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Reaction rates of solvated electrons with oxygen and with sulfur hexafluoride were measured in hydrothermal
and supercritical water using transient absorption spectroscopy and electron pulse radiolysis. Under alkaline
conditions, the reaction of hydrogen atoms with hydroxide ions to generate solvated electrons was also observed
in the presence of the SF6 scavenger. At temperatures below 300°C, the rate constants for scavenging by O2

or SF6 follow Arrhenius behavior but become increasingly dependent on water density (pressure) at higher
temperatures. Above 100°C, the rate constant for the H reaction with OH- falls well below the numbers
extrapolated from the Arrhenius behavior in the one atmosphere liquid. At a fixed temperature above the
water critical temperature (380°C, T/Tc)1.01), rate constants for all three reactions reach a distinct minimum
near 0.45 g/cm3. We propose an explanation for this behavior in terms of the potential of mean force separating
an ion (OH- or (e-)aq) from a hydrophobic species (H, O2, or SF6) in the compressible fluid. The data also
reveal an increasing initial yield of atomic hydrogen relative to solvated electrons as water density decreases.
The initial yield of H appears to surpass that of solvated electrons when the water density is below 0.6 g/cm3

at 380°C.

I. Introduction

Commercial nuclear reactors provide a source of heat, used
to drive a “heat engine” (steam turbine) to create electricity.
A fundamental result of thermodynamics shows that the
higher the temperature at which any heat engine is operated,
the greater its efficiency. Consequently, one obvious way to
increase the operating efficiency for future nuclear power
plants is to heat the water of the primary cooling loop to
higher temperatures. Current pressurized water reactors run at
roughly 300°C and 100 atm pressure. Designs under consid-
eration would operate at 450°C and 250 atm, i.e., well above
the critical point of water.1-3 This improves the attainable
efficiency by about 30% and is successfully used in many
conventionally fired power plants. In the context of nuclear
power, however, a major unanswered question is what changes
occur in the radiation-induced chemistry in water as the
temperature and pressure are raised beyond the critical point
and what this could imply for the limiting corrosion processes3-5

in the materials of the primary cooling loop. This manuscript
represents the first in a series that will attempt to provide
fundamental data (yields and reaction rates) to answer this
question.

Quite apart from the practical motivation for this project, the
study of free radical reactions in the supercritical water regime
is interesting in light of recent work on reaction rate theory
and spectroscopy in compressible supercritical fluids.6-15 The

primary free radicals generated by radiolysis, (e-)aq, OH, and
H, are respectively ionic, dipolar, and hydrophobic in nature.
Their recombination and scavenging reactions can be expected
to highlight the effects of clustering (i.e., local density enhance-
ments) both in terms of relative diffusion and static or dynamic
solvent effects on the reaction rates. The temperature and
pressure effect on the solvated electron spectrum is another
subject of fundamental interest which will be addressed in a
future paper.16

The radiolysis of water by neutrons, recoil ions, gamma
photons, and high-energy electrons can be represented by

Energy tends to be deposited in isolated spurs and tracks so
that recombination of the reactive transients occurs on a
nanosecond time scale in competition with diffusive escape.17-22

A chemical reaction of critical importance in nuclear-reactor
coolant is the reaction of the hydroxyl radical with hydrogen
to produce hydrogen atoms and water:

This is the only reaction that can occur sufficiently quickly
to convert the oxidizing radical, OH, into the reducing radical,
H, before OH reacts in an oxidizing reaction. The reaction of
OH as an oxidizing radical must be prevented to suppress
oxidative corrosion in the primary heat transport system.
When a sufficient quantity of excess hydrogen gas has been
added to the reactor coolant, the net production of oxygen and
hydrogen peroxide becomes essentially zero.4,23Other reactions
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(e-)aq, H+, H, H2, OH, H2O2, HO2 (or O2
-)
(1)

OH + H2 f H + H2O (2)
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occurring include the following:17,24

and at alkaline pH

Basically, all of the species in (1) can react with each other,
but some reactions are much more important (faster) than others.
Reaction 2 is the overall rate-determining reaction in the
production of oxygen or peroxide. Reactions 2 and 10, or 2,
12, and 7, constitute chain reactions that can consume hydrogen
peroxide, which prevents significant formation of O2

-, H2O2,
and O2, in quantities that could otherwise exacerbate degradation
of materials in the heat transport system.

Direct measurement of the chemistry in reactor cores is
extremely difficult, if not impossible. The extreme conditions
of high temperature, pressure, and radiation fields are not
compatible with normal chemical instrumentation. There are also
problems of access to fuel channels in the reactor core. For these
reasons, theoretical calculations and chemical models have been
used extensively, by all reactor vendors and many operators, to
model the detailed radiation chemistry of the water in the core
and the consequences for materials. Data required to model this
chemistry up to 300°C (the operating temperature of pressurized
water reactors or PWRs) have been collected and summarized
by Elliot and co-workers at AECL for both light24 and heavy
water.25 For many of the dominant reactions, data have been
measured up to 200 or 250°C, and some measurements have
been taken to 300°C, but significant gaps in the database
remain. In particular, the recombination reaction 4 of two
solvated electrons shows a very strange temperature dependence
above 150°C that has not been explained.25,26Reaction 12 has
only been measured up to 95°C,27,28 and we will show in this
study that one cannot extrapolate to higher temperatures using
a simple Arrhenius expression.

In the following sections, we study directly the reactions of
solvated electrons with scavengers O2 and SF6. The intense
visible absorption of the solvated electron is very easy to
measure in a pulse radiolysis/transient absorption experiment.
Oxygen is both easy to add to water and must be removed for
other experiments, so we begin our studies with an investigation
of the temperature and pressure dependence of reaction 11. The
reaction with SF6 was chosen on a more practical ground.

To extract second-order reaction rate coefficients, it is
necessary to determine absolute extinction coefficients for some
species under supercritical conditions. Our plan has been to use

SF6 as a scavenger for solvated electrons and directly measure
both the transient absorption and resulting chemical product.
In aqueous solution, SF6 is chemically inert and highly stable
over wide ranges of temperature,29 except in the presence of
solvated electrons,30

This selective stability makes it a suitable scavenger for solvated
electrons in the aggressive environment of supercritical water.
The stable ionic products can be measured by conductivity and
ion chromatography in line with the radiolysis flow cell.

We measured the reaction rates of solvated electrons with
SF6 over a range of temperature and pressure conditions and in
the presence of hydroxide to neutralize the acid product. To
our surprise, reaction 12 was immediately visible as a second
exponential tail on the electron decay kinetics, because the
relative initial yield of H atoms in supercritical water is much
higher than in ambient conditions. In this paper, we therefore
report reaction rates for reactions 11-13 as a function of water
temperature and density, as well as relative initial yields of H
and (e-)aq.

II. Experimental Section

The experiment is shown in schematic form in Figure 1. The
kinetics of solvated electrons were measured by pulse radiolysis
and transient absorption spectroscopy in a special high-pressure,
high-temperature flow cell described previously.31 The optical
windows are sapphire, and the cell body is Hastelloy C-276
alloy.

At the cell, solvated electrons (and other transient species)
were generated using 4 and 8 ns pulses from Argonne Chemistry
Division’s 20 MeV electron linac. The dose to water was 15-
20 Gy per 30 ps or 4 ns pulse; pulse amplitude was constant to
5% or better during a daylong experiment but varied between
days. Because of the difficulty with all-metal connections to
the cell, the charge per pulse was not measured for relative
dosimetry.

The analyzing light was generated by a focused 75 watt
xenon-arc lamp, which was pulsed for approximately 300µs,
timed such that the linac pulse coincided with the flattest part
of the lamp pulse. Wavelength selection was achieved using
40 nm bandwidth interference filters. The choice of wavelength
varied with water temperature and density. At higher temper-
atures and lower densities, the solvated electron spectrum is
red-shifted.26,32,33 In general, for most elevated-temperature

OH + OH f H2O2 (3)

(e-)aq + (e-)aq f 2OH- + H2 (4)

OH + O2
- (or HO2) f OH- + O2 (5)

(e-)aq + OH f OH- (6)

(e-)aq + H2O2 f OH + OH- (7)

(e-)aq + H+ f H (8)

(e-)aq + H f H2 + OH- (9)

H + H2O2 f OH + H2O (10)

(e-)aq + O2 f O2
- (11)

H + OH- f (e-)aq (12)

Figure 1. Experimental configuration for supercritical water radiolysis
transient absorption.

(e-)aq + SF6 f F- + SF5 (13a)

SF5 + 4H2O f SO3
) + 5F- + 7H+ + OH (13b)
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conditions, we used 1000 nm; the kinetics at 200°C and below
was measured at 700 nm.

Transmitted light was measured using an EG&G FND100Q
silicon photodiode for 700 nm light and a Germanium Power
Devices GAP520 InGaAs diode for 1000 nm light. Diode
photocurrents during the lamp pulse were typically in the 5-50
mA range. The signal was acquired using a Tektronix TVS645A
digital waveform analyzer (1 GHz bandwidth, 5 GHz sampling)
controlled via GPIB through extensions to Wavemetrics’ IGOR
program. Data were taken using a 250 MHz bandwidth filter
(1.2 ns rise time). The DC offset and gain were routinely
adjusted to use most of the 8-bit resolution for the transient
signals. For most conditions, averaging six trace “sets” was more
than sufficient to provide a clear signal down to the 10-3 OD
level (see Figure 2), where each “set” consists of a signal trace
minus a dark trace (closed shutter) to subtract RF noise from
the linac. For short acquisitions (e1.6 µs), the baseline light
was assumed to change linearly with time; for longer intervals,
the full baseline lamp shape was recorded and used to compute
OD(t).

The GAP520 InGaAs diode was found to have a secondary
response that distorts the kinetic measurements on a one-
microsecond time scale. (A secondary response is also found
in the FND100 silicon diode for wavelengths longer than 800
nm.) For pure first-order kinetics, this requires a relatively minor
correction, but it becomes more important in the analysis of
biexponential kinetics. Measurements from the GAP520 at 1000
nm were compared with reliable measurements from time-
correlated absorption experiments and measurements with an
FND100Q photodiode at a state point (45°C, 1 bar) where the
solvated electron spectrum is stable and well-known, and the
spur kinetics are well-characterized down to a picosecond time
scale.34 Comparison of transmission curves allowed generation
of an approximate impulse response function (a delta function
and an exponential decay).35 The GAP520 has a secondary
response with a time constant of approximately 800 ns, whose
integral amounts to 10% of the integrated current signal. During
curve fitting, each model curve was convolved with this
instrument response before comparison to the experimental data.

Two water reservoirs, sparged at atmospheric pressure with
Ar and O2 or SF6, respectively, fed two independent Alltech
HPLC pumps. As described in Takahashi et al.,31 extra HPLC
pulse dampeners were connected to each pump outlet, to ensure
smooth flow. Both flow streams proceeded to a mixing tee and

then through a preheater to the optical cell. From the cell, flow
proceeded through a water-cooled shell-and-tube heat exchanger,
where it was cooled to room temperature. Pressure let-down
was effected using either a back-pressure regulator or a length
of PEEK plastic or stainless steel capillary tubing (see Figure
1). System pressure was monitored at the exit of the cool-down
heat exchanger using a high-sensitivity piezoelectric transducer
of 2.5 psig calibrated accuracy (Omega PX02 series). Temper-
ature was monitored using thermocouples immersed in the flow
at the exit of the preheater and within the cell. Overall system
stability was roughly(0.5 °C, and(1 bar for supercritical
conditions.

Scavenger concentration was modified by changing the ratio
of the flow rates of the feed pumps. The concentrations of SF6

and O2 in the water were computed using the equilibrium data
of Cosgrove and Walkley36 with the flow fraction of the
scavenger-saturated stream and the fluid density as computed
from the NBS Equation of State.37 Flow rate was kept constant
for any given state point at values ranging from 2.5 to 6.0 mL/
min; these low, constant flow rates ensured that (a) the system
was isobaric and (b) the temperature in the flow cell was
constant, whereas (c) radiolysis products were not allowed to
accumulate in the once-through flow cell. (No more than three
or four beam pulses could irradiate the cell in the flushing time,
which is insufficient to affect the pseudo-first-order kinetics
under study.) In general, flows of 6 mL/min were used when
the back-pressure regulator was in place; for capillary tubing,
the flow rate was 2.5-4.0 mL/min as required to set the
pressure.

Ar-sparged, ultrapure (18 MΩ-cm) water flowed through one
pump during system heat-up. A second pump head was primed
to feed SF6- or O2-saturated water. For SF6 experiments
employing alkaline conditions, after heat-up, the feed was
switched to Ar- and SF6-sparged potassium hydroxide solutions.
Special care was taken to reduce or eliminate O2 and CO2

contamination of the solutions. Precautions against O2 contami-
nation were particularly important for alkaline-solution experi-
ments, as it seemed that if any trace of residual oxygen remained
in the system when switching to alkaline feeds, the sapphire
windows were etched, dramatically reducing the transmitted
light.

At each P-T state point, the scavenger concentration was
set initially low and then increased. This precaution was taken
because we found that the system plumbing could act as a
scavenger reservoir. For example, although responses to increas-
ing flow of SF6-saturated water were immediate, we found it
could take up to an hour after shutting off the SF6-saturated
water to flush it all out, as determined from observation of the
solvated electron lifetime; a similar but much less dramatic effect
was seen with oxygen (i.e., the flush out was several times
faster). In contrast, salt solutions were readily flushed through
within a minute. Because the system was always at pressures
g100 bar, at no time were the gas solubilities expected to fall
below the molal saturation concentration for 1.0 atm at 25°C.
Additionally, the use of zero-dead-volume HPLC fittings
eliminated the possibility of a vapor reservoir developing in
the upstream system; there was no second phase visible in the
optical cell.

Eventually, it was realized that actual concentrations of SF6

in the irradiation cell were not as high as expected (see below)
and that the discrepancy became more severe as the flow rate
of the SF6-saturated water decreased. SF6 delivery to the cell
was tested by collecting water from various points in the flow
system in a glass syringe. The syringe was irradiated to convert

Figure 2. Sample fitted data and pseudo-first-order plot for scavenging
of solvated electrons by O2. The conditions were 370°C and 204 bar,
in the subcritical vapor phase (0.165 g/cm3).
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all SF6 to fluoride and sulfite via reaction 13. Then the fluoride
concentration was measured with ion chromatography. This
diagnostic showed that SF6 was being stored in or lost through
the oxygen-impermeable plastic tubing used between the
reservoir and pump and also in the HPLC pulse dampeners
whose construction includes a plastic diaphragm. All stainless
steel tubing and a different dampener arrangement have since
resolved the problem. Although we make a correction for this
concentration problem, the SF6 rate constants presented below
are somewhat more approximate than the other numbers we
report. We should emphasize that the SF6 itself is entirely stable
under the supercritical water conditions we have explored. No
conductivity change in the (nearly 18Mohm-cm) neutral water
effluent could ever be detected to indicate a thermal breakdown
of the SF6 to hydrofluoric acid and sulfite. No similar retention
for oxygen was found.

Most of the SF6 scavenging experiments described below
were performed in the presence of 0.5 or 1.0 millimolal KOH.
Addition of the electrolyte to the solution raised concerns of
whether density changes due to electrostriction would be
significant and also whether the KOH was fully dissociated.
No partial molal volume data could be found for KOH or NaOH
at 380°C and 250 bar, to address the electrostriction issue. The
literature does show that, in supercritical water, OH- behaves
volumetrically as Cl-;38 we thus examined the behavior of NaCl
to estimate behavior of KOH. In the work of Majer and Wood,39

we find that at 280 bar and 378°C the infinite-dilution partial
molar volume of NaCl is-1059 cm3 mol-1, which for molalities
of 10-3 produce only a change in volume of-0.05% at 280
bar and 378°C. Although it cannot be ruled out that at lower
densities the effect will become stronger, it must increase by
two orders of magnitude to influence our results significantly.

The degree of dissociation is estimated after the approach of
Ho et al.38 Using the extended form of the Debye-Hückel
limiting law, and assuming a continuum dielectric fluid, we
estimate an activity coefficient of approximately 0.79, which
results in a degree of dissociation within 0.1% of unity at 0.5
g/cc. The available data extend only to 0.4 g/cc, and at lower
densities, we might expect some association to affect rate
constantk12. Our available data for two KOH concentrations
(1.0 and 0.5 molal) show no effect onk12 for the range of
densities studied (greater than 0.1 g/cm3).

III. Results and Analysis

Oxygen.An extensive survey of solvated electron scavenging
by oxygen (reaction 11) was carried out for differentT, P
conditions in the water critical region. All of the fitted rate
constants, with estimated errors (one standard deviation) are
listed in Table 1S of the Supporting Information. A typical data
set is illustrated in Figure 2, for scavenging at 370°C and 204
bar in the high-density vapor phase (density 0.158 g/cm3). The
GAP 520 diode was used at 1000 nm for detection. The fitted
curves shown include the small correction for secondary diode
response mentioned above. In general, the fitting was started
from approximately 20 ns after the pulse to avoid distortions
from linac noise and from spur recombination chemistry.

Results for the measurements at 250 bar and some lower
pressures are plotted in the Arrhenius format in Figure 3. Below
300°C the reaction rate is very insensitive to the pressure. The
Arrhenius curve adapted from the compilation of Elliot24 from
room temperature to 200°C is also superimposed for compari-
son. Clearly, the agreement of our measurements with previous
work is quite good. Along the 250 bar isobar, a strong dip in
reaction rate is visible in the critical region, with a minimum at
380 °C.

The phase-point behavior is more clearly represented in
Figure 4, where we plot rate constants for 360, 370, 380, and
400°C as a function of the water density. The error bars depend
strongly on the density as indicated because in the compressible
region it is more difficult to maintain constant temperature and
pressure. A very sharp drop in the rate constant is obvious as
we proceed from high density down to about 0.45 g/cm3 on a
given isotherm. Proceeding along the 380°C isotherm, the rate
increases again down to the lowest densities measured. Although
the intermediate densities are not available for the subcritical
isotherms at 360 and 370°C, the dense vapor (0.10-0.16 g/cm3)
at these temperatures shows the same behavior as the super-
critical 380 °C reaction rate. The isochoric activation energy
on this low-density side is apparently quite small. The high-
density side is not available at 400°C because the large
pressures required exceed the capabilities of the pumps. The
rate constants in the compressible region around 0.3 g/cm3 are
significantly higher at 400°C than at 380°C, and the overall
effect of density is less at the higher temperature.

Figure 3. Arrhenius plot of reaction 11 at 250 bar and lower pressures,
compared to existing literature.25 The rapid dip in rate at 380°C
illustrates the effect of the compressible solvent on the reaction rate.

Figure 4. Effect of density on rate constant of reaction 11 at various
near-critical temperatures. Except where shown explicitly, the errors
are on the order of the symbol size.
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The error bars in Figure 4 correspond to the error from the
curve fit as well as uncertainties in density. The majority of
the error stems from uncertainties in the temperature and
pressure coupled with large isothermal compressibilities. For
instance, the error propagation from measurementsP andT to
density is computed through thermodynamic properties:

whereκT is the isothermal compressibility of the fluid, and the
σi’s are the estimated standard errors of the measured quantities.
The error bars extend to a width of 2σ (i.e., the interval is mean-
(x) ( σ). Because of increasing fluctuations near the critical
density (F ) 0.32 g cm-3) and finite instrument response time,
the magnitude of the errors may be systematically underesti-
mated at these points.

SF6. As explained in the Introduction, we measured the
scavenging of SF6 in alkaline solution to avoid any problems
with buildup of hydrofluoric acid product. Figure 5 compares
the kinetics observed in neutral and alkaline solution at 380°C
and 300 bar (0.534 g/cm3). In the absence of SF6, the electron
absorption decays to baseline within 200 ns in neutral solution
but lasts nearly a microsecond in 10-3 molal KOH solution.
This comparison clearly illustrates the importance of reaction
8 in the electron decay under these conditions.40 Addition of
1.2× 10-4 molar SF6 causes the electron to decay to the baseline
within about 50 ns in neutral solution. In 1.0 millimolal KOH
solution, the solvated electron concentration quickly decays to
approximately 10% of its initial value and then persists with a
dramatically slowed decay.

Figure 6 illustrates the qualitative behavior of the scavenging
kinetics in alkaline solution above 300°C. Within a few
nanoseconds after the pulse (some spur decay is apparent), the
decays are biexponential. Addition of SF6 scavenger shortens
the initial (fast) decay time and reduces the amplitude of the
signal at long time. The time constant for the slow decay is
unaffected. Under alkaline conditions, reaction 12

acts as a secondary source of solvated electrons. This source
becomes dominant after the scavenger has depleted most of the
initial (e-)aq and the residual absorption is the result of
competition between source and sink. Because reaction 12 is
much slower than the reaction of the electron with SF6, the slow

decay directly gives the rate of reaction 12. The rate of this
reaction depends on the concentration of OH- and is indepen-
dent of the concentration of SF6, as can be seen in Figure 6.
The relative magnitude of the slowly decaying component
increases at lower water densities. This shows that the initial
yield of H atoms increases relative to the yield of (e-)aq, as will
be discussed below.

At very low densities at 380°C, we discovered a dynamic
shift of the solvated electron spectrum that made the apparent
decay rate at 1000 nm slower. In Figure 7, it is clear that at
144 bar (0.066 g/cc) the spectrum of the solvated electron shifts
dynamically to the blue in the first 200 ns after the electron
pulse. This effect disappears at pressures above 190 bar (0.107
g/cm3). We assume the spectral shift is due to ion pairing of
the electron with counterions; a detailed analysis will be
published in the future. Because of the severity of the effect,
short-time scale data at pressures 190 bar and below (at 380
°C) have been excluded from the present analysis of alkaline
solutions.

Preliminary analyses fitted the data at a given dose and SF6

concentration assuming a biexponential form. The slow com-
ponent of the biexponential decay appears to be independent
of dose. The fast component of the biexponential decays in

Figure 5. Effect of KOH on decay rate of solvated electrons in
supercritical water (380°C, 300 bar, 0.534 g/cc). In the presence of
1.2 × 10-4 M SF6 scavenger, the long tail on the kinetics in alkaline
solution is due to conversion of H atoms to solvated electrons.

σF
2 ) (κT/V)2[σP

2 + (∂P/∂T)V
2σT

2] (14)

H + OH- f (e-)aq + H2O (12)

Figure 6. Log plot of data for reactions of solvated electrons and SF6

in alkaline water at 350°C and 304 bar (0.646 g/cc) following 8 ns
electron pulses ([KOH]) 10-3 mol kg-1; [SF6] ) 1.6 × 10-4-2.5 ×
10-4 mol L-1).

Figure 7. Transient spectral shift of (e-)aq in alkaline water vapor
(380°C, 144 bar, 0.066 g/cc). A pure decay is seen at 1250 nm, but at
shorter wavelengths, first a rise and then a decay is seen.
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Figure 6 should represent the desired reaction of (e-)aq with
SF6. As shown in Figure 8, typical pseudo-first-order kinetics
were seen for this component, except that a negative intercept
was often found and that the intercept depended on dose.
We determined (only after collection of all of the kinetics
data reported here) that much SF6 was lost by diffusion into
plastic elements of the flow system before it reached the all-
metal preheater and cell (see the experimental description
above). For corrections, the final SF6 concentrations used
for the fits described below were estimated using a steady-state
mass transfer equation:

where (H0Ax) is an overall mass transfer coefficient andqSF6 is
the volumetric flow rate of saturated solution through the tube.
A corrected scavenging line is illustrated in Figure 8. The lower
nominal concentrations correspond to lower flow rate of the
SF6-saturated water feed and longer contact time between the
SF6 and plastic elements of the flow system. Note that at the
lowest flow rate, 50% of the SF6 was lost before it reached the
cell. On the other hand, the highest flow rates were only slightly
affected.

The rate constantsk12, k13, and the “initial” ratioGH/Ge of H
and (e-)aq yields were evaluated from the experimental data by
simultaneously fitting the experimental decays for a sequence
of concentrations and radiation doses acquired on a given day.
As mentioned above, the slow component is independent of dose
except in the limit of low SF6 concentration, which suggests
that second order reaction of the H atoms with other H and OH
radicals can be largely ignored. The dose dependence in fitted
GH/Ge must be dominated by second-order reactions of (e-)aq

with H (reaction 9) or possibly OH (reaction 6) at early times.
(We note that reaction 6 has a relatively low activation energy
where it is measured below 200°C.) To correct for the dose
dependence, we include the second-order rate constantk9 as a
fitting parameter, assuming a constant extinction coefficient of
10 000 M-1 cm-1. (This assumption will affect the value ofk9

but will not affect the values fork12, k13, and GH/Ge.) The
numbers for k9 are included in the results Table S2 for
completeness but should not be considered quantitatively
accurate. The value ofk9 reported will include other second-
order reactions and reactions of impurities that might be present.

The appropriate differential equations for the system of
reactions 9, 12, and 13 were integrated using a stiff differential

equation integrator. The least-squares fitting used a conventional
Levenberg-Newton minimization. Data were fitted starting after
effects of nonhomogeneous kinetics and cable ringing had died
away (less than 20 ns after the pulse) The shape and length of
the irradiation pulse were included in the integration of the
equations as were the response characteristics of the detector.
Data were fitted either by optimizing the value ofH0Ax or by
setting the value ofH0Ax to zero and using only the higher SF6

concentrations (flow rates). All of the 380°C data are reported
with H0Ax ) 0 to give the maximum consistency for plots vs
density. The data shown in Figure 10 are thus a lower limit to
the true rate constant. As shown in Table 2S when both analyses
were done on the same data sets, the differences in the rate
constant were less than 30%. Results fork12 and forGH/Ge are
unaffected by the uncertainty in SF6 concentrations.

Possible errors ink12, k13, andGH/Ge were evaluated both by
considering the covariance matrix and by probing the curvature
of the chi-square surface by perturbing a fitted constant and
refitting the data. Except fork12, the fitted constants are
constrained to within 10% for all conditions, excluding the role
of H0Ax discussed above. Typical errors fork12 are included in
Figure 11; the uncertainty is much larger than 10% below 250
°C becauseGH/Ge becomes quite small, and there is little signal

Figure 8. Nominal (squares) and corrected SF6 concentration (circles)
pseudo-first-order plots for reaction 13. These data correspond to 300
°C at 252 bar.

[SF6]real ) [SF6]nom exp(-H0Ax/qSF6) (15)

Figure 9. Arrhenius plot for reaction 13. Errors in the experimental
rate constants are approximately 10%. The leftmost data are for 380
°C at various pressures. At lower temperatures, the water pressure was
typically between 200 and 300 bar. Below 350°C, the pressure has
little effect on the density or the reaction rates.

Figure 10. Effect of density on rate constant for reaction 13 at 380
°C. Error in these rate constants may be 50% due to uncertainties in
the SF6 concentrations (see text).
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to fit. It was not possible to use the covariance matrix results
directly because the error surface is not quadratic over a
sufficiently large range.

Figure 9 shows an Arrhenius plot of the second-order rate
constant for scavenging of electrons by SF6. Our new measure-
ments nicely connect to the room-temperature result of Asmus
et al.41 The simple Arrhenius behavior is followed until the fluid
becomes relatively compressible. Above 350°C (1000/T ) 1.6),
the density becomes extremely important. The column of points
at the high-temperature side of the plot corresponds to 380°C
and various pressures/densities. Figure 10 shows these data as
a function of density. The behavior is similar to the observations
for O2 scavenging shown in Figure 3.

Figures 11 and 12 show similar behavior in the reaction of
OH- with H atoms. A nearly identical result has been obtained
by Percival and co-workers for the reaction of muonium (a light
isotope of atomic hydrogen formed with a positive muon as
nucleus) with OH- in supercritical water.42 The new rate
constants connect to the high-precision data of Han and
Bartels27,28 (Figure 11), but the Arrhenius activation energy
becomes smaller above 100°C. Earlier models that extrapolated
the Han and Bartels result to high temperature are seen to be

unjustified.24,25,43 The character of the density dependence at
380°C is virtually the same as for reactions 11 and 13, though
the rate constants for reaction 12 are an order of magnitude
smaller.

Figure 13 displays the ratio of initial yields for H atom and
solvated electron. Up to this point we have made no attempt to
establish absolute yields. The ratioGH/Ge is small (ca. 0.25) at
high density and temperatures below 250°C, in agreement with
previous studies of gamma radiolysis.24 Above this temperature,
for densities in the range of 0.6-0.75 g/cm3, the ratio increases.
At 350 °C, the ratio is approximately 1.0. In supercritical water
at 380°C, the measuredGH/Ge ratio is greater than unity and
becomes larger as density decreases. In low-density supercritical
water, the initial yield of H atoms seems to be roughly five to
six times the yield of hydrated electrons.

Where experiments were performed at two different OH
concentrations for the same state point, results fork12 were found
to be within l0%. The graphs for reaction 13 lack vertical error
bars because of uncertainty in the amount of SF6 delivered to
the cell as discussed above. (A conservative upper limit on the
uncertainty is a factor of 2.)

IV. Discussion

Two striking and unexpected observations come out of this
study. The first is the strong decrease and then increase of the
rates for reactions 11-13 as a function of density in supercritical
water at 380°C. The second is the apparent increase in H atom
yield, relative to solvated electrons, as density decreases and
temperature increases above 300°C.

With regard to the rate constants, the first question to settle
is whether the behavior results from a diffusion limit or from
an activation barrier. The reaction of solvated electrons with
O2 up to 100°C was considered in a previous study in this
laboratory.44 It was shown based on the measured diffusion
coefficients that the reaction must be a diffusion-limited long-
range electron transfer over most of this temperature range.
However, the average Smoluchowski reaction distance decreases
with increasing temperature from 7 Å near room temperature
to 3 Å at 100°C. Because the activation energy of the reaction
(14.0 kJ/mol) is well below the activation energy for electron
diffusion (20.2 kJ/mol),44 reaction 11 is certainly not diffusion-
limited at higher temperatures. For reaction 13, the room-
temperature rate constant of 1.6× 1010 M-1 s-1 is very high
but still smaller than diffusion limited. An estimate of the
diffusion-limited rate based on the Smoluchowski equation,45

with a relative diffusion coefficient of 6.0× 10-5 cm2 s-1 and

Figure 11. Arrhenius plot for reaction 12 at various pressures. The
errors in the rate constants are approximately 10%. The leftmost data
are for 380°C. The straight line is from reference 28.

Figure 12. Effect of density on apparent rate constant for reaction 12
at 380°C. The filled and open symbols represent KOH molalities of
1.0 × 10-3 and 0.5× 10-3 mol kg-1, respectively.

Figure 13. Change of apparent yield ratioGH/Ge with solution density.
Above F ) 0.6, density is chiefly governed by temperature.
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reaction distance of 6.0 angstroms, is 2.7× 1010 M-1 s-1. At
150°C, we measure a rate constant of 1.9× 1011 M-1 s-1, and
the Smoluchowski equation predicts 5.1× 1011 M-1s-1. (Again
the relatively large activation energy for solvated electron
diffusion dominates.44) Thus, reaction 13 is also further away
from pure diffusion control at elevated temperature. Indeed, it
has proven difficult to find purely diffusion-limited reactions
over a wide temperature range in water. More often than not, a
small activation barrier limits the rate at elevated temperatures.46

We have no data on diffusion coefficients for the solvated
electron above 150°C, so we cannot completely rule out partial
diffusion-limited behavior for reactions 11 and 13 at 380°C.
Between 300 and 600°C, the conductance of simple 1:1
electrolytes shows no dramatic change in the density range
around 0.4-0.6 g/cm3, suggesting that ionic diffusion is not
responsible for the unusual reaction rate behavior.47 Most
importantly, reaction 12 is very far from the diffusion limit at
lower temperatures and is still an order of magnitude slower
than reactions 11 and 13 at 380°C. In Figure 14, we show that
the rate constants of reactions 11-13 can be virtually super-
imposed merely with a constant multiplier. This strongly
suggests that the entire density effect on the rate constants is
unrelated to diffusion.

It may be instructive to consider just how different these
reactions are. As we noted above, the reaction of solvated
electron with O2 is best thought of in terms of an electron
transfer from a potential minimum formed by the solvent
molecules, into a potential minimum centered on the oxygen
molecule.44 In principle, the Marcus theory of electron transfer
rates should apply. The same picture should apply to the reaction
of electrons with SF6, but in this case, the product immediately
dissociates into SF5 and F-. In either case, the reaction (whether
diffusion-limited or not) may occur by electron transfer from
“long range” without direct “contact” between the electron and
scavenger. In contrast, the reaction of H atoms with OH- is
best thought of as a “proton transfer”, in which the electron is
“left behind” in the solvation cavity originally occupied by the
H atom.28 Immediate contact between H and OH- is probably
necessary to effect the proton transfer. The activation energy is
relatively high, and the reaction rate is well below the diffusion
limit. The only common feature of all of these reactions is that
they each involve a hydrophobic species and a solvated anion.
We surmise that the explanation is found in consideration of
the potential of mean force separating the hydrophobic and ionic
species in the compressible fluid.

The nature of solvent clustering and local density enhance-
ments in supercritical fluid has been much discussed in the
recent literature.48,49 The picture that emerges is that, near the
critical region, the entropic driving force that favors vaporization
roughly balances the attractive potential between solvent
molecules responsible for condensation. Microclusters of mol-
ecules are constantly forming and dissipating. In this environ-
ment, a solute molecule with attractive potential relative to the
solvent will tend to form the nucleus of a cluster and be found
in a region of local density enhancement relative to the bulk
average. A solute with repulsive potential can expect to be found
more often in the voids between the dynamic solvent clusters.50

Evidence for these effects in water can be found in the large
negative partial molal volumes of ions (attractive potential) and
large positive partial molal volumes of hydrophobic (repulsive
potential) molecules and atoms.48 Biggerstaff and Wood51 note
that, for argon, ethylene, and xenon near the water critical region,
the maximum partial molal volume is approximately 3000 cm3/
mole. A single hydrophobic molecule displaces approximately
40 water molecules. The solvation structure around ions in
supercritical water has been simulated by a number of
groups.12,52-54 For a fixed temperature just above the critical
temperature, the first solvation shell around simple ions remains
intact down to densities of about 0.2 g/cm3, as indicated by the
strongly peaked radial distribution functionsg(r) between solute
ions and water.52 The local density enhancement around ions
is expected to be largest in the region of highest solvent
compressibility, according to the compressible continuum model
of Wood and co-workers.55,56

In light of these considerations, it seems reasonable to suppose
that near 0.5 g/cm3 in supercritical water at 380°C, the repulsive
hydrophobic molecules SF6, O2, and H atoms begin to segregate
into voids between dynamic water clusters. (At the higher
densities where isolated clusters cannot really exist, one might
envision first the formation of a “sponge-like” topology, with
the hydrophobic molecules mostly in the bubbles.) The ions
(e-)aqand (OH-)aqalways remain strongly solvated within water
clusters. On average, a potential of mean force develops to
prevent reactive contact between the ion and hydrophobic
species. As we proceed to lower densities from the density of
minimum reaction rate, the solvation shell about the ions must
thin. We presume that this reduces the potential of mean force
barrier and is responsible for the increase in reaction rates again
at lower density. It is interesting to note that the sharp transition,
and the minimum in reaction rate, occurs at densities signifi-
cantly higher than the water compressibility maximum at a given
temperature. The local density enhancements commonly dis-
cussed in the recent literature almost universally occur on the
low-density side of the critical point.57 It is also interesting to
note, in Figure 4, that the transition seems to occur at higher
density at lower temperatures. These features of the data remain
to be explained quantitatively. However, it is worth pointing
out that the “thickness” of our postulated mean force barrier
depends on the absolute density, not on the “local density
enhancement” relative to the average.

In terms of the practical problem of radiation effects in a
supercritical water-cooled nuclear reactor, the observation of
increased hydrogen atom yield relative to solvated electrons may
be of more importance than the unusual reaction rates. A higher
yield of H atoms is itself not terribly surprising. In water vapor,
it has always been suggested that yields of H atoms and electrons
should be nearly equal,17,58-61 because, below the ionization
threshold, the quantum yield for dissociation into H and OH is

Figure 14. Density dependence of three reactions at 380°C. Note the
log scale fork12 (right side) is shifted for easy comparison with the
other reactions.
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essentially unity. The surprise in Figure 13 is that this ratio
strongly favors H atoms in supercritical water.

In room-temperature water, the low yield of H atoms relative
to solvated electrons is rationalized in terms of several effects.61

First, the ionization threshold for liquid water is shifted
significantly to lower energy relative to the vapor, which favors
a higher electron yield. In the vapor, the lowest ionization
threshold is at 12.6 eV, but in liquid water the direct ionization
pathway seems to begin around 10 eV.62,63Second, an efficient
mechanism exists whereby water excitons (excited states below
10 eV) can decay to give solvated electrons instead of water
dissociation to H and OH.58,62,63Third, a major fraction of cage
recombination of H and OH can be expected in the liquid. The
quantum yield for H atoms in neat water photolysis with 6.7
eV photons is reportedly 0.08,64,65implying 90% recombination
or radiationless decay. As we lower the density in supercritical
water, we can expect all of these condensed phase effects to
weaken, so that theGH/Ge ratio could approach 1.0 as for the
isolated H2O molecule. However, these important effects, taken
together, are not sufficient to explain a much higher yield of H
than of solvated electrons.

The yield ratio plotted in Figure 13 is a result of the data
fitting that includes effects from all of the spur recombination
reactions. Relative to lower temperatures, we know that the
reaction of solvated electrons with protons to produce H
(reaction 8) will be favored by the lower dielectric constant
thanks to the Coulombic attraction. At the same time, other
major recombination reactions 6 and 4 have a low46,66 or even
negative26 activation energy. It seems likely that this intraspur
charge recombination is an important reason for the increased
GH/Ge ratio as the temperature is raised and the density
decreases. It is the only mechanism that can ultimately produce
a phenomenologicalGH/Ge ratio larger than in the vapor.

A corollary of largeGH/Ge would seem to be a decreased
yield of solvated electrons. In Figure 15, we plot the “initial”
1200 nm absorption amplitude of solvated electrons following
4 ns radiolysis pulses in Argon-saturated 0.3 millimolal KOH
solution at 380°C, as a function of the water density. The open
circles represent signals divided by the density to normalize
for the amount of energy actually absorbed by the sample. Our
observations indicate that the spectrum shape is essentially

independent of density, for densities greater than 0.2 g/cc. Above
0.2 g/cm3, the density-normalized points of Figure 15 should
therefore be approximately proportional to the yield of electrons,
Ge. The electron yield decreases between 0.6 and 0.4 g/cm3

where we see an increase inGH/Ge (Figure 13). This is consistent
with an increase inGH at the expense ofGe. However, electron
yield increases again between 0.4 and 0.2 g/cc even thoughGH/
Ge continues to increase. This must indicate an overall increase
in the sum of GH and Ge at low densities. A systematic
quantitative study of these yields is planned as a next step in
our project.

V. Summary and Conclusions

In summary, we have measured reaction rates for three
reactions in supercritical water as a function of the density:

Although the rate constant and nature of reaction 12 is very
different from that of (11) and (13), the effect of density on the
rate constant at 380°C (T/Tc ) 1.01) is virtually identical for
all three reactions. At this temperature, the rates drop very
dramatically by a factor of 4 between 0.55 and 0.45 g/cm3. The
rate constants increase again at lower density, regaining the high-
density values at 0.1 g/cm3. The only common characteristic of
these three reactions seems to be the involvement of an anion
(OH- or (e-)aq) and a hydrophobic molecule (H, SF6, or O2).
We postulate that the rate constant behavior results from a
potential of mean force separating the ion and the hydrophobic
species, which for this temperature is always maximized at about
0.45 g/cm3.

A surprising second result of these experiments is the strong
dependence on density of the relative radiolysis yields of H and
(e-)aq. Below 300°C, the ratioGH/Ge remains about 0.25, but
it increases to 0.85 at 350°C. In the supercritical fluid at 380
°C, the ratio is greater than unity. At lower densities around
0.1 g/cc, the ratio reaches 4.0-6.0. We postulate that this
number becomes larger than unity because of the fast charge
recombination of electrons and protons in spurs, taken together
with increased cage escape of H and OH from water dissocia-
tion. Indications are that the sum (GH + Ge) increases
significantly in low-density supercritical fluid.
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Figure 15. Initial 1200 nm absorption of solvated electrons at 380°C
following 4 ns radiolysis pulses in 0.3 mmolal KOH solution. Filled
circles represent the experimental absorption normalized to unity at
the highest density. Open circles represent absorption normalized for
the water density to give (relative)Ge timesε.

(e-)aq + O2 f O2
- (11)

H + OH- f (e-)aq + H2O (12)

(e-)aq + SF6 f SF5 + F- (13a)
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