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ABSTRACT: The photolysis of strong alkaline solutions of H2O2 yields , which
in the presence of molecular oxygen forms the ozonide radical ion, . A detailed kinetic
study on the reaction mechanisms involved during formation and decay of radical ions
in these solutions, in the presence and absence of added scavengers is reported.

In order to obtain a complete interpretation of the experimental data, kinetic computer
simulations were done using a complete set of reactions. A very good agreement between ex-
perimental and computer simulated data is obtained. The following simplified mechanism
accounts for the observed first-order decay of in alkaline hydrogen peroxide solutions:

with S: scavengers. © 1997 John Wiley and Sons, Inc. Int J Chem Kinet 29: 589–597, 1997.O?2/HO?
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INTRODUCTION

The photolysis of H2O2 at irradiation wavelengths in
the range nm is reported to dissoci-
ate the molecule (reaction 1) with a pH-independent
quantum yield [1,2]. However, in alkaline aqueous
solutions , the conjugated base of(pH . 12.7)
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hydrogen peroxide predominates (reaction (2),
log [3]) and its photodissociation has been
discussed in terms of two possible mechanisms 
[4] as shown in reactions (3) and (4).

(1)

(2)

(3)

(4)

radicals efficiently react with O2 yielding
ozonide radical ions, (reaction (5)).O3?2

O?2

 HO2
2 1 hn 9: HO2 1 O(3P) 

 HO2
2 1 hn 9: HO? 1 O?2 

 H2O2 1 HO2 IJ
k2

k
22

HO2
2 1 H2O 

 H2O2 1 hn 9: HO? 1 HO? 

K2 5 2.35

36369_5311_p589-597  7/25/97 12:48 PM  Page 589    (Black plate)



590 GONZALEZ AND MÁRTIRE

36369 Journal of Chemical Kinetics (Wiley-Interscience) art 5311 ac JC 6/3/97

(5)

Complex decay kinetics strongly dependent on pH,
[O2], and concentrations of other substrates present in
the solutions, and involving the sequences

. . . and 
. . . , were reported for ozonide radical ions [5–7].

Flash-photolysis experiments of strong alkaline
aerated aqueous solutions of hydrogen peroxide are
efficient methods for generation. Early studies
on these systems reported formation of [7b] and
showed considerable long lifetimes,of the order of

s [6–11]. Though several speculative mecha-
nisms were suggested, no one could account for the
experimental data.

The study of the alkaline chemistry of ozonide
radical ions in the presence of H2O2 is of importance
since participates in the ozone decomposition
cycle by , as well as in the oxidative treatment
of contaminated alkaline waters by H2O2/UV. We
here report a kinetic study on the reaction mechanism
involved during formation and decay of radical
ions initiated by photolysis of alkaline hydrogen per-
oxide solutions,both, in the presence and absence of
added and scavengers. In this study, a com-
plete set of literature reactions,mainly reported from
pulse radiolysis experiments, is used to account for
the observed results. The contribution of the different
reactions to the overall scheme is discussed, and a
simplified mechanism is proposed.

EXPERIMENTAL

Materials and Apparatus

Potassium biphtalate and anhydrous sodium carbon-
ate (Merck), potassium cyanide and potassium hy-
droxide (Mallinckrodt), and hydrogen peroxide
(Riedel-de Haën),were used without further purifica-
tion.

Water was distilled and passed through a Millipore
system. Stock solutions of KOH were bubbled with
synthetic air in order to avoid dissolution of carbon
dioxide from air during storage. Small amounts of the
bubbled KOH stock solutions were added to the sam-
ples immediately before doing the experiments.

Flash-photolysis experiments were carried out in a
conventional apparatus (Xenon Co model 720C) with
modified optics and electronics [12]. Two collinear
quartz-xenon lamps (Xenon Co.,FP-5-100C) were
used. In order to avoid the possible direct UV-photo-
lysis of carbonate and cyanide ions [13,14],the emis-

HO?O?2

O3?2

HO2
2

O3?2

1024

O3?2

O3?2

O3?2 : O?2 :O3?2 : HO3 : HO? :

O?2 1 O2 9: O3?2 sion of the xenon pulsed lamps was cut off with a
concentrated Na2CO3 solution surrounding the quartz
sample cell (20 cm long, 1 cm internal diameter). The
detection wavelengths were in the spectral range from
260 to 350 nm (high pressure mercury lamp Osram
HBO-100W), and from 350 to 700 nm (halogen-
tungsten lamp Riluma PN240,24V, 240W). The
monochromator collecting the analysis beam (Bausch
& Lomb, high intensity) was directly coupled to a
photomultiplier (RCA 1P28),whose output was fed
into a digital oscilloscope (Leader LBO-5825). Digi-
tized data were stored in a personal computer.

Experimental Procedure

The concentration of H2O2 was varied in the range
from to . The pH was
checked with a pHM 82 pH-meter (Radiometer,
Copenhagen) and the analytical concentration of
KOH was determined volumetrically with a standard
solution of potassium biphtalate. The concentration
of dissolved oxygen in the samples ( )
was determined with a specific oxygen electrode
(Orion 97-0899). The presence of carbonate in solu-
tions which should not contain this ion was controlled
by checking the flash-photolysis signals at 600 nm
for formation of radicals due to an efficient re-
action between and radicals [15].

In order to study the effect of different substrates
on the decay kinetics, series of experiments 
at a fixed hydrogen peroxide concentration

and constant pH were carried out in
the presence of variable amounts of substrate, in the
range from 0 to for and from 0 to

for CN2. The pH effect was studied in
the range 12.7 to 14.0.

All the experiments were carried out in the tem-
perature range 23–27°C. The sample cell was care-
fully washed and refilled with fresh solution every
five flashes in order to achieve less than 2% H2O2
conversion.

Results

Systems in the Absence of Scavengers. Air-satu-
rated aqueous solutions containing H2O2 concentra-
tions in the range from to 
and pH in the range from 12.8 to 14.0,were irradi-
ated at 23 and 27°C. The time resolved absorption
curves obtained in the range 350–700 nm show the
decay of a single intermediate produced during the

1.2 3 1023 M5 3 1025 M

O?2

5 3 1023 M
CO3

52.5 3 1022

(1.16 3 1024 M)

O3?2

HO?CO3
5

CO3?2

2.5 3 1024 M

1.2 3 1023 M5 3 1025 M
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Figure 1 Time-resolved absorption curves obtained from
the flash-photolysis of an air-saturated M alka-
line ( ) solution of hydrogen peroxide at

. The solid line refers to the simulated exper-
iment (see text). The absorption coefficients considered for
the simulations were: 80[5], 1830 [16],and 
[5] for , , and O3, respectively.O2?2O3?2

3300 M21 cm21

nmlobs 5 260
pH 5 13.1

1.16 3 1024

Figure 2 First-order plot for the decay of concen-
trations obtained from the following air-saturated alkaline
( ) solutions:(a) hydrogen perox-
ide; (b) M hydrogen peroxide with added 

M Na2CO3; and (c) M hydrogen perox-
ide with added M KCN. The solid lines corre-
spond to computer simulated profiles (see text).

5 3 1024
1.16 3 10241023

1.16 3 1024
1.16 3 1024 MpH 5 13.1

O3?2flash with maximum at 430–440 nm. The spectrum
shape does not change with H2O2 concentration, pH
and temperature, although the spectral amplitude,
taken at linearly depends on the incident light
energy and on [H2O2]. The observed absorption spec-
trum agrees with that reported for [5,6,8–11].

The time-resolved absorption curves obtained in
the range 260–350 nm,show a complex dependence
on wavelength, indicating the absorption of more
than one species in this spectral range. Figure 1
shows the traces observed at 260 nm.

The transient decay curves at 440 nm can be well
described by a first-order law over more than three
lif etimes under all our experimental conditions. The
concentration profiles of were calculated from
the digitized time resolved absorption curves at 
440 nm taking for the
absorption coefficient of [5]. Figure 2 shows a
logarithmic plot of the concentration profiles after ir-
radiation for experiments in the presence and absence
of scavengers.

The decay rate constant for , kapp, was found
to depend on , as shown in Figure 3. A linear
dependence of the reciprocal of kapp with is
observed and shown in Figure 3 (inset). The slope
and the intercept of the straight line are

s M and ,
respectively.

Systems with Added Scavengers.Air-sat-
urated aqueous solutions containing M
H2O2 and were irradiated in the presence
of variable amounts of and CN2. The ampli-CO3

5

pH $ 12.6
1.16 3 1024

OH?/O?2

s(3.23 6 0.05) 3 1024(9.2 6 0.4) 3 1028

[HO2
2]21

[HO2
2]

O3?2

O3?2

M21e(440 nm) 5 1900 cm21

O3?2

O3?2

t 5 0

tude of the absorption traces at 440 nm identified as
, decreased with increasing analytical concentra-

tion of substrate. In the case of , an addi-
tional intermediate with maximum at 600 nm and
identified as [16] was observed.

Both, for and , the decay rate ofCN2S 5 CO3
5

CO3?2

S 5 CO3
5

O3?2

Figure 3 (a) Dependence of kapp on , at 
and 23°C. Inset:Plot of 1/kapp vs. 1/ .[HO2

2]
pH 5 13.1[HO2

2]
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Figure 4 Experimental dependence of kapp on [CN2]o for
a series of solutions of and

. The solid line corresponds to
the fitting function shown in eq. (1). Inset:Dependence of
kapp on [ ]o for a series of solutions of and

.[H2O2]o 5 1.16 3 1024 M
pH 5 13.1CO3

5

[H2O2]o 5 1.16 3 1024 M
pH 5 13.2

follows a first-order law (Fig. 2) with an ob-
served rate constant,kapp, which increases with the
analytical concentration of substrate (Fig. 4).

On one hand, a linear dependence is observed for
. On the other hand, plots of kapp vs.

[CN2]o show a more complex dependence which
could be well fitted to the following function (also
shown in Fig. 4):

(1)

The values obtained for the parameters a, b, and g at
the different pH’s are shown in Table I.

Discussion

Computer Simulations. Photolysis of H2O2 in strong
alkaline solutions produces high concentrations of

and radicals immediately after the light
pulse (reactions (1) and (3)),which initiate a series of

HO?O?2

kapp 5 a(1 1 b[CN2]o)/(g 1 b[CN2]o)

S 5 CO3
5

O3?2

reactions with molecular oxygen and H2O2, yielding
and radical ions.

A complete set of well established reactions re-
ported in the literature and involving all the species
present in the irradiated system is listed in Table II.
Reaction (4) has been reported to have a quantum
yield of in the pH range from 8.7 to
12.9. O(3P) atoms efficiently react with hydroxyl ions
yielding , with a rate constant of 
s [4]. Under our experimental conditions

, O(3P) has a lifetime of the order of
nanoseconds and consequently has no effect on the

kinetics.
At , the ratio is lower than

(reaction (6)). Consequently, the de-
cay through yielding and O2 [6] with a
rate constant of , is negligible un-
der our experimental conditions and thus not consid-
ered in the reaction scheme shown in Table II.

(6)

Since the kinetic analysis seems not to be straightfor-
ward, a computer program based on the numerical
resolution of the differential equations-system by the
Runge–Kutta method was used in order to simulate
the reaction kinetics [20]. The program considers the
flash emission as a delta function,producing and

radicals. The amount of these radicals produced
by absorption of light depends on the hydrogen per-
oxide concentration, its wavelength dependent ab-
sorption coefficient, lamp irradiance, and quantum
yield of generation. The polychromatic
emission of the flash lamp with an irradiance which is
strongly wavelength dependent,makes very difficult
the estimation of the concentrations of un-
der our actual experimental conditions. Consequently,
the analytical concentration of hydroxyl radicals,

, present after the pulse of light was handled as
an input parameter. Those values which best fitted the
experimental concentrations of were used for
the simulations. For all the experiments was

. The initial concentrations of 
cannot be used as input parameter because other
species which may influence the reaction conditions,
such as , are simultaneously formed with .
A linear dependence of vs. [H2O2]o was ob-
tained at constant lamp intensity, as expected from re-
actions (1) and (3). When analyzing experiments in
the presence of added scavengers, the values
retrieved from the simulation of experiments in the
absence of scavengers but otherwise identical experi-
mental conditions were used as input values.

The computer program does not assume a priori

[O?2]o

[O?2]o

O3?2O2?2

O3?2M# 3 3 1025
[O?2]o

O3?2

[O?2]o

O?2/OH?

O?2/OH?

HO?
O?2

HO3? IJ O3?2 1 H
1

 pKa 5 8.2 [6]

s21M211.1 3 105
HO?HO3?

O3?24 3 1025
HO3?/O3?2pH . 12.7

O3?2

(pH . 12.7)

21
4.2 3 108 M21HO2

2

0.080 6 0.015

O2?2O3?2

Table I Parameters a, b, and g Obtained at 278C and
Different pH’s

0.043 3.6
0.085 3.9
0.255 6.1
0.850 5.34.8 3 1025.0 3 103

3.2 3 1035.0 3 103
4.0 3 1035.0 3 103
5.8 3 1035.0 3 103

gb/M21a/s21[HO2]/M
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Table II Reactions used for the Computer Simulations

Rate Constantsa

(5)
(7)
(8)
(11)
(12)
(13)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)

Reaction manifold of and 
(33)
(34)
(35)
(36)
(37)
(38)
(39)

Reaction manifold of :
(40)
(41)

a Taken from refs. [5], [17] , [18], or [19] otherwise indicated. In some cases,nonweighted averages of re-
ported values in ref. [18] were taken.

b The recommended value in ref. [19] is . However, [10] is the
value which best fits our experimental data, taking the reported values shown in this table for the other rate con-
stants. 

c This value was employed for the simulations done at 23°C, while a value of was
used at 27°C, which is in line with the reported value for the activation energy of this reaction

[17], [28].
d Reported value considered not reliable [19]. The computer simulations are not sensitive to the input value

of this rate constant provided that o is handled as an input parameter.
e Estimated value from independent experiments [26]. However, the computer simulations are not sensitive

to the input value of this rate constant within this range 0–300 .
f Taken from refs. [18] and [25]. The computer simulations are not sensitive to the input value of this rate

constant within this range.
g Upper limit taken from refs. [18] and [24]. The computer simulations at pH 13.1 are not sensitive to the in-

put value of the rate constant within this range.

M21 s21

[O?2]

(43 to 46 kj mol21)

(4.4 2 5) 3 103 M21 s21

k5 5 2.5 3 109 M21 s213.6 3 109 M21 s21

HO? 1 CN2 9: (HOCN)?2

O?2 1 CN2 9: (OCN)?2

CN2

H2O2 1 CO3?2 9: CO3
5 1 O2?2

HO2
2 1 CO3?2 9: CO3

5 1 O2?2

O2?2 1 CO3?2 9: CO3
5 1 O2

CO3?2 1 CO3?2 9:
O3?2 1 CO3?2 9: CO3

5 1 O3

HO? 1 CO3
5 9: CO3?2 1 HO2

O?2 1 CO3
5 1 H2O 9: CO3?2 1 2 HO2

CO3?2:CO3
5

O3 1 HO? 9: HO2? 1 O2

O3 1 HO2
2 9: O2?2 1 O3?2

O3 1 O2?2 9: O2 1 O3?2

O3 1 O?2 9: O2 1 O2?2

O3 1 HO2 9: O2 1 HO2
2

O3?2 1 O2?2 1 H2O 9: 2 HO2 1 2 O2

O2?2 1 HO2
2 9: O?2 1 HO2 1 O2

O2?2 1 H2O2 9: HO2 1 HO? 1 O2

O2?2 1 O2?2 9: O2 1 HO2 1 HO2
2

HO? 1 HO? 9: HO2
2 1 H1

O?2 1 O?2 1 H2O 9: HO2
2 1 HO2

O?2 1 HO? 9: HO2
2

HO? 1 O2?2 9: O2 1 HO2

O?2 1 O2?2 1 H2O 9: O2 1 2 HO2

HO? 1 O3?2 9: HO2 1 O3

HO? 1 O3?2 9: H1 1 2 O2?2

O?2 1 O3?2 9: O2?2 1 O2?2

HO? 1 HO2
2 9: O2?2 1 H 2O

O?2 1 HO2
2 9: O2?2 1 HO2

O3?2 9: O?2 1 O2

OH? 1 OH2 9: O?2

O?2 1 H 2O 9: OH? 1 OH2

O?2 1 O2 9: O3?2

 7.6 3 109 M21 s21 
 2.6 3 108 M21 s21 

 4.3 3 105 M21 s21 
 3.0 3 107 M21 s21 
 2.0 3 109 M21 s21 
 1.5 3 107 M21 s21 
 6.0 3 107 M21 s21 
 3.9 3 108 M21 s21 

 , 5.0 3 105 M21 s21 g 

 1.1 3 108 M21 s21 
 5.5 3 106 M21 s21 
 1.5 3 109 M21 s21 
 1.0 3 108 M21 s21 
 4.8 3 101 M21 s21 
 5.0 3 104 M21 s21 
,10 M21 s21 e

 0.13 2 16 M21 s21 f
,30 M21 s21 e

 6.0 3 109 M21 s21 
 1.0 3 109 M21 s21 d 

 # 2.0 3 1010 M21 s21 
 10 2 8 3 109 M21 s21

 6.0 3 108 M21 s21 
 2.5 3 109 M21 s21 
 6.0 3 109 M21 s21 
 9.0 3 108 M21 s21 
 9.0 3 109 M21 s21 
 5.0 3 108 M21 s21 
 3.5 3 103 s21 c 
 1.3 3 1010 M21 s21 
 1.8 3 106 M21 s21 
 2.5 3 109 s21 b 
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the equilibrium condition for the proton transfer reac-
tions involved in the mechanism,as discussed below:
(i) A fast reversible proton transfer between H2O2 and

(reaction (2), and
) is considered. However,

in alkaline solutions the equilibrium con-
dition can be safely applied [3a]; (ii) Due to the small
pKa value for the acid-base pairs (pKa ca.
4.8 [3a]), formation of can be neglected under
our experimental conditions and thus,further reac-
tions of are not included in the computer pro-
gram; and (iii) The fast reversible proton transfer (re-
actions (7) and (8) in Table II) is considered without
assuming an equilibrium condition for and .
However, immediately after photolysis, the concen-
trations of and reach values lower than 
M (Fig. 5) and the constant equilibrium ratio

is achieved.
In the presence of added scavengers,

such as hydrogen peroxide, or (denoted 
as S, reactions (9) and (10)),this equilibrium 
is maintained if and

[19]. Assuming diffu-
sion-controlled rate constants for k9 and k10, [S]
should not exceed M. Less efficient 
scavengers allow the use of higher [S] values. The
upper concentration limits of S used in our experi-
ments were chosen in order to fulfill these conditions.

(9)

(10)

Reaction of with molecular oxygen yields 
radical ions,which reversibly decay to and O2
(reactions (5) and (11)). For to reach the
equilibrium condition,other reactions involving 
should have pseudo-first-order rates lower than

O?2

O?2/O3?2

O?2

O3?2O?2

OH? 1 S 9:

O?2 1 S 9:

O?2/HO?1022

s21k10[S] ,, k8[OH2] > 109
s21k9[S] ,, k7[H2O] > 108

CN2CO3
5

O?2/HO?
[O?2]/[OH?] 5 [HO2]k8 /k7[H2O]

1028HO?O?2

HO?O?2

HO2?

HO2?
HO2?/O2?2

(pH . 12.7)
M21 s21k22 5 4.47 3 107

M21 s21k2 5 1.0 3 1010HO2
2

Figure 5 Concentration profiles of , , , and
O3, as obtained from simulated experiments for

, , and 
as input parameters.2.2 3 1026 M

[O?2]o 5pH 5 13[H2O2]o 5 1.16 3 1024 M

O2?2HO?O?2

1We have observed deviations from first-order kinetics for high
concentrations of generated from photolysis of alkaline solu-
tions of K2S2O8. Under these conditions,the participation of reac-
tions (16)–(18) is relevant since there are no efficient scav-
engers present in this system. M. C.Gonzalez and D. O. Mártire,
unpublished results.

O?2

O3?2

k5[O2]. This is not the case in our experiments,since
they require high amounts of H2O2/ which are
known as efficient scavengers. In alkaline
solutions , the reaction rates of these radi-
cals with H2O2 are negligible in comparison to those
of the conjugated base (reactions (12) and (13))
[19]. Moreover, the ratio as obtained
from the computer simulations does not yield the
constant value k11/k5 [O2], expected from the equilib-
rium condition.

For the reported rate constants which show a con-
siderable dispersion, those values which best repro-
duced the kinetics of and the absorption curves
at 260 nm were used as indicated in Table II. An ex-
cellent agreement between experimental and simu-
lated data is obtained for the observed kinetics of
ozonide radical ions,as well as for the initial amount
of formed, as shown in Figure 2.

Several species,mainly and ,
contribute to the absorption curves obtained at 
260 nm. Even though O3 is postulated to be formed
through reaction of and (reaction (18) in
Table II) [5], its concentration does not affect the ab-
sorbance at 260 nm within the experimental error.
The simulated time profiles for these species (Fig. 5)
were converted into the corresponding absorption
curves at 260 nm [5,16] and then,added and com-
pared with experimental data, as shown in Figure 1.

Simplified Kinetic Analysis.Even though the com-
plete set of reactions shown in Table II is able to fit
the experimental results,only a few reactions actually
contribute to the observed behavior, as will be shown
in the following discussion.

Under our conditions, i.e.,
, the reaction rates involving with 

and do not contribute, within the experimental
error, to the radical anion decay kinetics. The
reason for this is that is mainly scavenged by O2
and , rather than by , i.e., the condition v16,
v17, v18 ,, v5, v12, v13 applies (vi stands for the rate
of the i-th reaction). Moreover, participation of reac-
tions (16–18) is expected to lead to deviations from a
first-order kinetics1. The stimulation program which
includes reactions (16–18) and all the reactions re-
sponsible for the ozone decay (reactions (28–32)),
predicts a very low O3 concentration (Fig. 5), further
supporting these considerations.

Similarly, the participation of reaction (14) is ex-

O3?2HO2
2

O?2

O3?2

HO?
O?2O3?21025 M

[O3?2]o , 2.5 3

HO?O3?2

HO2
2O2?2, O3?2

O3?2

O3?2

[O?2]/[O3?2]
HO2

2

(pH . 12)
O?2/HO?

HO2
2
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pected to be negligible under our experimental condi-
tions, since (the concentration of any radical
product formed from the interaction of S with

cannot exceed M (see
above). In fact, for , , the maxi-
mum concentration estimated value for 

(Fig. 5) and reactions (19) and (20)
are expected not to contribute to depletion
within the experimental error.

(14)

The previous considerations indicate that reactions
(5), (7)–(13) mainly rule the concentration profiles of

, , and and are consequently the only
reactions considered in a simplified analysis.

Due to the efficient scavenging reactions (5),(12),
and (13) and the fact that , the concentra-
tions of are small and the steady-state ap-
proximation for these radicals can be applied [21].
Considering the equilibrium and taking S
as any added scavenger different from H2O2/ ,
the concentration of can be estimated from 
eq. (2).

(2)

with 
and 

[16].
is thought to be rather unreactive towards

most inorganic and organic substrates and reaction
(11) was postulated to be the only route by which

(as ) can react with non radical solutes
[5,22,23]. Assuming that this is also the case under
our experimental conditions,the decay rate of 
can be written as in eq. (3).

(3)

The substitution of eq. (2) into eq. (3) leads to a dif-
ferential equation of first-order in , with an ap-
parent rate constant,kapp, given by eq. (4).

(4)

In the absence of added substrates ([S]5 0 in eq.
(4)), the reciprocal of kapp linearly depends on

(eq. 5),as observed experimentally (inset
in Fig. 3).
[HO2

2]21

(k5[O2] 1 kS[S] 1 k912[HO2
2])

kapp 5 k11(kS[S] 1 k912[HO2
2])/

O3?2

2d[O3?2]/dt 5 k11[O3?2]2k5[O?2][O2]

O3?2

O?2O3?2

O3?2

130 M21(k7[H2O]) >
K 5 [O?2]/[HO?][HO2] 5 k8 /K[OH2]

ks 5 k9 1 k10 /K[OH2], k912 5 k12 1 k13 /

1 ks[S] 1 k912[HO2
2])[O?2] 5 k11[O3?2]/(k5[O2]

O?2

HO2
2

O?2/HO?

O?2/HO?
k11 , k5[O2]

HO?O?2O3?2

HO?/O?2 1 S? 9:

O?2/HO?
, 2 3 1026 M

[O2?2] is
S? 5 O2?2S 5 HO2

2

[O?2]o # 3 3 1025O?2/HO?)

[S?]

2Note that k33 and k34 are coincident with k9 and k10, respec-
tively, taking in reactions (9) and (10).S 5 CO3

5

(5)

According to eq. (5),the intercept of the plots of
1/kapp vs. yields k11 and the ratio of the
slope to the intercept of these plots equals .
The rate constant k11 obtained from the plot
( ), as well as 

M at ) are in agree-
ment with the literature values for these constants,
further supporting our analysis.

In order to further probe the validity of the simpli-
fied kinetic analysis which yields equation (4),
and CN2 were used as scavengers. These two sub-
strates were chosen for the following reasons:(i) the
rate constants for their reactions with are
known; (ii) selectively reacts with , while
CN2 efficiently reacts with both, and ,
though with different rate constants; and (iii) reac-
tions of with radicals (reactions (33)
and (34)) [19] yield , which is known to react
with and [24] (reactions (35) and (37),
also shown in Table II). Consequently, is a con-
venient substrate to check the contribution of radi-
cals on the decay kinetics of , under our experi-
mental conditions.

The observed linear dependence of kapp vs. 
is also predicted by eq. (4) if the fraction of and

radicals scavenged by the substrate is small com-
pared to that scavenged by H2O2 and O2, i.e., the con-
dition applies. The ra-
tio of the slope to the intercept of these plots yields

. Considering 
at pH 5 13.0 as obtained from experiments without
added substrates,but otherwise identical experimen-
tal conditions,kS is estimated to be 

. Taking k33 [18,24],
then k34 is of the order of , in
agreement,within the experimental error, with the re-
ported data for this reaction 

[19].2

When cyanide is used as a scavenger, the empiri-
cal fitting function (eq. (1)),is in agreement with the
derived equation (4) if and ;

, and .
The values of a obtained at different pH’s agree,
within the experimental error, with the reported val-
ues for k11. Considering that kS is a pH-dependent
constant which involves the participation of both
reactions (9) and (10),i.e., ,
the values of should linearly depend onb/(g 2 1)

kS 5 k9 1 k10 /K [OH2]

g 5 1 1 k5[O2]/k912[HO2
2]b 5 ks/k912[HO2

2]
a 5 k11S 5 CN2

s21
M21(3.0 2 4.0) 3 108

s21M213.5 3 108
M21 s21, 5 3 105s21M21

(3 6 1) 3 107

s21M21k912 5 1.4 3 109ks /k912[HO2
2]

k5[O2] 1 k912[HO2
2] .. kS [S]

O?2

HO?
[CO3

5]

O3?2

S?
CO3

5

O2?2O3?2

CO3?2

O?2/HO?CO3
5

O?2HO?
HO?CO3

5

O?2/HO?

CO3
5

pH 5 13.0((4.5 6 0.8) 3 1024
k5[O2]/k912(3.3 6 0.3) 3 103 s21

k5[O2]/k912

[HO2
2]21

1

kapp
5

k5[O2]

k11k912[HO2
2]

1
1

k11
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1/[OH2], as observed in our experiments. From the
intercept and the slope of this plot,

and 
109 are obtained at 27°C, in agreement
within the experimental error with the reported values
for k40 and k41, respectively [19].

Reaction (15) between and the radicals
formed from reactions (9) and (10) was not consid-
ered in the simplified analysis though its participation
in the overall mechanism is expected to accelerate the
decay kinetics of ozonide radical ions. In particular,
for , k15 has been reported to be of the or-
der of . For a typical experiment as
that shown in Figure 2(b) containing as a sub-
strate, is observed to be formed with a maxi-
mum concentration of the order of M. Un-
der these conditions v15 should be lower than

M , and consequently reaction (15) does
not contribute to the observed decay rate of ozonide
within the experimental error. On the other hand, the
contribution of reaction (15) to the decay kinetics of
ozonide in the presence of cyanide cannot
be evaluated a-priori, without a complete kinetic
analysis, since neither k15 nor the concentration pro-
file of or CN/HO adducts [27] formed is known.
Consequently, the contribution of reaction (15) to the
concentration profiles of in the presence of
added CN2, was evaluated with the aid of the com-
puter simulation program involving reactions (1) to
(32), (40) and (41) in Table II along with reaction
(15), for a typical experiment as that shown in Figure
2(c). The simulations show that taking 

, ozonide decays faster than in the
absence of reaction (15),and, there is almost no con-
tribution of this reaction to the decay if

.

(15)

An excellent agreement,within the experimental er-
ror, is observed for experimental and simulated 
concentration profiles for CN2 containing solutions
without considering reaction (15),thus indicating that

. The upper limit value for k15
is not unreasonable, since reported reactions between
ozonide and reactive radicals such as , ,
and are of that order of magnitude or even
lower [17].

The rate constants for reactions (9) and (10),esti-
mated from a simplified analysis, are in agreement
with reported values. The concentration profiles of

in the presence of added substrates, i.e., CO3
5O3?2

CIO?
ClO2?BrO2?

s21k15 , 5 3 108 M21

O3?2

O3?2 1 S? 9:

21M21 k15 , 5 3 108
O3?2

s21M212 3 1010
k15 5

O3?2

CN?

(S 5 CN2)

s214 3 1025 

5 3 1027
CO3?2

CO3
5

6 3 107 M s21
S 5 CO3

5

S?O3?2

s21M21
(9 6 2) 3k10 5s21M21(2 6 1) 3 108

k9 5
or CN2, simulated with the complete set of reactions
shown in Table II, are in agreement with experimen-
tal concentration profiles shown in Figure 2 for

or . These observations support the
fact that only reactions ((5),(7)–(13)) are relevant in
the mechanism.

The simplified analysis is possible when the kinet-
ics of is strongly affected by the reactivity of

towards the substrates,rather than by a di-
rect reaction with itself. However, diffusion-
controlled reactions between and (for S other
than CN2 or ) may be an important source of
error making the simplified analysis questionable.
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