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1. INTRODUCTION

An understanding of the aqueous radiolysis-induced chemistiydlear reactors is an important
key to the understanding of materials integrity issuesantor systems. Significant materials
and chemistry issues have emerged in Pressurized WateoRe@WR), Boiling Water
Reactors (BWR) and CANDUreactors that have required a detailed understandirng of t
radiation chemistry of the coolant. For each reayjoe, specific computer radiolysis models
have been developed to gain insight into radiolysis presemsd to make chemistry control
adjustments to address the particular issues (Referticérough [11]):

There are a number of groups around the world that moedligh temperature radiolysis of
coolant water in reactor circuits. These groups alklightly different radiolysis chemical
yields, chemical reactions and rate constants for thedelling calculations [13].

Over the last three decades, there has been a cashedfdrt in various research laboratories in
different countries (Reference [13] and referencestheto establish the dependence on
temperature of:

1. The g-valueSof the primary species for ionizing radiation with difént linear energy
transfer (LET) characteristics; and

2. The rate constants of the chemical and acid/basel@guileactions involved in water
radiolysis.

Until recently, there were no well-defined experiméhtgh temperature water radiolysis results
available for ‘benchmarking’ the models. For a reactmiant radiolysis model to be
successful, it must meet a number of criteria. Ther@ include being able to predict:

1. The concentrations of hydrogen, oxygen and hydrogen peroxide nmaeal
steady-state radiolysis conditions when no additiondfdgen or oxygen has been added
to the coolant.

2. The critical hydrogen concentration (CH@&quired to suppress the net radiolytic
production of oxygen and hydrogen peroxide; and

3. The time profiles of the chemical species as operticonditions change.

In 1995, a series of tests were undertaken in the high tatope, light water cooled, fuelled U-2
loop in the National Research Universal (NRU) reactdiheChalk River Laboratories (CRL) of
Atomic Energy of Canada Limited [14]. These tests vperéormed under controlled chemical

CANada Deuterium Uranium, registered trademark of Atdfnergy of Canada Limited (AECL)

While not the focus of this report, an understandinfp@faqueous radiolysis-induced chemistry at temperatures
below 100C is also required for reactor safety cases in predijdtie fission product chemistry/transport and
hydrogen production after postulated Loss-of-Coolant accidegtssee Reference [12].

The term g-value is reserved for the homogeneous gfahe primary species after they have escaped the spur.
The term G-value will refer to the measured yieldrokaperiment.

The Critical Hydrogen Concentration is the minimumaoggnration of dissolved hydrogen required to prevent
the net radiolytic breakdown of the watdRadiolysis is said to be in suppression when trer®inet
decomposition of the water due to the addition of exiogdsogen. This is when the concentration of oxygen
and hydrogen peroxide are much lower thamg/kg, i.e., <~1¢ mol/kg.
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and physical conditions similar to those found in thelaat circuits in nuclear power reactors.
The concentrations of hydrogen and oxygen in the ciioglabolant were monitored
continuously at three points around the loop as the docemistry was changed by additions
of either hydrogen or oxygen over a range of loop powetdeanperatures. In some tests, the
coolant was permitted to boil with steam qualities up va% at the core outlet. A description
of these tests can be found in Reference [14].

Within Reference [14], more detailed experimental inforomaivas provided for one
well-defined non-boiling test that is sufficient to comgthe radiolysis simulations with the
experimentally observed time profile of the hydrogen andjemyconcentrations. From earlier
benchmarking attempts, it was recognised that radiolysislaiions using the then-current
AECL radiolysis model gave poor fits to the U-2 loop expental data [15]. Several options
were explored to achieve a satisfactory simulatioth@®experiment results, which included the
operating conditions of dose rates and thermal-hydraukasally, Glowa (published in internal
AECL reports) was able to simulate the radiolysis wabemistry in the U-2 loop well as shown
in Figure 1-1. However, this fit required that the ratestant for reactiof::

(R32b) OH+H - HO +H

be reduced to ~15% of the measured value<a®8L/mol/s at 300C [16]. The modification of
this single rate constant provided an acceptable fit textperimental results (CHC, oxygen and
hydrogen concentration time profiles including their syestdte concentrations) as shown in
Figure 1-1, whereas other approaches such as including irepdaitied to simulate all the
gualitative features of the data. This unrealisticalydring of a measured rate constant
indicated that a re-evaluation was required of the hggigodatabase used, including the rate
constants, the reaction mechanisms and the g-values.

Henshaw and Sims [17] have attempted to model just the @<&€heed in the U-2 loop test

[14], but they did not attempt to model the temporal cotmagan profiles of the measured
hydrogen and oxygen. The coolant radiolysis data sethénaused underestimated the CHC by
about a factor of three.

Most of the published high temperature water radiation @tegyrmodels are largely based on
data available up to the mid 1990’s [13], [18]. Since about 200@ haes been a revival in the
study of the high temperature radiolysis of water drivepart, by the need for information on
water in the super-critical regime ([16], [19] through])31These studies have re-measured
g-values for the primary radiolysis species for lowdar Energy Transfer (LET) radiation and
have re-measured many of the reaction rate const&®serally, these studies have been able to
extend the measurements to higher temperatures thandhmeal investigations, thereby

reducing or eliminating the need to extrapolate the daitaettemperatures of interest.

More recently, it has been recognised that many opabdished pulse radiolysis studies are
subject to systematic errors as result of an incoradaewf Gee valu€ being used for dosimetry
and/or the incorrect extinction coefficient used feeces such as the hydrated electron,
hydroxyl radical and HQO,'.

*  The letter ‘f and ‘b’ after reaction numbers indicatehether it is a forward or back reaction of equilibri

> Gisthe yield of the absorbing species aiglits extinction coefficient at a given wavelength.
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The objective of this report is to compile and review fiidiolysis data now available and, where
possible, correct the reported g-values and rate coasstaptovide a recommendation for the
best values to use in high temperature modelling of Wgttér radiolysisip to 350C.

With a few exceptions, the review has been limitethése reactions that occur in slightly acid
and slightly alkaline solutions, e.g., it does not addmeastions involving the oxide radical
anion, O, or ionized forms of hydrogen peroxide, Fieyond their acid-base equilibria
reactions. However, a few reactions have been incluthedenthe rate constant for a reaction
involving O is significantly larger than the corresponding hydroaglical reaction rate constant
and thus can influence the chemistry below thg @ikthe hydroxyl radical.
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Figure 1-1 Results of preliminary radiolysis modelling of tle data that shows agreement
between the hydrogen and oxygen profiles around the time oftirogen addition. To
obtain the fit, the radiolysis model had an unreasonably low vakifor the OH + H, - H +
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2. METHODOLOGY

The data reviewed for this report have been measuredumaer of laboratories around the
world and over about a 50-year time span. Over this pariod, the understanding of aqueous
radiolysis has continually improved and new informatias been continually accumulated. In
doing any review of radiolysis data, one has to be cognigdhe state of knowledge when the
research was performed. This has an impact on tladitili or accuracy of some of the data
published. Corrections to published data can sometimes ketakeh. Some general examples
are given below to illustrate the issues.

1. Three simple cases are:

* The simplest case is when no correction is necess&h as the measurement of
a pseudo-first order rate constant from a time dependsribe transient
absorption in a pulse radiolysis experiment.

» Ifanincorrect extinction coefficient is used forrxting the second order rate
constant from the time dependence of an absorptiopuisa radiolysis
experiment, it is a straightforward correction to thiee constant provided the
original and the correct extinction coefficient ar@wm.

» If an outdated @e value was used for a dosimeter in pulse radiolysis fgeld
measurement, a simple correction to the results caergky be undertaken using

the revised &e value [32].
2. Cases which are complex or un-resolvable:

» Situations where a rate constant for a particulastieahas required computer
modelling of the time profile of an absorbance where abauraf competing or
parallel reactions are involved. If incorrect dosimegxtinction coefficients
and/or rate constants were used, it is generally naildego correct the derived
rate constant accurately as it requires remodelling ke

In this report, where possible, corrections have been toathe published results. These
corrections will be noted in the text.

In a number of cases, especially where modelling has s to fit rate constants, it is
impossible to rework the data. In this case, the estilt be presented as reported, or with
minor corrections, but it will be noted that the red@stants are possibly in error. It should be
noted that a large uncertainty in the value of manyefake constants does not have a
significant impact on the results of the radiolysmidations. In general, there are only a small
number of critically important reactions involved in imulations. Sensitivity studies where
the effect of varying the value of a rate constantersimulated result can provide insight as to
the acceptable uncertainty in a reaction rate consilms sensitivity check should be done for
the modelling conditions where net radiolysis is sug@@snd is not suppressed. This is
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necessary as different reactions can be important asheléwo conditions. It is recommended
for those critical reactions which do impact on thewdated results that, if the experimental
determination of the rate constant as a functioempierature is questionable, the determination
should be repeated to establish the correct result.

As will be discussed in Section 3, the measurement cdl@es by pulse radiolysis techniques
requires a knowledge of the extinction coefficientraf absorbing, often transient, species as a
function of temperature. The ‘choice’ of this extinaticoefficient can be a subjective exercise
and can lead to uncertainties in the measured yieldsatéedonstants. Where possible,
extinction coefficients have been ‘chosen’ which proditlee most consistent g-values that were
in material balance with the decomposition of water.

The approach used in this report is to establish the g-viluése primary species formed in the
decomposition of water by low LET radiation, i.e., faktctron and gamma-radiation, as a
function of temperature. These established g-valuethaneused to correct the measured rate
constants where applicable. Finally, the g-valuesifginer LET radiation as a function of
temperature will be presented as these form the basie eglculation of the g-values associated
with the fast neutron radiolysis. The estimationhaf g-values for fast neutron irradiation
requires the energy spectrum of the neutrons speaititet reactor being modelled. An example
is provided on how to estimate the g-values for fastroast

The same high LET g-value information can be used to atithe g-values associated with the
recolil of lithium ions andx-particles from the nuclear reaction:

n+8 - 'Li + *He

where boron-10, as boric acid, is used as a reactivitiraacchemical to limit the flux of thermal
neutrons in a PWR core.
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3. LOW LINEAR ENERGY TRANSFER G-VALUES

In this section, the temperature dependence for the gsviduéhe primary radiolysis species
formed in Reaction (R1) will be assessed:

(R1) HO [ P14 FYEH9", ewq, H, OH, H, H0,, HOA/O;
The yields will be reported in ‘old’ units for g-valuérmmber formed per 100 eV of energy
absorbed.

Only the g-values for low LET radiation will be consieérin this section. The principal reason
for establishing these yields at this point in the repgattat these yields are required for
re-evaluation of some of the rate constants. Low t&diation is typical of the gamma-radiation
and high-energy electrons used in laboratory studies lhasvtne gamma-radiation found in the
core of a water-cooled reactor from fission and aagtwgprocesses. For this type of radiation,
energy deposition tends to occur in well-separated tmtagiving rise to small clusters of
excited and ionized molecules, called spurs. In the sfourgrimary species created close
together, there is a competition between their reac@nd their diffusion out of the spur. Thus
the yields and spatial distribution of the primary spea@re, in general, a function of time after
the ionization/excitation event, and trend towardsniilng ‘escape’ yield. The g-values given
here will ideally be close to the ‘escape’ yields fritva spur, i.e., effectively the
‘homogeneously distributed’ yields reached by abous after the ionizing event for most
applications.

The g-values for the fast neutrons, which deposit mosieaf energy by ion recoils following
inelastic collisions, depends on the energy spectrutmeofeist neutrons entering the water.
These g-values will be discussed later in the repdsettion 6.

The data for high temperature g-values can be broken daavtwio classes:

1. Yields available from steady-state radiolysis expenis@here products are measured
after irradiation and the radiation field intensityslm@een determined by reliable,
well-established dosimetry methods. The analytical iteyrmeasurements are all
made at room temperature.

2. Yields from pulse radiolysis experiments where tladdyis determined from the transient
absorption after a short pulse of radiation at theotgature of interest. These require
knowledge of the extinction coefficient of the absorbipgcses as a function of
temperature. As noted above in Section 2, sometinees #re issues associated with the
dosimetry choice used in the pulse radiolysis experisneaguiring correction of the
reported data.

In general, the reported yields from steady-state expetanprovided that the solutes and the
products are thermally stable over the temperature ramge are considered to be the more
reliable and will be used preferentially in this report.

The major issue with either method of yield measurensetihe concentration of solutes present
to scavenge the primary species.

®  To convert yields in ‘old’ units of #/100 eV to S.hits of mol/J multiply by 1.03610".
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€, OHOrH + Scavenge[l]j< _, Product

The scavenger acts in competition with recombinatientrens, which would otherwise occur,
including the intra-spur recombinations. One can easijsore a g-value significantly larger
than the ideal ‘escape yield’ by adding too much scavem§gthe scavenger concentration is
typically two or more orders of magnitude greater ttmet of the primary specie formed, the
‘scavenging power’ is defined as the pseudo-first order ratsgt@ot k[Scavenger]. At room
temperature, to ensure minimal scavenging in the splasibéen generally agreed that the
value ofk[Scavenger] should be 16" or lower [33]. In actual fact, this scavenging power ca
still give a g-value on the order of 5% larger thanttbe escape yield, and lower scavenging
powers are preferred. At too low a scavenger concemtrakperiments may become limited by
the presence of impurities or other signal/noise issauresthe homogeneous reactions between
primary species. An unresolved question is how low theesgying power must be at high
temperature (e.g., 300) in order to give a good representation of the escajik yie

The room temperature g-values for water under low LET tiadi@onditions (10s* scavenging
power) are well established (Table 3-1) [34], [35]. Fomtingpose of this section, as the g-value
for HO,/O, under low LET radiation is so small, the g-value f@,HD, will be assumed to be
zero. It should be remembered that the yields of timegoyi species are measured using various
scavenging systems and that there is some scattex iepported yields [36]. Any measurement
of the temperature dependence of a g-value should st wkperimental uncertainty, with

the room temperature values given in (Table 3-1). Foptingose of this report, the g-values
listed by Spinks and Woods [34] have been used as the refamm temperature values.

As noted above, there are a number of issues assowiditesbme of the high temperature
experiments used to measure yields. In some casesltit®ns used have solute
concentrations that have lead to some scavenging sptire In other cases, there has been
some uncertainty about the dosimetry used in the patBelysis investigations. In both these
cases, provided that there is no other issue, such asrione dependence of an extinction
coefficient, therelative change of yield with temperature can be useful to bomate a
temperature dependence observed in other experiments.

In this section, the temperature dependent yield for pactary specie will be assessed
separately and then the information will be collectegroduce a set of polynomials, which
describe the g-values over the temperature rang@oZZb0C.
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Table 3-1
g-Values for water at near neutral pH at room temperature fo low LET radiation
Primary € H OH H» H.0, HO,/O, | Reference
Species
g-Value 2.63 0.55 2.72 0.45 0.68 0.008 [34]
(#/100 eV)
g-Value 2.70 0.61 2.87 0.43 0.61 0.026 [35]
(#/100 eV)
3.1 g-Value: Hydrated Electron

The temperature dependence for the g-value of the hydratetdoal has been reported by a
number of laboratories [26], [28], [37], [38], [39], [40]. @etermine the temperature
dependence for the g-value, the product analysis stuaheslieen used as the dosimetry is less
prone to error and there are no issues with the valaegtiction coefficients as found with the
pulse radiolysis studies. In Figure 3-1, the resulthade studies are shown [26], [37], [38],
[40]. This data indicates that the g-value for the hydratectron increases above room
temperature reaching a maximum near°258nd then slightly decreases. In Figure 3-1, the
dash-dot line indicates the recommended temperature deperfdetite g-value. The basis for
this line up 256C is the G(N) measured from 2:8.0° mol/kg N.O/0.02 mol/kg
perdeutero-ethanol solution as this solution provides thedbscavenging powers [26]. Above
250°C, a chain reaction producing excess nitrogen was suspeleicdinvolved the reducing
radical derived from ethanol [26]. Above 281) the g(gq) yield was approximated as being
parallel to that from the 28.0° mol/kg NO/0.01 mol/kg phenol solution where the hydroxyl
radical scavenging power was slightly higher and wiehslightly increased the measured
G(Ny).
The temperature dependence for the g-value for the hydrattcbe is given by:

g(eg) = 2.641 + 4.16210° t + 9.09%10° t* — 4.71%10° £

where t is the temperaturei@. The reader is reminded that scavenged yields asymptotically
approach the true escape yield from higher values. Beergh the lowest available scavenging
power was used for the g-value estimate, it may bebstilligh by several percent.

In Figure 3-2, the hydrated electron yields as measuredse mdiolysis experiments using
methyl viologen (MV") as an electron scavenger and t-butanol as a hydroxyrsper are
shown [28], [38], [39].

MV + &g — MV?

These results have all been corrected/normalizedetddbimetry value of & of 2.51x10"
(G in #/100 eV and in L/mol/cm) recommended by Buxton and Stuart [32] ferdkygen
saturated 10 mol/L thiocyanate dosimeter at 475 nm. Where requireddata for the methyl
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viologen cation radical (MY} was corrected using the room temperature extincteifficient at
605 nm of 13,700 L/mol/cm [41] and the temperature dependence abdugption as measured
by Shiraishi et al. [39].

As can be seen in Figure 3-2, the estimateghpeom G(MV") tended to parallel the
‘recommended’ fit line for g(g) from the product analyses and, with the exceptiohetita
from Lin et al. [28], all tended to be slightly higherheTslight elevation above the fit line for the
solutions containing ~2:6.0* mol/kg MV?* and 0.01-0.02 mol/kg t-butanol [38] can probably
be assigned to the small extra formation of Mm the scavenging of the hydrogen atoms by
methyl viologen [42]. The reason the results of Shiraishi et al. [39], whed ~18 mol/kg

MV %, lie further above the recommended line is that s@ingrof the hydrated electron in the
spur has occurred to increase the yield [33]. No explanatinobe suggested as to why the
results of Lin et al. [28], who useckB0* mollkg MV?* and 0.02 mol/kg t-butanol, lie noticeably
below the recommended line.

Above 150C there is a definite increase of the G(bove the recommended g{gline
(Figure 3-2) for the results of Elliot et al. [38] and &fghi et al. [39]. One likely reason for this
deviation could be the inaccuracies in the estimatidheotemperature dependence for the
extinction of the MV cation at 605 nm at these elevated temperatures [39].

7

The high rate of reaction of hydrogen atoms with?ff 6.4x10° L/mol/s (25C) [42] ensures essentially
complete scavenging of the hydrogen atoms in competititimtiag t-butanol present. It is reported that ~15%
of the hydrogen atoms are converted to'Mi\é., an increase in G(MYof ~0.1.
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Figure 3-1 The g-value for the hydrated electron as a functioof temperature as measured
from experiments where a stable product was analyzed by Jha &. [37], by Elliot et al.
[38], by Kent and Sims [40] and by Janik et al. [26]. The dastot-dot line is the
recommended temperature dependence for g{§) based on nitrogen yields from MO
containing solutions — see text for more information. Té ‘accepted’ room temperature
value for g(eq) given by Spinks and Woods [34] in Table 3-1 is also plotted.
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@ 2.65x10'4 m MV2+ /0.02 m t-BuOH/ Phosphate buffer / Elliot et al.
O 2.6x10'4 m MV2+ /0.01 m t-BuOH / Borate buffer / Elliot et al.
® 2.5x10'4 m MV2+ / 0.01 m t-BuOH / Phosphate buffer / Elliot et al.
L 4 1x10°3 m MV2* /0.041 m t-BUOH / Shiraishi et al.
] 5x10™* m MV2* /0.2 m t-BuOH / Lin et al.
A 9x10™% m MVZ* / 4x10™ m Formate / Borate buffer / Elliot -unpublished
A 5x10'4 m MV2+/O.01 m Formate / Elliot-unpublished
A 2.65x10'4 m Mv2* /0.01 m Formate / Borate buffer / Elliot - unpublished
v 5x10"% m Mv2* /0.01 m Formate / Lin et al.
12.0 ¢ ]
¥ & 2x10™* m MvZ* / 2x10°* m Formate / Buxton and Wood P — ]
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Figure 3-2 The measured g(g) and {g(eq) + 9(OH) + g(H)} using the transient MV
absorption as a function of temperature by Elliot et al. [38], i Shiraishi et al. [39] by Lin
et al. [28], and by Buxton and Wood [43]. The recommended temgzure dependence for

g(eyq) from Figure 3-1 and the value for {g(g,) + 9(OH) + g(H)} calculated from the

material balance equations in Section 3.6 are also given.
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3.2 g-Value: Hydroxyl Radical

A chemical system has yet to be found where a stablgeduct can be measured with
confidence after the irradiation to determine the depemdehg(OH) with temperature up to
35C¢°C. All reports on hydroxyl radical yields as a functafriemperature have involved pulse
radiolysis experiments where the OH radical is comeemto a longer-lived product. The
results from these experiments are subject to #heeuSed for the dosimeter and the value of the
extinction coefficient used for the long-lived absorption.

Elliot et al. [38] have measured the g(OH) using aerat&dvidl/kg ferrocycanide ion solution
between 20and 108C and using aerated 0.025-0.1 mol/kg bicarbonate ion solutidrese
g-values are shown in Figure 3-3. The g-values in Figure&/8 &ll been normalized to the
value of Gee of 2.51x10* (G in #/100 eV and in L/mol/cm) at 475 nm for the oxygen saturated
102 mol/L thiocyanate dosimetry as recommended by BuatwhStuart [32]. In the case of the
ferrocyanide ion solution, the temperature dependendeeaitinction coefficient of the product
ferricyanide ion has been measured up tC90 a spectrophotometer and extrapolated to
105°C [38].

The temperature dependence of the extinction coeffitoethe.COs” radical formed by the
reaction of hydroxyl radicals with bicarbonate ions hasbeen establishédThe optical

spectrum ofCOs” broadens slightly on the high-energy side as the texhperincreases as
shown in Figure 3-4 [38] and as confirmed in Reference [#4]s suggests that the extinction
coefficient at a given wavelength is temperature dependeits assumed that the integrated
absorption coefficient for this absorption is constardr the 28-300°C range of interest, then

the relative extinction coefficient at the peak maximas a function of temperature can be
estimated in two ways. The relative extinction @oefnt should decrease as the inverse of the
spectral bandwidth at half-height as a function of tempegaor as the ratio of the area under the
normalized absorption curves. Both methods give the samgerature dependence as shown in
Figure 3-5. This is summarised in Table 3-2.

In calculating the g-value for the hydroxyl radical, atineste for the extinction coefficient at
room temperature for the carbonate radical anion at 600 @0@0 L/mol/cm was selected
based on the reported values of 1,934 L/mol/cm [38], 2,00@ll¢m [45], and 2,062 L/mol/cm
[46].° Using 2,000 L/mol/cm gives a value for g(OH) of 2.7 at réemperature in agreement
with the value in Table 3-1 thus effectively normalizihg tesults to the accepted value for
g(OH).

Figure 3-3 shows the estimates of g(OH) both assumingnipetature dependence for the
extinction coefficient as shown in Table 3-2 and alssueing a temperature invariant extinction
coefficient. As can be seen in Figure 3-3, the tentperalependence for g(OH) assuming a

It should be noted that Wu et al. [44] have postuldtatithe CO;" radical is actually a ‘dimer’ radical of the
acid-base form H(C§»* / (COy)>.

These values have been correctedste f8r N,O or air saturated /0.01 mol/L SC8bsimetry as recommended
by Buxton and Stuart [32].
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temperature independent or dependent extinction coeffiarerboth in agreement within
experimental uncertainty with the g(OH) estimated frbenytield of ferricyanide ions from pulse
irradiated aerated Tomol/kg ferrocycanide ion solutions.

The temperature dependence up to°80for g(OH), assuming a temperature dependence as
given in Table 3-2 for the extinction coefficient-&fOs’, is given by:

g(OH) = 2.557 + 1.02210° t
and for the g(OH) assuming temperature independent gatirmefficient for-COs :
g(OH) = 2.535 + 9.55410° t — 7.96&10° t*
where t is the temperature‘i@.

As will discussed below in Section 3.6, based on mateaiaince considerations it appears that
the most appropriate function for g(OH) up to ~Z5@s the one derived from the temperature

dependent extinction coefficient. Above 280 material balance consideration suggests that this
equation may slightly under predict g(OH).

Table 3-2
The extinction coefficient at 600 nm for the CO3™ as a function of temperature
Temperature Relative Extinction Coefficient
(®) Intensity (L/mol/cm)
30 1.00 2000
75 0.96 1918
150 0.93 1853
193 0.89 1773
273 0.86 1730
295 0.85 1706
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Figure 3-3 The g-value for the hydroxyl radical measured as a fiction of temperature by

Elliot et al. [38]. The black dash-dot-dot line is the reommended temperature dependence

for g(OH) based on a temperature dependent extinctionoefficient for the .CO3. The red

dash line is the recommended temperature dependence fgfOH) based on a temperature

independent extinction coefficient for the CO3. The ‘accepted’ room temperature value
for g(OH) given by Spinks and Woods [34] in Table 3-1 is also pletl.
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Figure 3-5 The relative extinction coefficient of the carbonat radical anion based on the
area under the absorption curve and on the width of the absotn peak at half height,
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3.3 g-Value: Hydrogen Peroxide

The temperature dependence of the hydrogen peroxide yieldraatestby Elliot et al. [38], by
Kent and Sims [40] and by Stefanic and LaVerne [47] are sloWwigure 3-6.

Elliot et al. measured hydrogen peroxide directly from a skh%10* mol/kg acrylamide
solution [38] up to 10TC. The g(HO,) reported in these acrylamide experiments have been
corroborated in unpublished results (at AECL-CRL) using dsghsolutions containing £0
mol/kg NQ; /10” mol/kg NG as shown in Figure 3-6.

Kent and Sims [40] estimated g{®B) assuming that it was equivalent to G(®@om a slightly
alkaline solution containing 40 and 1G or 10* mol/kg iodide ions.

Stefanic and LaVerne [47] measured gh) directly in irradiated de-aerated 1% mol/kg
NOs containing methanol over the temperature range@350C. The yields shown in
Figure 3-6 are the limiting yields at low methanol concitns™®

There is reasonable agreement between the three indgpesets of results. From a fit of the
data, the temperature dependence ob@gHis given by the linear equation:

9(H20,) = 0.752 — 1.62010° t
where t is the temperatureig.

10 Stefanic and LaVerne [47] also measured the limtiydyogen peroxide yield from de-aerated<d®* mol/kg

NOj;" containing bromide ions. This data was not used iouhrent assessment as it is believed the measured
hydrogen peroxide yields are low as a consequence ofdnamOBF reacting with peroxide.
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Figure 3-6 The g-value for HO, measured as a function of temperature by Elliot et al. [38],

Elliot (unpublished), Kent and Sims [40] and Stefanic ad LaVerne [47]. The dash-dot line
is the recommended temperature dependence for g¢B,). The ‘accepted’ room

temperature value for g(H:O2) given by Spinks and Woods [34] in Table 3-1 is also plotted.
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3.4 g-Value: Molecular Hydrogen

The molecular hydrogen yield, gfas a function of temperature for water irradiated Vot
LET radiation has been measured by three laboratories[§3],[40]. The measured g-values
are shown in Figure 3-7. There is good agreement bettheeaneasurements by Elliot et al.
[38] who used the hydrogen yield from degassed nitrite ion itamgasolutions to the results
from Janik et al. [26] who used a flowing 217 mol/kg N;O solution containing either phenol
or perdeutero-ethanol. The data from References [26]38) was used to define the
temperature dependence for g(H

g(Ho) = 0.419 + 8.72210" t - 4.97x10° £* + 1.50%10° £?
where t is the temperature‘i@.

10 — 1 T T T [ T T T T [ T T T T [ T T T T [ T T T T T T T
| B 2.5x10°mN,0/0.1m Phenol / Janik et al. 1
0.9 [0 25x10°mN,0/0.2m Ethanol-d/ Janik et al. ]
L | & 10°mNO, / Kent & Sims ]
0.8 L O (1-500) x 10%m NO, / Elliot et al. extrapolated to zero conc.
L Q Spinks & Woods S y E
0.7 f Pl
: 8 O N »@/ f
0.6 | ./,-/ .
- < ﬁ,—l il ]
L 05¢ @ ____________ -0 1
o i USRS m 1
0.4} 1
0.3} ]
0.2 F 1
0.1F .
00 [ L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L
0 50 100 150 200 250 300 350

Temperature (°C)

Figure 3-7 The g-value for B measured as a function of temperature by Janik et al. [26],
Elliot et al. [38] and Kent and Sims [40]. The dash-dot linés the recommended
temperature dependence for g(b). The ‘accepted’ room temperature value for g(H) given
by Spinks and Woods [34] in Table 3-1 is also plotted.
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3.5 g-Value: Hydrogen Atoms

Elliot et al. [38] have estimated the g-value for hydrogems, g(H), up to 20C by

subtracting the g-value for molecular hydrogengfrbm the total G(H) measured in degassed
solutions containing Tdmol/kg nitrate ion and>8L0° mol/kg phosphite ion. The latter yield
was assumed to be the total of g(H) + (H The g(H) measured by this difference method is
shown by the black stars in Figure 3-8. The room temperaalue is in agreement with the
accepted values reported in Table 3-1.

Janek et al. [26] have attempted to measure g(H) directigydasuring the yield of HD from a
solution containing 2510° mol/kg N;O/ 0.2 mol/kg perdeutero-ethanol. These results are
shown as the open stars in Figure 3-8. Some cautiaio lhesplaced on these results on two
counts. Firstly the room temperature value is signitigdyelow the accepted value, as already
noted in Reference [26], probably because the scavendiogmty was too low. Secondly, the
rapidly increasing g-values above 260are occurring in a temperature range where an increase
in G(Nz) was attributed to a short chain reaction occurring §@ where Elliot et al. [48] had

also observed increased hydrogen yields in alcohol comggsolutions.

To clarify this situation, an estimate of the ratig@fl)/G(aq) has been made by analysing
absorption of the hydrated electron in alkaline solutiwhsre H atoms react with hydroxide
ions to form the hydrated electron following the pulse.

(R31f) H + OH - eaq- + HZO

The analysis was carried out on absorption time g®flom experiments performed by Bartels
and co-workers previously. Experiments in de-oxygenatedragksblutions (designed to
measure the reaction of hydrated electron with hydr@dical (see Section 4.1.5 below)) were
analysed by correcting the initial growth for the simnéious decay of the reacting species. A
second set of profiles was from the experiments shgdyie bimolecular decay of the hydrated
electron in alkaline solutions containing an over-presstigydrogen (see Section 4.1.1). In this
case, as the hydroxyl radicals are also converted to hydeiges, the ratio that is estimated is
(g(H) + 9(OH))/g(gq).- As g(OH) and g(g) are known (Sections 3.1 and 3.2), the value for
g(H)/g(eq) can be determined. The values for g(HMgXérom both experiments are shown in
Figure 3-9'

From the g-value of the hydrated electron given in Se@ia, an estimate of the g-value for
hydrogen atoms can be made. This estimate is showre b¥ tlsymbols in Figure 3-8. At
200°C, there is acceptable agreement with g(H) as measurellidiyet al. [38] using product
analysis. Above 20C, these g(H) values support the increase in g(H) abovVi289measured
using the HD yield by Janik et al. [26]. Indeed, the HDdymkeasurements gave a value that
was too low, probably because of insufficient scavengower.

" The temperature dependence of the value of)3éHg(H) + g(H)) has been confirmed using three different

solutions — see Figure 7 in Reference [48].

It should be noted that these numbers representienam value of the ratio. The experiments need to be
repeated by obtaining data at the lowest dose per pulsatiblapvith good signal-to-noise, to minimize the
second order decay of the radical species.

12
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As will be described in the next Section 3.6, a recommeededtion for the dependence of the
g(H) with temperature is given by:

g(H) = 0.556 + 2.19810°%t — 1.18410° t* + 5.22%10° {*

where t is the temperature@. This equation has been developed from material balance
considerations.

——A—— g(H,)+g(H)/ 10%m NO; /5 x 10°%m Phosphite lon / Elliot et al.
\V4 g(H,) + g(H) / 8x10™ m N,O / 6.5x10™ m Cyclohexane / Kent & Sims

o5 1 <> oM +g(H,) - Spinks & Woods

—*— g(H) - Calculated from Elliot et al. data
X g(H) calculated from g(H)/g(eaq') ratio
I ——— Recommended line for g(H) based on material balance ég
20t ﬁ ~~~~~ g(H) measured as G(HD) - 2.5x10° m N,O /0.02 m Ethanol-dg / Janik et al. /'_
. Q g(H) - Spinks & Woods %/. i?
—ce——e - g(H,) FitLine . A
S
15+ .
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=
©
=
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Figure 3-8 The G-values measured for hydrogen as a function tdmperature by Janik et
al. [26], Elliot et al. [38] and Kent and Sims [40]. The solithlack stars are g(H) as
calculated from the difference between G(kl+ H) as measured by Elliot et al. [38] and
g(H>) (red dash-dot-dot line) taken from Figure 3-7. Also showare the estimates for g(H)

based on the g(H)/g(&) given in Figure 3-9 — see text. The recommended funatial
dependence for g(H) determined by a material balance finiSection 3.6 is also shown. The
‘accepted’ room temperature values for g(H) and g(H) + g(k) as given by Spinks and
Woods [34] in Table 3-1 are also plotted.
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Figure 3-9 The ratio of g(H)/g(eq) measured from archived time profiles where the
hydrogen atom was converted to the hydrated electron after thend of the pulse.
Unpublished data from archived absorbance-time profiles y Bartels and co-workers.
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3.6 Material Balance for Low LET Water Radiolysis as a Function of
Temperature

The g-values for the hydrated electron (Section 3.1), hydrpgeoxide (Section 3.3) and
molecular hydrogen (Section 3.4) are given by the thregiegadelow, where t is the
temperature iiC:

g(eyq) = 2.641 + 4.16210° t + 9.09%10° t* - 4.71%10° £°
g(H20,) = 0.752 — 1.62010° t
g(Hz) = 0.419 + 8.72410" t - 4.97%10° £ + 1.50%10° ¢

The g-values for the hydrated electron, hydrogen peroxide atetutar hydrogen were all
based on measured stable products, not by pulse radiolysed. temperature dependence has
been confirmed using different chemical systems, oftehfierent laboratories. The g-value for
H atom has been reliably measured by product analysis up ¥6.2@00 higher temperatures, the
transient absorption from the hydrated electron in slkadolutions provides a reliable ratio of
9(H)/g(ayq), which does not depend on dosimetry or extinction goeft. From the
temperature dependence of ge values of g(H) have been estimated.

In the radiolysis of water there must be a mateadditice between the primary species as given
in the equation below:

g(OH) + 2 g(HO;) - g(ag) - 2 g(H) - g(H) =0
The one specie for which only pulse radiolysis yield datailable is the hydroxyl radical. As
described in Section 3.2, the temperature dependence for gfxH)300C was based on
absorbance of theCO;" radical ion where the temperature dependence of tivcgah
coefficient is not well established. The temperature nidgece of g(OH) was calculated using
an extinction coefficient forCQOs™ at 600 nm that was temperature dependent (Table 3-2) and
one that was temperature independent at 2,000 L/molcanmparison of the g(OH) calculated
from the material balance equation indicates thate¢hgerature-dependent extinction
coefficient for thee COs radical ion best represents g(OH) up to ~Z58

g(OH) = 2.557 + 1.03210° t

Above 250C, the use of the above g(OH) equation slightly undedigt®the value of g(OH)
required to achieve a material balance. A pragmatic appribas been taken to accommodate
this observation. The approach chosen was to sligidigase g(OH) above 280 to the values
shown in Figure 3-10 in order to fit the observations éf)géssumed that the temperature
dependence for g{¢), 9(H.0,) and g(H) is correct. The temperature dependence for g(OH)
that achieves this fit is given by the polynomial:

g(OH) = 2.531 + 1.13410%t — 1.26%10° t* + 3.51%10° ¢

The temperature dependence for g(H) derived from thisgitsishown in Figure 3-8 and
Figure 3-10 and is given by the polynomial:

13 For the temperature independent g(OH) given in Sectiom & torrect, the value of g(H) would remain near

~0.5 over the temperature range 20<8Q0Clearly this is not the case as can be seBigire 3-8.
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g(H) = 0.556 + 2.19810°%t — 1.18410° t* + 5.22%10° {°

In summary, the recommended temperature dependencés fpvalue of the primary species
formed in the low LET radiolysis of water in the temgiere range 20to 350C are given in
Table 3-3'* The g-values for the primary species are given bléra-4 for a number of
temperatures up to 3%0. It should be remembered that while these g-valuesagisfactory for
radiolysis modelling purposes, they are probably higherttetrue ‘escape’ yield as a
consequence of the slightly high scavenging powers usedny of the experiments.

An estimate of the total free radical yield {g{+ G(OH) + g(H)} as a function of temperature
has been made in a number of laboratories ([28], [4BdtEBind Ouellette — unpublished).
These were all pulse radiolysis experiments using meiblglgen as an electron scavenger and
formate as a hydroxyl radical and hydrogen atom scavend@miche reducingCO,  radical.
The.CO; radical reduces methyl viologen to the Miat is monitored in the experiments.

g + MVZ . MV”
OH, H + HCQ - «CO, + H,0, H,
«CO, + MV _, MV*

These results, shown in Figure 3-2, indicate acceptgbéement between the estimated and
measured values of {g{@ + G(OH) + g(H)}, although the results of Lin et #8] tended to be
lower than the results from the other two laboratori€he results have all been
corrected/normalized to the values ofgGecommended by Buxton and Stuart [32] for the
thiocyanate dosimeter at 475 nm. Where required, thdafatae methyl viologen cation
radical was corrected using the room temperature eximcbefficient at 605 nm of

13,700 L/mol/cm [41] and the temperature dependence of this éibscap measured by
Shiraishi et al.[39].

4 The equations in Table 3-3 do not constitute a precierial balance as required in computer simulations of

steady-state radiolysis. To achieve this one of fii@lges should be calculated through the material balance
equation. In computer simulations, a charge balance nsodb@ maintained so yield of protons equal to the
hydrated electron yield has to be included also.
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Table 3-3
Polynomials that describe the temperature dependence tife g-values for the primary
species formed in the radiolysis of light water by low LETradiation in the temperature
range 20°-35C°C.

g-Value Polynomial
0(&q) 2.641 + 4.16210°t + 9.09%10° t* - 4.71%10°% {*
g(H202) 0.752 — 1.62010° t
g(Hy) 0.419 + 8.72%10% t - 4.97%10° t* + 1.50%10° £*
g(OH) 2.531 + 1.13410°% t — 1.26%10° t* + 3.51%10% 3
g(H) 0.556 + 2.19810°t — 1.18410° t* + 5.22%10° £

Temperature, t, ifC.

Table 3-4
The g-values for low LET radiation deposited in light water attemperatures between 25
and 350°C based on the polynomials in Table 3-%!

Temperature

) g(e) g(H) g(H) | 9(OH) | g(H20,)

25 2.75 0.44 0.60 2.81 0.71
50 2.87 0.45 0.64 3.07 0.6V
100 3.10 0.47 0.71 3.57 0.59
150 3.31 0.49 0.80 4.07 0.51
200 3.46 0.51 0.94 4.57 0.43
250 3.51 0.56 1.18 5.12 0.3b
300 3.43 0.64 1.56 5.74 0.2
350 3.19 0.76 2.11 6.45 0.1P
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Figure 3-10 The g-values for the primary species formed inéaction (R1) for low LET
radiation as a function of temperature. The lines are thatfto primary yields given in
Sections 3.1 through 3.4. In the case of g(H), the tempeua¢ dependence shown has been
fitted to the data using the adjustment of g(OH) above 28C as described in the text. The
data points on the plot provide a sense of the experimentahcertainty.
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4. REACTION RATE CONSTANTS

In this section, the temperature dependence of thewagtants for reactions involving
the primary radiolysis species formed in Reaction (Rll)be assessed. The reactions
are summarised in Table 4-1, Table 4-2, and Table 4-3.

(R1) H0 [ PT4PP9E", ewq, H, OH, b, H0, HOJO;
Recommendations for the temperature dependence of th&lual rate constants are

given in the sections below. In Section 4.1, thevViersible’ reactions are discussed and
in Section 4.2, those reactions involving equilibria aresictaned.

To assist the reader, the gK of the primary species, as a function of temperatae
be found in Figure 4-26 and are discussed in Section 4thislreport, one of the most
important reactions in the suppression of net water Iy Reaction R32b

(R32b) OH+H - HO +H
is considered to be the back reaction of Equilibrium R32
(R32) H+HO = H,+ OH

and is discussed in the equilibrium reaction Sectidh) ahd not in the ‘irreversible’
reaction Section 4.1.

As noted in the Introduction, this review has primab@en limited to those reactions that
occur in acid and slightly alkaline solutions. It doesaddress reactions involving the
oxide radical anion, Qor ionized forms of hydrogen peroxide, HMeyond their
acid-base equilibria reactions and a few reactions whereate constant for a reaction
involving O is significantly larger than the corresponding hydroagical reaction rate
constant. These few reactions involving the oxide radicmn, O, or ionized forms of
hydrogen peroxide, HQ are discussed in Section 4.3.
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Table 4-1
Water Radiolysis Reaction Set
Number Reaction

R2 €q* g+ (2 HO) - H+2 OH
R3 H+H - H,

R4 OH + OH - H,O,

R5 €q * H (+HO) - H, + OH
R6 €q + OH - OH

R7 H+ OH - H,0

R8 eaq' + H,O, -~ OH + OH

R9 €gt+t O > O

R10 €q+t O (+ HO) - HO, + 2 OH
R11 €q + HO, — HO,

R12 H + H0, -~ OH + HO

R13 H+0 ~ HO,

R14 H+ HOZ — HzOz
R14a H+ HO, - 2 OH

R15 H+ Oy -~ HOY

R16 OH + H,0, -~ HO; + H,0
R17 OH+ GO — (HO3) - O+ OH
R18 OH + HG, - (H203) - O+ H,O
R19 HO, + HO, - HO + O
R20 O, + HO, (+ HO) - HO, + O + OH
R21 0, +0O (+2HO0) - HO + O, +2 OH
R22 H.0; - %2 G + HO
R22a H,O, - 2 OH
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Table 4-2
Equilibrium Reactions not involving the Hydrogen Atom
# Equilibria Comments
R23 H,O = H' + OH Kw = [+H+]><[OH-]
Kh2o = [H ]X[OH-]/[H 20]
= Kw/[H20]
R24 H,O, = H* + HOy Kh202
B
R25 H0; + OH = HO; + H,0 Khzo2
R26 OH= H+0O Kon
B
R27 OH + OH = O + H,0 Kon
R28 HO, = H' + O, Kho2
B
R29 HO, + OH = Oy + H,0 Koz
Table 4-3
Equilibrium Reactions involving the Hydrogen Atom
# Equilibria Comments
R30 H= H+ + %q- KH
B
R31 H + OH = eaq- + HZO KH
R32 H + H,0 = H, + OH Ka
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4.1 Reactions not involving Equilibria

411 Reaction R2: @ + &g + 2 HO — Hy+ 2 OH

The temperature dependence for the rate constangfikhe second order bimolecular
decay of the hydrated electron has been studied up to anel 208C by Christensen
and Sehested [49], by Stuart and Ouellette as reportetiohdtlal. [50] and by Marin et
al. [27]. The reported bimolecular rate constants fatirthese studies have to be
corrected to a revised extinction coefficient for tiydrated electron.

In the original work by Christensen and Sehested [49]ag assumed that the extinction
coefficient of the hydrated electron was 18,600 L/mol/cer eke whole temperature
range at the wavelength of maximum absorption. Madral.¢27] assumed a room
temperature extinction coefficient of 18,400 L/mol/cm dmehtestimated the
temperature dependence for the extinction coefficiesgdan conservation of the
oscillator strength, i.e. the area under the absorptiore. Stuart and Ouellette used the
extinction coefficients shown in Figure 4-1 [50]. Ineaent publication [51], Hare et al.
have revisited the extinction coefficient of the hydcaglectron at room temperature and
report a value of 22,700 L/mol/cm based on the methyl viologéical cation extinction
coefficient of 13,700 L/mol/cm at 605 nm. In more recent unpled work, Bartels and
co-workers have estimated the hydrated electron eximcbefficient at its maximum
absorbance up to 330 as shown in Figure 4-1. This work was performed in twtspa
the first involved the extension of the use of methylogein cation radical absorbance as
a reference up to 200, and assumed the temperature dependence dieMinction
coefficient given in Reference [39]; the second part veeimeasuring simultaneously
the hydrated electron transient absorption and the gidldoride ions from scavenging
of the hydrated electron with sulphur hexafluoride. Tseikts of this unpublished work
are shown in Figure 4-1. The relatively large erros lasie a realistic attempt to estimate
95% confidence intervals from both random and systersatioces of error.

For this review, the extinction coefficient of the hyt@dhelectron at its absorption
maximum, as a function of temperature, as shown by thigeddine in Figure 4-1 has
been used. The extinction coefficiegitjin units of L/mol/cm is given by the polynomial
expression below:

£=22,775-8.777t - 4.6910° t* + 2.09x10* t*
where t is the temperature‘i@.

The rate constants for the bimolecular decay of tldedtgd electron, normalized to the
extinction coefficients given by the polynomial abo&ee given in Figure 4-2. These
rate constants were measured @#ckand should be dose independent. Hence, the
correction applied was a multiplication of the repontate constant by the ratio of the
revised extinction coefficient to the one used in theimal report.

There is reasonable agreement between all three stuitliesn apparent Arrhenius
dependence shown up to 280followed by an abrupt decrease in the rate constants
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above 150C. For modelling calculations, the revised rate conskaptare given for
temperatures up to 150 by:

Log ko= 12.281 —3.768.0°T — 6.67%10%T? - 1.07%10"/T3
and for temperatures above 16y
Log ko= -47.532 +4.92010°/T — 1.036&107/T?

T is in Kelvin units and k has units of L/mol/s. Above 150, the data of Christensen
and Sehested [49] were not used in the fits as Marin gt7dlhave indicated that even
the low values for k they had reported above 2&were only upper bound values, set
by the impurity levels in their system.

25000 Trrrrrrrrfrrrrrfrrrrfrrrrrrrrp e e e
i"'i~-<+ & ///i
20000 Q0 é B Bt ? ______________
g [ Q5
[=
£ o)
\:_, J
~ 15000 r _
c L .
8 @  Bartels & co-workers- SF
= B Bartels & co-workers - MV*
8 —-+—- Polynomial fit line used
O 10000 } O  Eliiotetal. i
c L
=
3]
=
4; -
w 5000 y
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Figure 4-1 The extinction coefficient for the hydrated eldcon as a function of
temperature by Bartels and co-workers (data to be publishedand Elliot et al. [50].

15 A simple quadric fit was used for temperatures abov&Q58 higher order polynomial fits, abave

upper limit of 278C for the fit, trended to give rate constants abit@é L/mol/s. The quadratic fit
just trended to lower value rate constants.
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Figure 4-2 The temperature dependence of the rate constafur the bimolecular
decay of the hydrated electron as measured by Christensenc&fehested [49],
Marin et al. [27] and Stuart and Ouellette in Elliot et al.[50].
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412 Reaction R3: H+ H- H»

The bimolecular recombination reaction of the hydrogemaias been studied up to
250°C by Sehested and Christensen [52] by monitoring the déd¢hg éar UV hydrogen
atom absorption. The spectrum shape (roughly an expolngetay toward increasing
wavelength) between 195 and 220 nm was found not to changesmplerttature in this
range. The rate constants shown in Figure 4-3 weralatdd from the 2l results
shown in Figure 2 of Reference [52]. It was assumedtlteagxtinction coefficient of the
hydrogen atom at 200 nm was 950 L/mol/cm and did not vary estpérature.

(It is assumed that the cell length was 2.5 cm baseafamation in Reference [53]).
This cell length is supported by the fact that the ratstemt of 5.810° L/mol/s at 20C
agreed with the value reported in Reference {82]The authors caution that the
extinction coefficient for the hydrogen atom may beeasing slightly (perhaps 10% up
to 200C) with temperature, so the rate constants and aictivahergy represent a lower
limit. Above 200C, Janik et al. [24] found it necessary to postulate ardangeease in
the extinction coefficient (i.e., a red shift in thgectrum) to fit their 230 nm kinetics for
the H + Q reaction. Further study of the reaction at higheperature is warranted.

The bimolecular recombination reaction of hydrogen atimfievs an Arrhenius
temperature dependence over th&-280°C studied with an activation energy of
15.5 kJ/mole (Figure 4-3). The value of the rate condtagtat 25C is estimated to be

5.1x10° L/mol/s. The temperature dependence for the rateamtnss, for Reaction R3
is:

krs = 2.70c10" €875 imol/s
where T is the temperature in Kelvin.

6 |t appears that the y-axis label in Figure 2 of Referd6i2] should read (2 #x10°) not (2 k&lx107).
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Figure 4-3 The rate constants for the bimolecular reaction ofydrogen atoms as
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4.1.3 Reaction R4: OH + OH - H,0»

The temperature dependence for the bimolecular rateactnkts, for the self-reaction

of the hydroxyl radical has been reported by Elliot ef=#] and by Janik et al. [25]. The
rate constants reported in both of these papers ndmddorrected to a revised extinction
coefficient for the hydroxyl radical. In Reference [S#}emperature independent
extinction coefficient of 510 L/mol/cm at 250 nm was assdmin Reference [25], the
extinction coefficient for the hydroxyl radical needs#oslightly revised to reflect the
updated evaluation of g-values given in Section 3.6.

While a full retrofit correction to both the reported rfes{25], [54] is not possible, it has
been assumed that the absorbance at 250 nm is dominatedHyyltbxyl radical
absorption and that the adjustment can be made throagtatieg ‘kks/c’. The

extinction coefficient for the hydroxyl radical at 250 neported in Table 1 in Reference
[25] has been revised based on the yields reported iro8ecf. The G(OH) for the
NO saturated solution has been approximated as the sgfegj and g(OH). The
G-values used and the revised extinction coefficientfasaion of temperature is given
in Table 4-4.

The revised rate constantggkas a function of temperature is shown in Figure 4-4.
Where there is overlap in the temperature range afdteg there is good agreement
between the two published results [25], [54].

Log ks = 8.054 + 2.19810°/T — 7.39%10°/T* + 6.87(<10"/T>

where T is in Kelvin and wheresk has units of L/mol/s. The value afkat 25C is
estimated to be 4x@0° L/mol/s.

The Reaction R4 is not a diffusion-controlled reacf@si, [54]. This can be seen in
Figure 4-4 where the diffusion controlled encounter ratstemt, kiz, has been
calculated from the Smoluchowski equation [85].

Kait = 471 Doy % d x N x 10° L/mol/s

where Dy is the diffusion coefficient for the hydroxyl radiGaid N is Avagardro’s
number. At room temperature, a value fejdf 2.2x10° nf/s was assumed. The
temperature dependence fogPvas assumed to be the same as for the self-diffasion
water [54] (see Table 4-6 in Section 4.2.2). The readistance, d, was assumed be
constant at 0.44 nm over the temperature range [25], [54].

As can be seen in Figure 4-4, by 300the rate constantrk is an order of magnitude
lower that the encounter rate constagt:. KThis information will be used in Section
4.1.13 when Reactions R14 and R14a are discussed.
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Table 4-4
The extinction coefficient of the hydroxyl radical at 250C as a function of
temperature
G(OH)
Temperature| (= g(&q) + 9(OH)) | €250 nm
°C #/100 eV L/mol/cm
25 5.56 538
150 7.39 439
200 8.04 388
225 8.33 352
250 8.62 325
275 8.91 292
300 9.18 259
325 9.43 228
350 9.64 199
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Figure 4-4 The temperature dependence of the bimoleculaate constant for the
self-reaction of hydroxyl radicals by Elliot et al. [54] and byJanik et al. [25]. All
data has been corrected to the revised extinction coefficits for the hydroxyl
radical — see text. Also shown is the rate constaniyik for encounters between
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4.1.4 Reaction R5: @; +H (+ H,0) » H, + OH

The temperature dependence for the reaction of the hgidelgtetron with the hydrogen
atom has been reported from three laboratories [27], [56], The extinction

coefficient for the hydrated electron used in all thpeblications was based on the room
temperature value of 18,400 L/mol/cm at the maximum absoehaagelength rather
than the recently determined value of 22,700 L/mol/cm [5K.th& value for the rate
constant, ks was extracted by Marin et al. [27] from the same high @aperiments
used to determinegk, their reported rate constants fes kvere simply scaled by the ratio
of the new to old extinction coefficients. The cotesl data are shown in Figure 4-5.
The rate constant appears to increase at high tempeedtove that predicted by an
Arrhenius dependence. Theoretical analysis in Maral. ¢27], assuming diffusion
limited electron transfer, was unable to explain thiegerature dependence above
200°C. Recent work at the Notre Dame Radiation Laboydttanik and Bartels,
unpublished) on alkaline solutions without addedridicates that the rate constants k
above 250C reported by Marin et al. [27] must be high. An esterfedm this
unpublished work suggests that the rate constagtak356C is of the order of 10"
L/mol/s.

Christensen et al. [55] extracted the value for theaamstant, ks, by fitting the decay of
the hydrated electron absorption in water containing sddydrogen to convert the
hydroxyl radical to hydrogen atoms in near neutral pH solutiime principal competing
reactions were the bimolecular decay of the hydratedrele (Reaction R2) and the
bimolecular decay of the hydrogen atom (Reaction R3)atgeconstants of which they
had measured previously. The difficulty is that the Gt 420 nm of 5,900 (G in

#/100 eV and in L/mol/cm) for the NO-saturated I®mol/L ferrocyanide ion

dosimeter they used is consistent with the recommendgoheivy of Stuart and Buxton
[32], yet the extinction coefficient used for the hyddagéectron was taken as 18,600
L/mol/cm from the literature and is not consistertiwvthe dosimetry they used. Another
complication is the computer simulations used to extgrtised the original reported
values for the rate constants for Reaction R2 [49] heset have now been revised in the
previous Section 4.1.1. It is not possible to correcaliathese factors. However, for
simplicity, a crude correction to the reported raiestants for ks was undertaken by
scaling the reportedzk by the ratio of the new to old extinction coefficiehtize

hydrated electron. The correction amounts to an inerneathe rate constants by 21% to
12% as the temperature increases fromt@@250C. The corrected data are shown in
Figure 4-5.

Schwarz [56] has studied Reaction R5 over the tempenatnge 4-65°C as part of
study of Reaction R39b, the reaction of the hydratedreleetith water (see Section
4.2.3.2). Schwarz [56] reported a value gf &t 25C of 3.4x10'° L/mol/s and an
activation energy of 16.1 kJ/mol. The data of Schwashdsvn as a line in Figure 4%5.
As the study by Schwarz employed very low radiation slosed involved the

17 Schwarz (personal communication ~1994) had indicatedhisatate constant as reported was

possibly 20% high.
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measurement/analysis of first order rate constaatsprrection was done for the
incorrect extinction coefficient.

Also shown in Figure 4-5 are the rate constants fociwaR5 measured by Stuart and
Ouellette (unpublished AECL-CRL from 1995). The method usedswa@tar to that
used by Christensen and Sehested [55]; the data were dyiditedl using the AECL
extinction coefficients for the hydrated electronfasmn in Figure 4-1 and the originally
published rate constants for Reaction R2 [50]. A smaikction was applied by simple
scaling of ks by the ratio of the new to old extinction coeffidief the hydrated
electron. The corrected rate constants are showigure 4-5.

As can be seen in Figure 4-5, there is reasonable agrebateieen the results from the
four laboratories. An Arrhenius relationship has betedithrough the data for the
temperature dependence, which ignores the high temperasutesrof Marin et al. [27]
in favour of the more recent Notre Dame estimat8®fC. The temperature
dependence of the rate constagt, for Reaction R5 is given by the function:

krs = 1.14<10" €T /mol/s

where T is the temperature in Kelvin. The value ofrttte constant,d¢, at 25C is
estimated to be 2.%80™ L/mol/s and activation energy of 14.9 kJ/mol.
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Figure 4-5 The rate constants for the reaction of the hydratedlectron reacting with
hydrogen atom as measured by Marin et al. [27], Christensen at. [55], Stuart and
Ouellette (unpublished results), Schwarz [56], and Jane&nd Bartels
(unpublished — see text).
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4.1.5 Reaction R6: g4 + OH - OH’

Three laboratories have reported the temperature depenfte the rate constantzek
for the reaction of the hydrated electron with the hygreadical ([55], [57] and Janik
and Bartels (to be published)). All studies monitored thayetthe hydrated electron
in deoxygenated water that was either buffered ortshigitkaline. The value ofd¢was
adjusted in computer simulations until a match waainbt with the absorption profile.

The original published results of Elliot and Ouellette [S#ere a 18 mol/kg borate
buffer was used, were re-analysed by Stuart et al. [S)02 incorporating updated
extinction coefficients (Elliot et al. in Figure 4-Indarate constants. The results of
Christensen et al. [55] were measured in 4 hdl/kg H:SiO/HSIO;™ buffer and were
simulated using a constant extinction coefficient lfer hydrated electron of 18,600
L/mol/cm up to 223C, at the wavelength of maximum absorbance. Both latniea
reported [55], [57] that the decay above AB@ontained a large first order kinetic
component. The rate constants reported by Janik and Sasted obtained in alkaline
solutions using either a borate buffer or potassium hydeoxi

The results are shown in Figure 4-6. The rate corsstapbrted from the three
laboratories have all been scaled for hydrated elecitimcgon coefficient shown in
Figure 4-1'® The results of Janik and Bartels (to be published) Hawebaen scaled to
address the revised free radical yields given in this tepor

There is reasonable agreement between the resultsast 8t al. [57] and of Janik and
Bartels (to be published) whereas the results of Chrigtestsa. [55] trend above these
results. Because of the uncertainty in the use of@emol/kg H,SiO/HSIO; buffer by
Christensen et al. [55]it is recommended that the results of Janik and Bareelssed
for modelling.

Log ks = 13.123 — 1.02810°/T + 7.63410%/T?

Where T is the temperature in Kelvin and whegghlas units of L/mol/s. The value of
krs at 25C is estimated to be %%0"%mol/s.

The rate constants for this important water radiolyesagtion have all been
corrected/scaled from the original reported numbers rédommended that these rate
constants be re-evaluated/re-measured using updated extocweibicients, yields and
rate constants.

18 A simple scaling of the results of Christensen .58l by extinction coefficient increased the room

temperature rate constants by ~20% and the rate coas20@C by ~11%.

Christensen et al. [55] noted that their higher tempegaesults might have been compromised by the
use of this HSIOy/HSIO; buffer.

19

153-127160-450-001 2009/08/04



UNRESTRICTED
153-127160-450-001 Page 4-16

Rev. 0
350C 300C 200C 100C 25C
wel YV v v v |
I @)
N A
v S A O
3 VV’\Q
E *.
= *\ O
< w\\‘\ O 00O
" Qo '~
c 101 | ~. O O i
S [ A 3 ]
O o~ o 1
© ~ O O |
2 0’\.\ O _
@ Stuar, Ouellette & Elliot = .
(O Christensen, Sehested & Logager \“é
Y Bartels, Janik unpublished (KOH)
A Bartels, Janik unpublished (Borate Buffer)
1010 L 1 L L L L 1 " " " " 1 ' ' ' ' 1
0.0015 0.0020 0.0025 0.0030 0.0035
1T(K)

Figure 4-6 The temperature dependence of the reaction di¢ hydrated electron
with the hydroxyl radical as reported by Stuart et al. [57],by Christensen et al. [55]
and by Janik and Bartels (to be published). All data have len adjusted for the
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4.1.6 Reaction R7: H + OH - HO

The rate constant for the reaction of hydrogen atortts hyidroxyl radicals has been
studied by Buxton and Elliot [59] and by Lundstr et al. [30]. The rate constant for
Reaction R6 was obtained by modelling the decay of the kydradical absorption in
degassed IHmol/kgperchloric acid solutions.

(R3) H+H- H,
(R4) OH + OH- HO,
(R7) H+ OH- H,O

There is acceptable agreement between the two stid@sde seen in Figure 4-7. A
shortfall in the analyses is that both studies assuhadlte extinction coefficient of the
hydroxyl radical did not change with temperature. It i mecognized that the
extinction coefficient decreases with increasing tawamoee (see Section 4.1.3). Over the
25° to 220C temperature range covered in these studies, the hydemhghl extinction
coefficient decreased by about 30%. While it is notipesso retrofit a simple
correction to the reported rate constants, itésgaised that the values plotted in

Figure 4-7 are likely to be increasingly low as the temapee increases. Reaction R7 is
not a diffusion-controlled reaction [59]; however, ttaa up to 22T does follows a
reasonable Arrhenius fit as can be seen in Figure 4-7evtherdata from both studies
have been used for the fit. The temperature dependempeem by the Arrhenius fit for
the rate constantgk for Reaction R7 is:

Kr7= 4.26<10' €19 9T| /mol/s

where T is the temperature in Kelvin. The value ofrtte constant,&, at 25C is
estimated to be 1x10'° L/mol/s and activation energy of 9.1 kJ/ridl.

It is recommended that these rate constants be heaged/re-measured using updated
extinction coefficients, yields and rate constants.

20 |tis expected that the increasing influence of atitiwacontrol on the rate constant, as the temperature

increases above 280, will decrease the rate of increase with temperaiitiee observed rate
constant. The extrapolated Arrhenius fit will undereatarthis decrease. However, this
underestimation will help offset the errors due to theeafs constant extinction coefficient for the
hydroxyl radical.
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Figure 4-7 The rate constant for the reaction of hydrogen atoms i hydroxy!l
radicals as measured by Buxton and Elliot [59] and by Lundstim et al. [30].
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4.1.7 Reaction R8: g4 + H,O, - OH + OH"

The temperature dependence of the rate constant foydnated electron reacting with
hydrogen peroxide is shown in Figure 4-8. The results repbyté&lliot et al. [50], [57]
and Christensen et al. [55] laboratories are in agreieoven the temperature range
studied®* As hydrogen peroxide thermally decomposes to form oxyyenlimited the
temperature range that could be studied. In the absemrs other information, it has to
be assumed that an Arrhenius temperature dependence is giprtapestimate the rate
constants up to 35C.

The value of the rate constankglat 25C is 1.410'° L/mol/s and the activation energy
is 15.7 kd/mole. The temperature dependence of the rate@ntrigs for Reaction R8 is
given by:

krg = 7.70<10" 889%T| /mol/s

where T is the temperature in Kelvin.

21

The current AECL-CRL data, first reported in Referefa®, and shown in Figure 4-8 of this report
supersedes the data shown in Figure 5 of Reference [54].
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Figure 4-8 The rate constants for the reaction of the hydratedlectron reacting with
hydrogen peroxide as measured by Elliot et al. [50], [57] and by
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4.1.8 Reaction R9: g4 + O; - Oy

The temperature dependence of the rate constant fdloreatthe hydrated electron
with oxygen is shown in Figure 4-9. The results repdote8tuart et al. [57] supersede
previous rate constants reported earlier from this &boy [18], [54]. Where overlap
occurs, there is agreement with the results by Clirsd §1] and the AECL-CRL data.
While the room temperature reaction rate is consistéhta diffusion-limited reaction,
the activation energy is lower than expected based owrkdiffusion coefficients.
Thus, by 108C, the reaction is clearly not limited by diffusion.

An Arrhenius temperature dependence for the rate coastaappropriate to estimate the
rate constants up to 38D. The value of the rate constaniy,lat 25C is 2.3«10'°

L/mol/s and the activation energy is 11.6 kJ/mole. Eneperature dependence of the
rate constant,d¢ for Reaction R9 is given by:

Kro = 2.510% 15T | /mol/s

where T is the temperature in Kelvin.
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Figure 4-9 The rate constants for the reaction of the hydratedlectron with oxygen
as measured by Stuart et al. [57] and by Cline et al. [21].
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4.1.9 Reaction R10: g + Oy + H,O - HyO, + 2 OH

The only report of the rate constant for Reaction Bl®room temperature measurement
by Gruenbein et al. fordgo of 1.3x10"° L/mol/s [60]. Certainly this reaction should be
investigated further. The pragmatic approach taken to a&stithe temperature
dependence of this rate constant is to assume it ®®llowArrhenius dependence with an
activation energy of 13 kJ/mole. The activation enevgyg taken as the average for the
reaction of the hydrated electron with hydrogen peroxide @3Briole, Section 4.1.7)

and with oxygen (11.6 kJ/mole, Section 4.1.8).

leo = 246<1012 6-1563'6”- L/mol/s

4.1.10 Reaction R11: g + HO, - HOy

There do not appear to be any measurements of the ratamprk: i, for Reaction R11.
Certainly this reaction should be investigated. The pragrapproach taken is to
assume it has the same room temperature rate coastaBt10'" L/mol/s and activation
energy of 13 kJ/mole as assumed for Reaction R10 (8ettio9).

Kr11 = 246<1012 6-1563'6”- L/mol/s
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4.1.11 Reaction R12: H + HO, - OH + H,O

The temperature dependence for the reaction of hydroges atimhydrogen peroxide
has been reported by three laboratories [29], [61], [62]@srsin Figure 4-10. Both
Elliot [61] and Lundsiém et al. [29] used the optical pulse radiolytic techniquiez ity
the same chemical method (growth of thg Gptical absorption) to estimate the rate
constants. Inspection of the data in Figure 4-10 indicatesonable agreement up to
about 60C after which the results of Elliot are slightly hegh The rate constants
measured by Mezyk and Bartels [62] used a pulse radiolysisffféDuation method
where the pseudo-first order scavenging of hydrogen atosi$oll@wved using the free
induction decay of the electron paramagnetic resonagnoelsiTheir reported rate
constants tend to fall slightly below optical methatfower temperatures.

Because of the thermally unstable nature of hydrogen gkoanly a narrow
temperature range could be studied. Lurastet al. [29] noted that any decomposition
of hydrogen peroxide to form oxygen could compromise thetsgdidcause oxygen
reacts about 200 times more rapidly with hydrogen atbens does hydrogen peroxitfe.
The optical studies are susceptible to error if traweuwmts of oxygen are present from
thermal decomposition. The FID attenuation experimeatl fast re-circulation of the
solution and continuous sparging to avoid this problem.

On review, as the free induction decay method appears lesEprone to analysis
errors, this data has been used to extrapolate theetatare dependence of the rate
constant up to 35C assuming an Arrhenius dependence (Figure 4-10).

The value of the rate constangskat 25C is 3.6<10" L/mol/s and the activation energy
is 21.1 kd/mole. The temperature dependence of the rat@ngriki» for Reaction R12
is given by:

Kr12 = 179<1011 8-2533'6”- L/mol/s
where T is the temperature in Kelvin.

22 The experimental apparatus of Lundstret al. [29] did not allow for flushing of the soluiin the

radiation cell whereas in the experimental arrangement usetidyin 1989 [61], the solution could
be replaced between each pulse.

153-127160-450-001 2009/08/04



UNRESTRICTED
153-127160-450-001 Page 4-25
Rev. 0

1010 N T T T T
350C 300C 200C 100C 25C
AR 4 v v v
\_\-
\.
N,
\.
> ~. @ Eliot
= 9 | ~. O Mezyk & Bartels |
g 10 L \'\_ A Lundstrom et al. ]
2
S S
[2 ~.
o) . ]
O A
.,G_',) 108 L A ;(gg i
0] [ \\3& ]
(0 d : _A‘ ]
A |
% A
\% |
'®.\ |
&
107 . . I . . I . . . . I A A A A I
0.0015 0.0020 0.0025 0.0030 0.0035
1T(K)

Figure 4-10 The temperature dependence for the reaction ofydlrogen atoms with
hydrogen peroxide as reported by Elliot [61], Mezyk and Bartks [62], and by
Lundstrém et al. [29]. The regression line is through the data dflezyk
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4.1.12 Reaction R13: H+ Q - HO»

The temperature dependence for the reaction of the hydedgenwith oxygen has been
measured recently by Janik et al. [24] up to°85Dy monitoring the absorption of the
reacting species and products at 230 and 250 nm, in pulse radédgsriments in near
neutral pH water. The rate constantiskfor Reaction R13 was extracted by extensive
computer modelling of the absorptions at the different teatpees. Although the
kinetics were dominated by Reaction R13, Janik et al. [24)ded adjustments to the
rate constant,ds4 for Reaction R14 to get acceptable global fits to thealdata.

Initially, Janik et al. assumed that hydrogen atoms rdaeitt the perhydroxyl radical as
shown in Reaction R14:

(R14) H+ HQ - HO,

As will be discussed in the next Section 4.1.13, the agstidhrate constantrlg, using
the pathway shown in Reaction R14 decreased markedle &88XC (Figure 4-12).
When Janik et al. [24] changed the products in Reaction Rttétevhich predominates
in the gas phase:

(R14a) H+HQ@ - 20H

and then refitted, the estimated values for the ratstaat, ki3, increased slightly as
shown in Figure 4-11 above 2% but the fitted rate constant for Reaction R14a

increased at temperatures above°20father than decreased (Figure 4-12). Reaction
R14 and R14a will be discussed in the next Section 4.1.13.

Elliot and co-workers [54] studied Reaction R13 using compatkinetics up to 200
using pulse radiolysis. Both the data of Elliot and @ykers and the results of Janik et
al. are shown in Figure 4-11. In general, within the expamtal uncertainties, there is
agreement between the two sets of results.

For the polynomial fit to the temperature dependence aii& 8t al. values forgss
estimated when using Reaction R14a have been used aloritpevihta from Reference
[54]. This is shown in Figure 4-11 as a polynomial fibtlgh the marked data. The
temperature dependence of the rate constanfér Reaction R13 is given by:

Log kris= 10.704 + 2.84010%T - 1.36%10°/T?

where T is the temperature in Kelvin and wheggslkas units of L/mol/s. The value of
krizat 25C is estimated to be %30'° L/mol/s.
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Figure 4-11 The temperature dependence for the reaction ofydlrogen atoms with
oxygen as reported by Janik et al. [24] and by Elliot et al. [54].
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4.1.13 Reaction R14: H + HQ - H,0, (or 2 OH)

The temperature dependence for the reaction of the hydeagenwith the perhydroxyl
radical has been reported by Lundstret al. [31] up to 15@ and by Janik et al. [24] up
to 35CC. Inthe case of Lundséim et al. [31], the rate constankik was measured by
the competition for the hydrogen atom between Rea&idhand Reaction R14 in pH ~1
(25°C) water containing oxygen and hydrogen:

(R13) H+Q - HO,
(R14) H+ HQ - H)O,

by monitoring the yield of the perhydroxyl radical immedbgtafter a 1 microsecond
radiolysis pulse. The results of Lundstret al. [31] are given in Figure 4-12. It should
be noted that the value of the reference rate anfjdkis that Lundstém et al. [31] used
in their fitting of the data was about 50% higher tH@nwalues given in this report
(Section 4.1.12). This would suggest that the valuesgfarré&ported by Lundsim et al.
[31] will be biased high.

As discussed in Section 4.1.12, the estimation of tieec@nstant, 4, by Janik et al.

[24] was less direct in thakk was one of the variables used in the fitting of thiscap
data to measure the rate constagts Kor Reaction R13. At lower temperatures the data
analyses of Janik et al. [24] were not sensitive to valfikg;sfor Reaction R14. At

higher temperature, if the product of the reaction wasraed to be hydrogen peroxide,
then lg1amust decrease significantly above 16(Figure 4-12) because the expected
attenuation of the HOproduct absorption was not observed. However, iptbduct is
assumed to be two hydroxyl radicals:

(R14a) H+HQ@ - 20H

it is not necessary to postulate a strong decredbe rate constant gks, with

temperature. The hydroxyl radicals would react with thedyein present to regenerate
hydrogen atoms (Reaction R32b), which in turn will reaith wxygen to reform the
hydroperoxyl radical (Reaction R13). These higher temperaalues for Reaction
R14a appear to be consistent with the values for Redeidrmeasured by Lundém et
al. [31] as can be seen in Figure 4-12, although it is resedmnhat the latter data may be
biased high.

At the present time, because of the consistencydsstithe measured values af 4y
Lundstim et al. [31] and the values estimated by Janik et al. [2dg tise Reaction
R14a mechanism, the data of Lundstret al. is recommended for the temperature
dependence. The value of the rate constami,at 25C is 1.1%10' L/mol/s and the
activation energy is 15.2 kJ/mdfé.The temperature dependence of the rate constant,
kr14 for Reaction R14a is given by:

Kria = 5.1%10% €®242T | /mol/s

% tis noted that this calculated activation energy of k3/@ole is lower than the 17.5 kJ/mole reported

by Lundstém et al. [31] using the same data.
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where T is the temperature in Kelvin.

It is recommended that the rate constant for theatiM@eaction R14 be re-measured
using revised rate constants. One of the issues thialdshbe addressed is the possible
branching between Reactions R14 and R14a. At high tempenamirsust assume that
H and HQ react on one or more of the triplet electronic ste$ato give the hydroxyl
radical products. These hydroxyl radicals are producedjamanate pair in a solvent
cage. lItis expected that some fraction will escape#ige, given that for reaction
between two hydroxyl radicals (Reaction R4), the reaatate at high temperature is
much lower than the diffusion-controlled limit (seigufe 4-4 in Section 4.1.3). Ifik is
the diffusion-limited encounter rate constant for ReadR4, and ks is the actual rate
constant for production of hydrogen peroxide, then the pratyabilreaction for caged
hydroxyl radicals is given byi¢kqir. If the net rate constant for Reactions R14 and
R14a can be measured, an approach to estimating the Ingnatio between Reactions
R14 and R14a is to multiply the observed net rate conisyakka/Kair. Likewise, if the
rate constant ford¢sais measured, as the method of Lungistet al. [31] does by
monitoring the perhydroxyl radical absorption, the ratestamt for Reaction R14a can
then be calculated.

153-127160-450-001 2009/08/04



UNRESTRICTED
153-127160-450-001 Page 4-30

Rev. 0
1012 N T T T T
350C 300C 200C 100C 25C
\ 2 4 v v v
©
Q o
o 10t | 1
£ ; 8 ~«o
3 © -
4l ©o L
~ - [
£ 100 o O o _
o4 i ]
[l Lundstrom etal.
O Janiketal. (H+HO,->H,0,)
O Janiketal. (H+ HO, ->2 OH)
109 . . I . . . . I . . . . I A A A A I
0.0015 0.0020 0.0025 0.0030 0.0035
1T(K)

Figure 4-12 The temperature dependence for the rate constafdr the reaction of
hydrogen atoms with the perhydroxyl radical as reported by Lundstrém et al. [31]
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4.1.14 Reaction R15:H + Q - HOy

There do not appear to be any measurements of the ratamprk:s, for Reaction R15.

It is unlikely that this reaction would be very sigriie in any modelling of high
temperature water. The pragmatic approach taken isumasshas the same room
temperature rate constant of 1x18"° L/mol/s and activation energy of 15.2 kJ/mole as
assumed for Reaction R14 (Section 4.1.13).

Kris = 5.1%10 €822 /mol/s

4.1.15 Reaction R16: OH + HO>, - HO, + H,O

The temperature dependence of the rate constant fodabgon of the hydroxyl radical
with hydrogen peroxide has been studied using the same pdle&/sis method (growth
of O, in N,O saturated aqueous solutions containing hydrogen pef&xidéwo
laboratories [50], [57], [63]. There is agreement betviberresults (Figure 4-13).
Recognising that only a limited temperature range could beestddie to the poor
thermal stability of hydrogen peroxide, it is assumedtti@teaction rate constant
follows an Arrhenius temperature dependence. The value ohte constantgks at
25°C is 2.%<10" L/mol/s and the activation energy is 13.8 kJ/mole.

Based on the data in (Figure 4-13), the temperature deperafetheerate constantrks.
for Reaction R16 is given by:

kR16 = 76&109 8-1661'4/1- L/mol/s

where T is the temperature in Kelvin.

2 The initially formed HQ dissociates rapidly toOon the time scale of the experiment [50].
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Figure 4-13 The temperature dependence for the reaction of/droxyl radicals with
hydrogen peroxide as reported by Christensen et al. [63] analy Stuart and
co-workers [50], [57].
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4.1.16 Reaction R17: OH + Q - (HO3) - O+ OH"

The temperature dependence of the rate constantfder the reaction of the hydroxyl
radical with the superoxide radical has been measuré&hbstensen et al.[64] and by
Elliot and Buxton [65] using the pulse radiolysis technigGéristensen et al. [64] used a
competition method and measured the yield of the supercagtigat anion as function of
the concentration of hydrogen, with an oxygen conceatratt by a 0.3 MPa patrtial
pressure. In a computer simulation of the final superacaseentration, the rate
constant, kiz, was varied until a fit was achieved of the yield usrsydrogen
concentration. Elliot and Buxton [65] determined the catestant, k;7, as a function of
temperature by fitting the time dependence of the omlosdrption at three wavelengths,
240, 250 and 260 nm, obtained when water containing oxygen wasrpadsated. The
results reported by Christensen et al. [64] and by EltidtBuxton [65] are shown in
Figure 4-14.

Both these studies were performed over 17 years ago, andampdter fitting to extract
the results with radiation chemistry databases whiemaw out of date. A review of the
different data sets used by both laboratories indic&izidbbth analyses used high
temperature g-values for the primary species that wendisantly lower than the
recommended values given in Section 3. The extincoefficient for the superoxide
radical anion used by Christensen et al. [64] at room teatyrerof 2110 L/mol/cm

(at 243 nm) was 11% higher than the later re-evaluatedsvi6g [24] and then
Christensen et al. assumed the extinction coefficreneased by 25% as the temperature
increased to 30C > Janik et al. [24] has reported that the extinctiorffiment

decreased by ~12% over the temperature range.

Elliot and Buxton [65], in order to get a good fit to theicg traces, invoked the
formation of a weakly absorbing long-lived intermedidt@;” as shown in Reaction R17.

(R17) OH+ @ - (HOs) — O+ OH

Elliot and Buxton [65] cautioned that HOQIif formed, would be involved in reactions
with other species.

Obviously Reaction R17 should be re-investigated based autrent understanding of
high temperature water radiolysis. The temperature depeads measured by Elliot
and Buxton [65] for Reaction R17 is recommended for useoidelling until improved
values are available. The results of Elliot and Bux@&) have been selected because
the g-values used in their simulations were closer tauhently recommended values
and the appropriate extinction coefficient was usedieisuperoxide radical anion at
room temperature, although it was assumed to remainacangith temperature.

% The impact of the higher extinction coefficients thie superoxide radical anion and lower g-values

may partially cancel out the impact on the estimatiokk,-for estimates above room temperature.
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The value of the rate constangkat 25C is 1.1x10'° L/mol/s and the activation energy

is 10.9 kd/mole. Based on the Elliot and Buxton [65] dat&igure 4-14), the
temperature dependence of the rate constantfde Reaction R17 is given by:

Kr17 = 8.7% 10116-1306'2”- L/mol/s

where T is the temperature in Kelvin.
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Figure 4-14 The temperature dependence of the rate constafior the reaction of the
hydroxyl radical with the superoxide radical as reportedby Christensen et al. [64]
and by Elliot and Buxton [65].
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4.1.17 Reaction R18: OH + HGQ - (H203) - O+ H,0

The temperature dependence of the rate constagtfdr the reaction of the hydroxyl
radical with the perhydroxyl radical has been measuredlioy &1d Buxton [65] and by
Lundstém et al. [31] by using the pulse radiolysis technique in ptaw Elliot and
Buxton [65] determined the rate constamigkas a function of temperature by fitting the
time dependence of the optical absorption of the mgaspecies at 252.5 nm in water
containing oxygen. Lundsim et al. [31] used a competition method and measured the
yield of the perhydroxyl radical as a function of the @ntration of hydrogen for a fixed
oxygen concentration. In the computer simulationsrabe constant,d¢s, was varied

until a fit was achieved of the yield versus hydrogen conggo.

The results reported by Elliot and Buxton [65] and by Luastet al. [31] are shown in
Figure 4-15. There is reasonable agreement betweerstiis fieom the two

laboratories. This agreement may be due, in part, tathelysis data set used by
Lundstm et al. [31] in 2004 was improved over the one used in 1989 hstéltsen et

al. [64] for the very similar Reaction R17 discussethéprevious Section 4.1.16. A
simple Arrhenius temperature dependence through all thetedpaata has been assumed
for the temperature dependence gfslas shown in Figure 4-15. The fitted Arrhenius
equation is:

leg = 1.29<1011€-799'2/T L/mol/s

where T is the temperature in Kelvin. The value ofrttte constant,ds, at 25C is
8.8x10° L/mol/s and the activation energy is 6.6 kJ/mole.

As with Reaction R17, Elliot and Buxton [65], in ordeget a good fit to the optical
traces, invoked the formation of a weakly absorbing lovedlintermediate ks as
shown in Reaction R18.

(R18) OH + HQ — (HZO?,) - 02+ HZO

H.Os is quite long-lived at room temperature; the first ordeagieate of HO3 into
oxygen and water has been measured as a function of pdtmétion on HO; has been
summarised in Reference [66].
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Figure 4-15 The temperature dependence of the rate constafior the reaction of the
hydroxyl radical with the perhydroxyl radical as reported by Lundstrém et al. [31]
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4.1.18 Reactions R19, R20 and R21: H&O, + HO,/O, - H,05 + O,

At room temperature, the observed rate constant éodidmutation reaction involving
HO,/O, as a function of pH is well established and is showfigare 4-16. At room
temperature, the pKfor the acid-base equilibrium:

HO, = H + Oy
IS pKuo2= 4.8 [67] and Figure 4-26.
The three reactions involved over the pH range are gieleav®

(R19) HQ + HO; - HO2+ O,
(R20) Q +HOG; + HO - H02+ O, + OH
(R21) Q +0, +2H0 - H0,+ O, + 2 OH

The room temperature value fagkis ~8.410° L/mol/s, for ke is ~1x10% L/mol/s and
for kgo1is <0.3 L/mol/s [67]

Below pH ~2 (Figure 4-16), the decay is principally throughcdRea R19. Christensen

and Sehested have studied this reaction as a functtempeérature up to 286 [68] and

report the rate constant asg2¥el at 230 nm. Using the extinction coefficient reported
by Janik et al. [24] and a path-lengitbf 2.5 cm, the values okk have been calculated
and plotted in Figure 4-17. The rate constaag follows an Arrhenius temperature

dependence over the range studied. The value of theoradtant, kig, at 25C is

8.4x10° L/mol/s and the activation energy is 6.6 kJ/mole. fEmeperature dependence
of the rate constantgk for Reaction R19 is given by:

leg = 2.7&1()96-2416'4”- L/mol/s
where T is the temperature in Kelvin.

Below 100C, activation energies of 8.6 and 7.6 kJ/mole have beeneddor the rate
constant of Reaction R20 [67], [68]. The results repdme@hristensen and Sehested
[68] are shown by the red line in Figure 4-18. As the rabstant, k2o, at room
temperature is ~10° L/mol/s and assuming an activation energy of 8.1 kJ/rbiode,
temperature dependence of the rate constasf,delow 100C, is given by:

kroo = 2.6%10%°"*T L/mol/s
where T is the temperature in Kelvin.

Above 100C, the rate of Reaction R20 increases significantlyaasbe seen by the blue
line in Figure 4-18 for data measured by Christensen and Se@8}e Stuart and
Chenier (unpublished AECL-CRL) have seen similar behaviotireiecay of @/DO;

in heavy water as can be seen in the Arrhenius tyie jol Figure 4-18’ As the solution

% For simplicity, hydrogen peroxide is written in its undisated state, JD,, in these reactions. As the

pKa for HO, is 11.8 at 25C, the base form, HQ will be present at higher pH values.

The use of 2fde is necessary as the pK of Bénd the temperature dependent extinction
coefficients of @ and DQ in heavy water have not been established yet.

27
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becomes more alkaline, the two distinct kinetic reginez®ime more apparent.

Christensen and Sehested [68] have postulated that asnher&ture increases, the rate
of Reaction R21 increases significantly. ChristerssshSehested suggest that the
following reactions may occur:

O+ O = Of
04:'|'H+ — HOZ'+OZ
Reactions R20 and R21 need to be investigated again. Thesimpproach would be
to develop the isotherms as a function of pH as shoviAigure 4-16 for temperatures

above room temperature and then fit the rate condiatités data, with the knowledge of
the pKa of HO, and the extinction coefficients obGnd HQO.

108
107 ;, e .\. é
106 %_..—.-—". \ é

105 - N

104 ¢ —_— Bielski et al. . E

10° ¢ N\

Kops (L/Mol/s)

102 - \

100 - N

10!

Figure 4-16 The rate constant for the decay of H&@O, as a function of pH at room
temperature Bielski et al. [67].
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Figure 4-17 The temperature dependence of the rate constafior the dismutation
Reaction R19 of the perhydroxyl radical as calculated from thelata of Christensen
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Figure 4-18 The rate constant for Reaction R20 between,Cand HO, as a function
of temperature [68] showing the two distinct temperature dpendencies above and

153-127160-450-001 2009/08/04

below 10CC.



UNRESTRICTED
153-127160-450-001 Page 4-41
Rev. 0

106 E T T T T | T T T T | T T T T | T T T T |
- 350C300C 200C 100C 25C

A v v v
10° |

10° |
10° |

102 |

2 kobs/ SEffective

10t

100 L pD at 25°C
; @ pD-16
B pD-6.0
—A— pD ~6.6
100 | o pp-73
| <O— pD~9.9
—- pD~10.0
10-2....|....|....|....|
0.0015 0.0020 0.0025 0.0030 0.0035

UT(K)

Figure 4-19 The observed bimolecular decay constant, expredsas 2kd€, for the
reactions of @ and DO, in heavy water at different pD values. Unpublished work
by Stuart and Chenier (AECL-CRL).
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4.1.19 Reaction R22: HO, - 120, + H,O

In high temperature aqueous systems, the thermal decdmpadihydrogen peroxide
has been shown to form oxygen as shown irotlezall Reaction R22:

(R22) RO, - % O + H0

As will be discussed later in this section, it is neacwhether the initial step of the
thermal decomposition is dissociation to form two hygteadicals:

(R22a) HO, - 2 OH

or is some mechanism which forms oxygen without the hydiraxical as an
intermediate as could possible happen on a metal surface.

Since the 1980’s, the thermal decomposition of hydrogen perbagléeen studied
extensively in high temperature loops or autoclaves adetetni[69], [70], [71], [72],
[73], [74] and references therein. It well establishedttiedecomposition follows first
order kinetics. The results from a number of labaoraso from experiments where
hydrogen peroxide was flowed through similar sized tubeswathprepared from
different materials, are remarkably similar in shapiguyre 4-20) if the data from Croiset
[74] measured at 5 and 10 MPa above <28ére not considered. It appears that there
could be two regimes where an activation energy near/6®lelis observed up to
~200°C and then a lower value near 43 kJ/mole is observecde2@B/C. As will be
discussed below, this apparent change of activation greognsidered to be a
consequence of the reaction becoming mass transpdedirfoir the transfer of hydrogen
peroxide from the bulk solution to the walls. The decomntjposreaction is considered to
occur principally on the wall surface.

It has been demonstrated in decomposition experiments sisiall bore tubing that a
significant proportion of the peroxide decomposition oaadion the system surfaces.
This has been established in the experiments performéxhimd tubes by comparing
the reaction rate as a function of the surface nadter the tube and on diameter of the
reaction tubes where the surface-to-volume ratioriedd69], [70], [72], [73], [74].

The effect of using PTFE coated tubing compared to metal tubmge seen in

Figure 4-21 and Figure 4-22. The impact of the diameter @gtitheg can be seen in
Figure 4-21 where the decomposition rate increased agtbé@®bthe tubing decreased.
Rebensdorff and Widmark [69] have also demonstrated tiabggn peroxide decayed
more rapidly as the thickness of the iron oxide ortulbéng surface increased.

The decomposition of hydrogen peroxide does follow an Ardseralationship as can be
seen in Figure 4-21, Figure 4-22 and Figure 4-23. However, in gbthe tests using

the thin tubes, at the highest temperatures the ragtasds fell below the Arrhenius line
as measured on data obtained at the lower end of theregomgeranges studied

(Figure 4-20, Figure 4-22 and Figure 2 in Reference [69]). Thigdsern the rate of
increase of the decay constant has been ascribed &t¢haf mass transport of hydrogen
peroxide in the bulk solution to the walls beginning téuirice the overall rate of the
decomposition reaction [69], [72], [73].
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The thermal decomposition of hydrogen peroxide also deentl®e alkalinity of the
solution. In a study of the decomposition of hydrogen pdmoii a stainless steel lined
autoclave, Haines and McCracken found that the ratditimam hydroxide solution
(room temperature pH 10.3) was 4-5 times that in neutral atdrwFigure 4-23).

It is assumed that the decrease in the activatiorggmdserved above 200 in

Figure 4-20 can be explained in terms of the surface ogdo#iing mass transport

limited. The activation energy for the thermal decosigan of hydrogen peroxide in
metal systems appropriate for modelling falls in the r&%40 kJ/mole. The choice of
the appropriate pre-exponential factor should be made asealy-case basis, depending
on the (sub-) system being modelled but will likely berdregye 16to 1F s™.

As to the actual mechanism of the thermal decompositi@not clear whether the
initial step is dissociation to form two hydroxyl raal& [72], [73], [75].

(R22a) HO, - 2 OH

or by some mechanism which forms oxygen without the hydmadjtal as an
intermediate as could possible happen on a metal surface:

(R22) RO, - % O + H0

Lin et al. [72], [73] has studied the thermal decomposiibr-6.5<10° mol/kg hydrogen
peroxide in the presence of x8° mol/kg hydrogen in both titanium tubing

(Figure 4-22) and stainless steel [72], [73]. No difference feand in the
decomposition rate from tests when no hydrogen was predrydroxyl radicals were
formed, an enhanced rate of loss of peroxide might havedgxected from the chain

reaction:

(R32b) OH+H - HO +H
(R12) H+ HO, - HO + OH

In competition with:

(R16) OH + HO, - H,0 + O +H'

Chenier and Elliot (unpublished AECL-CRL data from 1991) studiedngrenal
decomposition at 1FC of 2x10* mol/kg hydrogen peroxide solutions containing

10° mollkg EDTA?® in Pyrex glass ampoules. The presence of1216 mol/kg
dissolved hydrogen did not increase the rate of decompositithe peroxide as can be
seen in Figure 4-24. This seems to support the observasibfotmation of hydroxyl
radicals is not a significant pathway in the aqueous dposition of the peroxide.

However, some caution needs to be applied when asséssgegexperiments with added
hydrogen. In particular, the rate of Reaction R32hitde significantly faster than
Reaction R16 to sustain a chain reacfionAt a nominal 208C, at the concentrations

2 The EDTA was added to complex any transition metal tbat may catalyze the peroxide

decomposition. The first order decay constant wad &8s,

2 Rate (3) is given by k (L/mol/syconcentration (mol/L).
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used by Lin et al. [72], [73], the rate of Reaction R32b bellabout 3.9 times higher than
the rate of Reaction R16. For the AECL-CRL experinaril0C the rate of Reaction
R32b will be about 5.8 times higher than the rate of R@a&k16. Presumably these
relatively small excess rates are sufficient to sastahort chain reaction.

Lin et al. [72], [73] also added %20° mol/kg ethanol as a hydroxyl radical scavenger.
For reasons not stated, only the product oxygen was onediand its yield was
unaffected by the ethanol. This was taken as evidentadhaydroxyl radicals were
formed during the thermal decomposition. In this cdsecbncentration of ethanol
should have been sufficient to scavenge any hydroxyl radoahed.

However, there is some evidence to suggest that hydroxgaisanay be formed.
Ashmore et al. [76] show a figure in a report (replicateBigure 4-25 below) where
they note: “In a separate test it can be seen that W@, was added in a thermal
experiment it reacted with sodium formate to give,CQ”. They do not discuss the test
further in the report. The test was performed in astaihless steel system where the
solution was flowed through a reaction vessel in frdmat ¥an de Graaff accelerator,
which was not operating at the time. At face valuappears that hydrogen peroxide is
decomposing to form hydroxyl radicals:

(R22a) HO, - 2 OH

The hydroxyl radicals formed then react with the fornpaesent:
OH + HCOO - CO; + HO

The CQ radical anion then reacted with methyl viologen:
CO; + MV** L MV + CO

The overall stoichiometry of this reaction set id fba every hydrogen peroxide
molecule decomposed, two carbon dioxide molecules ameethr

It can be seen in Figure 4-25, that the carbon dioxideerdration increases with the
solution temperature above &0 The concentration of carbon dioxide measured at
~200°C is ~1.10° mol/kg which is similar to the starting hydrogen peroxide
concentration. Although the remaining hydrogen peroxideesuration was not
reported and a material balance can not be undertakemsthles are consistent with
Reaction R22a being the initiating step in their sysfem.

At the present time, based on the information to hamdecommendation can be given
as to which is the appropriate mechanism for the thedewdmposition of hydrogen
peroxide, Reaction R22 or Reaction R22a. In any radiofgsiel, it would be prudent
to try both mechanisms to see if they have any sigmfieffect on the overall result.

%0 One possible mechanism that may contribute to thenfsusition of hydrogen peroxide to form

hydroxyl radicals is Fenton’s reaction. The sourcthefferrous ion is oxide dissolution from, or
corrosion of, the stainless steel surfaces of thererpetal apparatus as the temperature increases.
Repeating this test with PTFE covered tubing would hedplwe this issue.
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Figure 4-20 Arrhenius plot of the thermal decomposition of hytbgen peroxide in
~4-5 mm tubing [70], [72], [74] showing a possible activation erges.
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Figure 4-21 Arrhenius plot of the thermal decomposition of hytbgen peroxide in
neutral water showing the effect of tube diameter and oftainless steel and PTFE
tube material [70].
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Figure 4-22 Arrhenius plot of the thermal decomposition of hytbgen peroxide in
neutral water showing the effect of tube material (PTFEstainless steel and
titanium) and of hydrogen [72], [73].
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Figure 4-23 Arrhenius plot of the thermal decomposition of hytbgen peroxide in an
SS 316 lined autoclave showing the effect of pH as reporteg Blaines et al. [71].
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Figure 4-24 The thermal decomposition of hydrogen peroxide iRyrex glass
ampoules at 110C, with and without 2x10* mol/kg hydrogen
(Chenier and Elliot - unpublished data).
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Figure 4-25 The effect of temperature on the yield of COfrom the reaction of
hydrogen peroxide and sodium formate in a solution containin§x10° mol/kg
HCOONa, 2x10“ mol/kg methyl viologen and 1.810° mol/kg H,O,. Figure copied
from Reference [76]. 50Qug/kg carbon dioxide in water is equivalent
~1.1x10° mol/kg.
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4.2 Equilibria and Associated Rate Constants

There are a number of acid/base equilibria associatedive water radiolysis data set
and these are defined in Table 4-2 and Table 4-3. In dealihgheitparticipation of
water in these equilibria, the approach taken is taheséllowing definition of the
equilibrium constant for the dissociation of water:

KHZO = [H+][OH]/[H 20]
KHZO = KW/[H 20]

where K, is the ionic product for water given by, [H'][OH]. It should be noted that
the mechanism of the rate-controlling step of the appraaequilibrium could differ
depending on the pH of the water. This has to be acabtorté the modelling reaction
set as shown for the pairing Equilibria¢,and K202 and Equilibria o and Kop®,

etc. (see Table 4-2 for equilibria reactions). Ratest@ots have to be estimated for both
the forward and back reactions involved in the equilibria.

4.2.1 Acid/Base Equilibrium Constants

Figure 4-26 shows the pKvalues for: HO [77]; HO,[78]; OH [79], [80], [81]; HQ

[68], [79], [82]; and H [83], as a function of temperature reh¢ is expressed in ‘molar’
units. The molar units are used in kinetic calculatiohsre rate constants are measured
in units involving volume. In the case of water [77] &aydrogen peroxidg’8], the pK
values in the literature were reported in ‘molal’ unithese were converted to the
appropriate ‘molar’ units using the densipy ¢f water along the liquid-vapour
coexistence curve as given in the equation below [84] wihHerde temperature RC:

p (9/mL)=0.999 + 1.09410*t - 7.39%10° £ + 2.69%10°t% - 4.71410™ t*

(Note that the reaction rates reported in this reviewraasured at a range of pressures
between 1 and 250 bar. Because water is not very confippeesise pressure has little
effect on the density or reaction rates below aB&(C. As a worst case, at 38Dthe
density is 10% greater at 250 bar than on the coexistenee at 165 bar. Above this
temperature, pressure becomes a major variable.)

To calculate the value of pKo, the concentration of water (in units of mole/L)aas
function of temperature, £C), is required. This is given by the function:

[H20] = 55.50 + 6.07810°t — 4.11:10*t* + 1.49610°t> — 2.61%10°t*

The pKon for the hydroxyl radical has only been measured up t6@0ibove this
temperature it was assumed that thep&ould be approximated as being parallel to the
pKyw of water. As the pkeo2 has only been reported up to°60and, as it is essentially
the same value as pK (Figure 4-26) over that temperature range, it has beemasis
that it has the same temperature dependence asupkio 350C.

The values for pK have only been reported up to 260 The extrapolation of the value
of pKy up to 350C has assumed that glapproximately parallels the pKof water. For
the pKyo2, the extrapolation from the last data point at°28t® 350C was done as the
simple extension of the polynomial fit to the availat@sults.
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The polynomial fits to the pK data in Figure 4-26 are givehable 4-5.

Table 4-5 Polynomials describing the pKs (in ‘Molar’ units)of H,O, H,O,, OH,

HO, and H*

pK Function

pKuw 14.947 — 4.27810% t + 2.11%10* * — 5.78&10" t* + 7.52%10° t*
pKh20 16.690 — 4.262107 t + 2.07Xx10* * — 5.59410" t* + 7.16 x10° t*
PKH202 12.383 — 3.020107t + 1.706:10* * — 5.15%10" t* + 6.960x10™° t*

pKoH 12.383 — 3.020107 t + 1.706:10" t* — 5.15%10" t* + 6.96x10"° t*
PKho2 4.943 - 6.23010° t + 4.125%10° t* — 8.18%10° £

pKH 10.551 — 4.430107 t + 1.90x10" t* — 4.66%10" t* + 5.9810"° t*

*  Temperature, t, iiC
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Figure 4-26 The measured and extrapolated values for the pKn(*Molar’ units) of
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4.2.2 Rate Constants Associated with Acid/Base Equilibria (Tabld-2)

There is only limited information on the rate constaagsociated with the equilibria
shown in Table 4-2. For neutralization reactions involvivgygroton, it will be assumed
that these are diffusion-controlled reactions andehgerature dependence for the rate
constants are given by the Smoluchowski equation witb#dige factor for reaction
between two charged species ‘A’ & ‘B’ [85].

Kaitt = 4m (Da + Dg) dap x (8 / (€' — 1))
0=2p72g 62/47'5808dADkT
For species ‘A’ and ‘B’: @ and [y are the diffusion coefficientsagdl is the reaction
distance; £ and % are the charges on the ioess the charge on an electr@g,is

permittivity of free space is the relative permittivity of the water (i.e., tthelectric
constant)k is Boltzmann’s constants; and T is the temperaturesimii

The diffusion coefficients for the proton and hydroxide used in this compilation are
shown in Figure 4-27. As can be seen, both specieséifaster than water at ‘low’
temperatures but approach the rates of water ned€330or other species, such as: HO
and Q/, the temperature dependence for self-diffusion in wailebe used. The lines in
Figure 4-27 are the polynomials describing the diffusionfaoefts for the proton,
hydroxide ion and water and these are given in Table 4-6.

The relative permittivity of wateg, used was:
£ =87.717 - 3.80910" t + 5.44%10* t* + 6.75X%10" t2 -2.515¢10° t*

Table 4-6 Polynomials describing the diffusion coefficient®r H*, OH™ and H,O

Species Polynomials
(D in units of 10° m?/s)

H* Log D=2.672 — 9.84710°%/T + 3.306&10°/T? — 5.62%10'/T°

OH" Log D=3.324 — 1.71910%T + 5.89<10°/T? — 9.18&10'/T*

H20 Log D=4.311 — 2.72210%T + 8.56%10°/T? — 1.18%10°/T*
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Figure 4-27 The temperature dependence of the self-diffies coefficient for water
(Yosida et al. [86], Harris and Woolf [87] and by Krynicki et al. B8] and the
diffusion coefficient for the proton and the hydroxide ion(Quist and Marshall [89]

and Robinson and Stokes [90]).
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4221 Equilibrium R23: H,O = H" + OH

The rate constant for the recombination of the protmhthe hydroxide ion has been
studied at temperatures up td80 The results of some of these studies are shown i
Figure 4-28. To provide a temperature dependence up t&€ 36@ Smoluchowski
equation has been used with the reaction distance edjicsa constant 0.7 nm to fit the
observed experimental results (Figure 4-28).

The fitted line in Figure 4-28 can be described by the polyelom
Log Krosp= 20.934 - 1.23610%T + 6.364«10°/T? - 1.47%10%T® + 1.23%10"YT*
where T is in Kelvin and wherek, has units of L/mol/s.
The forward rate constantzs, for the dissociation of water:
(R23f) HO - H" + OH
can now be calculated from the relationship:

Krost = Kr23p* Kh2o
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Figure 4-28 The rate constants for the recombination of Hand OH (Natzle and

Moore [91], Knight et al. [92], Ertl and Gerischer [93] and Bamister et al. [94]) and
the Smoluchowsi extrapolation to 35%C.
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4.2.2.2 Rate Constants for Acid-Base Equilibria R24 through R29

There are very little data for the rate constanthefreactions involved in the Equilibria
R24 through R29 listed in Table 4-2. Buxton [95] and Zahavi alam496] have both
measured a rate constant ofx18"° L/mol/s at room temperature fogs:

(R27) OH +OH - O + H0

llan and Rabani [97] have measured a rate constantxf@GX/mol/s at room
temperature for gesp

(R28b) QO +H - HO,

A pragmatic approach to estimating the temperature dependerto 350C for
Reaction R27f and Reaction R28b has been taken. Itssasmad the temperature
dependence as given by the Smoluchowski equation is appeopfiais temperature
dependence was used to generate higher temperature rassntohg normalizing the
25°C value to the measured room temperature rate constaatfea both reactions.
These normalizations are shown in Figure 4-29.

In the case of the Equilibrium R27:
(R27) OH+ OH= O + H,0O

the temperature dependence shown in Figure 4-29 for the threaction rate constant,
kr27t Is described by the polynomial:

Log keo7t = 13.339 — 2.22010%T + 7.33%10°/T? - 1.06%10°%/T°

where T is the temperature in Kelvin and wheresls units of L/mol/s. The second
order rate constant for the back reactiapyk is then calculated as:

Kro7b= Kro7t/ Kor®
where the equilibrium constantok?, is calculated from the relationship:

Kor® = Kon / Kizo

Kr27b = Kr27t X Kh2o/ Kon

In the case of the Equilibrium R28:

(R28) HQ= H +Oy

the fitted line in Figure 4-29 for the temperature dependemdéddack reaction s
is described by the polynomial:

Log keosp= 16.410 — 4.888L0°T + 1.62X10°%T? - 2.00410%T3

where T is the temperature in Kelvin and whersls units of L/mol/s. The forward first
order reaction, gesgy, is then calculated as:

Kr2st = Kr2sh % Khoz
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In the absence of any other information, it has lessamed that the back rate constant,
Kr2an for Equilibrium R24:

(R24) HO, = H" + HO,

and the back rate constankgds for Equilibrium R26 :

(R26) OH=H"+0O

have be set equal to the rate constapk,kfor Reaction R28b:
(R28b) Q +H - HO

Based on this, the forward rate constants for EquiliRld and R26 can then be
calculated from the following relationships:

Kr2at= Kr2ap<Kn202

Kro2et= Kr26p<KoH
Likewise the forward rate constantspd for Equilibrium R25:

(R25) HO, + OH = HO, + H,O

and lgoof for Equilibrium R29:

(R29) HQ + OH = O, + H,0

have be set equal to the rate constagt;,Kor Reaction R27f:
(R271) OH + OH - O + H0.

Based on this, the values of the back rate constanEjfalibria R25 and R29 can then
be calculated from the following relationships:

Kr2s= KrosiXKn2o/Kh2o2
Kroob=  Kr2oXKn20/KHo2
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Figure 4-29 The rate constants for the recombination of Hand O, (llan and
Rabani [97]) and reaction OH with OH (Buxton [95]; Zahavi and Rabani [96]) and
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4.2.3 Rate constants associated with equilibria involving the hydrogen
atom (Table 4-3)

4231 Equilibrium R30: H = H + e

The temperature dependence up to°85for the reaction of the hydrated electron
reacting with the proton is shown in Figure 4-30. Thego®d agreement between the
four laboratories that have studied Reaction R30b:tHli8], Shiraishi et al. [83],
Takahashi et al. [20], and Stanisky, Bartels and Takaha8hi]

The temperature dependence fasokis described by the polynomial:
Log krsop =39.127 —3.888L0%T + 2.05410'/T — 4.89%10°/T° + 4.37&10'YT*

where T is in Kelvin and where kas units of L/mol/s. The rate constariok for the
reaction at 2%C is 2.1x10° L/mol/s.

The rate constant for the forward Reaction R30f cacal®ulated from the expression:

Kr3of = Kraob* Kn

31 The Stanisky, Bartels and Takahashi [98] data retligesate constants for Reactiogds above

250°C reported in Reference [20].
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Figure 4-30 The temperature dependence of the reaction ondlhydrated electron
with the proton as measured by Elliot [18], Shiraishi et al[83] and Stanisky, Bartels
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4.2.3.2 Equilibrium R31: H+ OH "= ey + H2O

The temperature dependence of the rate constant fogdbson of the hydrogen atom
with the hydroxide ion is shown in Figure 4-31. All theadsihown has been measured
by Bartels and co-workers [21], [23], [99], [100]. In the 2005 jgabbn [23], it was
recommended that only the 2002 data measured abo%€ 820 be used in kinetic
evaluations. This is what is shown in Figure 4-31.

Also shown in Figure 4-31 is a polynomial fit through theadat the temperature
dependence. The temperature dependence of the rate tdgstamor Reaction R31f is
given by:

Log krsir= 22.970 —1.97410%T + 1.13%107/T? - 2.99%10°/T* + 2.80%10"YT*

where T is temperature in Kelvin and wheggikhas units of L/mol/s. The value ot
at 25C is estimated to be 50" L/mol/s.

As the equilibrium constant, R, can be written as:
Kn® = Kn / Koo
The reverse reaction rate constant for this equilibréan be calculated from:
Kra1b= Kra1f X Kn2o/Kn
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Figure 4-31 The temperature dependence of the rate constafolr the reaction of
hydrogen atoms with the hydroxide ion as measured by Bartels antb-workers [21],
[23], [99], [100].
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4.2.3.3 Equilibrium R32: H + H,0 = H, + OH

At room temperature, the reaction rate of hydrogen ateithswater is considered to be
very slow. Shiraishi et al. [83] estimated a psuedo-fideorate constant of £as?,
which translates to a bimolecular rate constant of 1308 L/mol/s. Bartels [101] has
determined the value of the rate constagizkup to 350C based on the calculation of
the equilibrium constant from thermodynamics, and teasured rate constant for
Reaction R32b. This is shown in Figure 4-32. The valuégh,rincreased eight orders
of magnitude as the temperature increased froi@ 25 350C. The only unknown in
the calculation is the exact value of free energlyyalration for the OH radical. At
300C, the uncertainty in rate constant amounts to @faxfttwo, though slightly larger
extreme limits are shown in Figure 4-32. The temperatependence is given by:

Log kraor= 9.408 — 2.82710% T— 3.79X%10°/T?

where T is the temperature in Kelvin and whegtg&khas units of L/mol/s.

The back Reaction R32b is the key reaction in comgpWater radiolysis via
‘hydrogen-water chemistry’, as it converts the oxidizirydroxyl radical to the reducing
hydrogen atom and is the only reaction which removesaulaiehydrogen.

(R32b) OH+H - H+ H0

The temperature dependence of the reaction of the hydixkght has been measured in
three laboratories: Riso (2@30°C) [102], AECL-CRL (20-200°C) [50], [57] and
Argonne (200-35(°C) [16]. The rate constants reported in Referers@}s [57], [102]
were measured by pulse radiolysis techniques by followingd@edo-first order growth
of the optical absorption of Oin N.O/H,/O; solutions. The results reported by Marin et
al. [16] were measured by competition kinetics using nitnebee as competitive
scavengef? The competition kinetic method, using cuprous ions asefleeence solute,
was also used by Christensen and Sehested [102]. Theedltesults are shown in
Figure 4-33 along with a polynomial fit through all the dathere is good agreement
between the data from the three laboratories.

The temperature dependence of the rate constant,fer Reaction R32b is given by:
Log krazb=-11.556 + 3.2546L0YT - 1.862%107/T? + 4.554%10°/T> - 4.136410™T*

where T is in Kelvin and wheraen has units of L/mol/s. The value afdspat 25C is
estimated to be 3xa0’ L/mol/s.

32 The rate constant originally measured by Marin &l at 350C has been replaced by the revised

value of 610 L/mol/s measured by Janik et al. [24] from fitting thezay of the OH optical
absorption in solutions containing® and hydrogen.
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Figure 4-32 The calculated rate constant,dgr, as a function of temperature for the
reaction of the hydrogen atom with water as calculated by Barte [101]. Also
shown is the value reported by Shiraishi et al. [83] estimadefrom experimental
data at 25C.
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Figure 4-33 The temperature dependence for the reaction of/droxyl radicals with

hydrogen as reported by Christensen and Sehested [102], byu&rt and co-workers

[50], [57] and by Marin et al. [16]. The temperature depenence for the reaction of
the oxide radical anion with hydrogen is also shown [103].
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4.3 Reactions of Oxide Radical Anion Relevant to High Temperature
Reactor Coolant Radiolysis

The radiolysis reaction set and g-values drawn togathérs report are focused on
slightly acid and slightly alkaline solutions. In using tiadiolysis reaction set described
in this current report, consideration of the pH ofgbiition to be modelled in regard to
the pKa of the reacting species has to undertaken to see tfaeaavolving the oxide
radical anion, Q or the base form of hydrogen peroxide,H®eyond their acid-base
equilibria reactions, could have an impact of the tesurhis will occur when the rate
constant of a reaction involving @ significantly larger than the corresponding hydroxyl
radical reaction rate constant. Likewise with rea involving the HO/HO,

equilibrium couple. A limited number of reactions héveen identified and will be
discussed in this report:

R33 OH +HQ - HO0 + O
R34 O +HO; -~ OH +HG,
R35 O +HG - OH +O
R36 O+H -H +0OH
R37 O +OG=05

As far as the other reactions important in alkalinetsmt, while an exhaustive literature
search was not undertaken, there does not appear to leavenbay temperature studies
of reactions occurring in alkaline solutions involving thedexiadical anion beyond what
was reviewed in Reference [18].

43.1 Reactions R16, R33, R34, R35: OH/G- H,0O, - H,O/OH™ +
HO./Oy

The observed rate constant for reaction of the ‘ryginadical’ with ‘hydrogen
peroxide’ vs. the pH is shown in Figure 4-34. The room teatpes pk, for both
hydroxyl radical and hydrogen peroxide is near pH 12. It is obWious Figure 4-34
that the observed rate constant at room temperatutieefaverall reaction:

OH/O + HO,/HO,  -kops— HO/OH + HO,/Oy

begins to increase above a pH of 9, about three pH weldw lthe pk of the reacting
species. As both PWR and CANDU reactors operate wgstems with added lithium
hydroxide, this increase in reaction rate has to be pocated into the water radiolysis
reaction set.

Stuart and Ouellette have studied Reactions R16, R33, R34 and R83Q{pC as a
function of pH (Figure 4-34). The rate constagis ks given by the expression:

Kobs= (Kr16 + AXKraz + BXKraa + AXBxKkr3s)/((1+A)*(1+B))

and where A = 18P and B = 1" PKH202) As pKoy = pKizo2 OVer the 20to
350°C temperature range (Figure 4-26), i.e., A=B, the aboveessgjom reduces to:
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Kobs= (Kr16 + AX(Kraz + Kraa) + A°xkrag)/(1+ 2A + )

Stuart has fitted this expression to the experimentaltras shown in Figure 4-34. The
values of ki (Section 4.1.15) andkks are uniquely defined, however, only the sum of
the ‘cross’ rate constantsgds and kgss, can be defined by fitting the curves because of
the near equality betweerpKand Kizo02. >

The rate constants extracted from this fit are shiovthe Arrhenius plot in Figure 4-35.
The value of the rate constantkat 25C is 2.%10’ L/mol/s and the activation energy
is 13.8 kd/mole, the same as reported in Section 4.1.1&temperature dependence of
the rate constantgks for Reaction R16 is given by:

leG = 768<10g 6-1661'4/1- L/mol/s
where T is the temperature in Kelvin.

The value of the rate constantszd+ krss), at 25C is 8.%10° L/mol/s and the
activation energy is 11.9 kJ/mole. The temperature depeaddithe rate constant,zds
+ Kr34) for Reactions R33 and R34 is given by:

(kR33 + kR34) = 100<1012 6-1434'6”- L/mol/s
where T is the temperature in Kelvin.

The value of the rate constankskat 25C is 7.8&10° L/mol/s and the activation energy
is 24.3 kd/mole. The temperature dependence of the rag@ngrikss for Reaction R35
is given by:

kras = 1.45¢10" €292 /mol/s
where T is the temperature in Kelvin.

An estimate of k,sat 300C based on the assumption that the Arrhenius temperature
dependencies shown in Figure 4-35 hold up to this temperatshewn in Figure 4-34.
Also shown in Figure 4-34 are the estimategd for a light water solution with a pH of
10.3 at 20C at 50, 75°, 100°C and 300C3* As the temperature increases, the
contribution of Reactions R33 and R34 to the overall @acif hydroxyl radicals with
hydrogen peroxide decreases in this solution.

From a computer modelling stand point, the impact of onbwking the sum of &3 and
krszsand not the rate constants individually is minimal.e Talue for (kss + krss) can all
be assigned to just one of the rate constants. Jbmsdcause, at the concentrations of
hydroxyl radicals and hydrogen peroxide involved, the ratdseoforward and back
reactions for Equilibria R25 and R27 are rapid enough to aiaittte equilibrium
mathematically.

33 Christensen et al. [63] have made an upper estiméte.af 5x10° L/mol/s at room temperature

based on @yields at different times after the pulse using a smiutaturated with 4 MPa®. Using
the 20C estimate for (k3 + kras) of 8x10° L/mol/s obtained from the fittings in Figure 4-34, duea
for krss of ~7.5¢10° L/mol/s is obtained.

The experimental studies in U-2 loop, NRU were perforwigd light water with a room temperature
pH~10.3 [14].

34
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Figure 4-34 The observed rate constant for the reaction of OBy with H,O,/HO, as
a function of pH at the measurement temperature in B{D-saturated solutions [57].
The coloured symbols are data from AECL-CRL with lines joinng experimental
sets. Some experiments used buffer solutions whilehets set the pH by adding
LiOH. The grey circles are data of Christensen et al. [§3neasured at room
temperature. The simulation for ks as a function of pH at 300C is shown (see
text). Also shown is the simulation of §sat 2C°, 5¢°, 75°, 100 and 300C for an
unbuffered solution that had a pH of 10.3 at 2fC (red x and red dotted line).
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Figure 4-35 The temperature dependence for the rate constakgrie, (Krsz + Kr3a)
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4.3.2 Reaction R36: O+ H, - H+ OH"

Hickel and Sehested [103] have measured the rate constantpkthe reaction of the
oxide radical anion with hydrogen (Figure 4-33). At room teoee, their measured
value of lgss is about three times greater than the correspondiagoastant, ko, for
the hydroxyl radical with hydrogen.

Assuming an Arrhenius temperature dependence, the valbe cdte constant gk, at
25°C is 1.310° L/mol/s and the activation energy is 12.9 kJ/mole. tEneperature
dependence of the rate constanggfor Reaction R36 is given by:

kras = 2.3%10" &"°°%*T| /mol/s
where T is the temperature in Kelvin.

4.3.3 Equilibrium R37: O™+ O, = O5’

The oxide radical anion is very different from the hygtaadical in that it reacts with
oxygen to form the ozonide radical anion. Elliot and kéafRen have measured the
forward and back rate constants up t6®{B0] as shown in Figure 4-36.

Assuming an Arrhenius temperature dependence, the valbe cdte constant gz, at
25°C is 3.%10° L/Imol/s and the activation energy is 11.2 kJ/mole. tEneperature
dependence of the rate constangz#for Reaction R37f is given by:

kR37f = 3.41><1011 8-1344'9/1- L/mol/s
where T is the temperature in Kelvin.

The value of the first order back rate constagizat 25C is 2.610° /s and the
activation energy is 46.2 kJ/mole. The temperature depeaddithe rate constant,
krs7p for Reaction R37b is given by:

krazb= 3.20<10™ &%°°2T/s
where T is the temperature in Kelvin.

This equilibrium has been included in this compilatiordose the formation of the
ozonide radical anion, £ provides a ‘gateway’ to many other reactions in theolgsis
of alkaline water. If radiolysis modelling indicates thzonide radical is formed,
consideration should be given to including/developing a roomgplete alkaline
radiolysis reaction set [104], [105].
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Figure 4-36 The temperature dependence for the reaction inwad with
Equilibrium R37 as reported by Elliot and McCracken [80].
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5. HIGH LET G-VALUES

Fast neutrons deposit their energy in water by ionileecbprotons, although there is a
small contribution from recoil oxygen ions also [106], [LO@nlike low LET radiation,
such as gamma and fast electrons, which deposit thegyeimeisolated spurs, the recoil
ions deposit their energy in tracks. The consequendesattthat there are no
reasonably defined ‘escape’ yields for the primary spdcor@sed in Reaction (R1) for
high LET radiolysis. This is because of the ‘tubutature of the track formed from
high LET radiation (Figure 5-1) where primary radical spedliffusing in an axial
direction continue to react with other species whilthendirection perpendicular to the
track ‘escape’ of radicals is largely from the penumiegion around the track [108].

Consequently there is no ‘well-defined’ time when the gselcave escaped the track to
form a homogeneous distribution in the solutions as tisdog low LET radiation.

(RY) H:0 [ 1470 RUEHIA" _, enq, H, OH, Hb, Ho0n, HOYO;

In this report, in order to define g-values for fast neutemolysis, the pragmatic
approach is to use yields that were measured when k[Scajengkthe order of
10°P-10" s* or less. This corresponds to times ~0lslafter the ionizing event; ideally
times around ~1{Qs or longer would be preferable but the data is not géynenailable.
The effect of this is, in general, to provide free catig-values that are slightly higher
than would be expected under ‘homogeneously distributediitoms. Solute
concentrations required to achieve Hare often so low that depletion of solute can
occur. The effect of scavenging power on g-value measumntsnm high LET radiolysis
experiments is discussed in Reference [106].

The measured yield of a primary species depends on the@Lt&€ recoil ion [109]. The
higher the LET of the recolil ion, the proportionateigher are the yields of the
molecular products hydrogen and hydrogen peroxide, comparedfteg¢hadical
species. This is because the free radical speciesrhare time to react to form the
molecular products in the dense track before a psuedo-hosmgeconcentration of
primary species is measured.

The approach to estimating the g-values for fast neutsansestimate the yields of the
primary species for the recoil ions formed as the neusramoderated. Depending on the
nuclear reactor involved, there will be a particular flugfile of fast neutron energies
produced and this, in turn, will produce protons and oxygen i@hsawange of energies.
The g-values for these recoil protons and oxygen ionbeastimated from
experimental radiolysis data where high-energy iong leen used. There is an
abundance of consistent g-value information for the pgirapecies measured at room
temperature [109]; however, there appear to be only two pedlieports where the
temperature dependent g-values have been assessed foEmigadiation [76], [110].

The proton recoils from fast neutrons are totally albedidtopped in the water. As such,
the appropriate yield for deterministic modelling is tleekraveraged yield. It is
track-averaged g-values that are generally measured iratabpexperiments as the ion
beam is stopped in the solution under investigation [109jaboratory experiments, a
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wide range of ion beams and particle energies haveusseh While definitely not
perfect, it is assumed that the track-averaged LET prowideglequate unification
between these different ion beam experiments. Faaekaged LET is defined as:

Eo
TrackAveraged ET =( j (-dE/dXdE)/ Eo

and can be calculated from electronic stopping paades where-dE/dxis the
electronic stopping power (often called initial DEANdE;, is the incident energy of the
ion beam. The correlation between stopping powéial LET) and track-averaged LET
is illustrated in Figure 5-2 along with the distrilon of energy from recoil protons
generated by a fast neutron flux from a light watesled, natural uranium fuel bundle.
As can be seen in Figure 5-2, it is recoil protoritie 1 to 6 MeV range that deposit
most of the energy into the water. This meansttietrack-averaged LET range of
interest does not exceed ~72 eV/nm. Based owlisisrvation, for the experimental
results discussed below, the focus will be on tegbht have been obtained with
track-averaged LET below about ~100 eV/nm.

When comparing the results from two different i@aims that have the same
track-averaged LET, it should be remembered thdt isEa measure of the lineanergy
deposition rate and that the heavier ion will havarger diameter track (i.e., less dense)
than the lighter ion. This tends to lead to highee radical yields for the heavier ion.

lllustration LET Effect on Track Structure

Low LET Radiation
y-radiation, fast electron
(Low overlap of chemical events)

High LET Radiation
Recoil proton, a-particle
(Significant over lapping chemical events)
¢ o8]

Figure 5-1 lllustration of the effect of LET on distribution of chemical events
initiated by the passage of ionizing radiation.
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Figure 5-2 The electronic stopping power [111] and the calculaderack-averaged

LET for protons as a function of incident proton energy. Aso shown is the relative

energy deposited by the recoil protons, in binned energy ranggthat were formed
by a fast neutron flux from natural uranium fuel in light w ater.
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5.1 g-Value: Hydrated Electron

The g-values for the hydrated electron in lightevaieported by a number of laboratories
as a function of LET are shown in Figure 5-3. Ehessults were obtained at room
temperature. The temperature dependence up &€ ¥80the g-value of the hydrated
electron is given in Figure 5-4 and Figure 5-5.tHBigures demonstrate that a smaller
temperature derivative for the g-value is obselagthe LET increasés.

In Figure 5-5, the temperature dependence is brokeby radiation type. The results by
Elliot et al. [38], [110] were all based on the sachemical system to simplify the
comparison: nitrite ion yields from degassed sohgicontaining 1® mol/kg NG and
5x10° mol/kg HPQ  [38], [110]. It should be noted that for gammaiagion, this
chemical system gave slightly lower g-values thet tecommended in Section 3.1 as
can be seen in Figure 5-5.

For 26 MeV?H beam with a track-averaged LET of 12 eV/nm, tragerature
dependence (t ifC) was:

g(eyg) = 1.524 + 1.59710° t

For 157 MeV'Li beam with a track-averaged LET of 62 eV/nm, témmperature
dependence (t itC) was:

g(eyq) = 0.812 + 3.11210" t

Also shown in Figure 5-5 are the results reporteddéhmore et al. [76] where a solution
(pH 8.1) containing D, iodide ion and cyclohexane were irradiated &ith9 MeV
proton beam for the lowest beam currents repdftatthen this data (LET = 17.5
eV/nm) is compared to the data of Elliot et ab@t_ET of 12 eV/nm, the temperature
dependence is quite different. The fact thajg(at room temperature in the Ashmore et
al. tests [76] falls below the trend line in Fig@r8& suggests that scavenging of all the
hydrated electrons by thex® may not be occurring. However, at higher terpees
(see Figure 5-5) the temperature trend offJ(does approach that reported of Elliot et
al. [110]. Ashmore et al. [76] noted that bettéxing in the radiation zone of their
experimental arrangement occurred at higher tertyresadue to more turbulence.
Better mixing will reduce solute depletion in tlagliation zone.

% The track-averaged LET as calculated at room temperaas been used. At35and 186C, the

density correction would decrease the LET by ~4% and ~1Gfectvely.

Only the lowest beam energy has been plotted as thsumeel g(g) decreases with increased beam
current, i.e., dose rate, suggesting solute depletiarcigting in the radiation zone (Figure 5-3).

36
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Figure 5-3 The g-value of the hydrated electron as a function ¢fack-averaged LET
at room temperature as measured by Appleby and Schwarz [112]aVerne and
Yoshida [113], Elliot et al. [110], LaVerne et al. [114] and Ashmeret al. [76]. The
line is the fit to the data given by the polynomial equatiomn Table 6-1.
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Figure 5-4 The g-value for the hydrated electron at differentemperatures as a
function of room temperature track-averaged LET [110].
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Figure 5-5 The temperature dependence of the g-value forehhydrated electron for
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recommended in Section 3.1 for gamma-radiation.
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5.2 g-Value: Molecular Hydrogen

The g-values for molecular hydrogen in light watereported by a number of
laboratories as a function of LET are shown in Feger6. These results were obtained at
room temperature. The temperature dependenceanebthy Elliot et al. [110] up to

18C°C for the g-value of the molecular hydrogen is giweFigure 5-7 and Figure 5-8.
Ashmore et al. [76] have also measured the temyrerdependence for gf}by

measuring the hydrogen yield from solutions comgimitrite ions or iodine. The data
obtained 2.6 and 5.9 MeV proton beams can be seeigiire 5-8

In Figure 5-8, the temperature dependence is brokeby radiation type. In this case
for gamma-radiation, the g-values are similar mrdcommended dependence given in
Section 3.4.

For 26 MeV?H beam with a track-averaged LET of 12 eV/nm, tragerature
dependence (t itC) was:

g(H) = 0.529 + 7.75910% t
For 157 MeV'Li beam with a track- averaged LET of 62 eV/nm, témaperature
dependence (t ifC) was:

g(Hz) = 0.796 + 8.42810" t
For 5.9 MeV?H beam with a track-averaged LET of 17.5 eV/nm,témaperature
dependence (t itC) was:

g(H,) = 0.722 + 1.28810° t
For 2.6 MeV*H beam with a track-averaged LET of 29 eV/nm, #raperature
dependence (t itC) was:

g(H,) = 0.740 + 1.16¥10° t

The results of Ashmore et al. [76], while quitetszi@d, appear to show a ~50% higher
temperature dependence than the results of Ellmit f110]. However, for the 2.6 MeV
proton data, this difference disappears if thelonepoint at 28C is ignored. Because

of the large uncertainty in the results by Ashnretral. [76], only the temperature
dependence measured from the results of Elliot X0] has been used in estimation of
fast neutron g-values in Section 6.

37

In their report, Ashmore et al. [76], also reportesuilts for g(H) using a 1.2 MeV proton beam

(LET of 42 eV/nm). Judging by the low g-values obtainedufé 5-6), it is apparent that depletion of
scavenger in the radiation zone was occurring. For thgdrethe data has not been used for this
report.
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Figure 5-6 The g-value of molecular hydrogen as a function of tr&keaveraged LET
at room temperature as measured by Appleby and Schwarz [112]uhs and Sims
[115], Anderson and Hart [116], Elliot et al. [110], LaVerne [117] ad Ashmore et al.
[76]. The line is the fit to the data given by the polynonai equation in Table 6-1.
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Figure 5-8 The temperature dependence of the g-value for nezular hydrogen for
gamma-radiation, 26 MeV?H and 157 MeVLi ion beams measured by Elliot and
co-workers using material balance [38], [110]. The results ported by Ashmore
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5.3 g-Value: Hydrogen Atom

The g-values for atomic hydrogen in light watereggsorted by Appleby and Schwarz
[112], Elliot et al. [38], [110] and Parajon et @l18] as a function of LET are shown in
Figure 5-9. The g-values for hydrogen atoms regbloty Appleby and Schwarz [112]
and by Elliot et al. [38], [110] are in reasonahtgeement® The g-values of Parajon et
al. [118] are slightly lower than the other twosset dat& but show the same general
dependence on track-averaged LET as the earliertsg110], [112]. This trend is
important, as the dependence of the g-value foniatbydrogen on LET is different
from that observed for the other primary speckest the purpose of this report, it is
recommended that the g-value dependence giverelgashed line in Figure 5-9 be
used.

The temperature dependence up to°C8dr the g-value of atomic hydrogen is given in
Figure 5-10 and Figure 5-11. In Figure 5-11, dragerature dependence is broken out
by radiation type. There appears to be a deciedbe temperature dependence as the
temperature increases. Inthe case of gamma-@dittte g-values are lower than the
values derived by material balance in Section&s@;an be seen in Figure 5-11.

For 26 MeV?H beam with a track-averaged LET of 12 eV/nm, tragerature
dependence (t itC) was:

g(H) = 0.490 + 5.35810" t

For 157 MeV'Li beam with a track-averaged LET of 62 eV/nm, témmperature
dependence (t itC) was:

g(H) = 0.337 - 8.29810° t

% Different chemistry systems were used in each labgrawith the end result in agreement.

The g-value for atomic hydrogen was measured in taysvy Parajon et al. [118]: by the HD vyield
where formate-D ion was used as a scavenger and bijffégrence between total hydrogen yield and
g(Hy) in the same solution. The g-value for atomic hydrodénh4b given by Parajon et al. [118] for
gamma radiolysis is lower than the accepted value of Q&BD¢ven in Table 3-1. Further work is
continuing to resolve this mismatch at the University dir&l®ame. It may be related to the NO
formed from the electron scavenger N@cavenging H atoms in the spur before they can vatct
formate-D ions.

39
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54 g-Value: HO,/Oy

Figure 5-12 summarises the room temperature yiehtOs/O,” measured by Appleby
and Schwarz [112], LaVerne and co-workers [109]RBunths and Sims [115] as a
function of track-averaged LET. As all workers @arsed the ferrous sulphate-cuprous
sulphate aqueous system to estimate the yield©e/d4 by conversion of H&O, to
oxygen, any oxygen produced in the track will dlsameasured in this B, yield
[109].

There does not appear to be any reports on theetamope dependence of the yield of
HO,/O,. The mechanism for the formation of KO, in the track is unclear, it has been
suggested that it may be formed through the reacti® atoms reacting with hydroxyl
radicals in the track [119]. The yield of O atoomsild be expected to have a minimal
temperature dependence. As the yield o/ is small over the track-average LET
range of interest, it is assumed that the yieldsdwet have a strong temperature
dependence.
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Figure 5-12 The g-value for the yield of HQO, (and possibly Q) as a function of
track-averaged LET at room temperature as measured by Appleby ahSchwarz
[112], LaVerne [109] and Burns and Sims [115]. The line is thé to the data given
by the polynomial equation in Table 6-1.
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5.5 g-Value: Hydrogen Peroxide

The g-values for hydrogen peroxide in light watereported by a number of laboratories
as a function of LET are shown in Figure 5-13. SEheesults were obtained at room
temperature. The temperature dependence for vagug-of the hydrogen peroxide is
given in Figure 5-14. Ashmore et al. [76] have suead the temperature dependence for
g(H20,) by measuring the oxygen yield from solutions ednihg 1-16x10* mol/kg b

using a 5.9 MeV proton beam (track-averaged LET705 eV/nm). Their results, using
the oxygen yield as measured by mass spectrorf@téine lowest beam currents they
studied, are shown in Figure 5-f4Their results, while scattered, do tend to peksie
results of Elliot et al. [110}*

Ashmore et al. [76] cover a much wider temperatange than did Elliot et al. [110] who
only measured data at room temperature af@.9%n Figure 5-14, the temperature
dependence is separated by radiation type. A siexitapolation to higher temperatures
of g(H:0,) based on the two temperature points for the 28 fteand 157 MeVLi ion
beams (Elliot et al. [110]) indicates that g(J) would be zero near 325 (see

Figure 5-14). Clearly this situation is unlikelydhis probably a consequence of the long
extrapolation and the experimental uncertaintyhedata as shown in Figure 5-14. The
data of Ashmore et al. [76] suggests a lower teaipez dependence for g{Eh).

For the purpose of calculating the g-values aststiaith fast neutron is Section 6, the
temperature dependence for g0z measured in the gamma-radiolysis (Section 3.8) ha
been assumed to apply to the LET range of intaseshown in Figure 5-14. The y-axis
intercept in the equations has been adjusted kdfit

For 26 MeV?H beam with a track-averaged LET of 12 eV/nm, tragerature.
dependence (t ifC) assumed is:

g(H20,) = 0.750 — 1.62010° t

For 157 MeV'Li beam with a track-averaged LET of 62 eV/nm, témmperature
dependence (t ifC) assumed is:

g(H:20,) = 0.810 — 1.62010° t

For 5.9 MeV'H beam of Ashmore et al. [76] with a track-averaged of 17.5 eV/nm,
if the two low data points near room temperatueeaamitted (Figure 5-14), the
temperature dependence for g (t in °C) is:

g(H:20,) = 0.951 — 1.50910° t

The temperature dependence from the data of Ashetale [76] is very similar to the
dependence assumed above.

0" The experimental arrangement used by Ashmore et al.didp]exl with the low energy proton beams

used appeared to be prone to depletion of scavenger saltivessmall radiation zone. This is
exacerbated by higher dose rates (i.e. beam currenipwadbeam energy.

In their report, Ashmore et al. [76], considered thresasurements to indicate no temperature
dependence for gga,).

41
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Figure 5-13 The g-value of hydrogen peroxide as a function of traekveraged LET

at room temperature as measured by Appleby and Schwarz [112]uhs and Sims

[115], Anderson and Hart [116], Elliot et al. [110] and Pastina antlaVerne [120].
The line is the fit to the data given by the polynomial equatn in Table 6-1.
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Figure 5-14 The temperature dependence of the g-value for hyolyen peroxide for

gamma-radiation, 26 MeV?H and 157 MeVLi ion beams measured by Elliot and
co-workers [38], [110]. The results reported by Ashmore el. [76] for a 5.9 MeV'H
ion beam are shown. Also shown is g-value for hydrogen peroxidgecommended in
Section 3.3 for gamma-radiation.
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5.6 g-Value: Hydroxyl Radical

The g-values for the hydroxyl radical in light wages reported by a number of
laboratories as a function of LET are shown in Feger15. These results were obtained
at room temperature. The temperature dependenel89C for the g-value of the
hydroxyl radical is given in Figure 5-16 and Fig&r&7. Both figures demonstrate that
the temperature dependence is similar for the gevas the LET increases.

In Figure 5-17, the temperature dependence is a&ubby radiation type. These
hydroxyl radical results are all based on matédrgdnce calculated using the g-values
for hydrogen peroxide estimated in the previougi®e&.5. It should be noted that for
gamma-radiation, this material balance estimate géghtly lower g-values than that
recommended in Section 3.2 as can be seen in Fglive

For 26 MeV?H beam with a track-averaged LET of 12 eV/nm, tragerature
dependence (t itC) was:

g(OH) = 1.450 + 6.928.0° t

For 157 MeV'Li beam with a track-averaged LET of 62 eV/nm, témperature
dependence (t itC) was:

g(OH) = 0.940 + 5.22810° t

Ashmore et al. [76] have attempted to measureetimperature dependence for g(OH) by
measuring the carbon dioxide yield from solutioostaining formate and methyl
viologen. We have chosen not to incorporate thdesa into the current evaluations as
not all the chemistry issues have been resolvéd abat corrections should be applied
to carbon dioxide yields to calculate the hydrasagdical yield. In particular, the role of
the thermal decomposition of hydrogen peroxiddéformation of carbon dioxide
remains to be established in this system.
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Figure 5-15 The g-value of the hydroxyl radical as a function of &rck-averaged LET
at room temperature as measured by Appleby and Schwarz [112] @terial
balance), LaVerne [109], Elliot et al. [110] (material balanceBurns and Sims [115],
Anderson and Hart [116]. The line is the fit to the datayiven by the polynomial
equation in Table 6-1.
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Figure 5-16 The g-value for the hydroxyl radical at different emperatures as a
function of room temperature track-averaged LET [110].
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Figure 5-17 The temperature dependence of the g-value for ttgdroxyl radical for
gamma-radiation, 26 MeV?H and 157 MeVLi ion beams measured by Elliot and
co-workers [38], [110] using material balance with the revised Bl>0O,) in
Section 5.2. Also shown is g-value for the hydroxyl radicaecommended in
Section 3.2 for gamma-radiation.
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6. ESTIMATION OF FAST NEUTRON G-VALUES AS A
FUNCTION OF TEMPERATURE

(with R.E. Donders, Reactor and Radiation Physics BranchAECL-CRL)

In this section, the methodology to estimate tisé fi@utron g-values will be outlined.
The example will be based on the fast neutron spedrom the natural uranium fuel
used in the light water-cooled, high temperatur2 Idep in the NRU reactor at Chalk
River for the radiolysis tests in 1995 [4] A very similar, more detailed simulation was
carried out by Edwards et al. [107] for the fasitren hydrated electron yield from@
scavenging in the TRIGA test reactor at UniversityVisconsin which operates on 70%
U-235 enriched fuel.

Fast neutrons deposit their energy in the wateutin ion recoils; in light water about
93% of the energy is deposited by proton recoilgenthe remainder is deposited through
oxygen atom recoils [106]. For this report, ofiig proton recoil component will be
considered for estimating fast neutron g-valuelse dxygen recoil ions are characterized
by much higher LET, giving very smaller g-values fi@e radicals and larger g-values
for molecular products. Neglect of the oxygen iisawill, overall, give slightly higher
g-values for radical primary species and slighibyeér g-values for molecular primary
species for fast neutron radiolysis. These emaggprobably minor compared to the
other approximations made in this estimate.

The overall approach to estimating the fast neuroalues can be broken down into
four steps:

1. Obtain the fast neutron flux spectrum distributfdn;
2. Determine the recoil proton spectrum distribution;

3. Determine the g-values of the primary species etion (R1)) for each proton
energy bin (based on the g-value dependence will);ldnd

4. Summing the individual g-values determined in thevjpus Step 3, weighted by
their fraction of total energy absorbed in thatrgpdoin.

In the present example, the room temperature gevafla primary specie is first
calculated in Step 3. If the g-value at a higlkengerature is required, the temperature
dependence associated with the g-value and theoft He proton is applied to this room
temperature value.

*2" The g-values depend on the spectrum of the fast neflusoim question. In general, the spectrum is

expected to only vary slightly from reactor-to-reaatsing uranium as a fuel. This does not take into
consideration the ion recoils as a consequence afsthef boron as a neutron flux control agent in
PWRs.

As will be seen below, the flux spectrum is generailyned’ in energy groups. Hence mathematical
operations are done on an individual ‘bin’.

43
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6.1 Determination of the recoil proton spectrum

The fast neutron group-flux distribution in thehligvater from the natural uranium fuel
in the U-2 loop, NRU, is shown in Figure 6-1. Tésectrum was calculated using an
AECL in-house multi-group neutron transport codeMS8IAECL. The spectrum is
calculated in energy groupings or ‘bins’. As cansken, most of the fast neutron flux
falls into the 0.5 to 6 MeV energy range.

When fast neutrons of a given energy scatter efftiotons in the water, the recoil
protons that are formed will have a range of emstgiThe distribution of protons in the
different energy bins has been calculated using:tie¥gy Transfer Factors as described
and tabulated by McCracken et al. [106]. The pro&zoil spectrum is given in

Figure 6-1 along with the percentage of the tatargy deposited by the protons from
each ‘bin’.

6.2 Estimation of the g-values for fast neutron at room temperature

The track-averaged LET for the protons in eaclhefdeven energy bins spanning the
region of interest (0.2 to 11 MeV) can now be eated from the information in

Figure 5-2. The mid-point of each bin was usedherproton energy (P) to calculate the
track-averaged LET. The polynomial function giwerTable 6-1 was used to calculate
the track-averaged LET.

The next step is to calculate the g-values foiptiteary species associated with each of
the energy bins. To do this, the dependencesdjtalues on track-averaged LET
given in Figure 5-3, Figure 5-6, Figure 5-9, Figbr&2, Figure 5-13 and Figure 5-15
have to be use. The fit lines in these figureehaeen used and the polynomial
equations to the fits are given in Table 6-The g-value for each proton energy bin is
given in Table 6-2. Each g-value was calculatett wo consideration of overall
material balance for the decomposition of water, they were calculated from
independently. To check the material balance, g{&b also estimated separately based
on material balance with the other g-values. Traserial balance g(H) is given in the
last column in Table 6-2. As can be seen, thenmtsmlance g(H) agrees acceptably
with the measured g(H) to within 0.13 #/100 eV aading that that the g-values are
self-consistent within experimental uncertainty.

The fast neutron g-values are then calculated byrsng the g-value for each energy bin
weighted to its fraction of the total fast neutesrergy absorbed; the g-values are given
in the bottom line of Table 6-2. These room terapee fast neutron g-values are similar
to those estimated by Ruiz et al. [121] by McCrack€6] and Edwards, et al. [107].

The fast neutron g-values in Table 6-2 tend to tmyker free radical yields and low
molecular yields than those typically used in thetg13]. One reason for this is that
often a mono-energetic 2 MeV neutron was takeeaesentative of a fast neutron flux
in a reactor. The proton recoil energies calcdl&tem a 2 MeV neutron were 1.3 MeV
or less, biasing the energy spectrum to higher p&icles, which have lower free

* Note the polynomial fits use LagLET), not LET as the fit parameter.
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radical yields. This is illustrated in Table 6-Bave the effect of LET on radiolysis
yields covers the LET range of interest.

6.3 Estimation of the g-values for fast neutron at reactor operating
temperatures

As can be seen in Figure 5-5, Figure 5-8, Figutd S-igure 5-14 and Figure 5-17, the
g-value for a given radiation type changes lineaith temperature over the temperature
range studied from room temperature up to°C30This linear dependence has been used
to estimate the g-values for the primary specieshi® different proton energies at higher
temperatures. It has been assumed that the tiep@ndence extends up to reactor
operating temperatures, although based on the gaaui@ysis g-values yields

(Figure 3-10) it would be expected that therekislyi some curvature in the dependences
above 180C. It is beyond the scope of this report to edtinvehat this curvature would

be.

The rate of change of the g-values with temperatre d(g-value)/d(temperature), as a
function of the track-averaged LET is shown in Fegg6-2. The value of
d(g-value)/d(temperature) at the LET associated thie proton energy bins has been
interpolated from the data in Figure 6-2 assumitigear relationship between the
available LET data points of 12 and 73 eV/nm. Tapendence is summarized in

Table 6-3. These temperature dependences havapeked to the room temperature
g-values for the different proton energy bins ibl€&6-2. The fast neutron g-values were
then calculated as before for each temperatur@@nshown in Figure 6-3. The g-values
(units #/100 eV) in Figure 6-3 can be describedhgyfollowing equations where t is the
temperature ifiC.

g(eyq) = 0.96 + 1.0910° t
g(H,) = 0.75 + 8.0210% t
g(H) = 0.49 + 3.2210" t
g(OH) = 0.99 + 6.2610° t
g(H20,) = 0.89 — 1.6210° t
g(HG,/O;) = 0.03

These equations do not amount to a material balant¢ke decomposition of water. If
they are to be used in computer modelling of tkofgsis of water, one of the g-values
should be calculated from the material balancetemjuaAt the present time, it is
recommended that g(H) be that g-value.

g(H) = g(OH) + 2 g(HO,) - g(&q) - 2 9(H) + 3 g(HQ).
For the data in Figure 6-3, the difference was iwithl #/100 eV between g(H)

estimated by material balance and the calculatél gThis indicates there is internal
consistency within the calculations.

Table 6-4 summarizes the fast neutron g-valuetefoperatures between2&nd 350C.
These g-values at reactor temperatures (>~380°C) tend to have higher radical yields
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than have been typically estimated [13] with theegtion of the g-values estimated by
McCracken et al. [106], whose more complete metloayoto g-value estimation has
been followed in this report but using re-assesspearimental data.

It should be remembered that these g-values fon&agrons reported here will be higher
than the true ‘escape’ yield because of the sslcaéwenging powers used in most of the
experiments.
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Table 6-1
Polynomial functions describing track-averaged LET as functn of proton energy and
g-values as a function of LET at room temperature

Parameter Function
Track-Averaged LET (eV/nm)| 82.018 — 56.022 P + 26.053P7.026 P+ 1.090 P — 9.54&10% P° + 4.37X10° P — 8.10%10° P’
(Proton Energy = P in MeV) (for proton energy = 0.2-11 MeV ifrigure 5-2
g(eyq) 2.429 — 0.647 L — 0.312%l+ 2.726<10° L® + 2.24%10% L*
(L = Logio(LET)) (Figure 5-3)
g(Hz) 0.435 + 9.40%10% L + 9.96X%10°L2 — 5.79410° 3
(L = Logio(LET)) (Figure 5-6)
g(H)* 0.583 + 3.92410° L + 1.95%10° L? - 3.77%10° L% - 2.35%10% L*
(L = Logio(LET)) (Figure 5-9)
g(OH) 2.605 — 0.608 L — 0.440°1+ 0.123 2
(L = Logio(LET)) (Figure 5-15)
g(H0y) 0.675 +0.135 L — 1.2x10° L2
(L = Logio(LET)) (Figure 5-13)
g(HO/Oy) 2.415¢10% + 7.23%10° L — 2.24610° L? — 6.38%10°% L® + 4.77&10° L*
(L = Logio(LET)) (Figure 5-12))

* Function not valid above a track-averaged LET of 10theV/
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Table 6-2
The g-Values for the different energy recoil protons anddr fast neutrons at room temperature
Mid-point  |Track-Averaged| %
Energy LET ponerdy 19(&)| 9(H2) | 9(H) |9(OH)|g(Hz02)| g(HO2) | g(H)*
eposited
(MeV) (eV/nm) (Figure 6-1)
8.6 14.5 5.5 1.34 067 057 150 0.81 0.03 0,53
4.9 20.1 18.7| 1.18 0.71 055 1.34 0.83 0.03 0/48
3.0 27.0 286| 104 0.76 0852 120 0.84 0.03 0/42
1.8 34.5 236| 092 079 049 1.08 0.8 0.03 0/38
1.1 44.3 13.6| 081 088 045 0.96 0.86 0.04 033
0.7 54.6 6.9 0.71 087 042 0.87 0.87 0.04 0,28
0.4 63.4 3.1 065 089 038 0.80 0.88 0.04 0,25
Fast Neutrons g-values = 099 0.78 050 1.15 0.85 0.03 0)40

* Calculated by material balance: g(H) = g(OH) + 2 485} + 3 g(HQ) - g(eq) — 2 9(H)
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Polynomial functions describing the rate of change of d(g-va&)/d(temperature)
with track-averaged LET

Parameter

Function

d(g(eq))/d(temperature)

1.92%10°2 - 2.56<10° LET

d(g(H))/d(temperature)

7.5%10% + 1.3X10° LET

d(g(H))/d(temperature)

6.70x10* - 1.0810°LET

d(g(OH))/d(temperature)

7.34x10°% — 3.3%10° LET

d(g(H.0y))/d(temperature)

-1.62x10°

d(g(HG/Oy))/d(temperature)

No temperature dependence

Table 6-4
The g-Values for fast neutrons deposited in light water atemperatures between 2%
and 35CC for natural uranium

Temperature
) a(e) 9(H) g(H) | 9(OH) | 9(H:07) | 9(HO,)
25 0.99 0.78 0.50 1.15 0.85 0.01
50 1.02 0.80 0.51 1.30 0.81 0.0}
100 1.07 0.84 0.52 1.61 0.73 0.0
150 1.13 0.88 0.54 1.93 0.64 0.0
200 1.18 0.92 0.56 2.24 0.56 0.0
250 1.23 0.96 0.57 2.55 0.48 0.0
300 1.29 1.00 0.59 2.87 0.4( 0.0
350 1.34 1.04 0.60 3.18 0.32 0.0

W W W W w W Ww W
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Figure 6-1 The relative ‘energy binned’ fast neutron group-flxes and proton recoil

spectrum for the light water-cooled, high temperature U-200p, NRU reactor. The

fuel was natural uranium after 250 MWh/kg uranium burn-up. Also shown are the
percent of the total energy deposited by protons within eacknergy bin*°

4> Neutron group fluxes were calculated at a finer growgire, which were then collapsed to the

indicated group structure to be consistent with the @gn€ransfer Factors in Reference [106].
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Figure 6-2 The rate of change of the g-values with temperatuss a function of
track-averaged LET. The solid lines are dependences usemlcalculate the fast
neutron g-values at reactor operating temperatures.
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Figure 6-3 The g-values for fast neutrons as a function of tempure for natural
uranium fuel.
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7. CONCLUSIONS

The information contained in this report is basedlata available up to the year 2008.
The development of an improved radiolysis dataisaae iterative process. Many of the
reaction rate constants catalogued in this re@aftideen estimated by fitting data using
some form of computer modelling. Often, since ¢hede constant estimates were made,
there have been improved measurements to theaastanits and extinction coefficients
that were incorporated into the original computedei. Ideally, many rate constants
should be re-investigated using the revised/updattedconstants and extinction
coefficients to generate a self-consistent radislgiatabase.

One of the difficulties encountered in compilingstreport has been the inconsistency in
dosimetry and extinction coefficients used in d#fet laboratorie§® It is recommended
that all laboratories standardize their pulse Hgdis dosimetry to that recommended by
Buxton and Stuart [3Z]. Experimenters should, where possible, deternhiae t
extinction coefficient of a transient species irelggently to avoid situations where the
extinction coefficient used does not match therdesiy as has been found with the
hydrated electron recently [51] and with the sugigi®@radical anion [24], [65].

One research area that requires some further assaiss the estimation of both
gamma- and fast neutron g-values that represemtudeescape’ yield for use in
deterministic radiolysis modelling over the°2860°C temperature range. The g-values
estimated in this report are slightly elevated asrsequence of the solute scavenging
powers used in many of the experiments. At thistgo time, considering all the other
uncertainties in the radiolysis database, in reaidse rates, etc., the g-values given in
this report should be satisfactory for radiolysisdelling purposes.

To summarize the overall conclusions of this repgbse g-values for gamma- and fast
neutron radiolysis at a number of temperaturesdmtv23 and 350C are given in

Table 3-4 and Table 6-4. The rate constants aswtaded equilibria for the radiolysis of
high temperature water have been calculated frenmigthematical functions given in
this report for a number of temperatures froi@ 350C and are listed in Table A-1,
Table A-2, Table A-3 and Table A-4 in Appendix A.

6 Both authors of this report have been guilty of thisaiction.

4" The G of 2.51x10 (G in #/100 eV and in L/mol/cm) recommended by Buxton and Stuart [32] for
the oxygen saturated #@nol/L thiocyanate dosimeter at 475 nm has been corditogeBartels and
co-workers (to be published), using the absorption extinctefficient of the hydrated electron. This
was determined independent of any dose or yield calibrdtiomsthe simultaneous measurements of
the fluoride ion product in sulphur hexafluoride solutiddsproduct in NO solutions, or MV
absorbance at 605 nm in methyl viologen solutions.
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Appendix A

Tabulations of Rate Constants and pKs at Different Temperaties based on Mathematical
Functions provided in this Report
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Table A-1 Rate Constants Associated with Reactions in Tablel
Temp (°C) 20 [ 50 | 100 | 150 | 200 | 250 | 300 350
Number Reaction Rate Constant (Units: L/mol/s for 2 order; /s for 1% order)

R2 €t &gt (2H0O) - H,+2 0OH 6.20E+09 | 1.44E+10, 3.85E+10 7.52E+10 1.55E+410 4.71H+08 6.06E+06
R3 H+H - H, 4.62E+09 | 8.35E+09 1.81E+1p 3.27E+10 5.21E410 7.60H+10 1.04E+11 1.3
R4 OH + OH - H,0, 4.54E+09 | 6.24E+09] 8.77E+0P 1.03E+[10 1.08E+10 1.06H+10 9.87E+09 8.9
R5 €q + H(+HO)-> H, + OH 2.49E+10| 4.40E+10] 9.27E+10 1.64E+[l1 2.56E+11 3.68H+11 4.97E+11 6.3
R6 €9 tOH - OH 3.34E+10| 4.90E+10, 8.53E+10 1.36E+11 2.01E+11 2.808+11 3.73E+11 4.7
R7 H+ OH - H,O 1.03E+10| 1.45E+10, 2.28E+10 3.23E+{10 4.24E+10 5.28B+10 6.34E+10 7.3
R8 €q + HO, - OH + OH 1.22E+10| 2.22E+10, 4.87E+10 8.85E+{10 1.42E+11 2.08B+11 2.85F+11 3.7
R9 €t - O 2.11E+10| 3.30E+10] 5.89E+10 9.18E+{l0 1.30E+11 1.73H+11 2.18E+11 2.4
R10 &g+ O (+ HbO) - HO+ 2 OH 1.19E+10| 1.95E+10, 3.73E+10 6.12E+10 9.04E+10 1.24B+11 1.61F+11 2.
R11 €q + HG, - HOY 1.19E+10| 1.95E+10, 3.73E+10 6.12E+10 9.04E+10 1.24B+11 1.61F+11 2.
R12 H+ H,0, - OH + HO 3.16E+07 | 7.04E+07| 2.01E+08 4.49E+08 8.46E+08 1.41H+09 2.15E+09 3.
R13 H+ O - HO, 1.20E+10| 1.87E+10, 3.03E+10 4.08E+{10 4.93E+10 5.58B+10 6.06E+10 6.4
R14 H+ HO, - H,O, See Section 4.1.13
R1l4a H+ HO, -~ 2 OH 1.03E+10| 1.83E+10, 3.89E+10 6.94E+{10 1.09E+11 1.58B+11 2.14E+11 2.7
R15 H+ O - HO, 1.03E+10| 1.83E+10, 3.89E+10 6.94E+{10 1.09E+11 1.58B+11 2.14E+11 2.7
R16 OH + HO, - HO, + H,O 2.65E+07 | 4.49E+07, 8.95E+0)f 1.51E+P8 2.29E+08 3.21H+08 4.23E+08 5.3
R17 OH+ G - (HO;) - O+ OH 1.02E+10| 1.54E+10, 2.65E+1D0 4.00E+10 5.55E+410 7.22B+10 8.98E+10 1.C
R18 OH + HO, - (H,03) — O+ H,0 8.44E+09 | 1.00E+10] 1.52E+1D 1.95E+[10 2.38E410 2.80E+10 3.20E+10 3.5
R19 HO, + HO, - H,O, + O, 7.31E+05| 1.57E+06| 4.28E+06 9.20E+Dp6 1.68E407 2.74E+07 4.10E+07 5.7
R20 O, +HO, (+ HO) - H,0,+ O, + OH | 9.47E+07 | 1.29E+08 1.93E+0B See Section 4.1.18
R21 O, +0, (+2HO0) - H,0,+ 0O, +2 OH See Section 4.1.18
R22 H,0, —» % O + H,0 I [
R2%a H,0, - 2 OH 8.29E-08 9.86E-07 2.52E-05 3.00E-04 2.11E-{03 1.03B-02 3.78E-02 1.1
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Table A-2 Rate Constants Associated with the EquilibriunReactions in Table 4-2 and Table 4-3
Temp (°C) 20 | 50 | 100 | 150 | 200 | 250 | 300 | 350
Number Equilibrium Reactions Rate Constant (Units: mol/s for 2" order; /s for 1° order)
R23f H,0 = H' + OH 1.29E-05| 1.78E-04 3.13E-03 1.68E-02 4.58E-02 7.50E-02 6.52E-02 2.03E-02
R23b H,0 = H' + OH 1.06E+11| 1.83E+11] 3.22E+1l 4.54E+11 6.05E+11 8.14E+11 1.13E+12 1.63E+12
R24f H,0, = H + HO; 6.49E-02 | 4.36E-01] 3.06E+0D 9.56E+(00 1.98E+01 2.92+01 2.52FE+01 8.27E+00
R24b H,0, = H + HO; 452E+10| 7.55E+1d 1.27E+1jl 1.87E+l1 2.71E+11 3.92B+11 5.69E+11 8.22E+11
R25f H,0, + OH = HO, + H,0 1.18E+10| 2.16E+1( 4.04E+1D 6.06E+10 8.26E+H10 1.07E+11 1.36E+11 1.68E+11
R25b H,0, + OH = HO, + H,0 9.97E+05| 3.65E+0§ 1.63E+0f 4.40E+0p7 8.56EH07 1.338+08 1.76E+08 2.08E+08
R26f OH= H'+O 6.49E-02 | 4.36E-01] 3.06E+0D 9.56E+(00 1.98E+01 2.92+01 2.52FE+01 8.27E+00
R26b OH= H'+O 452E+10| 7.55E+1d 1.27E+1jl 1.87E+l1 2.71E+11 3.92B+11 5.69E+11 8.22E+11
R27f OH+OH = O + H0 1.18E+10| 2.16E+1( 4.04E+1D 6.06E+10 8.26E+H10 1.07E+11 1.36E+11 1.68E+11
R27b OH+OH = O + H,0 9.97E+05| 3.65E+0§ 1.63E+0f 4.40E+p7 8.56EH07 1.338+08 1.76E+08 2.08E+08
R28f HO, = H' + Oy 6.62E+05| 1.39E+0§ 2.39E+0p 2.31E+0p6 1.42EH06 5.72B+05 1.55E+05 2.82E+04
R28b HO, = H' + Oy 452E+10| 7.55E+1d 1.27E+1jl 1.87E+l1 2.71E+11 3.92B+11 5.69E+11 8.22E+11
R29f HO, + OH = O, + H,O 9.78E-02 | 1.14E+0q 2.09E+0{L 1.82E+(02 1.20E+03 6.785+03 2.87E+04 6.1Q0E+04
R29b HO, + OH = O, + H,O 1.18E+10| 2.16E+1(0 4.04E+1D 6.06E+10 8.26E+H10 1.07E+11 1.36E+11 1.68E+11
R30f H=H +ag 3.70E+00| 5.08E+01 1.31E+08 1.08E+p4 4.57EH04 1.17B+05 1.65E+05 8.95E+04
R30b HeH'+eag 2.02E+10| 2.90E+1Q 5.40E+10 8.92E+10 1.54E+H11 3.06B+11 7.16E+11 1.94E+12
R31f H+ OH = ey + HO 1.86E+07 | 8.46E+07 4.99E+08 1.44E+09 2.86E+09 4.90E+09 8.03E+09 1.32E+10
R31b H+ OH = ey + HO 1.23E+01| 4.71E+01] 2.01E+0R 4.38E+02 7.30E+02 1.18E+03 2.01E+03 3.53E+03
R32f H+ HO = H, + OH 2.26E-05| 1.07E-03( 1.29-01 4.08E+(00 5.50E+01 4.17H+02 2.10E+03 7.81E+03
R32b H+ HO = H, + OH 3.37E+07| 7.04E+07 1.71E+08 3.60E+0p8 6.08E+08 7.85+08 7.80E+08 6.1{E+08
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Table A-3 pK Values for Equilibria in Table 4-2 and Table 4-3

Temp (°C) 20 | 50 | 100 | 150 | 200 | 250 ] 300 350

PK Equilibria Molar Units

PKw HO = H + OH 14.17 | 1327 | 12229 1172 1144  11.38  11.64 1239
PKizo2 H,0, = H" + HO, 11.84 | 1124 | 1062 1029 1014 1013 1035 11,00

PKon OH= H +0O 11.84 | 1124 | 1062 1029 1014 1013 1035 11,00
PKroz HO, = H + O, 4.83 4.73 4.72 4.91 5.28 5.84 6.57 7.46

PK H=H+eq 9.74 8.76 7.62 6.92 6.53 6.42 6.64 7.34
PKrzo H,O = H"+ OH 1592 | 1501 | 14.01| 1343 1312  13.04 1324  13)90
PKs2 H+HO=H,+OH | 12.17 | 10.82 9.12 7.95 7.04 6.28 5.57 4.89
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Table A-4 Rate Constants Associated with the Alkaline Reaoins in Discussed in Section 4.3
Temp (°C) 20 [ 50 | 100 | 150 | 200 | 250 | 300 350
Number Reaction or Equilibria Rate Constant (Units:L/mol/s for 2" order; /s for 1 order)
OH +HOQ- - HO + 0 + + + + 4 + E+

R33 + R34 O +H0, - OH +HO, 7.49E+09 | 1.18E+10| 2.14E+1p 3.37E+10 4.82E+10 6.44E+10 8.18E+10 1.00E+11

R35 O +HG - OH- + O 6.65E+08 | 1.68E+09] 5.66E+09 1.43E+10 2.97E410 5.37+10 8.76E+10 1.32E+11

R36 O +H, - H +0H 1.17E+08 1.91E+08 3.64E+08 5.95E+pP8 8.76E+08 1.20+09 1.55E+09 1.93E+09

R37f O +0 =05 3.47E+09 | 5.31E+09] 9.28E+090 1.42E+10 1.99E+410 2.61H+10 3.26E+10 3.94E+10

R37b O +0 =05 1.90E+03 | 1.11E+04| 1.10E+05 6.41E+pP5 2.56E+406 7.87B+06 1.99E+07 4.32E+07
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