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Abstract: The rate constants for reactions involved in the radiolysis of water under relevant
thermodynamic conditions in supercritical water-cooled reactors are estimated for inputs in
simulations of the radiation chemistry in Generation IV nuclear reactors. We have discussed the
mechanism of each chemical reaction with a focus on non-equilibrium reactions. We found most
of the reactions are activation-controlled above the critical point and that the rate constants are
not significantly pressure-dependent below 300°C. This work will aid industry with developing

chemical control strategies to suppress the concentration of eroding species.

Keywords: Generation IV reactors, supercritical water, kinetics, radiation chemistry

1. Introduction

A supercritical water cooled reactor (SCWR) uses supercritical water (SCW) (water above its
critical point of 374°C, 221 bar) as its coolant." SCWR is one of the proposed Generation IV
reactors by the 2002 Nuclear Energy Research Advisory Committee.? SCWRs have
advantages, such as increased sustainability, improved safety, and proliferation-resistance.’

However, the radiolysis (R1) in SCW, which could lead to corrosion, is largely unknown:

R1: H,0 e 0 o H.+ OH, Hy, H,0,, HO,, 0.

Chemical control strategies are used to mitigate corrosion in nuclear reactors.* In existing
nuclear reactors, chemicals such as hydrogen are added to the coolant to chemically react with
and suppress the concentration of oxidizing species.* In SCWRs, the type of chemicals to add,
and the amount to add, if any, are unknown, and are hard to determine experimentally.
Computer simulations such as Monte Carlo simulations,®® can be used to find the optimum

coolant composition that minimizes the production of corrosive radiolysis products.”

https://mc06.manuscriptcentral.com/cjc-pubs
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In 2009, Atomic Energy of Canada Limited (AECL) published a review of the rate constants for
radiolysis of water at temperatures below SCWR conditions.? Although the rate constants of
reactions in water mostly follow Arrhenius temperature dependence at low temperatures,
several studies have shown that the rate constants of many reactions in water plateau and may
even decrease near the critical point.g‘16 Accurate predictions of rate constants of relevant
reactions in SCW are crucial for the development of chemical control strategies to minimize
corrosion in SCWRs.”"” The goal of this work is to give recommendations for the rate constants
of important reactions in radiolysis of water under hydrothermal conditions based on a model
proposed by Ghandi et al."" that accounts for the non-Arrhenius temperature dependence of
different reactions in water. Table S1 in the Supporting Information (SI) contains all reactions.
The labeling of reactions are adapted from AECL report.8 We have previously addressed all the
significant equilibrium reactions involved in the radiation chemistry of water (Reactions R23-
R32) under SCWRs coolant’s thermodynamic conditions.” This paper addressed the non-
equilibrium reactions (Reactions R2-R22a) which are grouped according to their mechanisms in

Table 1. The methodology was described in detail previously13 and in the SI.”

Although all reactions that are discussed in this paper (R2-R22a) are important in the
radiolysis of water, in order to make the main text of this paper as concise as possible we had to
transfer discussion of many reactions to the Sl. The splitting of the reactions that are discussed
in the main text vs. those in Sl is mainly done based on g-values. The g-value is defined as the
number of species formed or dissociated per 100 eV energy absorbed. Some species in water
such as -OH, e4q, H- and H; have larger g-values at around 350°C,? and are expected to be
important in SCW as discussed in section 2.6. Thus, their reactions should be given more
attention as they can significantly change the outcome of Monte Carlo simulations.” As such,

we discussed these reactions (R3, R4, R5, R6, R7), and the reactions that require special
https://mc06.manuscriptcentral.com/cjc-pubs
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treatments to model in the main text (R2, R15), while discussion of the other reactions are
provided in the Sl. Despite this splitting of reactions, we strongly recommend that the readers
also carefully study all reactions we discussed in the Sl. The readers who model the radiation
chemistry in coolants of SCWR should know that the tables of all reaction rate constants and
activation parameters are reported in the Sl. A brief summary of all reactions involved (including
the equilibrium reactions) is provided at the end of the main text. Since we both describe and
classify the reactions based on their mechanisms, the reactions are not discussed in numerical

order (e.g. R4 is discussed before R3 and R2, etc.)

2. Results and Discussion

2.1 The cage effect

A model that considers the number of collisions during the lifetime of an encounter pair is used
in this work to account for the observed significant decrease of rate constants of reactions in
water at high temperatures.7‘11 The process in which reactant species diffuse together to
become neighbors is called an encounter. In order for a reaction to occur, diffusion of the
reactants into the same water cage is required. The solvent cage will keep the reactants in close
proximity for a while, during which they will collide with each other and with the water molecules
surrounding them. The lifetime of an encounter is the time that the reactants remain within the
same water cage. The temperature dependence of the encounter time at a certain pressure is

discussed when introducing the first reaction we investigated.

For a reaction to occur, the reactants must be oriented properly to allow new bonds to form.
Once the reactants enter the same water cage, they will collide with each other, reorient, and

exchange energy with surrounding molecules until they are either properly oriented for the
https://mc06.manuscriptcentral.com/cjc-pubs
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reaction to occur, or they will escape from the cage. When temperature increases, the hydrogen
bond (H bond) length also increases and thus H bond becomes weaker.'® As a result, the
energy barrier to escape a cage formed by these bonds decreases. This has two implications,
the first being reactants moving from cage to cage faster (larger diffusion coefficients) and the
second being that reactants, once in the same cage, have a shorter encounter lifetime to
accommodate proper orientation for reaction. As a result, the probability that the reactants will
find the right orientation to react decreases, and therefore the efficiency of the reaction is
reduced.”"" This is accounted for in our model by including an efficiency factor, fz, which is
proportional to the number of collisions per encounter. This is described further when discussing

Reaction R4 and in the SlI.
2.2 Addition / Non-dissociative attachment

As will be described in section 2.3, Reaction R2 is heavily influenced by Coulomb interactions.
Reaction R3 is only influenced by spin orientation not the orientation of reactants. On the other
hand, in reaction R4 (-OH + -OH — H,0,), the -OH radicals must approach each other in an
orientation that allows new bonds to be formed between the O atoms, hence influenced by the
cage effect more than H- atom reactions. Thence we introduced this reaction first, and used it as

an example to show the timescales and collisions per encounter and in general the cage effect.
R4:
- OH +- OH - H,0,

The self-recombination of hydroxyl radicals produces hydrogen peroxide, which can

decompose into molecular oxygen and water. This reaction is important in SCWRs, as the crack

growth rate in reactors isyglated o HaQzapd Rzl +Jhejreastion has been studied by Jannik et
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al.?° from 150 to 350°C at 250 bar, by directly measuring -OH radical transient optical absorption
at 250 nm. They suggested the use of the Noyes equation to describe the non-Arrhenius
behavior. In their system, hydrogen radicals reached up to 30% of the total yield of hydroxyl
radicals at 350°C. Due to the ambiguity of the extinction coefficient at higher temperatures, the
actual rate will differ from the measured one in the high-temperature range.? Elliot et al.*’
studied the same reaction from 20 to 200°C. Both studies are done using N,O saturated solution
because solvated electrons react with N,O and convert them to -OH radicals.

700°C 400°C 300°C 200°C 100°C 20°C

1E+12
E: _____-_\. — k. === kan

g A = Jannik et al.

R + Elliot et al.

1E+11 s

k (L/mol/s)

1E+10

1E+09
0.001 0.0015 0.002 0.0025 0.003 0.0035

T (1/K)

Figure 1 The Arrhenius plot of the data from Jannik et al.?°

/.21

and Elliot et al.=", with our fit of Kpre

to the data and extrapolations to high temperatures for R4: -OH + -OH — H,0, at 250 bar.

Elliot found an activation energy of 3.7 kJ mol™ which is smaller than our fit value 12 kJ mol™.
This reaction is not a diffusion-controlled reaction, as can be seen from our fits. It is strongly
influenced by the cage effect as can be seen by the rapid drop in reaction rate near the critical
point in Figure 1. This is the reason for the difference in our activation energy and the one
reported by Elliot et al.?’ Figure 1 suggests that although there are enough encounters for the
reaction, the efficiency of the reaction at high temperatures is low due to the cage effect (the

‘OH radicals are not able to find the right orientation to react before leaving the water cage).
https://mc06.manuscriptcentral.com/cjc-pubs
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Therefore, the fr factor will be a small number at high temperatures. To estimate the duration of
encounter Tenc, We assumed the encounter pairs are in equilibrium with the separated reactants.
The equilibrium constant can be written as the ratio of the diffusion rate constant and the
separation rate of the reactants: Kenc = Kt/ Tenc - Kene Can be estimated by considering the
probability of finding one reactant as next nearest neighbor to the other. Using a coordination

number of 8, we found Kene = 8 / [H20]. Then, Tenc can be calculated using the formula:"’

8
Tppe = —————. 1
ENC kqigrx[H20] 1]
The duration of collision T can be estimated based on collision time in gas-phase, collision

frequency, scaled with the inverse self-diffusion constant of the solvent:"’

Teoll = Z_l(p) 2 261D(P)/D(Po) [2]

where p is density, Zo'is scaling constant, D(p) is self-diffusion constant of water at a given
temperature, and D(py) is self-diffusion of water at reference state which is chosen to be 450°C
and 240 bar consistent with previous work." The Teoi / Tene gives the number of collisions per
encounter (Figure 2). There are around 1000 collisions per encounter for this reaction at lowest
temperature. Other reactions have an order of 10 to 10° collisions per encounter at room
temperature. In SCW, the weak H bonds do not hold water molecules together for more than 1

ps as opposed ~31 ps at room temperature, '®??

and the number of H bonds per water molecule
decreases as temperature is increased at a given pressure.?® As temperature increases to near

the critical point, collisions per encounter decrease and the value of f; also decreases.’

https://mc06.manuscriptcentral.com/cjc-pubs
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The temperature dependence of fr and collisions per encounter are similar (Figure 2). At room

temperature fr is around 1 and as temperature increase to near the critical point, it decreases to

about 0.001 to 0.01.” Above the critical point, at high enough temperatures there is one collision

per encounter, thus fr remains constant.

- Tl".ll.
Teall

— Collisions per encounter

IE+0 |

Time /ps

() 50 1040 150 200 250 300 350 400 450
Temperature (°C)

4 1E+3

Collisions per encounter

1E+0

Figure 2 Tenc and o (Y-axis on the left), and collisions per encounter (Teoi/ Tence, y-axis on the

right) for R4.

Including fr in Arrhenius equation, the temperature dependence will be like Figure 1. It goes

through a maximum before the critical point, before increasing via an Arrhenius temperature

dependence. The rate constants of most reactions studied in this work follow a similar

temperature dependence thus their details are only reported in the SlI.

R3:

H-+H-- H,

The recombination of H- atoms between 20 and 250°C at 140 bar was measured by Sehested

et al.,?*, by observing the UV spectrum of the H- atom at pH 2. Their rate constants are lower

limits of the real values at higher temperatures because the extinction coefficient was assumed

https://mc06.manuscriptcentral.com/cjc-pubs
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to be temperature independent, but it increases by 10% from 20 to 200°C.?* They obtained an

activation energy of 14.7 kJ mol™"; the activation energy from our fit is 7.8 kJ mol™.

Sehested and Christensen did not account for the spin exchange . The addition reaction,
however, is in competition with the spin exchange. Electron spin exchange is common in low
energy collisions between species with unpaired electron.?® For example, a collision between
two H- atoms of spin states |a,a.) and |B,8.) (a is spin up, B is spin down, p denotes the proton,
and e denotes the electron), will result in |apﬁe) and |ﬁpae), if spin exchange occurs. Similar to
the collisions per encounter of hydroxyl radicals in Figure 2, there are more collisions during an
encounter of two hydrogen atoms of opposite electron spins at low temperatures (the reaction
happens only if the electron spins are opposite). At each collision, a spin exchange or an
addition reaction can occur. Although spin exchange will not prevent an addition reaction, an
addition reaction will prevent a spin exchange. If there are more collisions in an encounter, an
addition reaction will eventually occur. Thus, it is reasonable to assume this reaction is diffusion-
controlled at low temperatures. At high temperatures, there is essentially only one collision
during an encounter. Therefore, the probability of the H- atoms going through an addition

reaction is significantly smaller at higher temperatures.

For spin exchange, the rate constant depends on the number of encounters, ki the

exchange factor, pspin, and the strength of the exchange interaction, J B
kpre = pspinkdifffi; f] = ]ZTgnc/(l +]2Tgnc [3]

where Tenc is the duration of the encounter, kqi is the diffusion rate constant. For a strong spin

exchange limit, kpre Only depends on pspin. FOr weak a spin exchange, f; shows a similar

https://mc06.manuscriptcentral.com/cjc-pubs
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temperature dependent trend as fr factor, although instead of orientation, f; only depends on the

number of collisions in an encounter.’

For this reaction, orientation is not an important factor considering the electronic aspects; only
the spin orientation is important. Also since H-atom reactions could be affected by quantum
tunneling at low temperatures, this reaction could be diffusion-controlled in this range. Hence,
the possibility of contribution from a diffusion-controlled mechanism at high temperatures cannot
be discounted. We have already shown in our previous work that the Stoke-Einstein diffusion
model underestimates diffusion coefficients above the critical point.” As such, we used a scaled
diffusion model of water by Kallikragas et al. % at high temperatures, and the Stoke-Einstein
diffusion model at low temperatures up to 250°C and matched the value of these two curves at
250°C, because at this point we still know the rate constant from the experiment data (Figure 3).
5 e il <zl L e

« Schested and Christensen

= '{-rwl
wen

pre2

1E+12

1E+11

k (L/mol/s)

1E+10

1E+09 N — — . M
0.001 0.0015 0.002 0.0025 0,003 0.0035

T (1VK)
Figure 3 The experimental data from Sehested and Christensen®, along with our fit of Kore1 tO
the experimental data and its extrapolation to high temperatures for R3. We assumed a

diffusion-controlled reaction for R3. For kye2, We took into consideration the competition with

spin exchange as described in the text.

https://mc06.manuscriptcentral.com/cjc-pubs
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We can correct the rate constants to account for the statistical factor (addition vs. spin
exchange) if in each collision the probability of an addition reaction is pcoi. We can estimate the
number of collisions, neo, in @an encounter at different temperatures using the fr factor, assuming
only one collision per encounter at very high temperature. The probability that an addition

reaction occurs in an encounter is calculated as:

Padd = 1 — (1 = pon) et [4]

Multiplying this probability by the diffusion rate constants, and assuming pcq is 0.5, we obtain
Kore2 in Figure 3. The pcoi is chosen to be 0.5, but the real value could be slightly smaller. We
report the rate constants in the Sl for both the diffusion-controlled model, and the diffusion-
controlled model in which we accounted for the competition between addition and spin

exchange. We recommend the latter.
R6:
€39 +- OH - OH™

The reaction between a hydrated electron and hydroxyl radical is important: it changes the pH
of the solution in the radiolysis track and turns -OH radicals into less reactive OH" ions. pH is a
critical factor for corrosion control in water-cooled nuclear reactors, since it is a significant
parameter that affects the speciation and solubility of metal oxide and hydroxides (corrosion

passivation layers).?” A recent Monte Carlo study by Kanike et al.?®

shows that a spur formed in
the radiolysis of room temperature water is acidic in the early stage, and becomes neutral with
time. The increase in pH is mainly due to two reactions: H3O" reacting with OH", and H3O"

reacting with eaq'.28 R6 plays an important role here, as it is linked to the two species. This

https://mc06.manuscriptcentral.com/cjc-pubs
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shows that it is important to have accurate rate constants in order to model water radiolysis

since the population of all species are related by different reactions.

R6 has been studied by Christensen et al.?, Elliot et al. *°, and Janik and Bartels.®
Christensen et al.?° studied it with pulse radiolysis at a pH of 10.0 to 10.6 using a buffer, and
Elliot et al. * studied this reaction using a deoxygenated borate-buffered solution of pH 9.2. All
rate constants were obtained by observing the decay of hydrated electrons in either a buffer or
in alkaline water. There is a reasonable agreement between the work of Elliot et al.*° and Janik

and Bartels®, while data from Christenson et al.?®

suggests higher rate constants. Our fit shows
that R6 is an activation-controlled reaction at high temperatures with a small activation energy of
4 kJ mol ™, and a diffusion-controlled reaction up to ~ 200°C (Figure 4). This reaction is a
diffusion-controlled reaction at room temperature, and the kg for this reaction is larger than R3

at this temperature. This is likely due to the hydrated electron having a faster diffusion rate than

H-, and also the -OH radical has a larger reaction radius than H-.21

T00°C 400°C 300°C 200°C 100°C 20°C

1E+13

1IE+12

k (L/mol/s)

1E+11

- ;‘--hl:
= Kt + Janik & Bartels KOH
+ Janik & Bartels Borate

* Christenson et al.

= Elliot et al.

1E+10
0.001 0.0015 0.002

0.0025 0.003 0.0035

T (1/K)
Figure 4 The experimental data from Janik and Bartels®, Elliot et al.*°, and Christenson et al.?,

along with our fit of kpre to the experimental data and its extrapolation to high temperatures for

R6: eaq + ‘OH — OH'. A pressure of 250 bar is used in this figure.

https://mc06.manuscriptcentral.com/cjc-pubs
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H-+-OH - H,0

This reaction has been studied by Lundstrom et al.*' and Buxton and Elliot.** Lundstrom et

al.®! studied this reaction at 100 bar between 5 and 233°C at pH = 2 (Figure 5). They reported

an activation energy of 8.2 + 0.4 kJ/mol,*" close to our activation energy, 11 kJ mol™.

k (L/mol/s)

IE+13 700°C 400°C  300°C 200°C 100°C 20°C
o ™
r "\ — ke - ki
\ - Kact 4 Lundstrom et al
T < Buxton & Elliot

1E+12 |

IE+11 |

1E+10 :
0.001

0.0015

0.002

0.0025 0.003 0.0035 0.004

/T (1/K)

Figure 5 The experimental data from Lundstrom et al.*' and Buxton & Elliot*?, along with our fit

of kyre to the experimental data and its extrapolation to high temperatures for the reaction R7: H-

+ -OH — H,0. A pressure of 250 bar was used.

Buxton and Ellio

t32

studied R7 up to 200°C using pulse radiolysis of 10 mol dm™ HCLO,

solution. The extinction coefficient was assumed to be independent of temperature in both

papers, but it is believed that the extinction coefficient does change with temperature.® Buxton

compares this reaction with two other reactions (R3 and R4) and finds that R7 is closer to R4

than R3; therefore, they qualitatively conclude it is not a diffusion-controlled reaction. However,

our fitting shows a diffusion-controlled reaction at low temperatures up to at least 50°C.

https://mc06.manuscriptcentral.com/cjc-pubs
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241  Although the diffusion rate of H- is higher than that of the -OH radical, the reaction radius of -OH
242 s larger than the reaction radius of the H- atom at room temperature.?'® This is likely the
243 reason that the kg of R7 and R4 are higher than R3 at low temperatures. Our predictions show

244  a peak rate constant at around 180°C. The rate constant then rapidly drops until about 352°C.

245 R15:

H-+05; - HO;

246  Experimental rate constants do not exist for this reaction. Thus, we did quantum calculations for
247  the gas phase at room temperature with Gaussian 09°* using a density function theory (DFT)*
248  with the B3LYP functional®®*?*” (UB3LYP) and a basis set of 6-311 ++ G(d,p)*®. The transition
249  state is calculated using the STQN method.* The frequency calculation is performed at the

250 same level to confirm that the structure found in the calculation is a transition state (i.e. with a
251 single imaginary frequency) and to study the thermal effects on activation parameters. From the
252  frequency calculation, the activation entropy (AS*) and enthalpy (AH*) can be obtained. The gas
253 phase activation energy (Ez) and the pre-exponential factor (A) can be calculated using the

254  formula [5] and [6];'%%°

055 E, = AH* + 2RT (5]
2k T As?
256 log10(4) = log,, (ehci ) + (2.303R) 6]

257 where R is the gas constant, kg is the Boltzmann constant, T is the temperature, e is the Euler's
258 number, h is the Planck constant, ¢, is the concentration of water. From these calculations, we
259  obtained an activation energy of 42 kJ mol™', and a pre-exponential factor of 6.0 x 10"" dm*®mol™

260 ™. Note that the, compuLetlttion/aI method usingnHSSLYP witDsa basis set of 6-31 + G(d,p) has an

ps://mc06.manuscriptc com/cjc-pu
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error of around 16 kJ mol™ for activation enthalpy.*! The basis set we used is likely to yield a
more precise result since it uses more functions to describe the valence electrons and has more
flexibilities when describing molecular orbitals.® It is assumed that the B(r) and PrKgas (fitting
parameters used in this work, described in Sl) of R15 are the same as those of R13, as the
reactants of R13 are similar to R15, but without charges. The mechanism of this reaction is a
hydrogen atom approaching the oxygen pair from an angle of around 55 degrees from the O-O

bond. The rate constant of this reaction is shown in

1E+08 700°C 400°C  300°C 200°C 100°C 20°C

1E+07

1E+06 |

k (L/mol/s)

1IE+H05

1E+04 L— — — —
0.001 0.0015 0.002 0.0025 0.003 0.0035

/T (1/K)

Figure 6. The rate constants for this reaction are small compared to other reactions, thus this

reaction should not be significant for modeling radiolysis in supercritical water.

https://mc06.manuscriptcentral.com/cjc-pubs
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o o mnnC ! o o
1E+08 ?00 C 400°C  300°C 200°C 100°C 20°C

1E+07

1E+06

k (L/mol/s)

1IEH05 ¢

1E+04 L— — — —
0.001 0.0015 0.002 0.0025 0.003 0.0035

271 /T (1/K)

272  Figure 6 The predicted rate constants of R15: H- +O," -HO,". The parameters used to obtain

273 this curve are described in the text.

274 Comparison of different addition / Non-dissociative attachment reactions

275 Among the addition reactions, R3 is the only one not influenced by the cage effect, since for
276 this reaction, only spin orientation is important, not the orientation of the reactant species. Thus,
277  this reaction is diffusion controlled, hence we used Kallikragas diffusion model. However, the
278 addition reaction is in competition with the spin exchange, thus we also included a statistical

279 factor to account for the spin exchange.

280 Among the addition reactions in this category, Reaction R4 and R15 are activation controlled
281 reactions in all temperature ranges. Although Reaction R6, R7, R9, R11, R13 and R14 are all
282  diffusion-controlled reactions at low temperatures, Reaction R6, R9 and R11 turn into activation-
283  controlled reactions near the critical point, whereas reaction R7 R13 and R14 turn into activation
284  controlled near 150°C. Different reactions have different shapes of temperature dependency
285 mainly due to the difference in diffusion rate of reaction species, degree of the cage effect on

286 the reactions (that also depends on diffusion constants), as well as the energy barrier and pre-
https://mc06.manuscriptcentral.com/cjc-pubs
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exponential factor of different reactions. For example, the activation energies for R4 and R7 are
about the same, but the pre-exponential factor for R4 is two orders of magnitudes smaller than
R7, causing it to be an activation-controlled reaction for the whole temperature range. Reactions
R6 and R7 are diffusion controlled at low temperatures, but reaction R7 is influenced heavily by
the cage effect, thus it turns into an activation-controlled reaction at a lower temperature than
R6. The Ea and A will influence the overall curvature and the magnitude of the rate constants
respectively, whereas prkgas and B(r) (which influences rate constant kgirr) will determine where

the peak will be and the magnitude that the rate constants will decrease to near the critical point.
2.3 Hydrogen abstraction reactions

Among H- abstraction reactions, R2 and R10 involve reactants of the same charge. Due to
Coulomb repulsion, their rate constants drop significantly at high temperatures when the
dielectric constant of water is small. These two reactions are not important for the modeling of
SCWRs due to their small rate constants in SCW. R2 is described in the text while R10 is
described in the Sl. Except R5, the rest of the reactions are discussed in the S| due to the small

g-value of reactants.
R2:
€aq T €aq + (2H;0) » H, + 20H™

The bimolecular decay of hydrated electrons have been the subject of many studies since
they were first observed using pulse radiolysis in 1962.*? Hydrated electrons play important
roles in many fields, influencing chemical,*® biological,**** and radiation processes.*> Many
decades after its discovery, the structural and spectroscopic properties of hydrated electron are

still not fully understood. ¥i5sNevertheless,the bimeleeulanidecay of hydrated electrons were



308

309

310

311

312

313

314

315

316

317

318

319

320

Canadian Journal of Chemistry Page 18 of 40

18

studied by Christensen et al.*' between 5 and 300°C and 140 and 150 bar (Figure 7). This work
was done using pulse radiolysis and under high hydrogen pressure, in a high-pressure high-
temperature cell with an initial pH ranged from 10.9 to 13, and the final pH ranged from 10.1 to
12.2. In their work, the rate constant showed Arrhenius behavior below 150°C and a diffusion
activation energy of 23 kJ mol ™" was proposed in that range. The reaction rate dropped rapidly
between 150°C and 250°C.%? Similar behavior has been reported in the work by Marin et al.>?
Marin et al. studied R2 using pulse radiolysis over the temperature range of 100 to 250°C, with a
pressure of 250 bar in alkaline water of pH 10.2 to 11, using increments of 25°C. They reported
a maximum rate constant of 5.9 x 10'°M™"s™ at 150°C.>? The rate constants decrease rapidly
above 250°C, becoming too small to be reliably measured.>? Data from both Stuart and
Ouellette® and Marin et al.°? was used in Figure 7. The data above 250°C is less reliable due to
impurities.52 These studies show the limits of experiments that are based on optical

spectroscopy for aqueous systems with high pressure and temperature.
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Figure 7 The experimental data from Christensen et al.’’, Marin et al.°? and Stuart and
Ouellette,>® along with our fit of ke to the experimental data and its extrapolation to a higher

temperatures at 250 bar for R2: eaq + €3¢ + (2H20) — H; +20H".

1.%* studied the double electron evolution reaction (H20),?—(H20)n2(OH ), + Ha

Barnett et a
experimentally, using mass spectrometry, and computationally using DFT. In their study, ions
mass-to-charge ratio was determined for (H,0), water clusters. Only the water clusters that
contain more than 105 water molecules have a mass loss of two atomic mass units, indicating a
loss of molecular hydrogen. This gives direct evidence of a double electron evolution reaction
occurring and shows that this reaction only happens when the water cluster size is larger than
105.54 It also confirms our prediction that this reaction is not important in SCW. Due to the
weakening of hydrogen bonding at higher temperatures,'® there should be a decrease in the
number of larger water clusters. If the cluster size had negative temperature dependence, then it
would cause the rate constant of R2 to decrease because R2 requires a water cluster size of

105 water molecule. A direct attachment of an excess electron on a negatively charged water

cluster is inhibited by the large Coulomb barrier and thus, the reaction occurs through the
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coalescence of two negative charged water clusters. The two hydrogen atoms from two nearby
water molecules in the dielectron hydration cavity approach each other, leading to the formation
of a hydrogen molecule.®® In this step, the calculated energy of the reaction system reaches a
maximum,®* thus this step is the bottleneck of the reaction meaning it follows a hydrogen
abstraction mechanism. This is then followed by a two proton transfer from the neighboring

donor water molecules to solvated electrons that lead to two hydroxide residues.>*

On the other hand, Butarbutar et al.*>® questioned the validity of applying the sudden decrease
of the rate constants in alkaline conditions to neutral conditions. They claimed that such a
decrease in the rate constants will result in a discontinuity of their fitted g(Hz) (9(H2) = 1 meaning
a single H, molecule is formed when 100 eV radiation is absorbed by the medium) at ~150°C in
their low and high linear energy transfer modeling calculations, and that this discontinuity is not
observed in experimental data. They suggested a further measurement of rate constants of this
reaction in pure water above ~100°C. It has been shown in many works that the reaction of
R32r: H- + H,O — H, + -OH becomes significantly important at high temperatures.'®°~>® With
this additional channel for H, formation, the discontinuity of g(H2) could be removed though

(discussed in detail in section 2.6).

We applied our model to this reaction, which resulted in a fair fit as shown in Figure 7. In
Barnett’s work, an upper bound for activation barrier of 1.8 eV was proposed based on
calculations®®. This is significantly higher than what we would expect from our fit, or from a
diffusion-controlled reaction at room temperature. This is not consistent with the large rate
constants observed. The activation energy from other sources, which are obtained from fitting
experimental data, are close to the activation energy of self-diffusion of water.>'>* These

predictions similar to ours are significantly lower than the value from Barnett’s theoretical study.
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As such we believe the proton/electron transfer reaction is significantly affected by quantum
tunneling at lower temperatures and that there should be a switch from E, close to 0 to a large

value above the critical point of water, where the large cluster size cannot be accommodated.

Furthermore, due to the decrease of the dielectric constant, both the Fp term and e% term
(associated with the Debye factor that account for the change in dielectric constant for reactions
of charged species. This is described in detail in the Sl) increase by a factor of 5 from room
temperature to above the critical point. As a result, the keact and kgir decreased significantly as
shown in Figure 7. We expect the rate constants of this reaction to drop dramatically at high

temperatures. We do not consider this reaction significant in SCW.
R5:
eaq + H- (+H,0) > H, + OH™

The reaction of a hydrated electron with an H- atom produces H, and OH". The products of
this reaction are similar to those of R2, but this reaction only involves a single hydrated electron.
This reaction has been studied in three laboratories.?**?*° These studies are based on the
hydrated electron extinction coefficient 18400 L mol” cm™ at maximum absorbance wavelength,

which was corrected to 22700 L mol” ¢cm™ by the work of Elliot and Ouellette.®

One of the proposed mechanism of R5 is shown in Figure 8. In this proposed mechanism,
orientation should be an important factor. Orientation sensitive reactions are influenced by the
cage effect, and the rate constants drop near the critical point. Tunneling can be a factor for this
reaction as well, but that is more important at a lower temperature range. The work from Janik

and Bartels also indicates that the rate constant of R5 from Marin is too high above 250°C.2 The
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significant increase of Marin’s data above 250°C could be due to systematic error (eg. high

concentration of impurity due to corrosion at high temperature), thus is omitted in our fit.

R5: e5q + H(+H,0)——H, + OH"

= U H

Figure 8 proposed mechanism for R5. H- atom has to come to close to the O-H bond on the

top transfer an H- to form H,, followed by a proton transfer from a nearby water.

Christensen et al.?° extracted the data by fitting the decay of hydrated electron absorption in
water containing dissolved hydrogen, which turns hydroxyl radicals into hydrogen atoms in near
neutral pH solution in the pressure range of 90 to 140 bar. Schwarz®® studied R5 in the
temperature range of 4 to 65°C and used pulse radiolysis to find a rate constant of 3.4 x 10'°
L/mol/s and an activation energy of 16.1 kJ mol™ at 25°C. This data was collected in hydrogen-
saturated solutions buffered between pH 8.0 and 8.35 with mixtures of boric acid and sodium

tetraborate.®® We obtained an activation energy of 5.0 kJ mol™" for this reaction.
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The rate constant of R5 slowly reaches a peak around 300°C and decreases slowly until it
reaches the region near the critical point, where it then rapidly decreases and follows Arrhenius
behavior thereafter. This reaction is a diffusion-controlled reaction at low temperatures, but it
changes to an activation-controlled as shown in Figure 9. Compared to R3, which is the
recombination of H- atoms, in R5 a hydrated electron is reacting with an H- atom. The observed
rate constant for RS is one order of magnitude higher than R3, and they are both diffusion-

controlled below 300°C.

700°C 400°C  300°C 200°C 100°C 20°C
IE+13 = N 4 . " "
IE+12 | W
g | S = &
e
E
<
=2
IE+11 ¢
j - kprc - kdil'f - krcact 2
L Schwurtz = Christensen et al. 4 Marin et al. ’.
LE+10 *+ Stuartetal.

0.001 0.0015 0.002 0.0025 0.003 0.0035

1/T (1/K)
Figure 9 The experimental data from Marin et al.>?, Schwurtz>®, Stuart et al.®, and Christensen

et al.?®, along with our fit of kpre to the experimental data and extrapolation to high temperatures

for R5: eaq + H: (+ H20) — Hy + OH'. A pressure of 250 bar was used to produce the figure.

Although diffusion coefficients of H- and e,q are of the similar order of magnitude above
200°C (this number is larger for hydrated electrons), Marin suggested that the diffusion rate of

the hydrated electron is a factor of 3 times larger than extrapolated from lower temperatures at
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300°C.%% Therefore, the reason that reaction R5 is faster than R3 at these temperatures is likely

due to a faster diffusion rate of the hydrated electron rather than a larger reaction distance.

Comparison of different Hydrogen abstraction reactions

The rate constants of Reaction R2 and R10 drop significantly at high temperatures due to
Coulomb interaction, thus, they should be insignificant in SCWRs. R5 is diffusion-controlled
below the critical point. However, orientation is an important factor for this reaction, thus it is
heavily influenced by the cage effect and the reaction becomes activation controlled above the
critical point. R16, R19 and R20 are all activation-controlled reactions that are influenced by the
cage effect, their rate constants decrease near the critical point similar to R4. The shape of this

type of temperature dependency is discussed in section 2.2.

2.4 Addition dissociation / Dissociative attachment

All reactions in this category involved two processes -addition and dissociation. The reactions
in this section are less important than Reaction R3, R4, R5, R6 and R7 due to the small g-
values of some reactants, thus they are discussed in the Sl. At low temperatures, some
reactions are activation-controlled and some reactions are diffusion-controlled. Above the critical
point, all the addition dissociation/dissociative attachment reactions are activation-controlled due

to the cage effect. This type of temperature dependency is discussed in detail in section 2.2.

2.5 Dissociation

There is only one reaction in this category. The g-value of the reactant, H,O,, is expected to
be lower than those of ‘OH, e,q, H- and H, in SCW as described in section 2.6, thus this

reaction is discussed in the Sl.
https://mc06.manuscriptcentral.com/cjc-pubs
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425 2.6 General discussion of the temperature dependence

426 Here we include both equilibrium and non-equilibrium reactions. The most important reactions
427 are those that involve water molecules because there is a high concentration of water. These
428 reactions can be particularly important at high temperatures; for example, R32r becomes the
429 main channel for -OH and H, formation at elevated temperatures. Transient species that we
430 need to pay attention to are e, Ho, H- and -OH, as experimental data suggests they are the
431  major radiolysis species produced at around 350 °C.% We find that the reactions, R30f, R23r and
432 other reactions that involve opposite charged reactants have the highest rate constants above
433 the critical point. The rate constants for the reactions studied in this series over the temperature

434 range of 20 to 900°C at a pressure of 250 bar are plotted in Figure 10 andFigure 11.

435 Note that the lower rate constants doesn’t mean these reactions are not important; e.g. R32r
436 is one of the most important reactions in supercritical water radiolysis.’*°"®" The reactions that
437 involve oppositely charged reactants need more attention, as our prediction shows the rate
438  constants for this type of reactions increase dramatically at high temperatures.” An example of
439 this type of reaction is R30f. R30f needs special attention because it might be the cause of the
440 increase of H- atom yield in SCW compared to vapor. The significant increase of the rate

441  constants for these reaction types is caused by the attractive force between the reactants in a
442 low dielectric constant medium. The reverse reactions of these are slowed down very

443  significantly in SCW.” For reactions that involve charged reactants, a further modification,

444 including the effect of the dielectric constant, was also needed. This was done by adding a

445 Debye correction factor.
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temperature range of 20 to 900°C at a pressure of 250 bar (the reactions with lower rate
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constants are shown in Figure 11.
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Figure 11 The rate constants for reactions that have lower rate constants than the reactions in
Figure 10. Reactions like R23r (and R24r, R26r, R28r) are insignificant in supercritical water due
to the decreases of the dielectric constant, which describe how well a medium supports ions.

The rate constants of R23r are shown in the figure as an example; others are not shown.

The rate constants of R2 decrease significantly above 150°C. This sudden drop in rate
constants reduces the formation of H, through this channel. R32r, on the other hand, becomes
the significant channel for H, formation at high temperature. The H, formed through R32r will

balance the effect of a decreasing rate constant of R2, so we predict that the g-value of H, will
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continuously increase.’®%? We expect the yield of H, to further increase at higher SCWR
temperatures. Bartels et al. proposed that the spur recombination reactions that produce H are
mainly through the channel of R2, R3, and R5.%3 They conclude that the g-value of H; is mainly
caused by a pre-solvation event rather than spur recombination events using NO3™ and Cr,0/*
as a hydrated electron scavengers, completely ignoring the effect of R32r.% They cited an
unpublished manuscript which suggests the g-value of H, remains unchanged with H- atom
scavenger phenol, which suggests the reaction R32r is not the cause of the increasing g-value
of Hy at high temperature.®® We, however, could not find this source, and we are not convinced

R32r is not important at high temperatures.

In a recent study by Katsumura’s group,®* the concentration of O, produced in their simulation
was increased by a factor of 100 if they used a rate constant for R32r of more than 10° M s™
rather than neglecting the rate constant of R32r.%* They suggested that the -OH radicals
produced from R32r can react via R16 to produce HO,, which is the source of O, production.®*
Thus, R32r is a very important reaction for determining the yield of O, in water radiolysis. We
have experimentally determined the rate constant of R32r to be around 10* M s™ at 400°C
using the muon method.'® In a recent pulse radiolysis study by Muroya et al.,*® R32r was
studied by using | as a scavenger for OH-, by which an absorption spectrum of the produced |,
was gathered. At 350°C, they found a rate constant for this reaction to be slightly larger than but
consistent with what we predicted.”® These experiential result show that R32r is a very important
reaction in water radiolysis at high temperatures. We have developed a muon spin resonance
setup that can further increase the limit of our study to at least 550°C at 250 bar."” Experimental

data on R32r in this temperature and pressure range will be available soon.
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The H,0; is mainly formed through the channel R4 at lower temperatures.®' Due to the cage
effect, the rate constants for R4 will be lower above the critical point. As such we predict that the

g-value of H,O, should be low above the critical point.

At high temperatures, the rate constants of the main reactions that consume -OH, namely R4,
R6, R7, and R27f, are decreased. However, the reverse reaction of R32r becomes a significant
channel that produces -OH radical and Hy, so it is likely that the concentration of -OH will be
continuously increasing in SCW as temperature increases. Concerning Hz production, less is
formed through the channel of the R3 and RS as a result of the cage effect. Above the critical
point, we expect R30f to be very significant, which will turn H* and e,y to H- (R30f is likely the
cause of the decrease in g-value of e,y at around 300°C?), this together with R32f will very
likely to increase the g-value of H, and -OH radical in SCW dramatically. On the other hand,
since the dielectric constant, which describes how well a solvent can support ions, decreases
with temperature in water, we expect the g-value for e,q to continue decreasing above the
critical point. However, e,q is still a very important radiolysis species that should be studied very
carefully, since it is initially largely produced in the spur (~10™'%s), and then are consumed
through other reactions (from ~107"s to ~10%s).° The decrease in its g-value is likely due to
being largely consumed through the channel of R30f. R7 is an important reaction. The yields for
both of the reactants increase as the temperature increases to the critical point.? Both reactants
could be produced a lot in SCW radiolysis. The two data sets we used to fit R7 are parallel, but
one has consistently higher rate constants than the other. Re-measurement is recommended

using the up-to-date extinction coefficients.

The reactions that did not have any existing data are R11, R15, R24f, R26f, R25f, and R29f.

The reactions that have single data points are R10, R27, and R28. Among these reactions, R24f,
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R26f, and R28f involve oppositely charged reactants. Those three reactions are expected to be
very fast at high-temperatures, and they should be treated with special attention. More
theoretical studies on reactions that involve oppositely charged reactants need to be done in
order to better understand the radiolysis of water. This can be done based on knowledge of
these types of reactions in other solvents. Our group is doing more studies on these types of
reactions. Additional correction to critical fluctuation is needed in order to more accurately model
the behavior of the reactions at conditions close to maximum compressibility.'® ¢7: €872 Also,
influences of pH on rate constants for each reaction need to be considered. For example,
SCWRs will operate in nearly-neutral water, and nearly-neutral water would more readily go
through R20 than R19. It is therefore particularly important to make sure the rate constants
apply to nearly-neutral water in future work. The recommended rate constants for non-

equilibrium reactions R2 to R22a in a temperature range of 400 to 800°C with a pressure of 250

bar are provided in table format (Tables S3 and S4) in the SI.

2.7 General discussion of the pressure dependence

Most of the experimental data are at a low-temperature range, below 300°C. The pressures
used in each individual experiment varied and were usually significantly lower than the pressure
needed for SCWR. The first question is on the validity of such experimental data and models
based on them for higher pressures. Pressure does not have a significant effect on rate
constants at low temperatures. This is demonstrated in Figure 12 which shows the reproduced

rate constants of fitted R17 at different pressures.
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524 Figure 12 The rate constants of R17 at different pressures. Notice that although the rate

525 constants are significantly different at high-temperature ranges at different pressures, the rate

526 constants do not vary much with pressure at low temperatures.

527 Notice that although pressure has significant effects on rate constants at high temperatures,
528 the rate constants overlap at low temperatures. This show that pressure has very little influence
529 on rate constants below 300°C. Unless there is a phase change where the pressure is not

530 sufficient for water to maintain its liquid form, the rate constants are practically pressure

531 independent at low temperatures under 300°C. This is important because many experimental
532  works do not report the pressure used. Based on Figure 12, the data from low-temperatures can
533 be used regardless of pressure. Also, as shown in our previous work,’ although Yoshida's

534  diffusion coefficient experimental data is taken from different pressures, all data points at a low-
535 temperature range (below 300°C) fit the Kallikragas and Stoke-Einstein models for diffusion
536 well. It is, therefore, valid for us to use the rate constants from experiments at low temperatures
537 and pressures to predict the rate constants above the critical point, as long as our model takes
538 into account the effects of the pressure at high temperatures, which it does. The effect of

539 pressure on reaction rate can be inferred from activation volume which is defined as the
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difference between the partial molar volumes of the activated complex and the reactants.®® From
transition state theory, and classical thermodynamics, the pressure-dependent activation

volume can be written as:

aLn(k) AV#
(5, = o
oP Jr RT
where P is the pressure, R is the gas constant, T is the temperature, k is rate constant, and

is the solvent’s isothermal compressibility.®®

Properties such as density, diffusivity of water, compressibility and dielectric constant of the
liquid can change significantly with pressure near the critical point. The change of those
properties influence reaction kinetics.'®>®” However, away from the critical point, liquid
properties are essentially pressure independent.65 Based on our studies,'" at 205°C, the
isothermal rate constants of Mu- reacting with Ni%* in water are essentially pressure
independent. However, at 359°C, we observe a significant pressure dependence.! Similar
behavior has been seen for the reaction between Mu- and hydroquinone in water." From these

previous works we established that activation volumes are only large enough at above 350°C.

3. Conclusion

Many properties of water depend on temperature and density, and this can significantly change
the rate constants of reactions.'®""131567-80 These include the efficiency factor (cage effect),’
the diffusion rate of different species, and the dielectric constant that influences the reactions of
charged species. In this work, we considered all these aspects. The main purpose of this study
was to provide recommendations for rate constants of reactions in water past the critical point.

We studied important reactions involved in the radiolysis of water using the “cage effect model”.”
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The cage effect model describes the drastic non-Arrhenius temperature dependence observed
for different chemical reactions in water. The rate constants of many reactions follow Arrhenius
temperature dependence at low temperatures. However, due to the cage effect, the reaction
efficiency decreases at high temperatures. As a result, the rate constants of these reactions also
decrease near the critical point. There is one collision per encounter for chemical reactions at
high temperatures in SCW, thus the reaction efficiency remains constant in this high
temperature range. Therefore, the rate constants of these reactions increase again and follow
an Arrhenius temperature dependence at high temperatures. Our work will enable engineers to
better predict the concentration of eroding species in SCWRs and allow them to develop

chemical control strategies to minimize corrosion, thus increase the lifetime of the reactors."’
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759
Addition /Non dissociative attachment
R3 H-+H- — Hy
R4 ‘OH + -OH — H,0,
R6 €aq + 'OH — OH"
R7 H-+-OH — H,O
Rg eaq- + 02 — 02_

R13 H-+ O, - HO,
R14 H- + HO, — H,O,
R15 H-+ Oy, — HOy
Hydrogen abstraction

R2 Cag + ag + (2 H20) — Hp + 2 OH"
R5 €as + H- (+ Ho0) — H, + OH"

R10 | eaq + Oy (+ H,0) — H,0, + 2 OH"
R16 ‘OH + H,0, — HO5 + H,O

R19 HO,; + HO, — H,05 + O,

R20 Oy, + HO; — HO, + Oy

R21 O, + O, + (H) - HOy + O,
Addition dissociation / Dissociative attachment

R8 €aq T H,O, — -OH + OH"

R12 H- + H,O, —» -OH + H,O

R14a H-+HO, —» 2 -OH

R17 ‘OH + O, — (HO3) — O, + OH"
R18 ‘OH + HO; — (H203) — 0, + H,O
Dissociation

R22 H,O, — 1/2 O, + H,O

R22a H,O, — 2-OH

760 Table 1 The reactions stLAdied in Bhis aper are classified a%cording to their mechanisms.
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