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There is a need for accurate data on the rate constants of many reactions involved in the radiolysis of water
at high temperature and pressure, to model agueous chemistry in the heat transport systems of water-cooled
nuclear reactors. Given the absence of direct experimental data, it is usual to extrapolate rate constants from
lower temperature measurements. However, recent studies of muonium kinetics show that rate constants go
through a maximum and fall with temperature under near critical and supercritical conditions. This behavior
can be explained by the cage effect, in particular the number of collisions between a pair of reactants over
the duration of their encounter. The model developed for reactions of muonium is equally valid for fast
reactions in the radiolysis of water. It is used here to estimate the rate constants of near diffusion-controlled
reactions of hydroxyl radicals in sub- and supercritical water. The results show significant differences from
literature values commonly used to model aqueous radiation chemistry in nuclear reactors. In view of this, it

is recommended that the predictions of earlier models be reconsidered.

I. Introduction Noyes equatiohto rationalize the temperature dependence of

. . . the rate constants
Accurate modeling of aqueous chemistry in the heat transport

systems of pressurized water-cooled nuclear reactors (PWRS) .

requires data on the rate constants of many reactions involved 1ops= kg + 1Koy 1)

in the radiolysis of watek.# Unfortunately, available experi-

mental data do not extend to the high temperatures used inThe Schmoluchowski equation relates the diffusion-limited rate

current PWRs, typically around 30C; future designs employ  constantkir to the diffusion constant®; of the reactants and
even higher temperaturé8,above the critical point of water  thejr mutual reaction diamet@.

(374 °C, 220 bar). Thus, the practice of extrapolating experi-

mental data on diffusion coefficients and rate constants from

their measured ranges (mostly less than 209 should be Kyt = 400075(D; + Dp)Ret Nay (2)
viewed with caution.

Because the free radical reactions involved in the radiolysis where 8 is the spin statistical factor for reactions between
of water are generally very fast, close to the diffusion limit at radicals, and the factor 108@, serves to express the rate
room temperature, it is common pracfiéé to employ the constant in conventional chemical kinetics units; Ms™1.
Equation 2 must be modified by a factor 0.5 if the two reactants
* To whom correspondence should be addressed. E-mail: percival@sfu.ca.are identical and by the Debye factor if both are charged. Thee
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rate constant for activation contr&l is usually represented
by a simple Arrhenius expression : D

Kact = A eXp(—E/RT) ®)

Equations 3 have been used to fit kinetic data from a wide
range of reactions involving radiolysis transiefit& This
procedure is generally very successful for describing data
empirically, but one should question the validity of extrapolation
outside the temperature range of measurements when the fit
parameters do not have meaningful values. Almost all of the
reactions studied exhibit convex Arrhenius plots, and this is
nicely explained by a gradual shift from diffusion control to
activated regctlon WitlE, lower than the effe'ctlve activation Figure 1. Arrhenius plot of the rate constant for the reaction of the
energy f‘?f d|ffu_3|on. preve_r, Some reactions can on_Iy be hydroxyl radical with the hydrated electron in water. The experimental
characterized with negative activation energigsSuch behavior  gata (squares) are taken from ref 15. The dotted lines denote analysis
is particularly prevalent for reactions of hydrated electrons and by the method of Elliot et aP;° which employs the Noyes equation
has been explained by reversible electron trarii3f®n the other (line N, eq 1) to combine the diffusion-limited rate constant (line D,
hand, such abnormal temperature dependence is not restricte@d 2) and the Arrhenius expression for an activated reaction (line A,
to reactions of the hydrated electron, and this is becoming more €4 3). The positive slope of line A comes from the negative value used

. L ; y Elliot et al. for the activation energy. Line M denotes the prediction
evident as kinetics measurements are extended to hlghergf the multiple-collisions modéf-*3using the same diffusion parameters

temperatures. _ ) ~ s Elliot et al. but a modified expression for the activation-controlled
Our own experience with measurements of muonium Kinetics rate constant (line R, eq 4), with= 1.4 x 10 M~ s, E, = 1 kJ

in sub- and supercritical wafér4 suggests that the existence mol-, pg = 1.0.
of curvature and even a maximum in the rate constant as a
function of temperature may be a general phenomenon. We havdalls from 100% per encounter in high-density water to some
observed such behavior for a wide range of reactions of lower value determined by the orientation facpat
muonium: spin exchange, addition to aromatic molecules, H The parameters of the multiple collisions model include the
atom abstraction, and muon transfer. We concluded that a keytemperature dependent properties of water (density and viscos-
factor in the temperature dependence of bimolecular rate ity) and various reactant characteristics (diffusion constants and
constants at high temperature is the cage effect, in particularreaction diameters). If one uses literature data for such solvent
the number of collisions between a pair of reactants over the and reactant properties, there remain only three empirical
duration of their encounté?. variables: A, E, andpg.

Because muonium (Mu) is chemically equivalent to the H
atom and is even considered a light isotope of that element, Ill. Reactions of the Hydroxyl Radical

our findings for Mu should apply equally well to H. Further- The reaction between the hydrated electron and the hydroxyl
more, our model for Mu reaction kinetics may be extended t0 (agical is a key step in the radiolysis of water, being the main
the reactions of other small hydrophobic radical species. In this pathway for reforming water molecules in the sur

paper, we apply our model to literature data, taking as examples
some reactions of the hydroxyl radical.

1 —T T + 1 T T *= I
12 1.6 2.0 24 2.8 3.2 3.6
1000K/ T

€, +OH—OH" @)
II. Computational Model
B . L ) . ) . ltis a typical example of a reaction which appears to have a
Our “multiple collisions” model is described in detail negative activation energy according to the widely used kinetic
elsewher&**and is only summarized here. It makes use of anaysis of Elliot et af~10 Their approach is demonstrated with
the Noyes formulation, eq 1, for combining the effects of ye dotted lines labeled D (diffusion), A (Arrhenius), and N
diffusion and reaction, but eq 3 is modified to include an (\qyes) in Figure 1. Also plotted is an alternative analysis based

efficiency factorfr on our multiple collisions model: lines D, R, and M. To allow
direct comparison with the earlier work, we have employed
Keact™ frA €Xp(-E/RT) (4) exactly the same diffusion parameters (hence line D) and set
pr = 1. Similarly, following the practice of Elliot et af.? we
fr = PrA/(1 + pra) ®) have set the spin statistical faciprto 1.0 for radicat-radical

reactions involving OH. Thus, only two empirical variables
which takes account of both the reactive orientation (fapidr remain; lines R and M arise frod= 1.4 x 1012 M~1s1and
andq the number of collisions between the reactants over the E, = 1 kJ mol! (compared withA = 3.4 x 10 M~ s 1 and
duration of an encounter. The latter can be expressed as thee, = —3.5 kJ mof? for lines A and N).
ratio of the encounter lifetime and the time between collisions  Both lines N and M exhibit curvature, and extrapolation to
higher temperature predicts a broad maximum in both cases.
0 = Tend Tcal (6) The main difference is the dip in M close to the critical
temperature. The dip is less pronounced at higher pressure (line
Approximate fomulae for estimating these times can be found M corresponds to a pressure of 240 bar) but deepengkfer
elsewheré213 What is important is that| for small reactants 1. However, the experimental data is inadequate to choose
typically falls from 16 collisions per encounter in liquid water  between the two extrapolations.
at low temperature to single-collision, gaslike behavior under  The effect of pressure and the orientation paramgteare
low-density supercritical conditions. Thus, the reaction efficiency demonstrated in Figure 2, which displays d&tand model
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Figure 2. Temperature dependence of the rate constant for the reactionFigure 4. Temperature dependence of the rate constant for the reaction
of the hydroxyl radical with the H atom in water. The experimental Of the hydroxyl radical with nitrobenzene in water. The multiple
data (squares) are taken from ref 16. The dotted line (N) shows the fit collisions model {) was adjusted to simulate the Leeds é&uta
and extrapolation used by Elliot. The three lines M1, M2, and M3 are (triangles) using parametefs= 2.2 x 10'°M~* s, E,= 4 kJ mol™?,
examples of predictions using the multiple collisions model. They use Pr = 0.12. It can also account for the Notre Dafhésquares) and

the same diffusion parameters as N and have common activation Argonné* data (diamonds) up to 30 but not the rapid increase in

parametersA = 2.2 x 102 M~ s1, E, = 5 kJ mol?). The only the rate constant near the critical point.
difference is in pressure (240 bar for M1 and M3, 400 bar for M2) and
orientation parametepg is 1.0 for M1 and M2 and 0.6 for M3). The rate constant d&#& are plotted on a common scale to

emphasize their similarity (as long ak 2s used for the
dimerization reaction). It is evident that there is only significant
difference in the region close to 20Q and that these few data
points dictate very different extrapolations, whether one follows
the analysis of Elliot et &-° (lines N1 and N2) or our multiple
collisions model (lines M1 and M2).

To distinguish between models and extract empirical param-
eters, it is necessary to have reliable kinetic data over a wide
enough temperature range that any maximum or plateau is
clearly defined. Unfortunately, this is not the case for the
reactions involved in the radiolysis of water, with the exception
of the self-reaction of hydrated electrons. The apparent negative
activation energy for the latter reaction was rationalized by
proposing the existence of an undetected intermediate, such as

0 — 0 the dielectrori® On the other hand, Buxton et®ldemonstrated
0 100 200 300 400 500 that the rate constants of many other reactions of the hydrated
Temperature /°C electron also go through a maximum as the temperature is raised.
Figure 3. Temperature dependence of the rate constants for the seIf-They interpreted this behavior in terms of reversible electron
termination reaction of the hydroxyl radical (triangles) and the reaction attachment
of the hydroxyl radical with OOH (squares) in water. The experimental
dat&" are plotted on the same vertical scale, bkiiused for the € + X ==X — products (11)
dimerization reaction. Lines N1 and N2 show the fits and extrapolations

according to Elliot (A = 7.38x 101°M~1 s E, = 3.0 kJ mot?* and P At ; ;
A=2.18x 109M s, = —0.75 kJ mot?), whereas examples of Similar kinetic behavior was later found for reactions of OH

simulations using the multiple collisions model are denoted by curves with arlomatlc compounds, an.d this Wgs explalneq by transient

M1(A=1.0x 102 M1s2 E,= 4.0 kJ mot?, pr = 1.0) and M2 A formation of ax complex prior to either formation of the

=44x 10°M1 s E,= 1.5 kJ mot?, pr = 1.0). o-bonded hydroxycyclohexadienyl radical product, or separation
of the reactant$

predictions for the reaction between OH radicals and H atoms

4 4

N w

K(OH+OOH)/ 10"° M's”

OH + PhX=[HOPhX], — HOPhX (12)
H+ OH—H,0 (8)
This mechanism was also invoked to model more recent data,
Clearly, the lines M1, M2, and M3 represent a whole family of which extends into the supercritical regi$hHowever, it is
parameter sets consistent with the experimental data. The poinimportant to realize that the reaction models expressed by egs
we wish to make is that they are just as valid as the model 11 and 12 have the same general form as the multiple collisions
represented by line N and that extrapolations based on any onemodel. Thus, reactants come together to form a transient
set of model parameters could easily result in a factor of 2 error intermediate or (in our model) an encounter pair, from which
for the rate constants under supercritical conditions. there is competition between forward reaction to form the
The inadequacy of published data is further demonstrated in product and a backward process leading to separation of the
Figure 3, which compares results for two similar reactions  reactants. Figure 4 shows that our multiple collisions model can
simulate the Leeds ddfawithout invoking az complex. On
OH+ OH—H,0, ©) the other hand, our model fails to describe the rapid increase in
the rate constant close to the critical point recently reported in
OH+ HO,—~ O, + H,0 (10) independent work from Notre Darffeand Argonné! The
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discrepancy between the high temperature rate constants derived Supporting Information Available: Model parameters and
from these two pulse radiolysis studies is attributed to complex other data necessary to reproduce the simulations depicted in
kinetics involving multiple absorbing species, specifically the Figures 4. This material is available free of charge via the
H and OH adducts of nitrobenzef€This is particularly serious  Internet at http://pubs.acs.org.

because the yield of H atoms has been found to increase
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