45 might not play an important role in the mechanism. We
now suggest it plays a relatively more important role
(multiplied by a factor of 1.5x10%) provided that it is
compensated by the consideration of Reaction 52.
Furthermore, it was also noted that any change in the
radiolytic yield value of H,0,/HO,", (G(H,0,/HO,)), does not
have any significant effect on the simulated kinetics, when
H,0,/HO,  was initially present in solutions prior to their
irradiations, making the quantities of H,0,/HO, formed durin~
the irradiation process negligible and with a negligible effect.
Add to that, the difference in reactivity between the solution
with no H,0, and the three others containing initial quantitir
of H,0, strongly suggests that the mechanism of alkaline wat -
radiolysis is not optimized highlighting, again, the need for
revisiting rate constant values of some of the ROS reactior ;.
Then, following the determination of ks, using the irradiation
of NaOH solution with C** ions and in presence of H,0, and tl e

This journal is © The Royal Society of Chemistry 2015
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ionizing radiation, we performed the same simulation for the simulated kinetic behavior.
NaOH aqueous solution, irradiated with C6+, in absence of H,0,

prior to the irradiation

in an attempt to determine

G(H,0,/HO, ), under high LET ionizing radiation. The results
shown in Figure 5 clearly indicate that even any change in

ARTICLE

G(H,0,/HO, ) does not seem to have a considerable impact on

Table 1 List of reactions involved in the mechanism of water radiolysis in presence of oxygen. Reactions written on green background were revised by Elliot and Bartels in 2009,

and are considered in our calculations without any further consideration. Reaction 45 and 52, with an orange background, are mentioned with their original rate constant and are

revisited in this present study.

Number

Reaction

€aq + €5 = Hy+2HO™

€ +H > Hy+HO™

€, +07 > 2HO

€, +HO" > H,0 + HO™

€, +HO; > H,0+0™ +HO™
€29 +H,0;, > H,0 + HO" + HO™
€5 +0,"" > H,0+ 0,

€, +HO,” > H,0 +HO,
€ +0, > H,0+0,"

€, +03 > 2HO +0,

€ +03> H,0+0;"

H. ar H. -> H,

H®+H,0 > H, + HO®

H'+0™ > HO”

H®+HO® > H,0

H®+HO, > HO' +HO™

H® +H,0, > HO" + H20

H. ar Oz._ -> HOz_

H®+HO," > H,0,

H. ar Oz -> HOz.

H'+0; > HO' +0,

O +H,>HO +H"
07+0" >0,

0" +HO" - HO,

0" +HO, > HO +0,”

O._ + HzOz -> 02._ ar Hzo

07 +0," >0 +0,

0+ 0, > 03._

07 +0;" >20,"

0" +0:>0,"+0,

HO® + H, > H,0 + H°

HO' + HO® - H,0,

HO' + HO,” = H,0 + 0,

HO® + H,0, > H,0 + HO,"
HO'+0,” > HO +0,

HO™ + HOZ. - H,0+ 0,
HO'+05" > HO +0;

HO'+ 05 > HO," + 0,

HO' + HOs" = 0, + H,0,
HO'+03; > HO," + 0,

0, +HO; > 0,+HO + 0™
0," +H,0, > 0, +HO™ + HO'
0,7 +0,” > 0,+ 0,

0, +HO;" > 0,+ HO,”

0, +0;7 >20,+0”

0, +HO;" > 20, +HO~

0,7 +0;>0,+05"

HO;" + H,0, - 0, + HO" + H,0
HO," + HO,” > 0, + H,0,
HO," + 03 > HO" + 20,

03'_ = 0._ +0,

0;"+HO; > 0,7 +HO + 0,
05 +H,0,> 0, +H,0+ 0,
HO;" > HO' + 0,

HO;' + HO;3" = 20, + H,0,
03+HO™ > 0,+HO,”
0;+HO; > 0,+HO" + 0,
03 + Hy0, > 0, + HO® + HO,
HO,™ + H,0, > H,0 + 0, + HO™

This journal is © The Royal Society of Chemistry 2015

k(sTorMTsT)
7.3x10°
2.8x10"
23x10"°
3.5x10"
3.5x10°
1.4 x 10%
1.3x10%
1.3x10%
23x10"°
1.6 x 10%°
3.6x 10"
5.1x10°
3.0x10°
2.0x 10"
1.1x10%
1.4 x10°
3.6x 107
1.1x10%
1.1x10%
1.3x10%
2.2x10"°
1.3x10°
1.0x10°
7.6x10°
7.9x10°
1.6 x 10°
6.0x 10°
3.7x10°
7.0x 10
1.0x10°
3.9x10
4.8x10°
5.6 x 10°
2.9x10
1.1x10%
8.8x10°
2.5x10°
6.0x10°
5.0x10°
1.0x10°
8.2x107
1.3x10"
3.0x10"
1.0x 10°
1.0x 10
1.0x 10"
1.5x10°
5.0x10"
8.4x10°
5.0x 10°
2.6x10°
8.9x10°
1.6 x 10°
1.1x10°
5.0x 10°
4.8x10"
2.8x10°
3.7x107
45x10*

Please do not adjust margins

Ref.
2

2
49
2
49

58,59
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Table 2 Acido-basic equilibria, acidity constants and rate constants used in the simulation input file of the irradiation of aqueous solutions of sodium hydroxide, pH = 13.2, in

presence of various concentrations of H,0, added prior to the irradiations.

Number Reaction pKa
60 e, +H,0 > H +HO +H,0 9.77
61 H' +HO > e,

62 0" +H,0 > HO" +HO™ 11.9
63 HO® +HO > 0" +H,0

64 0, +H,0 > HO," +HO™ 4.80
65 HO," + HO™ = 0, + H,0

66 05"+ H,0 > HO;" + HO™ 6.45
67 H03. +HO > 03._ +H,0

68 H,0 + H,0 - HO™ + Hs0" 13.99
69 HO™ + H;0" = H,0 + H,0

70 0% +H,0 > HO + HO™ 36.00
71 HO™ +HO - 0> +H,0

72 HO,™ + H,0 = H,0, + HO™ 11.68
73 H,0, + HO > HOZ_ +H,0

74 02" + H,0 > HO, + HO™ 16.50
75 HO, + HO™ = 0, + H,0

76 Na"+HO™ - NaOH, 14.20
77 NaOHo > Na“ + HO™

k(M's™h
1.0x10°
2.5x10
1.8x10°
1.3x10"
1.4x10™
1.3x10"
2.5x10"
5.1x10"
6.5x107
1.1x 10"
1.0x 10"
1.0x10™
4.7x10°
5.4 x 10°
1.1x10°
3.5x10°
1.0x10°
2.9x10°

Ref. Ref.
3 64

65

2

66

67 19
49

37

19
19

estimation
68
69
70 69

68

Table 3 Primary radiolytic yield values of radical and molecular species at pH = 13.2 as a function of the ionizing radiation source. Reference values of G(HO’/0™) and G(H,0,/HO,")

for our simulation model are written in red. The origin of these values is given in the discussion section with corresponding references.

lonizing Radiation source e’ H HO"/O*
2.80 0.55 3.00

c* 1.40 0.01 0.65
1.40 0.01 0.65
1.40 0.01 0.65
1.40 0.01 0.65

In fact, our attempt in determining the value of G(H,0,/HO,")
began first by the determination of G(HO'/O") in order to
properly fit the initial absorption
experimentally. For this purpose, we reasonably fixed its value
at 0.65 molecules/100 eV which seemed to be in good
agreement with experiment. This is explained through reaction
28 where 0" formed through reaction 64 upon the passage of
C® ion beams reacts with 0, present in solution to form 05"
Reaction 28 is in equilibrium with reaction 51. Plus, the
G(HO’/O™) value of 0.65molecules/100eV is also in
agreement with the value reported at 100 ns by Balcerzyk et
al. in 2014 when using 0* of 1.2 GeV having the same order of
magnitude for LET.®

The G value of HO,'/0,"” is considered negligible. Yet, it is
more befitting to fix it at 0.01 molecules/100 eV, a value
reported when LET is equal to 33 eV/nm.”* This latter value
was also used for H® since its yield is also considered to be

values recorded

This journal is © The Royal Society of Chemistry 2015

G (molecules/100eV)

HO,’/0,™ H,0,/HO;” H,

- 0.60 425x10"
0.01 0.96 5.95x 10™
0.01 0.5 1.35x10™
0.01 1.50 1.13

0.01 2.00 1.63

negligible. Add to that, since the hydrated electron (e )
distribution is wider than that of other species, some electrons
might escape the ion track. Therefore, its radiolytic yield value
along with the one for hydronium ions is fixed at
1.4 molecules/100 eV. The radiolytic yield for molecular
hydrogen has been obtained by taking into consideration the
material balance of water decomposition and henceforth the
fundamental relation between oxidizing and reducing species
formed upon water decomposition as shown in Equation 1.

3:G(HO,") + 2°G(H,0,) + G(HO) = 2:G(H,) + G(e ,q) + G(H') (1)

We then found that the best fit is obtained when

G(H,0,/HO, ) = 0.96 molecule/100 eV

which is in agreement with literature.”” The variation of H,C,
had to be handled carefully since a slight change in its valt »
impacted the value of G(H;) by either obtaining negative ¢~

RSC Advances, 2015, 00, 1-3 | 8
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extremely high values which are immediately rejected since
they represent forbidden conditions.

Conclusion

Water radiolysis mechanism in strongly alkaline solution
remains bulk and incomplete. Many rate constant values of
reactions involving ROS are in need of being revisited.

Almost stable in alkaline media, O;"~ monitoring is shown to be
possible without complications. Simulations of its formation
and decay showed that in order to properly fit the kinetic, the
rate constants of reaction between 05"~ and HO, need to be
fixed at 1.1 x 10° rather than 8.9 x 10° M s™. Furthermore, the
rate constant of reaction between 05" and O," need also to
be re-evaluated at 1.5 x 10’ rather than 10° M™ s™ in order to
fully fit the recorded transient absorption.

Add to that, we evaluated G(H,0,/HO, ) and G(HO'/0"") for
irradiations with high LET GeV-carbon ion beams. The values
obtained were 0.96 and 0.65 molecules/100eV respectively.
These values do not differ at all from what is already evaluated
in the recent literature because of the fast equilibrium
establishment within the non-homogeneous stage of the
radiolysis scheme, and the fast scavenging of O™~ by O, in
these present studies. These values are directly available for
long time process in waste management.

Continuing the revisiting procedure for the other reactions in
strongly alkaline solution (i.e. white lines in Table 1) supposes
also to record the kinetics in other conditions of gas
saturation, temperature, for instance, and/or change of
detected species since 03" and O,”” could be both achieved in
an accessible wavelength domain. The help of Monte Carlo
simulations should also allow the determination of primary
radiolytic yields in these extreme conditions of pH as it was
attempted recently with public or home-made programs

. . . . . 12, 72,
including non-homogeneous water radiolysis mechanism.
73
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