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Ionisation Constants of "OH and HO, in Aqueous Solution
up to 200 °C

A Pulse Radiolysis Study

George V. Buxton,* Nicholas D. Wood and (in part) Sally Dyster

Cookridge Radiation Research Centre, University of Leeds, Cookridge Hospital,
Leeds LS16 6QB

The ionisation constant of “OH has been determined up to 200 °C from
measurements of its rate of reaction with COZ™ in alkaline solution, where
O~ is unreactive. The Van’t Hoff plot shows the same curvature as that for
K., so that 'OH and H,O have the same heats of ionisation. AH for the
equilibrium

‘OH+OH =0""+H,0
is independent of temperature and equal to —15.4+0.5 kJ mol™*. AH for
the ionisation of HO; has been measured as zero within experimental error
up to 175°C by determining the concentrations of HO,; and O; at
equilibrium from optical absorbance measurements. The activation energies
for the reaction of "OH with COZ  and HCO; are independent of
temperature and equal to 23.6+0.4 and 21.2+40.2 kJ mol™?, respectively,
although k("OH+COZ") ~ 50 k(OH + HCO;j). The G values for e, and
"OH increase by 27 % between 20 and 200 °C in the pH range 4.4-9.2, but
appear to be independent of temperature at pH 2.

A detailed knowledge of the radiation chemistry of liquid water and aqueous solutions
at elevated temperatures is necessary for accurate computer modelling of radiolytic
processes in water cooled reactors. The free radicals "OH and HO; are important species
in this respect and their ionisation constants are of particular interest because the
dissociated forms have different reactivities from the undissociated ones.

The radiolysis of neutral water at ambient temperature is described by the reaction

0.42 H,0 — 0.28 ¢, +0.05 H+0.28'OH +0.04 H, +0.07 H,0,+028 H* (1)

where the numbers are the yields (G values) in units of gumol J™*. In the presence of
oxygen reactions (2) and (3) are rapid:

€+0, > 0 @
H+0, - HO;. 3
The ionisation constants of "OH and HO, have been measured at ca. 20 °C,
‘OH=0"+H", pK,=119 4)
HO; = +H"*, pK,=4.7 ©)

and their temperature dependence has been investigated over relatively short ranges.®*
Baxendale er al.® measured pK, in the range 1.6-38 °C and pK; in the range 3-75 °C and
obtained enthalpies of ionisation of 42+ 8 kJ mol™* for "OH and zero for HO;, whereas
Nadezhin and Dunford* reported 11.3 +2.9 kJ mol™* for HO; over the range 5-25 °C.

In this paper we present information on the ionisation constants of "“OH and HO; up
to 200 °C.
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Experimental

Solutions were made up using triply distilled water and chemicals of A.R. grade or
better.

The general pulse radiolysis methods used in this laboratory have been described
elsewhere.® In order to study aqueous solutions up to 200 °C the complete flow system
was contained in a steel vessel® pressurised to ca. 2 MPa with helium. This apparatus,
which was kindly loaned by Berkeley Nuclear Laboratories, CEGB, facilitates solution
sample changing in situ. The pulse radiolysis cell was contained in a thermostatically
controlled brass block and the temperature of the cell contents was measured with a
thermocouple situated in a quartz sleeve which dipped into the cell.

Dosimetry was carried out at room temperature using O,-saturated 5 mmol KI
solution and measuring the absorbance due to I;” at 385 nm, taking G(I;)e&(l;") =
3.2x10*m*J%, where G(I;") is the yield of I;” in umol J™* and &(I;") is the molar
absorbance of I~ in m® mol™*. Corrections were made for the decrease in the density of
water at elevated temperatures.

Results and Discussion
The Hydroxyl Radical

The pK of "OH was determined by the method of Weeks and Rabani,” which utilises the
fact that reaction (6) is fast whilst (7) is immeasurably slow:

"'OH+CO% - CO; +O0H", k;=4.2x10*dm® mol™s™* (6)
O~ +COE. @)

Under conditions where equilibrium (8) is established ;®
'OH+OH =0"+H,0, ky=13x10""dm®*mol*s58 8)

the rate of formation of CO;” is given by
d[CO;T] _ kgH']
dr (H]+K)
where ["OH],; = [[OH]+([O""].

In the present work solutions of carbonate were saturated with N,O which doubles the
yield of hydroxyl radicals through the reaction

€ TN, O—>N,+0", kjy=9.1x10°dm® mol™ s71.° (10)
The solutions were subjected to a 100 ns pulse of 2.9 MeV electrons and the dose per

pulse was in the range 8-11 Gy. The rate of formation of CO;~ was monitored by its
absorbance at 600 nm and was corrected for its simultaneous decay in the reaction®®

CO; +CO; — CO, +COZ™. (11)

Under all conditions the kinetics of formation of CO;", after applying small corrections
for reaction (11), were described by

d[CO;]
drs

where [CO?Z7], includes HCOj; formed by hydrolysis of CO%~ which can be calculated
from the dissociation constant K ,:

HCO; = CO? +H*. (13)

[CO57]['OH], )

= ko[ CO311([CO;57],, —[CO;D) 12)
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Fig. 1. Temperature dependence of k.. The data sets numbered 1 to 4 are for the following
solute concentrations (mol dm~%): (1) [OH] = 1.0, [COZ7], = (4-99.7) x 10~2%; (2) [OH"] = 0.33,
[CO%¥ ], = (1.57-59.4) x 107%; (3) [OH]=0.1, [CO%¥], = (3.1-250)x 107%; (4) [OH7]=0.01,
[CO%), = (5.75-25.9) x 107%. Data are shown for increasing temperature (A), decreasing
temperature (V), and calculated from eqn (15) (@).

The total yield of CO;~ was equal to the total yield of 'OH+O"", and it was confirmed
that the spectrum of CO;™ is independent of temperature up to 200 °C."!

Values of k. were measured over the range 0-200 °C for four different concentrations
of hydroxide ion and a range of carbonate concentrations. The results are displayed in
fig. 1 in the form k,, vs. temperature. For clarity no more than two data points are
shown for each 10 °C interval, and they comprise 20 % of the total data. A feature of
the data in fig. 1 is the decrease of k,, at high temperature in the 10~ mol dm™® OH~
solution. This is attributed to the increased hydrolysis of COZ2~ at high temperature and
the lower reactivity of HCO; with "OH:

"OH+HCO; — CO; +H,0, k;, = 8.5x 10° dm® mol~? s71.12 (14)

When reactions (13) and (14) are included in the mechanism k. in eqn (12) is given

by
N ky, (H]
Kons = ((1 THYKy T+ Km/[H*])> @I+ K) (13)

so that K, can be evaluated when kg, k,, and K, are known at the appropriate
temperature


http://dx.doi.org/10.1039/f19888401113

Published on 01 January 1988. Downloaded by Christian Albrechts Universitat zu Kiel on 23/10/2014 21:33:43.

View Article Online

1116 lonisation Constants of "OH and HO,
20V
~ 19
Tm
e
g 18 | -
L)
£
il
217t
)
L
16 <
15 A I i A 1 i I 1 1 1 1 1 I 1 1 I I
2.0 2.5 3.0 3.5
10° K/T

Fig. 2. Arrhenius plot for k(OH+HCOj). The point shown as [J is from ref. (12).
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Fig. 3. Van’t Hoff plot for the acid dissociation constant of “OH. The point shown as [] is from
ref. (7).

Temperature Dependence of &,

When measuring k,, care must be taken to ensure that the bicarbonate solution is free
of carbonate'? because Ky = 50k,, at ca. 20 °C. The saturation of bicarbonate solutions
with N,O causes the pH to rise owing to the displacement of CO,, and it is necessary to
bubble CO, through the solution for a few seconds after N,O-saturation to restore the
pH to ca. 7. Values of k,, measured under these conditions are presented as an Arrhenius
plot in fig. 2, which gives an activation energy for reaction (14) of 21.240.2 kJ mol™.
The linear Arrhenius plot in fig. 2 contrasts with the curved plot reported previously,'
for which the HCOj solutions undoubtedly contained small amounts of COZ~. Thus the
measured rate constants at low temperatures were too large, but approached the true
values of k,, at high temperatures, where equilibrium (13) is displaced to the right.'®
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Temperature Dependence of K, and k&,

Values of K, and k, were calculated from the data in fig. 1 using eqn (15). K,; was
evaluated by interpolation of a smooth curve drawn through data taken from ref. (13),
and k,, was obtained from the linear plot in fig. 2. A trial-and-error method was then
used to obtain values of K, and k; which gave good agreement between measured and
calculated values of k, (see fig. 1). Their temperature dependence is shown in fig. 3 and
4, and the excellent agreement with the literature values at ca. 20 °C provides support
for their validity.

The non-linear dependence of K, shows that AH for the ionisation of "OH decreases
with increasing temperature, as does AH for the ionisation of water. The temperature
dependence of K; can be obtained from the data for K, and K ;**** it is described
b

¢ InK, =—(1.18+0.15)+(1.85+0.05) x 10%/T

which shows that AH for reaction (8) is independent of temperature over the range
0-200 °C and equal to —154+0.5kJmol™*. Baxendale er al® obtained AH, =
—13.8+8.4 kJ mol™ over the range 1.6-38 °C.

Note that the Arrhenius plot for k&, is linear (fig. 4) and gives an activation energy of
23.6+ 0.4 kJ mol™* for reaction (6), which is very similar to that for reaction (14). Thus
the 50-fold difference in k, and k,, occurs mainly in the Arrhenius pre-exponential
factors; in terms of the collision theory, this suggests that there are more reactive
encounters in the case of COZ2~. Although reaction (6) is formally written as an electron-
transfer process it probably proceeds via addition'! of ‘OH to the C=0 group because
the reorganisation energy involved in forming OH™ from "OH is rather large. The similar
activation energies suggest that adduct formation also occurs with HCOj, so, in view of
the electrophilic nature of ‘OH, the difference in k, and k,, may reflect the greater
resonance in COZ~, which makes the C=0 group more available compared to HCO;.

The Hydroperoxyl Radical

HO; was generated by pulse radiolysis of O,-saturated 10~* mol dm2 formate solutions.
The reactions occurring in this system are (1), (2), (3), (5), (16) and (17):

"OH + HCO; - CO; +H,0 (16)
CO; +0, >0, +CO, 17

and conditions were chosen such that HO; and O;~ were formed during the pulse, which
was 2 us long and delivered a dose of 4065 Gy. In these experiments the measured
quantity was G(HO}), &,,,., where G(HO3), is the sum G(HO;)+ G(O;7) and ¢, is the
observed extinction coefficient. For conditions where equilibrium (5) is established, ¢,
is given by
e — EHOY+K;e(0y)/[H'] (18)
I+ K,/H]

so that K; can be evaluated when G(HO3),, ¢(HO;), &(O;") and [H*] are known. The
method relies on the fact that HO; and O;~ have different spectra.?

The measured values of G(HO;)., &, are displayed in fig. 5-8. The data in fig. 5 are
at pH 1.9 (HCIO,) where only HO; is expected, and those in fig. 7 are at pH 6.8
(phosphate buffer) where only O;™ should be present. Similar data to those in fig. 7 were
also obtained at pH 9.2 (borax buffer). The data in fig. 6 are for pH 4.4 (HCO,H/
HCO3), where HO; and O;~ are both present. Measurements at pH 1.9 and 6.8 showed
that the spectra of HO; and O;~ are independent of temperature up to 175 °C, the
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Fig. 4. Arrhenius plot from k('OH + COZ"). The point shown as []J is from ref. (7).
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Fig. 5. Temperature dependence of G(HO;). .. at pH1.9: O, increasing temperature;
A\, decreasing temperature. (@) 240 and (b) 260 nm.

highest temperature for these measurements. At pH 4.4, however, a small red shift was
observed (see fig. 8), which points to an increase in the ratio [O;7]: [HO;] with increasing
temperature.

Evaluation of K, from eqn (18)

The data in fig. 5 show that G(HO;) e(HO;) is independent of temperature, whereas fig.
7 shows that G(O;") ¢(O;") increases with temperature. Since no change in the shape of
the spectra of HO;~ or O;~ with increasing temperature was observed, we conclude that
e(HO;) and &(O;") are independent of temperature up to 175 °C. The same conclusion
was reached by Baxendale er al.® up to 75 °C. It follows that G(HO;) at pH 1.9 is
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dependence of G(HO;),¢,,, at pH 4.4: O, increasing temperature; A,

decreasing temperature. (a) 240 and (b) 260 nm.
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Fig. 7. Temperature dependence of G(HO;). ¢, at pH 6.8: O, increasing temperature; A,

decreasing temperature. (a) 240 and (b) 260 nm.
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Fig. 8. Temperature dependence of the spectrum of (HOj), at pH 4.4: O, 20; [1, 100; A, 175 °C.
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Fig. 9. Van’t HofT plot for the acid dissociation constant of HO; obtained from measurements of
G(HO;), s at 240 (O) and 260 nm (A). Also shown are data from ref. (2) (¢) and ref. (3)
(O).

independent of temperature, whereas G(O;”) at pH 6.8 and 9.2 increases with
temperature. The fractional increase in G(O;) is very similar to that reported for
G(e,,) over the same temperature range.'® This is not unexpected, because G(O;") =
G(e,,) + G('OH) + G(H), G(e;))+ G('OH) ~ 10G(H) [see reaction (1)] and an increase in
G(e;,) will be matched by an increase in G('OH). We have also observed similar increases
in N,O-saturated solutions of bicarbonate and formate at neutral pH, which measure
G(e,,) +G('OH) and G(e,,) + G(OH) + G(H), respectively.'”
At pH 1.9 ¢, reacts with H* rather O,,'®

e, +H* > H (19)
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so the apparent lack of effect of temperature on G(HO;) may indicate a pH effect on spur
processes in the radiolysis of water at high temperature. Further investigations in this
area are planned.

At pH 4.4 the radiolysis of water [(reaction (1)] is the same at pH 6.8 and 9.2 on the
timescale of the present experiments, so we assume that G(HO;), shows the same
increase as G(O;") at the higher pH. Therefore, in evaluating ¢,,, from the data in fig.
6, we have divided G(HO;) &,,, by G(O;") derived from fig. 7 on the basis that ¢(O;")
is independent of temperature. In each case the mean values indicated by the broken
lines have been used. To obtain a(O ") we have taken G(O;7) = 0.62 ,umol J1 at 20 °C,
which gives £(0;7) as 172+ 15 m? mol™ at 260 nm and 244+ 15 m* mol™* at 240 nm;
these values compare reasonably well with 193.3 m® mol™" at 260 nm and 234 m* mol~ i
at 240 nm obtained by Bielski.? From the data in fig. 5 and taking G(HO;) = 0.62 umol
J~! we obtain ¢(HO;) = 5743 and 110+7 m?* mol™* at 260 and 240 nm, respectively,
compared with Bielski’s values of 54.3 and 126.2 m® mol .2

Fig. 9 shows a Van’t Hoff plot of K, where the values of K, have been determined
using our measured values of ¢(HO;) and ¢(O;") and allowing for the change in the
dissociation constant of formic acid with temperature.’® Within the uncertainty of the
experimental data AH, is zero up to 175 °C. Thus the present work confirms the findings
of Baxendale et al.,® but over a much wider range of temperature.

Finally, the constancy of K, and linearity of the Van’t Hoff plot for K| provide a firm
basis for extrapolation of these data to higher temperature.

We are grateful to AERE, Harwell for financial support and to C.E.G.B., Berkeley
Nuclear Laboratories for the loan of the high-temperature apparatus.
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