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tritiated water. 3. The cOH
scavenging effect of bromide ions on the yield of
H2O2 in the radiolysis of water by 60Co g-rays and
tritium b-particles at room temperature

Shayla Mustaree,a Jintana Meesungnoen,a Sofia Loren Butarbutar,ab Patrick Causey,c

Craig R. Stuartc and Jean-Paul Jay-Gerin*a

Monte Carlo track chemistry simulations were used to determine the yields (or G-values) of hydrogen

peroxide in the radiolysis of neutral water and dilute aqueous bromide solutions by low linear energy

transfer (LET � 0.3 keV mm�1) radiation (e.g., g-rays from 60Co, fast electrons or high-energy protons)

and tritium b-particles (mean LET � 6 keV mm�1) at 25 �C. We investigated the influence of Br� ions, as

selective scavengers of cOH radical precursors of H2O2, on the inhibition of G(H2O2) for these two types

of radiation. Studying this system under a wide range of Br� concentrations (5 � 10�7 to 0.2 M) and

using a well-accepted mechanism for radiolysis in the presence or absence of air, we examined the

chemical changes in the scavengeability of H2O2 produced by 300 MeV irradiating protons (used in this

work to reproduce the effects of 60Co g/fast electron radiolysis) and tritium b-electron radiolysis. We

found that these changes could be related to differences in the initial spatial distributions of radiolytic

species (i.e., the structure of the electron tracks, the low-energy b-electrons of tritium depositing their

energy almost entirely as cylindrical “short tracks” and the energetic Compton electrons produced by g-

radiolysis forming mainly spherical “spurs”), in full agreement with previous experimental and theoretical

work. Simulations showed that the short track geometry of higher LET tritium b-electrons in both water

and aqueous bromide solutions favored a clear increase in G(H2O2) compared to 60Co g-rays. Moreover,

the presence of oxygen was seen to scavenge hydrated electrons (eaq
�) and Hc atoms on the �10�7 s

time scale, thereby protecting H2O2 from further reactions with these species in the homogeneous stage

of radiolysis. This protection against eaq
� and Hc atoms therefore led to an increase in the long time

H2O2 yields, as seen experimentally. Finally, for both deaerated and aerated solutions, the H2O2 yield in

tritium b-radiolysis was found to be more easily suppressed than in the case of cobalt g-radiolysis, and

interpreted by the quantitatively different chemistry between spurs and short tracks. These differences in

the scavengeability of H2O2 precursors in passing from 300 MeV irradiating protons to tritium b-electron

irradiation were in good agreement with experimental data, thereby lending strong support to the

picture of tritium b-radiolysis in terms of short tracks of high local LET.
1. Introduction

In the study of the radiation chemistry of water, the main goal is
to determine the yields (or G-values) of the radicals and mole-
cules produced by the irradiation. In the case of low “linear
adiobiologie, Faculté de médecine et des
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energy transfer” (LET), sparsely ionizing radiation (e.g., ener-
getic photons, such as g-rays from 60Co or 137Cs or hard X-rays,
or high-energy charged particles, such as fast electrons or high-
energy protons generated by a particle accelerator), each energy-
transfer event of a fast electron produces a cluster of reactive
species, commonly known as a spur.1,2 Under conventional
irradiation conditions (i.e., at modest dose rates so that no track
overlap occurs), these species are generated nonhomogeneously
on subpicosecond time scales3 along the track of the incident
radiation4 and include the hydrated electron (eaq

�), H+, Hc, cOH,
H2, H2O2, OH

�, O2c
� [or its protonated form HO2c, depending

on the pH; pKa(HO2c/O2c
�)¼ 4.8 in water at 25 �C], etc.5–8 As they

diffuse away from the site where they were originally produced,
these species either react within the spurs as they develop in
This journal is © The Royal Society of Chemistry 2014
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View Article Online
time or escape into the bulk solution. At ambient temperature
and pressure, the so-called “spur expansion” is essentially
complete by �0.2 ms aer the initial energy deposition.9 At this
time, the species that have escaped from spur reactions become
homogeneously distributed throughout the bulk of the solution
(also referred to as the “background”) and the track of the
radiation no longer exists.10 The radical and molecular prod-
ucts, considered as additions to the background, are then
available for reaction with dissolved solutes (if any) present (in
low or moderate concentrations) at the time of irradiation.

Compared to the chemical effects of 60Co g-radiolysis, which
are mainly due to Compton electrons with an initial energy of
about 1 MeV, the chemistry of water and aqueous solutions is
very different aer irradiation with the low-energy b-electrons
(�18.6 keV maximum) emitted by tritium (3H).11,12 This differ-
ence reects the inuence of the electron energy on the initial
spatial distribution of all the radiolytic species and free radical
intermediates (i.e., the electron track structure) created in the
two cases;13–16 primary events are more well-separated in the
tracks of higher-energy electrons.16–18 Fig. 1 illustrates typical
two-dimensional representations of the track segment of a 300
MeV irradiating proton (panel a) and the complete track of an
incident 7.8 keV 3H b-electron (ref. 19) (panel b), calculated with
our IONLYS Monte Carlo simulation code (see below). Fig. 1,
panel c, shows, for the sake of comparison, the simulated track
history of a 150 keV incident electron.16 As can be seen, the
initial distributions of the energy deposition for �300 MeV
protons and �150 keV electrons are quite similar, indicating
that they have the same mean LET. This similarity clearly
supports the validity of our choice of using short-track segments
of �300 MeV incident protons of well-dened LET (�0.3 keV
mm�1) in our simulations to reproduce the effects of 60Co g/fast
electron radiolysis.8,18 Using the terminology of the Mozumder–
Fig. 1 Simulated track histories (at �10�13 s, projected into the XY
plane of figure) of a 300 MeV proton (panel a), a 7.8 keV 3H b-electron
(panel b), and a 150 keV electron (panel c) incident on liquid water at
25 �C. Panel c shows the similarity of the track structures of a 150 keV
incident electron and of a 300 MeV irradiating proton (panel a). The
three irradiating particles are generated at the origin and start traveling
along the Y axis. Dots represent the energy deposited at points where
an interaction occurred.

This journal is © The Royal Society of Chemistry 2014
Magee model of energy deposition,4,20 while fast electrons
predominantly form “spurs” (spherical geometry), the low-
energy b-electrons of tritium predominantly deposit energy in
“short tracks” (columnar geometry); this leads to an increased
amount of intra-track chemistry. The short-track geometry
favors radical–radical reactions in the diffusing tracks, which
increases the proportion of molecular products at the expense
of the radical products.

In the work presented in this paper, an attempt is made to
further distinguish the properties of spurs and short tracks by
examining the differences in scavengeability of the hydrogen
peroxide yield produced aer irradiation with �300 MeV inci-
dent protons (which mimic 60Co g-ray or fast electron irradia-
tion) and by tritium b-radiolysis.14,15,21,22

Molecular H2O2 is one of the main oxidizing species formed
in the radiolysis of water, and its yield is of interest to studies of
many aspects of fundamental and applied radiation effects.23

No real-time studies on H2O2 formation have been performed
and its temporal dependence is usually probed by varying the
concentration of appropriate scavengers for the cOH radical.
Bromide anions are used in this study as selective scavengers of
the cOH radical precursors of H2O2. Our primary purpose is
twofold: (a) to compare the effect of Br� concentration on the
yield of H2O2, G(H2O2), produced by the two types of radiation
studied in aqueous solutions at neutral pH using Monte Carlo
track chemistry simulations in conjunction with available
experimental data, and (b) to relate the different H2O2 scav-
engeabilities found to differences in the initial spatial distri-
bution of radiolytic species (i.e., the structure of the radiation
track) in the two cases.
2. Radiolysis of (dilute) aqueous Br�

scavenger solutions

The Br� ion is inert toward eaq
�, reacts slowly with Hc atoms,

but it reacts very efficiently with cOH radicals. The mechanism
of its action, which has been the subject of many radiation
chemistry studies in the past,24–35 is relatively well understood
and the rate constants at 25 �C of the relevant reactions are
known. Pulse radiolysis has shown that the reaction of cOHwith
Br� takes place through the formation of the intermediate
adduct BrOHc�,36 which then transforms to Brc, Br2c

� and other
bromine species. Table 1 provides a numbered list of reactions
and corresponding rate constants used in this work. Whereas
the mechanism of radiolytic oxidation of Br� by cOH radicals is
quite complex, the major fast kinetic steps in dilute aqueous
bromide solutions are dominated by the sequence of (revers-
ible) reactions (R1–R5).36–39

Besides the scavenging intervention of bromide ions, the
decay of cOH radicals also involves reactions mainly with the
radical species eaq

�, cOH, and Hc that are formed in the water of
the irradiated solutions:

cOH + eaq
� / OH� k1 ¼ 3.5 � 1010 M�1 s�1 (1)

cOH + cOH / H2O2 k2 ¼ 6.3 � 109 M�1 s�1 (2)
RSC Adv., 2014, 4, 43572–43581 | 43573
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Table 1 Reactions and rate constants (k) used for modeling the
radiolytic oxidation of Br� by cOH radicals in aqueous solutions at 25
�C. For first-order reactions (indicated by the symbol §), the value of k is
given in s�1. Note that the rate constants given here for the reactions
between ions are in the limit of zero ionic strength (i.e., at infinite
dilution of ions)

Reaction k (M�1 s�1)

R1 cOH + Br� / BrOHc� 1.1 � 1010

R2 BrOHc� + H+ / Brc (+H2O) 4.4 � 1010

R3 BrOHc� / Brc + OH� 4.2 � 106§
R4 BrOHc� + Br� / Br2c

� + OH� 1.9 � 108

R5 Brc + Br� / Br2c
� 1.2 � 1010

R6 BrOHc� / cOH + Br� 3.3 � 107§
R7 Brc (+H2O) / BrOHc� + H+ 1.4§
R8 Brc + OH� / BrOHc� 1.3 � 1010

R9 Br2c
� + OH� / BrOHc� + Br� 2.7 � 106

R10 Br2c
� / Brc + Br� 1.9 � 104§

R11 Br2c
� + Br2c

� / Br3
� + Br� 2.4 � 109

R12 Brc + Br2c
� / Br3

� 5 � 109

R13 Br� + Br2 / Br3
� 1.6 � 108

R14 Br3
� / Br� + Br2 107§

R15 Brc + Brc / Br2 5 � 109

R16 Brc + eaq
� / Br� 1010

R17 Br2 + eaq
� / Brc + Br� 4.2 � 1010

R18 Br2c
� + eaq

� / 2Br� 1.3 � 1010

R19 Br3
� + eaq

� / Br� + Br2c
� 2.7 � 1010

R20 Brc + Hc / Br� + H+ 1010

R21 Br� + Hc / HBrc� 1.7 � 106

R22 HBrc� + H+ / H2 + Brc 1.1 � 1010

R23 Br2 + Hc / Brc + Br� + H+ 4.2 � 1010

R24 Br2c
� + Hc / 2Br� + H+ 1.4 � 1010

R25 Br3
� + Hc / Br� + Br2c

� + H+ 1.2 � 1010

R26 Br2c
� + H2O2 / HO2c + 2Br� + H+ 103

R27 Brc + HO2c / Br� + O2 + H+ 1.6 � 108

R28 Br2 + HO2c / Brc + Br� + O2 + H+ 1.5 � 108

R29 Br2c
� + HO2c / 2Br� + O2 + H+ 108

R30 Br3
� + HO2c / Br� + Br2c

� + O2 + H+ 107

R31 Br2c
� + O2c

� / 2Br� + O2 1.7 � 108

R32 Br3
� + O2c

� / Br� + Br2c
� + O2 1.5 � 109
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cOH + Hc / H2O k3 ¼ 1.6 � 1010 M�1 s�1, (3)

which are listed here in order of importance at 25 �C.16,40

Because reaction (2) is the primary mechanism to form the
molecular product H2O2,41,42 the presence of Br� ions can
therefore lower the radiolytic formation of hydrogen peroxide
through the competition of reaction (R1).

In the presence of air or oxygen, eaq
� and Hc are converted to

O2c
� and HO2c, respectively, according to16,43

eaq
� + O2 / O2c

� k4 ¼ 2.3 � 1010 M�1 s�1 (4)

Hc + O2 / HO2c k5 ¼ 1.3 � 1010 M�1 s�1. (5)

The hydroperoxyl/superoxide (HO2c/O2c
�) radicals so formed

either combine to form H2O2 according to16,44

HO2c + HO2c / H2O2 + O2 k6 ¼ 8.4 � 105 M�1 s�1 (6)

HO2c + O2c
� / HO2

� + O2 k7 ¼ 9.7 � 107 M�1 s�1, (7)
43574 | RSC Adv., 2014, 4, 43572–43581
react with cOH radicals according to

HO2c + cOH / O2 + H2O k8 ¼ 6.6 � 109 M�1 s�1 (8)

O2c
� + cOH / O2 + OH� k9 ¼ 7 � 109 M�1 s�1 (9)

or are scavenged by secondary products such as Brc, Br2, Br2c
�

and Br3
� according to reactions (R27–R32).
3. Monte Carlo track structure/
chemistry simulations

To help assess the basic molecular processes that are involved
in the mechanism of action of Br� ions, a full Monte Carlo
computer code, called IONLYS-IRT,8 has been used to simulate
in detail the radiolysis of the studied aqueous bromide solu-
tions. Indeed, Monte Carlo simulation methods are well suited
to take into account the stochastic nature of the complex
sequence of events that are generated in these solutions aer
absorption of ionization radiation. The simulation allows the
reconstruction of the intricate action of the radiation, thus
providing a powerful tool for studying the relationship between
the initial radiation track structure, the ensuing chemical
processes, and the stable end products formed by radiolysis.
Since a detailed description of our Monte Carlo approach for
fast electron and proton track structures in both pure water and
water-containing solutes at ambient temperature and the
“independent reaction times” (IRT) simulation method used to
model the subsequent nonhomogeneous/homogeneous chem-
istry have been given previously,8,16,41,45–50 only a brief overview of
the most essential features of our code is given below.

The IONLYS step-by-step simulation program covers the
early physical and physicochemical stages of radiation action
up to �1 ps in the track development. It is composed of two
modules: one is for transporting the incident charged particle
investigated (called either TRACEPR for an impacting primary
electron or TRACPRO for an incident proton), and the other
(called TRACELE) is for transporting all of the energetic (or
“dry”) electrons (collectively named “secondary electrons”)
resulting from the ionization of the water molecules until they
become “thermalized” and subsequently “trapped” and
“hydrated”.16,45 The TRACEPR module of IONLYS was used in
this study to simulate the radiolysis of bromide solutions by the
tritium-decay b-electrons. As for the TRACPRO module, it was
used here to simulate track segments of �300 MeV incident
protons (LET �0.3 keV mm�1 at 25 �C).

The complex spatial distribution of reactants at the end of
the physicochemical stage, which is provided as an output of
the IONLYS (TRACELE) program, is then directly used as the
starting point for the subsequent “nonhomogeneous” chemical
stage. This stage, during which the different species diffuse
randomly at rates determined by their diffusion coefficients and
react with, or compete with, one another as well as with any
added solutes present at the time of irradiation until all spur/
track reactions are complete (typically, on the time scale from
�1 ps to �0.1–1 ms at room temperature), is covered by our IRT
program. This program employs the IRT method, a computer-
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Time evolution of G(H2O2) (in molecule per 100 eV) after 300
MeV proton irradiation (LET �0.3 keV mm�1) of aqueous bromide
solutions at neutral pH and 25 �C, calculated from our Monte Carlo
simulations over the interval 10�12 to 10�4 s. The magenta, blue, red
and green lines correspond to four different initial concentrations of
bromide ions: 10�5, 10�3, 10�2 and 0.1 M, respectively. The solid lines
show our simulated results for deaerated solutions whereas the
dashed lines are for air-saturated solutions (the concentration of dis-
solved oxygen used in the calculations is 2.5� 10�4 M). The black solid
and dashed lines show the kinetics of H2O2 formation in bromide-free
deaerated and aerated solutions (shown here for the sake of refer-
ence), respectively. The experimental primary (or “escape”) yield
g(H2O2) for 60Co g/fast electron irradiation of pure, air-free liquid
water (pH 7) is taken from ref. 7, 23, 43, and 61 (�0.70� 0.03molecule
per 100 eV) (-) and from ref. 62 (0.67 � 0.01 molecule per 100 eV)
(:). Note that these latter data have been positioned at ss �0.2 ms, the
time at which spur overlap is complete at 25 �C (ref. 9). The different
colored arrows pointing upwards give the times at which the scav-
enging of cOH by Br� is occurring for the different considered bromide
ion concentrations. The open squares are the H2O2 yields measured
(in deaerated conditions) in ref. 23 using bromide as the cOH scavenger
for the corresponding scavenging powers (see ref. 63) (i.e., �105, 107,
108, and 109 s�1, respectively).
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efficient stochastic simulation technique that is used to simu-
late reaction times without having to follow the trajectories of
the diffusing species.51,52 Its implementation has been
described in detail previously,41 and its ability to give accurate
time-dependent chemical yields over a wide range of irradiation
conditions has been well validated by comparison with full
random ight (or step-by-step) Monte Carlo simulations, which
do follow the reactant trajectories in detail.53,54 This IRT
program can also be used to efficiently describe the evolution of
radiation-induced yields in the “homogeneous” chemical stage
that takes place at longer time scales.16,48–50,55

The reaction scheme for the radiolysis of pure liquid water
used in IONLYS-IRT is the same as used previously (see Table 1
of ref. 16). Values of the diffusion coefficients of the reactive
species involved in the simulations are listed in Table 6 of ref.
56. The effects of dissolved Br� ions on the radiolysis yields have
been modeled by incorporating the 32 chemical reactions listed
in Table 1, which account for the species Brc, Br2, Br2c

�, Br3
�,

and BrOHc� present in irradiated solutions under aerated or
deaerated conditions. The diffusion coefficients used for Br�

and for these bromine species are 2.1, 2.1, 1.1, 1.2, 1.1, and 1.1
� 10�5 cm2 s�1, respectively.38,57

In addition, we have introduced in the IRT program the
effect of ionic strength of the solutions on all reactions between
ions. The correction to the reaction rate constants was made as
described in ref. 49 and 58. Finally, in our simulations, the
“direct” ionization of Br� (to give eaq

� and Brc) was neglected,
which is a reasonably good approximation over the range of Br�

concentrations (5 � 10�7 to 0.2 M) studied here.
Tritium-b primary electron track structures were simulated

using the TRACEPR and TRACELE modules of IONLYS. These
programs follow, event-by-event, the spatial and temporal co-
ordinates of the primary electron and all subsequent second-
aries in water during the slowing down processes, thus gener-
ating the complete physical track structure. Each simulation
typically involved �6000 different whole track histories. This
number was chosen so as to ensure only small statistical uc-
tuations in the computed averages of chemical yields, while
keeping acceptable computer time limits. To reproduce the
effects of 60Co g/fast electron radiolysis, we used short (typically
�150 mm) segments of�300 MeV irradiating proton tracks, over
which the average LET value obtained in the simulations was
nearly constant and equal to �0.3 keV mm�1 at 25 �C. Such
model calculations thus gave track segment yields at a well-
dened LET.41,59 The simulations, performed with the TRAC-
PRO module of IONLYS, consist of following the transport and
energy loss of an incident proton until it has penetrated the
chosen length of the track segment into the medium. As shown
in Fig. 1, due to its large mass, the impacting proton is almost
not deected by collisions with the target electrons.45,59 The
number of proton histories (usually�150) was chosen to permit
averaging of results with acceptable statistical condence. In
the simulations reported here, the time evolution of G(H2O2)
has been followed until 0.1 ms for all considered concentrations
of added bromide in the presence or absence of oxygen.

Throughout this study, we assumed tritiated water concen-
trations to be low enough so that dose-rate effects could be
This journal is © The Royal Society of Chemistry 2014
neglected. In this case of low volumic activity (typically below
�2–5 Ci mL�1), tritiated water can then simply be described as a
“dilute” solution of 3HOH in water.60
4. Results and discussion

Fig. 2 shows the time evolution of G(H2O2) as obtained from our
simulations of the radiolysis of both deaerated and aerated
neutral pH aqueous bromide solutions by 300 MeV incident
protons at 25 �C. For the sake of comparison, available experi-
mental data for 60Co g/fast electron irradiation7,23,43,61,62 are also
included in the gure. As can be seen, the agreement between
the calculated and measured yields is satisfactory. In particular,
the decrease in the H2O2 yield in solutions containing larger Br�

ion amounts is well reproduced by our simulated values. As
discussed above, this decrease in H2O2 yield is due to reactions
of Br� with cOH radicals within the spurs, i.e., at times less than
�0.2 ms, the lifetime of the spur in the 60Co g radiolysis of water
at 25 �C.9 This is indeed what is observed for the 10�3, 0.01, and
RSC Adv., 2014, 4, 43572–43581 | 43575
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Fig. 3 Decrease in G(H2O2) (in molecule per 100 eV) with concen-
tration of Br� ions for 300 MeV incident protons (LET �0.3 keV mm�1)
in the radiolysis of neutral pH aqueous bromide solutions at 25 �C,
calculated from our Monte Carlo simulations over the range of 5 �
10�7 to 0.2 M. Experimental data for 60Co g/fast electron irradiations:
(,) deaerated, ref. 23; (:) aerated, ref. 25; and (B) deaerated, ref. 62.
The solid and dashed lines represent our simulated results of G(H2O2),
taken at the times at which scavenging of cOH by Br� is occurring, for
deaerated and aerated solutions, respectively. The arrow indicates the
Br� ion concentration (�7 � 10�3 M) below which the scavenging of
eaq

� and Hc atoms by O2 in aerated solutions occurs before the
scavenging of cOH by Br�.
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0.1 M bromide solutions considered in Fig. 2, for which the
lifetimes63 of the cOH radical with respect to reaction (R1) are
0.9 � 10�7, 0.9 � 10�8, and 0.9 � 10�9 s, respectively. At lower
Br� ion concentrations, which are equivalent to longer cOH
scavenging times63 in the stage of homogeneous chemistry in
the system, reaction (R1) competes less favorably with the
combination reaction of cOH radicals, resulting in an increase
in H2O2 formation. For instance, at 10�5 M bromide concen-
tration, the H2O2 yield continuously increases with time,
reaching a plateau region near 0.68 molecule per 100 eV at 0.9�
10�5 s, a value that closely approaches the primary (or “escape”)
yield of H2O2 for

60Co g/fast electron irradiation of pure, air-free
liquid water.7,23,43,61,62

In Fig. 2, at the considered 10�3, 0.01, and 0.1 M Br� ion
concentrations, the yields of H2O2 in deaerated solutions pass
through a maximum at the corresponding scavenging times for
the cOH radical and then decrease at longer times. This
decrease in G(H2O2) at long times is due to H2O2 being attacked
by the hydrated electrons and, but to a lesser extent, Hc atoms
escaping the spurs, according to the reactions:

H2O2 + eaq
� / cOH + OH� k10 ¼ 1.1 � 1010 M�1 s�1 (10)

H2O2 + Hc / cOH + H2O k11 ¼ 9 � 107 M�1 s�1. (11)

The time dependence of the variations in the cumulative
yield of H2O2 for the different reactions that contribute to
G(H2O2) (data not shown here) conrms that the decrease of
G(H2O2) at long times is predominantly due to reaction (10).
This is readily explained by the fact that hydrogen peroxide
reacts very rapidly with eaq

�. Reaction (11) is much slower with a
rate constant about 3 orders of magnitude lower than for
reaction (10). Furthermore, the fact that Hc atoms are produced
in relatively low yield in the g-radiolysis of neutral water5–7,43 and
that, unlike the hydrated electrons, they are to some extent
scavenged by Br� according to reaction (R21), also explains why
Hc atoms do not contribute signicantly to the destruction of
H2O2 at long times.

The results for the yields of H2O2 in aerated solutions show
that the long time yields are increased compared to those in
deaerated solutions. Besides the (slight) additional H2O2

production by the combination reactions (6) and (7), the main
role of oxygen, here, is to compete with the reactions of eaq

� and
Hc atoms with H2O2, reactions (10) and (11). At the concentra-
tion of 2.5 � 10�4 M, O2 can scavenge eaq

� and Hc atoms on the
�0.1 ms time scale, thereby protecting the hydrogen peroxide
from further reactions with these species in the homogeneous
stage of radiolysis.23,39 This protection against eaq

� and Hc

atoms therefore leads to an increase in the long time H2O2

yields. Indeed, as can be seen in Fig. 2, the long time yields of
H2O2 in aerated bromide solutions (as well as in neat water) are
�0.05 molecule per 100 eV higher than in deaerated solutions.

The effect of bromide ion concentrations on the lowering of
the yield of H2O2 in both deaerated and aerated solutions is
further illustrated in Fig. 3. The simulated H2O2 yields, taken at
the times at which cOH radical scavenging by Br� is occurring,
compare very well with the literature values23,25,62 for 60Co g/fast
43576 | RSC Adv., 2014, 4, 43572–43581
electron irradiations. At low Br� ion concentrations (below �7
� 10�3 M), the scavenging of eaq

� and Hc atoms by O2 in aerated
solutions occurs before the scavenging of cOH by Br�. As a
result, a larger yield of H2O2 is observed compared to the dea-
erated system, due to the removal of eaq

� and Hc atom scav-
enging of H2O2 in reactions (10) and (11). As expected, this effect
of dissolved oxygen on the production of H2O2 at low bromide
concentrations (or, equivalently, under long-time radiolysis
conditions) gradually increases as the concentration of Br� ions
decreases toward zero (see Fig. 3).

Fig. 4 shows the kinetics of H2O2 formation over the interval
�10�12 to 10�4 s, as obtained from our Monte Carlo simulations
of the radiolysis of both deaerated and aerated neutral pH
aqueous bromide solutions by tritium b-particles using 7.8 keV
for the initial energy of the b-electrons at 25 �C. It is seen that
the variations in G(H2O2) at the different Br

� ion concentrations
considered are essentially similar to those shown in Fig. 2 for
300 MeV incident protons (which, as mentioned earlier, mimic
60Co g/fast electron irradiation). The simulations show,
however, a clear increase (e.g., about 17–25% in neutral water
radiolysis) in the absolute value of G(H2O2) for

3H b-electrons
compared to 60Co g-rays. Overall, this increase in H2O2 yields,
when comparing the effects of tritium b-radiolysis with g-radi-
olysis, is consistent with differences in the initial spatial
distribution of primary transient species (i.e., in the structure of
electron tracks).14,16,18,21 As mentioned earlier, in the “short-
track” (columnar) geometry of the higher-LET 3H b-electrons,
radicals are formed locally in much higher initial concentration
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Time dependence of G(H2O2) (in molecule per 100 eV) for the
radiolysis of aqueous bromide solutions (pH neutral, 25 �C) by 3H b-
particles with initial energy of 7.8 keV (mean energy of energy depo-
sition by the b-particles), calculated from our Monte Carlo simulations
over the interval 1 ps–0.1 ms. The magenta, blue, red, and green lines
correspond to four different initial concentrations of bromide ions:
10�5, 10�3, 10�2, and 0.1 M, respectively. The solid lines show our
simulated results for deaerated solutions whereas the dashed lines are
for air-saturated solutions (the concentration of dissolved oxygen
used in the calculations is 2.5 � 10�4 M). The black solid and dashed
lines show the kinetics of H2O2 formation in bromide-free deaerated
and aerated solutions (shown here for the sake of reference),
respectively. The different colored arrows pointing upwards give the
times at which the scavenging of cOH by Br� is occurring for the
different considered bromide ion concentrations. The black arrow
pointing downwards indicates our calculated value of the H2O2 yield in
the 7.8 keV 3H b-electron radiolysis of pure, air-free water at �1 ms
(�0.78 molecule per 100 eV) that we have used in this work for
G�(H2O2) (the yield value obtained by “extrapolating the yields in
bromide solutions to zero Br� concentration”) to calculate G(H2O2)
from the ratios G(H2O2)/G�(H2O2) reported in ref. 22 (see Fig. 5).

Fig. 5 Decrease in G(H2O2) (in molecule per 100 eV) with concen-
tration of Br� ions for 7.8 keV incident electrons (LET �6 keV mm�1) in
the radiolysis of neutral pH aqueous bromide solutions at 25 �C,
calculated from our Monte Carlo simulations over the range of 5 �
10�7 to 0.2 M. The solid and dashed lines represent our simulated
results of G(H2O2), taken at the times at which scavenging of cOH by
Br� is occurring, for deaerated and aerated solutions, respectively.
Experimental data for deaerated neutral solutions irradiated with
tritium b-particles: (;), Fig. 2 of ref. 22, using G�(H2O2) ¼ 0.78
molecule per 100 eV (see ref. 64 and caption of Fig. 4). The arrow
indicates the Br� ion concentration (�7 � 10�3 M) below which the
scavenging of eaq

� and Hc atoms by O2 in aerated solutions occurs
�
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than in the spur (spherical) geometry of the energetic Compton
electrons of the cobalt-60 g-rays. As a result, the short-track
geometry favors radical–radical reactions in the diffusing
tracks, which increases the proportion of molecular products at
the expense of the radical products.

Presently, the only data with which we can compare our
results are those of Pimblott and LaVerne18 who investigated the
effects of electron energy on the radiolysis of liquid water. Using
stochastic track chemistry simulations, these authors calcu-
lated the kinetics of formation of H2O2 for electrons of initial
energy 100 eV to 1 MeV. Remarkably, our H2O2 yield obtained
for �7.8 keV 3H b-electrons (�0.75 molecule per 100 eV; see
Fig. 4) is in very good agreement with their predicted G(H2O2)
value at 0.1 ms for deaerated water irradiated by 10 keV incident
electrons (0.795 molecule per 100 eV).

As for �300 MeV irradiating protons (LET �0.3 keV mm�1)
(see Fig. 2), the presence of oxygen is seen to protect, at long
times (>10�7 s), hydrogen peroxide from the hydrated electrons
and Hc atoms that escape the tracks. However, as can be seen in
Fig. 4, the yields of H2O2 at�0.1 ms in aerated solutions (as well
as in neat water) are �0.12 molecule per 100 eV higher than in
This journal is © The Royal Society of Chemistry 2014
deaerated solutions, i.e., about twice as large as what is found in
the case of irradiation with 300 MeV incident protons (see
Fig. 2). This increase, when comparing the effects of tritium b-
radiolysis with 60Co g/fast electron radiolysis, is related to
differences in the structure of electron tracks in the two cases.
In the short-track geometry of the higher-LET b-electrons (in
contrast with spur geometry), the reactive intermediates are
formed in much closer initial proximity, which is favorable to
the additional formation of H2O2 through the inter-radical
HO2c/O2c

� combination reactions (6) and (7). The effect of dis-
solved oxygen is thus more pronounced in tritium beta radiol-
ysis, as is seen in Fig. 2 and 4.

The decrease in G(H2O2) with concentration of Br� ions in
the �7.8 keV 3H b-particle radiolysis of both deaerated and
aerated neutral pH aqueous bromide solutions at 25 �C, calcu-
lated from our Monte Carlo simulations, is shown in Fig. 5. Our
calculated yields for deaerated water compare well with the
experimental yields of Gagnon and Appleby.22,64 However,
because of the lack of experimental information, no compar-
ison of our simulations could be made for the tritium b-particle
radiolysis of aerated solutions. Nevertheless, as for 300 MeV
irradiating protons (Fig. 3), the presence of oxygen has an
important role in scavenging the hydrated electrons and Hc

atoms escaping the spur/tracks, and therefore in preventing
these species from destroying the hydrogen peroxide at long
times (>0.1 ms) via the occurrence of reactions (10) and (11).
Finally, as discussed above, when comparing the effects of
tritium b-radiolysis with g/fast electron radiolysis, the larger
before the scavenging of cOH by Br .

RSC Adv., 2014, 4, 43572–43581 | 43577
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H2O2 yield difference that is observed at bromide concentra-
tions below �7 � 10�3 M between deaerated and aerated solu-
tions is explained by the chemical differences between spurs
and short tracks; the geometry of the short track is more
favorable to the inter-radical HO2c/O2c

� combination reactions
(6) and (7), which lead to an additional formation of H2O2. This
production of H2O2 in aerated solutions (vs. deaerated solu-
tions) is seen to increase gradually as the concentration of Br�

ions decreases toward zero.
Fig. 6 (panels a and b) shows our calculated results, taken

from Fig. 3 and 5, which compare the lowering of G(H2O2)
formed in the radiolysis of deaerated and aerated bromide
solutions (pH 7) by�300MeV incident protons and�7.8 keV 3H
b-electrons as a function of Br� ion concentration over the
range of 5 � 10�7 to 0.2 M. For both air-free (panel a) and air-
saturated (panel b) solutions, the H2O2 yield in tritium b-
Fig. 6 Inhibition of G(H2O2) (in molecule per 100 eV) by bromide ions
as obtained from our Monte Carlo simulations of the radiolysis of
deaerated (panel a) and aerated (panel b) neutral pH aqueous solutions
by�7.8 keV 3H b-particles (solid lines) and�300MeV incident protons
(which mimic 60Co g/fast electron radiolysis) (dotted lines) at 25 �C, as
a function of Br� concentration (data taken from Fig. 3 and 5). In both
cases, the inhibition of the H2O2 yield for tritium b-rays is greater than
for 60Co g-rays or fast electrons.

43578 | RSC Adv., 2014, 4, 43572–43581
radiolysis is more easily suppressed than in the case of �300
MeV irradiating protons (which mimic irradiation with 60Co
g-rays or fast electrons). These differences in the scavengeability
of H2O2 precursors are in very good agreement with the exper-
imental data of Gagnon and Appleby,22 as well as with similar
scavenging studies reported by Lemaire et al.14 using bromide
and chloride ions as cOH radical scavengers in aerated 0.4 M
H2SO4 solutions. The fact that it is more difficult to inhibit the
yield of H2O2 produced by 60Co g-radiolysis than by the higher-
LET tritium b-radiolysis can be interpreted by the chemical
differences between spurs and short tracks.14,22 Briey, in the
short track (cylindrical) geometry, the formation of H2O2 takes
place over a longer time scale as compared with spur (spherical)
geometry. Hence, in tritium b-radiolysis, Br� ions have a longer
time scale to react with cOH radicals (the precursors of H2O2)
than in cobalt g-radiolysis (which gives predominantly
spurs).15,22 In other words, the molecular H2O2 yield formed by
tritium b-particles is more scavengeable by Br� ions than that
produced by cobalt g-rays or fast electrons, as is seen in Fig. 6.
5. Conclusions

In this work, Monte Carlo track chemistry simulations have
been employed to investigate the cOH scavenging effect of
bromide ion on the yield of hydrogen peroxide formation in
neutral water irradiated by tritium b-rays and 300 MeV protons
(which mimic irradiation with 60Co g-rays or fast electrons) at
25 �C. The Br� ion reacts very efficiently with cOH radicals and
the mechanism of its action is relatively well understood.
Studying this system under a wide range of Br� concentrations
from 5� 10�7 to 0.2 M, we have examined the differences in the
inhibition of H2O2 by Br� ions for the two kinds of radiation
considered here. As a general rule, the simulations have clearly
shown signicant changes in the yields of H2O2 in

3H b-particle
and cobalt g/fast electron radiolysis, which have been related to
differences in the initial spatial distribution of radiolytic species
and free radical intermediates (i.e., the structure of the electron
tracks) created in the two cases, in agreement with previous
experimental and theoretical work. Indeed, the (cylindrical)
short track geometry of higher LET tritium b-electrons in both
water and aqueous bromide solutions favors an increased local
concentration of reactants and therefore the incidence of an
increased amount of intervening intra-track reactions, leading
to a clear increase in G(H2O2) as compared to g/fast electron
radiolysis (which predominantly gives isolated spherical spurs).
For example, as is seen in Fig. 6, our calculated yields of H2O2 in
deaerated and aerated �5 � 10�7 M bromide solutions (which
is the lowest Br� concentration studied, corresponding to an
cOH scavenging time by Br� of�0.1 ms) are, respectively,�17%
and �24% greater in 3H b-particle radiolysis than in high-
energy electron/60Co g-radiolysis.

Furthermore, in aerated bromide solutions (�2.5 � 10�4 M
O2), the presence of oxygen has been seen to scavenge eaq

� and
Hc atoms on the �0.1 ms time scale, thereby protecting H2O2

from further reactions with these species in the homogeneously
distributed bulk of the solution. This protection against eaq

�

This journal is © The Royal Society of Chemistry 2014
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and Hc atoms therefore leads to an increase in the long time
H2O2 yields, as seen experimentally.

Finally, in the presence and absence of air, the H2O2 yield in
tritium b-radiolysis is found to bemore easily suppressed by Br�

ions than in the case of cobalt g/fast electron radiolysis. This
result can be explained on the same basis due to the quantita-
tively different chemistry between spurs and short tracks: the
time scale for the Br� ions to react with the cOH radicals
precursors of H2O2 is longer in the short track geometry. These
differences in the scavengeability of H2O2 precursors in g- and
tritium b-radiolysis agree well with previous experimental data.

In summary, the results of the present simulations lend
strong support to the model of tritium b-radiolysis mainly
driven by the chemical action of short tracks of high local LET.
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2571; Z. D. Draganić and I. G. Draganić, J. Phys. Chem.,
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