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Reactions between some inorganic radicals and oxychlorides studied
by pulse radiolysis and laser photolysis
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Department of Quantum Engineering and Systems Science, Graduate School of Engineering, the
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Rate constants for the reactions of free radicals, including ¢,,~, "OH, SO,"~, NO;" and Cl,"~ (CI'), with oxychloride compounds
have been determined. The free radicals were generated by pulse radiolysis and laser photolysis. Most of the reactions have nearly
diffusion-controlled rate constants (>10° dm3 mol~! s™1). CIO~ has relatively higher reactivity than its acid form. €,, Treacts
with oxychloride compounds to form their electron adducts which dissociate easily. Electron transfer reactions occur between
‘OH, SO, 7, NO;" and Cl,"~ (CI') radicals and the oxychloride ions. The kinetics results obtained here can be used in simulation

work to understand the radiation-induced reactions taking place in groundwater which are relevant to the geological aspects of

radioactive waste storage and disposal.

1 Introduction

Free radicals participate as important intermediates in the
chemical changes that occur in the atmosphere. Since the early
1970s, it has become increasingly evident that man’s release of
chlorofluorocarbons and other halogen-containing com-
pounds has an impact on stratospheric ozone. The monoxides
of the halogens, XO" (ClO’, BrO’, IO and possibly FO’) are
central to the chemistry that occurs. Participation of XO" rad-
icals and related species in tropospheric chemistry has also
become recognized. Recently, the chemistry of halogen oxides
in the troposphere has been reviewed by Wayne et al! In
addition, since the review of Graedel and Weschler,?2 model-
ling studies have shown that reactions of free radicals, includ-
ing "OH, SO, ", NOj;’, Cl,” (CI') and CO; ™ in cloud water
may play important roles in the atmospheric oxidation of SO,
to sulfuric acid. Atmospheric aqueous phase chemistry, which
comprises a wide variety of inorganic and organic radical
reactions, also has impact on the gas-phase budget of stable
oxidants such as H,O, and O; and on radicals such as "OH,
HO, and NO, '3

Additionally, these inorganic radicals have also been sug-
gested to be of potential importance in the chemistry of irradi-
ated groundwater, relevant to the storage of radioactive
waste.” Chloride ion is assumed to be one of the predominant
solutes dissolved in groundwater, especially sea water. Re-
cently, in our unpublished work, ClO;~ was detected as one
of the final products from the y-radiolysis of Cl~ solution. It
can be suggested that ClO,” ions and ClO,  radicals are
involved in the oxidation processes from Cl~ to ClO; . Thus
studies of the kinetics and the stable products formed in the
radiolysis of chloride ion and oxychloride compounds and
their redox reactions with radiation-induced primary radicals,
such as 'OH, e.,~ and H’, and the secondary inorganic free
radicals in aqueous solutions, will help us to understand the
radiation-induced reactions taking place in groundwater.

Pulse radiolysis and its complementary tool, laser photo-
lysis can be used for kinetics studies on reactions of free
radicals. There have been some reports of the rate constants of
the reaction of e,,~ and "OH with CIO~ and CIO, 5! and
‘OH with CIOZ'.&’13 Although the rate constants for the reac-
tions of 'OH, SO, and NOj;" with CI~ have also been
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studied in detail,'* there is little information on the rate con-
stants for the reactions of SO,"~, NO;" and Cl,"~ (Cl') with
the oxychlorides. In our previous paper,'> the electron trans-
fer reactions of SO, and NO;" with ClO;™~ to yield ClO;’
radicals were studied by laser photolysis. Here, the rate con-
stants for the reactions of e,,~, "OH, SO,"~, NO;", and Cl,"~
(CI') with chloride ion and oxychloride compounds in aqueous
solutions have been determined systematically by pulse
radiolysis and laser photolysis. Various methods for the gener-
ation of free radicals were utilized, including the direct radi-
ation of concentrated solutions to produce SO, ~, NO;" and
Cl, ~ radicals that has been studied previously.!®~2! Some
results were compared with the literature data.

2 Experimental

2.1 Pulse radiolysis and laser photolysis

Pulse radiolysis experiments were performed by using an elec-
tron pulse of 10 ns and 28 MeV from a linear accelerator at
the Nuclear Engineering Research Laboratory, the University
of Tokyo. Details have been given elsewhere.?? The absorbed
dosage was determined to be ca. 10 krad per pulse by using
10”2 mol dm~3 KSCN solution saturated with N,O and a G
&SCN),~ of 51000 dm>® mol~! cm ™! (100 eV)~ ! at 475 nm.??
Laser photolysis experiments were performed with an excimer
laser (LAMBDA PHYSIK LEXTRA 100) which provides 351
nm (XeF) or 248 nm (KrF) light with energy of 50 or 330 mJ
per pulse, respectively, for a duration of 20 ns. This system has
been described in detail, previously.!®

2.2 Chemicals

Aqueous solutions of chlorine dioxide (ClO,") were prepared
as follows:>* ClO," was prepared by reacting 0.1 mol dm™3
peroxosulfate with ca. 0.02-0.05 mol dm~?2 of chlorite for 4 h
at 60 °C. The ClO," formed within hours, and was transferred
with a stream of argon into a washing bottle containing ice-
cooled distilled water and then collected in water in an amber
bottle. The reaction was conducted away from all direct light
and behind an explosion shield. The ClO," solution was
stored in the dark in a refrigerator. For reactions of ClO,’
with hydroxyl radical or hydrated electron, it was transferred
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from the deaerated stock solution into deaerated water in a 1
cm cell, by bubbling with N,O or argon gas, respectively.
Before irradiation, the concentration of Cl1O," was determined
spectrophotometrically by using an e-value at 358 nm of 1250
dm3 mol ™! cm™1.24

Sodium hypochlorite solution was prepared by the method
of Taylor and Bostock?® by distilling a mixture of 35 g of
boric acid and 12 g of Ca(ClO), in 600 ml of water. The first
100 ml of distillate was collected in 200 ml containing 1 g
NaOH to give ca. 0.04 mol dm~3 ClO~ solution at pH ca. 12.
Three methods were used to determine the concentration of
ClO™ accurately. The first was the measurement of I;~ from
reaction of KI with CIO™ in the buffered solution of
C¢H,COO(H™), by spectrophotometer at 351 nm taking
&=26400 dm3 mol~! cm~! at pH 5. The second was the
titration of I3~ with S,0;~ after the reaction of ClIO~ with
KI had been completed and the third was the measurement of
ClO~ by spectrophotometry at 292 nm taking & = 360 dm?
mol~! cm 1. The results from the three methods agreed very
well.

Other chemicals were guaranteed reagents, solutions were
prepared with Millipore water and the measurements were
carried out at room temperature (ca. 20 °C).

2.3 Kinetic analyses

Ideal conditions were chosen such that only one primary
radical was present and the concentration of the reactive
solute was high enough to ensure that pseudo-first-order
kinetics were applicable. The absolute rate constants were
obtained by direct observation of the decay of the transient or
the growth of its product, whichever had a suitable absorption
spectrum. When neither the primary radical nor the reaction
product could be observed directly, the relative rate constants
were deduced from measurements of product yields using the
competition method. A simulation method was used for
kinetic analysis of the complex reactions and the overlapping
absorbances of the transient species with the program FAC-
SIMILE (AEA Technology, Harwell).

If both reactants were charged, the rate constants were cor-
rected for the primary kinetic salt effect by using the
Bronsted-Bjerrum equation:

log(k/ke) = 1.02Z, Z, I'*(1 + 11371 0

where k and k, are the rate constants at ionic strength I and
zero, Z, and Z, are the charges of reactants, respectively. Note
that, in the case of high ionic strength I, the corrected values
obtained by this equation were just rough estimations.

3 Results and Discussion

3.1 Reactions withe, "~

For reactions of oxychlorides with €,,”, solutions were
bubbled with argon before irradiation. Since the pK, value of
HCIO is 7.52,2° the pH values of HCIO solutions for irradia-
tion were adjusted to 5 with appropriate amounts of HCIO,
in which 99% of CIO~ existed in its acid form. For reactions
of other oxychlorides, the pH values of the solutions were
adjusted above 10 with NaOH in order to avoid ¢,,” decay-
ing rapidly with other substrates such as H*. The rate con-
stants were determined from the decay kinetics of e,,~ at 575,
600 or 700 nm. For example, Fig. 1 shows the decay of e,,~
observed at 575 nm from the radiolysis of solutions of differ-
ent concentrations of ClO,".

As expected from its standard reduction potential of —2.9
V (as shown in Table 1),>?® ¢,,~ reacts rapidly with many
species having more positive reduction potentials. Reactions
of oxychlorides with e,,~ and the rate constants, including the
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Fig. 1 Transient absorbance, observed at 575 nm, in the pulse
radiolysis of aqueous solutions of (a) 0, (b) 0.48 x 1074, (c) 1.5 x 1074,
(d) 2.9 x 10™* and () 5.6 x 10~* mol dm~3 CIO,", and 10~* mol
dm~3 of NaOH (pH 10), saturated with argon gas. Insert: pseudo-
first-order decay rate constants of e,,~ at 575 nm vs. concentrations of
ClO,".

literature data, are listed in Table 2. Although there has been
no previous report of the rate constant for the reaction of
ClO,’" with e,,~, ClO," can be suggested to react with e,,~
rapidly because of its high reduction potential of 0.935 V wvs.
NHE.!2:29:30 Here, the rate constant for reactions of ClO,’
with e,,~ was determined to be (2.1 £ 0.1) x 10'® dm?® mol™!
s L

Table 1 Reduction potentials of inorganic couples (mV vs. NHE)

compound or couple X EX/X7) pH ref.
aq/e,,” —2900 27
28

‘OH/OH 1700 neutral 37
1890 neutral 38

2700 acid 12

SO, 7/S0,2" 2430 50
NO,;/NO,;~ 2450 51
Cl'/Cl~ 2410 38
Cl," 7 /2C1™ 2090 38
2200 1 52

CIO*/CIO™ 1500-1800 53
ClO,’/CIO,~ 934 4-6 29
936 4-6 30

934 12

ClO,’, H*/HCIO, 1277 0 54
ClO;°/ClO;~ 2350 15

Table 2 Rate constants for reactions of oxychlorides with e,,~ 10°
dm3 mol~*s7Y)

reaction pH rate constant comments ref.
Cl™ +e¢,,” - products <1073 31
HCIO +¢,,~ »Cl” + 'OH 5 0.65 + 0.04 this work
ClO™ +¢,—»Cl” + 0~ 12.7 11+1 I1=0.05 this work
75+ 0.1 I1-0, from k
at I =0.05
11 83+ 04 I=0.001 this work
7.7+ 04 I1-0, from k
at I = 0.001
11 7 I1-0 8
53 9
7 I1-0 10
ClO, +e¢,,” — products 10 21 +1 this work
ClOo,™ +e¢,,” »ClIO™ + 0O~ 11 44403 1=0.002 this work
40+ 0.3 I1-0, from k
at I =0.002
25 11
45 9
ClO,™ +e,,~ <1073 9
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Fig. 2 Decay of ClO," observed at 400 nm after the pulse radiolysis
of solutions of (a) 3.8 x 10”* and (b) 5.6 x 10~* mol dm~3 CIO,’,
saturated with N,O gas. The solid lines are the FACSIMILE curves.

~ to form CI~ and O~.° Although the

CIO™ reacts with €,
-1

rate constant was determined to be 5.3 x 10'° dm® mol ! s
in 1972 by Buxton and Subhani,® another datum of 7.3 x 10°
dm?® mol~! s™! was reported by the authors.!® Before the
work of Buxton et al., Anbar and Hart had reported a rate
constant of 7.0 x 10° dm® mol~! s~ 1.8 Here, we determined
the rate constant to be (1.1 + 0.1) x 10'° dm3 mol~! s~ ! at
I=0.05, or (83 +0.4) x 10° dm3 mol™! s~ at I = 0.001.
The corrected rate constants for I —» 0 were consistent with
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Fig. 3 Transient absorption spectra of ClO," produced from the
laser photolysis of solutions of 1 x 1072 mol dm~3 H,0, and
5 x 10* mol dm~3 ClO, ™ at 2 ps after the pulse. Insert: build-up of
ClO,’, observed at 358 nm.
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Fig. 4 Transient absorbance, observed at 600 nm, from the pulse
radiolysis of solutions of 5 x 1073 mol dm~3® NaHCO,, 5 x 1073
mol dm~3® Na,CO; and (a) 0, (b) 1 x 1073, (c) 2 x 1072 and (d)
4 x 1073 mol dm ™3 of NaClO, saturated with N,O
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those determined by Buxton in 1987!° and Anbar and Hart in
1968.%

There is no literature data for the reaction of HCIO with
€., - In this work, the reaction was attempted at pH 5. Since
the decay of e,,” increased as the concentration of HCIO
increased, HCIO was observed to react with e,, . The product
of the reaction was suggested to be Cl~ and 'OH radical,
according to the reaction of ClIO~ with e,,~. However, the
rate constant is one order less than that for the reaction of
CIO™ withe,,~.

Reaction of CIO,~ with ¢,,~ to form CIO™ and O~ has
been studied previously®!l. Here, the rate was determined to
be (4.0 + 0.3) x 10° dm® mol~* s™* at I — 0, which is consis-
tent with that determined by Erikson et al.!! but one order of
magnitude less than that determined by Buxton and Subhani.’
The results reported here and by Erikson seem to be more
accurate than that reported earlier.

Reactions of C17, ClO;~, CIO,~ with e,,~ were too slow
(<10°® dm3 mol ! s 1) to observe by pulse radiolysis.’-3!

In general, the mode of reaction of oxychlorides with €,,”~
can be represented as the formation of an electron adduct fol-
lowed by its dissociation:

€~ + ClO" - ClO" ' 5 ClIO"_, + O~ i)

where n is the charge on the ion. Thus, reaction of C1O," with
€., can be suggested to form the hypochlorite radical (C1O")
and O~. The ClO" radical then reacts with another ClO" in
water to form ClO,~ and ClO~. This will be confirmed by
identification of the final products resulting from the y-

radiolysis of Cl1O," solution, in future work.

3.2 Reactions with ‘OH radical

Since the ‘OH radical has an absorption band below 300 nm,
reactions of the radical are usually observed from another
reactant or from the products. Reaction of ‘OH with CIO,’
has been observed from the decay kinetics of CIO," in its irra-
diated solution of appropriate concentration.!? Fig. 2 shows
the fading decay of ClO," at 400 nm after the radiolysis of
N,O-saturated solutions of 3.8 and 5.5 x 10~* mol dm~3 of
ClO,". The rate constant determined here, (3.5 + 0.5) x 10°
dm?® mol~! s™!, was consistent with the value of 4.0 x 10°
dm?3 mol~! s~ ! determined by Klining and Sehested.!?

CIO," was also observed as the product from reaction of
ClO,~ with "OH by pulse radiolysis.!! Here the "OH radical
was produced by the KrF laser photolysis of H,O, solution,
because of the high quantum yield (¢ = 1 for 2 > 295 nm and
1.8 for A ~ 250 nm),3?3* and the slow reaction of H,0, with
ClO, " (less than 1% of ClO,~ was destroyed after 2 h®) that
can be ignored. About 2 x 107° mol dm~3 of "OH was pro-
duced from the photolysis of a solution of 1 x 10™2 mol
dm~3 H,0,. Fig. 3 shows the absorption spectra of ClO,’
produced from the photolysis of solutions of H,O, in the
presence of 5 x 10~* mol dm ™3 of ClO, . The ClO," formed
was very stable and could be observed over a few ms, during
the flash time of the shutter. From the build-up kinetics of
ClO," at 358 nm the rate constant was determined to be
(7.9 + 0.4) x 10° dm> mol~! s~ !, which is consistent with that
determined by Erikson et al.'! and Buxton and Subhani.’

Since H,0, reacts with C1O~,%33 pulse radiolysis was used
to produce "OH radical for its reaction with CIO~ and HCIO.
These reactions led to the formation of ClO’ radical which has
a weak absorption band below 300 nm.® Thus the rate con-
stant of CIO™ with ‘OH was determined by the carbonate
competition method.® The sample solutions for irradiation
included 5 x 1073 mol dm ™3 NaHCO;, 5 x 10~3 mol dm~?
Na,COj; and different concentrations of NaClO under N,O-
saturation conditions. The pK values of H,CO5; and HCO;~
are 6.4 and 10.3, respectively; the pH value of the solution was
ca. 10.26 and CO;?~ and HCO, ~ existed in the ratio 48: 52.
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Table 3 Rate constants for reactions of oxychlorides with ‘OH radical (10° dm® mol "' s~ 1)

reaction pH rate constant comments ref.
Cl” + 'OH - CIOH "~ 2 43 decay at 240 nm and build-up at 340 nm, PR 41
3.0 build-up at 340 nm, PR 42

HCIO + 'OH - CIO" + H,0 0 0.14 + 0.01 related to k((OH + HSO, "), PR this work

<0 0.11 + 0.02 related to k(OH + HNO,), PR this work

ClIO™ + ' OH-CIO" + OH™ 10.3 27401 related to k(OH + CO;27), PR this work
11 8.8 related to k(OH + CO,27), PR 9
ClO, + 'OH - HCIO + O, 7 1.4 13
ClO, + 'OH-ClO;” + H* 7 2.6 13
7 4.0 total rate, PR 12

7 3.54+0.5 total rate, PR this work

ClO,” + OH-ClO," + OH™ 79 +04 build-up of ClO,’, FP this work
11 6.1 related to k(OH + CO,27), PR 9
10 7.0 build-up of ClO,’, PR 11

PR: pulse radiolysis; FP: (laser) flash photolysis.

"OH reacts with HCO;~ and CO;2~ to form the CO;~
radical anion with rate constants of 8.5 x 105 and 3.9 x 108
dm3® mol™! s7!, respectively.®® Thus the total rate was
1.9 x 10° s~ . Fig. 4 shows the absorption of CO;"~ observed
at 600 nm in the presence of different concentrations of CIO ™.
From the changes in the yield of CO; ™, the rate constant was
determined to be (2.7 + 0.1) x 10° dm?® mol~! s~!, which is
smaller than that determined by Buxton and Subhani® using
the same method.

The rate constant for the reaction of ‘'OH with HCIO was
also determined by the competition method. Since the pK
values of HCIO and H,CO; are 7.52 and 6.4, respectively, at
pH 5 HCIO exists stably, although H,CO; is unstable
because of its easy formation of CO, especially under N,O
bubbling conditions. Thus, instead of the carbonate ion,
HSO, ™ was selected as the reactant for the competition. ‘'OH
reacts with HSO,~ with a rate constant of 4.7 x 105 dm3
mol~! s7 117 to form the SO, ~ radical anion, which has a
peak absorption at 450 nm. The sample solution for irradia-
tion included 1 mol dm~3 of H,SO, and concentrations of
NaClO varied between 0 and 10 x 10~3 mol dm 3. The rate
constant was determined from the changes in the maximum
absorption of the SO,"~ radical anion at 450 nm in the pres-
ence of different concentrations of HCIO. In addition, HNO,
was used as a competitor instead of HSO, ™. The "OH radical

reacts with HNO, with a rate constant of 1.4 x 10® dm?
mol~! s71.16 The solutions for irradiation contained 3 mol
dm™? of HCIO,, 0.015 mol dm ~* of HNO; and different con-
centrations of HCIO. The rate constant for the reaction of
'OH with HCIO was determined from the absorbance changes
of the NO;" radical at 635 nm. The rate constant was deter-
mined to be (1.4 4+ 0.1) x 108 or (1.1 + 0.2) x 10® dm?3 mol~!
s~! from the HSO,~ or HNO, competition method, respec-
tively. The two results are consistent. As can be seen, HCIO
reacts with ‘OH with a rate of one order less than that of
ClO~ with "OH.

Reactions of oxychlorides with ‘OH and the rate constants
are listed in Table 3. The ‘OH radical is a powerful oxidant,
having a standard reduction potential of 2.7 V in acidic solu-
tion and 1.8 V in neutral solution, as summarized in Table
1.12:37-38 The reaction of "OH with oxychloride ions can be
thought of as a simple electron transfer,

"OH + ClO” > ClO"~! + OH" (1)

where n is the charge on the ion, although Erikson et al. sug-
gested that, in the case of reaction of "OH with ClO, ™, both
electron transfer and adduct formation occurs. The adduct
was probably a peroxide (HOCIO, ™), which can react with
excess ClO, "~ to form CIO,".!*

Table 4 Rate constants for reactions of oxychlorides with SO, radical (10° dm® mol~* s~ 1)

reaction pH rate constant, k comments ref.
Cl~ + S0, ~ - CI' + SO,2~ 0.36 + 0.01 I = 1.5, decay 500 nm, FP this work
0.19 + 0.01 I-0,fromkatlI=15
2-3 0.01 build-up at 340 nm, FP 55
6.2 0.47 I =0.1, decay at 500 nm, FP 56
0.27 I-0, from k at I =0.1
0.25 I - 0, decay at 500 nm, FP 57
0.27 I - 0, decay at 480 nm, FP 44
1.5 0.26 I -0, decay at 510 nm, FP 58
1.4 0.2 I =0.2, decay at 480 nm, PR 59
0.13 I = 0.056, build-up of Cl,~, PR 18
6.8 0.31 I =0.007, decay at 480 nm, PR 43
0.26 I-0, from k at I = 0.007
HCIO + SO, ~ - CIO" + HSO,~ 0 0.011 + 0.001 PR of 1 mol dm 3 H,SO, this work
ClO~ + SO, ~ - ClO" + S0,2~ 6.6 + 0.5 I =6, PR of 2 mol dm 3 Li,SO, this work
1.3+ 0.1 I-0,fromkatlI==6
ClO,” + SO, ~ - ClO," + S0O,>~ 2.6 +0.1 I1=0.03, PR this work
19 +0.1 I-0, from k at I = 0.03
244+0.1 I1=0.15 FP this work
1.3+0.1 I-0, from k at I = 0.15
3.1 344+ 0.3 I = 1.6, related to this work
kSO, ™ + NO,), FP
0.92 + 0.08 I-0,fromkatI=16
ClO;~ + SO, ~ - ClO;" + SO,2~ 33 0.008 + 0.001 I1=0.6, FP 15

0.004 + 0.0005

I1-0, from k at I = 0.6

FP: (laser) flash photolysis; PR: pulse radiolysis
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Table 5 Rate constants for reactions of oxychlorides with NO;" radical (10° dm® mol ! s~ 1)

reaction pH rate constant, k comments ref.
Cl™ + NO; - ClI' + NO;~ 0 (9.14+0.3) x 1073 decay at 635 nm, FP this work
8.3-9.0 9.3 x 103 decay at 633 nm 47
conversion from SO, ", FP
0.071 build-up at 345 nm, decay at 60
640 nm, PR of 5 mol dm~3 NaNO,
0.1 build-up at 345 nm, 18
PR of 2 mol dm ™3 NO,~
HCIO + NO;" - CIO" + HNO, <0 0.043 + 0.001 decay at 635 nm, this work
PR of 0.015 mol dm ™3 HNO,
ClO~™ + NO;" - CIO" + NO,~ 36402 decay at 635 nm this work
PR of 5 mol dm~3 NaNO,
ClO,™ + NO; - ClO," + NO; ™~ 31 41+03 decay at 633 nm, this work
conversion from SO,"~, FP
ClO;™ + NO; - ClO5" + NO; ™~ 0 (1.0+£0.1) x 103 decay at 633 nm, FP 15

FP: (laser) flash photolysis; PR: pulse radiolysis.

Such a simple electron transfer step is unlikely in the oxida-
tion of halide and pseudo-halide ions, because of the large
solvent reorganization energy involved in forming the
hydrated hydroxide ion. Instead, it is suggested3®*° that an
intermediate adduct is formed.

"OH + X~ - HOX ™ (I11)

When X = Cl, the rate constant was determined to be
43 x 10° dm3 mol ! s 1,*! or 3.0 x 10° dm3 mol 1 s 142 In
acidic conditions, HOX"~ reacts with H* and the halide atom
leading to formation of the dihalide radical anion. Reaction of
‘'OH with CIO," is also complicated. Disproportionation of
ClO,’ leads to the formation of HCIO and ClO,~.1%13

3.3 Reactions with SO, =, NO;" and Cl,"~ (CI') radical

3.3.1 Reactions with SO, ~. The reactions of SO, and
their rate constants are listed in Table 4. There have been
many reports of the rate constant for the reaction between
SO, "~ and CI1™ to yield CI' and then the Cl,"~ radical anion.
SO, ™ and Cl, ™ radical anions have molar absorption coeffi-
cients of 1600 dm® mol~! cm™! at 450 nm'7-#3** and 8800
dm?® mol™! cm™?! at 340 nm,*! respectively. In this work,
SO, ~ was produced from the KrF laser photolysis of per-
oxodisulfate ion (S,042 7). Both the build-up of Cl,"~ and the
decay of SO, ™ were observed in the presence of C1™. The rate
constant was determined from the decay kinetics of SO, ™ at
500 nm, to avoid any contribution to the absorption decay
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Fig. 5 Transient absorbance of NOj;', observed at 635 nm, from the
laser photolysis of solutions of 0.2 mol dm~3 (NH,)S,0g, 1 mol
dm~3 NaNO, and (a) 0, (b) 1.1 x 1075, (c) 2.3 x 1075 and (d)
4.6 x 107° mol dm ™2 NaClO,. The solid lines are the FACSIMILE
curves.

from the tail of the Cl,”” radical anion. The results,
(3.6+0.1) x 108 dm® mol™! s™! at I=0.15 and
(1.9 +£0.1) x 108 dm® mol™! s~!, corrected at I —0, were
consistent with most of the previously reported data.

Since S,04%~ was observed to react with HCIO and CIO~,
for its reaction with HCIO, SO, ~ was produced by reaction
of "OH with 1 mol dm~3 of H,SO,; and for its reaction with
ClO7, it was produced from the direct action of radiation in 2
mol dm ™3 of Li,SO,, which has a G(—SO,2~) value of 3.0,
determined previously in our laboratory.!” G(SO, 7) is related
to G(—S0,27) and the electron fraction of the solute in solu-
tion. Rate constants were determined from the decay kinetics
of SO,”~ at 450 nm. SO, ~ reacts rapidly with ClO~
(1.3 x 10° dm3 mol~! s™! at I = 0) but relative slowly with
HCIO (1.1 x 10" dm3® mol =1 s~ 1).

For reaction with CIO,”, SO, ~ was generated from the
photolysis of S,04%~ or pulse radiolysis via its reaction with
€,, - The ClO," radical was observed, from the reaction of
SO, ~ with ClO,". The rate constant of the reaction was
determined from the decay kinetics at 500 nm; values of
1.3 x 10° and 1.9 x 10° dm® mol~* s~* were deduced from
photolysis or radiolysis, respectively.

In our previous paper!® reaction of SO, ~ with ClO;~ to
form ClOj;" radical, was observed by laser photolysis. The rate
constant was determined to be (4.0 + 0.5) x 10 dm® mol !
s~ ! from simulation.

3.3.2 Reactions with NO;'. The reactions of the NOj"
radical and their rate constants are listed in Table 5. For reac-
tion with C1~, the NO;" radical was produced conveniently by
the XeF laser photolysis of the complex of cerium(rv) and
nitrate in the presence of nitric acid.*3*¢ The rate constant
was determined from the decay kinetics of the radical at
around 635 nm. There has been considerable disagreement
about the rate constant for this reaction. It has been
suggested*’ that this difference might be due to a secondary
ionic strength effect which is known to influence the reaction
rate of ion—dipole reactions.

Since HCIO and ClO~ were observed to react with
cerium(rv) ions, NO;" radical was produced by pulse
radiolysis via reaction of ‘OH with nitric acid for its reaction
with HCIO, and by the direct radiation of concentrated solu-
tion of NaNOj for its reaction with CIO~. For radiation of
nitrate, G(—NO; ") = 4.8 has been determined previously in
our laboratory.'® Like SO, ~, the NO," radical reacts rapidly
with CIO~ (3.6 x 10° dm® mol~! s~1) but relatively slowly
with HCIO (4.3 x 107 dm® mol ™! s™1).

For reaction of ClO,~, because of its instability in strong
acid solution (the pK value of HCIO, is ca. 2.5), NO;" was
produced by reaction of SO,"~ with 1 mol dm~3 of NO, .
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Fig. 5 shows the absorbance of NO;" at 635 nm in the pres-
ence of different concentrations of ClIO,~. As can be seen, the
decay of NOj;' increased, but its maximum absorbance
decreased, as the concentration of ClO," increased. It was
concluded that reaction of SO,"~ with NO;™ and CIO, ", and
reaction of NO;" with ClO,~ had occurred simultaneously.
From the decay kinetics at 635 nm, the rate constant of the
reaction of NO;  with ClO,” was determined to be
(4.1 £+ 0.3) x 10° dm® mol~! s~!. The rate constant of SO, ~
with ClO,~ was deduced to be (3.4 4+ 0.3) x 10° dm® mol !
s~! at I = 1.6 from simulation in which the rate constant of
SO, ~ with NO;~ was set to be 2.0 x 10°> dm® mol~! s~ ! at
I = 1.6, deduced from the value of 5.0 x 10* dm3 mol ™! s™*!
at I - 0 by eqn. (1).47

In the previous paper,'® the equilibrium reaction of NO;’
with CIO;~ was observed by laser photolysis. From the rate
constants determined for the forward and reverse reaction, the
reduction potential of ClO;" radical was measured to be 2.35
V vs. NHE.

3.3.3 Reactions with Cl, (CI'). The reactions of Cl,"~ (CI’)
and their constants are listed in Table 6. Cl,"~ is formed from
reaction of ClI° with Cl~ with a stability constant of
1.9 x 10° dm3 mol~1.#! Such a high value implies that Cl' are
unlikely to be chemically significant, except in very dilute
solutions of chloride ion in water. Thus only a few rate con-
stants for the reactions of Cl" in water have been obtained,
compared with the wealth of data that is available on the
reactions of Cl,"”. CI" can be produced through the formation
of an adduct of 'OH with Cl~ followed by reaction of the
adduct (HOCI ) with H* in acidic conditions. Since, in acid
solution, HCIO reacts with HCI to reform Cl,, for its reaction
with C1O~, Cl,"~ was produced by direct radiation in concen-
trated solutions of LiCl. Many investigations have been
carried out on the production of dihalide radical anions in the
radiolysis of concentrated solutions of halide ions.'®~2! From
the decay at 340 nm, the rate constant of Cl,”~ with ClIO~
was determined to be (5.4 +0.3) x 108 dm® mol™! s7! at
I1=35.

The same method was used to study the reaction of Cl, ~
with ClO, . In addition, the reaction was also observed using
KrF photolysis to generate Cl" and then Cl,"~, by reaction of
SO, ~ with ClI™. Absorption due to ClO," was observed after
the reaction was completed. The rate constant for the reaction
was determined to be (1.3 + 0.1) x 10° dm® mol™! s™! at
I =5, from pulse radiolysis, or (3.5 + 0.2) x 10® dm® mol~*
s~1 at I = 0.25, from laser photolysis. Their corrected values
at [ - 0 are comparable.

View Article Online

Klining and Wolff*® have reported the rate constants for
the reactions of Cl" with HCIO and ClO~. The radical was
produced by the photolysis of solutions of HCIO and CIO~;
however, a detailed description of the calculation of the rate
constants was not given in that paper. It can be seen, from
Table 6, that Cl" reacts with HCl and C1O ™~ more rapidly than
Cl,”” owing to the relative higher reduction potential of the
former radical. Recently, a new value of K = 4.7 x 10° dm?
mol ! for Cl,"~ was reported by Adams et al.,*° which is 40
times lower than the generally accepted value. This low value
of K makes it possible to measure the rates of reaction of CI’
using pulse radiolysis.

In general, free radicals R’, including ‘OH, SO, ~, NOj;’
and Cl,"~ (CI'), react with oxychloride ions via an electron-
transfer mechanism, leading to the formation of oxychloride
radicals,

R+ ClO,” >R~ + CIO, (IV)

where x = 0, 1, 2, or 3. As can be seen from Table 1, since AE
between R" and ClO,  (x = 1, 2) is more positive than 0.4 V,
the electron transfer will be complete. Furthermore, these
reactions occur with nearly diffusion-controlled rate constants
(>10° dm® mol 1 s™1).

4 Conclusion
Free radicals, including e,,~, 'OH, SO, ~, NO;" and Cl,"~

a B

(CI') were generated by Var?ous pulse radiolysis and laser pho-
tolysis methods in order to determine the rate constants for
their reactions with oxychloride compounds. Most of the reac-
tions have nearly diffusion-controlled rate constants (>10°
dm3 mol~! s™1). CIO™ has relatively higher reactivity than its
acid form, HCIO. e,, reacts with the oxychlorides to form
their electron adducts which dissociate easily. Interconversion
reactions occur between ‘OH, SO, ~, NO;’, and Cl,"~ (Cl)
radicals and the oxychloride ions, via an electron-transfer
mechanism. The kinetics results obtained here will be used in
our future simulation work to understand the radiation-
induced reactions taking place in groundwater, which is rele-
vant to geological studies on radioactive waste disposal. These
reactions may also be suggested to play potential roles in the
chemistry of the atmospheric aqueous phase.

We are grateful to Mr. N. Chitose, Mr. K. Dohi, Mr. D.
Hiroishi and Mr. C. Matsuura for their assistance with experi-
ments. This work is performed as part of a study on radiation-
induced reactions in groundwater for the performance
assessment of the high-level radioactive waste disposal system
at the Power Reactor and Nuclear Fuel Development Corpor-

Table 6 Rate constants for reactions of oxychlorides with Cl,"~ (CI') radical (10° dm® mol ! s~ )

reaction pH rate constant, k comments ref.
Cl” +CI'=Cl, ™ 6.5 build-up at 360 nm, FP of ClIO~ 48
3.5 8 build-up of Cl,"7, 61
conversion from SO, ~, FP
2 21 K =19 x 105 dm?3 mol ! 41
fitting at 340 nm, PR
K =4.7 x 10* dm?® mol ! 49
HCIO + CI' - CIO" + HCl 3 no detail, FP of HCIO 48
CIO™ + CI' - CIO" + CI~ 82 no detail, FP of C1O~ 48
ClO™ + Cl,”” » CIO" + 2C1~ 0.54 + 0.03 I =5, decay at 340 nm this work
PR of 5 mol dm ™3 LiCl
0.11 + 0.01 I->0,fromkatlI=>5 this work
ClO,” + Cl,"~ - ClO," + 2C1~ 1.3+01 I =5, decay at 340 nm, this work
PR of 5 mol dm~3 LiCl
0.25 + 0.02 I-0,fromkatlI=5 this work
0.35 + 0.02 I =0.25, decay at 340 nm, this work
conversion from SO, ~, FP
0.16 + 0.01 I-0, from k at I = 0.25 this work

FP: (laser) flash photolysis; PR: pulse radioysis.

1890 J. Chem. Soc., Faraday Trans., 1997, Vol. 93


http://dx.doi.org/10.1039/a700256d

Published on 01 January 1997. Downloaded on 27/10/2014 10:16:55.

ation under contract No. 070 D 0219 and 080 D 0166. It is
also partly supported by a Grant-in-Aid for Scientific
Research (B-074580098), the Ministry of Education, Science,
Sports and Culture, Japanese Government.

References

1

17

18

19

20

21

22

24

25

27

28

30

R. P. Wayne, G. Poulet, P. Biggs, J. P. Burrows, R. A. Cox, P. J.
Crutzen, G. D. Hayman, M. E. Jenkin, G. L. Bras, G. K. Moort-
gat, U. Platt and R. N. Schindler, Atmos. Environ., 1995, 29, 2677.
T. E. Graedel and C. J. Weschler, Rev. Geophys. Space Phys.,
1981, 19, 505.

J. Levieveld and P. J. Crutzen, Nature (London), 1990, 343, 227.

J. Levieveld and P. J. Crutzen, J. Atmos. Chem., 1991, 12, 229.

W. L. Chameides, J. Geophys. Res., 1986, 91, 5331.

F. J. Dentener and P. J. Crutzen, J. Geophys. Res., 1993, 98, 7149.
S. Sunder and H. Chrisensen, Nucl. Technol., 1993, 104, 403.

M. Anbar and E. J. Hart, Adv. Chem. Ser., 1968, 81, 79.

G. V. Buxton and M. S. Subhani, J. Chem. Soc., Faraday Trans.
1, 1972, 68, 947.

G. V. Buxton, unpublished data (deposited in the RCDC), 1987.
T. E. Erikson, J. Lind and G. Merenyi, J. Chem. Soc., Faraday
Trans. 1, 1981, 77, 2115.

U. K. Klédning, K. Sehested and J. Holcman, J. Phys. Chem.,
1985, 89, 760.

U. K. Klédning and K. Sehested, J. Phys. Chem., 1991, 95, 740.

P. Neta and R. E. Huie, J. Phys. Chem. Ref. Data 1988, 17, 1027.
Z. Zvo, K. Katsumura, K. Ueda and K. Ishigure, J. Chem. Soc.,
Faraday Trans., 1997, 93, 533.

Y. Katsumura, P. Y. Jiang, R. Nagaishi, T. Oishi, K. Ishigure and
Y. Yoshida, J. Phys. Chem., 1991, 95, 4435.

P. Y. Jiang, K. Katsumura, R. Nagaishi, M. Domae, K. Ishikawa,
K. Ishigure and Y. Yoshida, J. Chem. Soc. Faraday Trans., 1992,
88, 1653.

K-J. Kim and W. H. Hamill, J. Phys. Chem., 1976, 80, 2320.

K-J. Kim and W. H. Hamill, J. Phys. Chem., 1976, 80, 2325, and
references therein.

J. W. Hund, P. K. Wolff and S. G. Chenery, in Fast Processes in
Radiation Chemistry and Biology, ed. G. E. Adams, E. M. Fielden
and B. D. Michael, Wiley, New York, 1975, p. 109.

A. Hadjadj, R. Julien, J. Pucheault, C. Ferradini and B. Hickel, J.
Phys. Chem., 1982, 86, 4630, and references therein.

H. Kobayashi and Y. Tabata, Radiat. Phys. Chem., 1989, 34, 447.
G. V. Buxton and C. R. Stuart, J. Chem. Soc., Faraday Trans.,
1995, 91, 279.

M. L. Granstrom and G. F. Lee, J. Am. Water Works Assoc.,
1958, 50, 1456.

R. L. Taylor and C. Bostock, J. Chem. Soc., 1912, 444.

J. C. Morris, J. Phys. Chem., 1966, 70, 3798.

A. J. Swallow, Radiation Chemistry. An Introduction, Wiley, New
York, 1973.

H. A. Schwarz, J. Chem. Educ., 1981, 58, 101.

1 E. Flis, Zh. Fiz. Khim., 1958, 32, 573.

N. V. Troitskaya, K. P. Mishchenko and I. E. Flis, Russ. J. Phys.
Chem., 1959, 33, 77.

31

32

33

34

35

46

47

48

49

50

52

53

54

55

56

57
58

59

61

View Article Online

J. K. Thomas, S. Gordon and E. J. Hart, J. Phys. Chem., 1964, 68,
1524.

H. J. Benkelberg, A. Schifer and P. Warneck, in Air pollution
Research Report 33: Atmospheric Oxidation Processes, ed. K. H.
Becker CEC, Brussels, 1991, p. 130.

B. C. Faust and J. Hoigné, J. Atmos. Environ. A, 1990, 24, 79.

R. Zellner, M. Exner and H. Herrmann, J. Atmos. Chem., 1990,
10, 411.

A. M. Held, D. J. Halko and J. K. Hurst, J. Am. Chem. Soc., 1978,
100, 5732.

G. V. Buxton, C. L. Greenstock, W. P. Helman and A. B. Ross, J.
Phys. Chem. Ref. Data, 1988, 17, 513.

W. H. Koppenol and J. F. Liebman, J. Phys. Chem., 1984, 88, 99.
H. A. Schwarz and R. W. Dodson, J. Phys. Chem., 1984, 88, 3643.
D. Meyerstein, Faraday Discuss. Chem. Soc., 1977, 63, 203.

D. Meyerstein, Acc. Chem. Res., 1978, 11, 43.

G. G. Jayson, B. J. Parsons and A. J. Swallow, J. Chem. Soc.,
Faraday Trans. 1, 1973, 69, 1597.

A. E. Grigor'ev, I. E. Makarov and A. K. Pikaev, High Energ.
Chem., 1987, 21, 99.

O. P. Chawla and R. W. Fessenden, J. Phys. Chem., 1975, 79,
2693.

W. J. McElroy, J. Phys. Chem., 1990, 94, 2435.

T. W. Martin, A. Henshall and R. C. Gross, J. Am. Chem. Soc.,
1963, 85, 113.

T. W. Martin, R. E. Rummel and R. C. Gross, J. Am. Chem. Soc.,
1964, 86, 2595.

M. Exner, H. Herrmann and R. Zellner, Ber. Bunsen-Ges. Phys.
Chem., 1992, 96, 470.

U. K. Klédning and T. Wolff, Ber. Bunsen-Ges. Phys. Chem., 1985,
89, 243.

D. J. Adams, S. Barlow, G. V. Buxton, T. M. Malone and G. A.
Salmon, J. Chem. Soc., Faraday Trans., 1995, 91, 3303.

D. M. Stanbury, Adv. Inorg. Chem., 1989, 33, 69.

T. Legager, K. Sehested and J. Holcman, Radiat. Phys. Chem.,
1993, 41, 539.

A. T. Thornton and G. S. Laurence, J. Chem. Soc., Dalton Trans.,
1973, 1632.

Z. B. Alfassi, R. E. Huie, S. Mosseri and P. Neta, Radiat. Phys.
Chem., 1988, 32, 85.

G. Milazzo and S. Caroli, Tables of Standard Electrode Poten-
tials, Wiley, Chichester, 1978, p. 421.

S. Padmaja, P. Neta and R. E. Huie. J. Phys. Chem., 1992, 96,
3354,

R. E. Huie, C. L. Clifton and P. Neta, Radiat. Phys. Chem., 1991,
38, 477.

R. E. Huie and C. L. Clifton, J. Phys. Chem., 1990, 94, 8561.

P. H. Wine, Y. Tang, R. P. Thorn, J. R. Wells and D. D. Davis, J.
Geophys. Res. D, 1989, 94, 1085.

A. Slama-Schwork and J. Rabani, J. Phys. Chem., 1986, 90, 1176.
P. Neta and R. E. Huie, J. Phys. Chem., 1986, 90, 4644.

V. Nagarajan and R. W. Fessenden, J. Phys. Chem., 1985, 89,
2330.

Paper 7/00256D; Received 10th January, 1997

J. Chem. Soc., Faraday Trans., 1997, Vol. 93 1891


http://dx.doi.org/10.1039/a700256d

