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Kinetic evidence is presented for concurrent production of two oxidizing radicals in the radiolysis of aqueous 
sulfuric acid solutions: OH and SO1- radicals that are presumed to result from direct action of ionizing radi- 
ation on water and sulfuric acid anions, respectively. The evidence was obtained from the dependence of 
G(Ce1II) on cerium(II1) and either formic acid or 2-propanol concentrations in the radiolysis of cerium(1V)- 
cerium(II1)-formic acid mixtures and cerium(IV)-cerium(III)-2-propanol mixtures. Determinations of GoE 
and G80,- required the use of a computer for least-squares fit of experimental data to  complex kinetic equations 
containing up to 22 dependent variables. Applicability of the kinetic equations is indicated by the excellent 
agreement for two determinations in 4.0 iM sulfuric acid: GO= = 1.76 f 0.19 and G s o ~ -  = 0.95 f 0.18 with 
2-propanol solutions; GO= = 1.78 i 0.03 and Gs0,- = 0.94 f 0.03 with formic acid solutions. A small but 
significant yield of SO4- was determined in 0.4 M sulfuric acid: GoH = 2.60 =t 0.04 and Gson- = 0.20 0.04. 
No evidence was obtained for oxidation of sulfuric acid anions by precursors of OH radical such as HzO+, 
since GOH was found to be proportional to electron fraction water. 

Introduction 
The importance of the SO4- radical as an interme- 

diate in the radiolysis of aqueous sulfuric acid solutions 
has been the subject of numerous investigations. 
Three different processes have been proposed for the 
production of SO4- radicals: reaction of OH radical 
with sulfuric acid anions,4,5 direct action of ionizing 
radiation on sulfuric acid anions,B and reaction of sul- 
furic acid anions with HzO+, a commonly assumed pre- 
cursor of the OH radical.' 

The proposal that OH radical reacts with sulfuric 
acid anions has been substantiated. Rate constant 
ratios for reaction of OH radical with cerium(III), 
formic acid, and sqlfuric acid anions were determined 
from the dependence of G(CelI1) on cerium(II.1) and 
formic acid concentrations in the radiolysis of cerium- 
(1V)-cerium(1II)-formic acid mixtures in air-saturated 
0.4 M sulfuric acid with 6oCo y radiation.8 More direct 
evidence for the reaction of OH radical with sulfuric 
acid anions was obtained by pulse radiolysis tech- 
niques. 

Boyle6 proposed the concurrent production of OH and 
SO4- radicals in the radiolysis of aqueous sulfuric acid 
solutions with GOH proportional to  electron fraction 
water and Gso,- proportional to electron fraction sul- 
furic acid. The evidence, though convincing, was in- 
direct: the formation of hydrogen peroxide, peroxo- 
sulfuric acid, and peroxodisulfuric acid in the spur was 
attributed to combination reactions of some OH and 
5 0 4 -  radicals before the remainder escaped by diffusion 
into the bulk of the solution. No evidence was pre- 
sented, however, for those 504- radicals that escaped 
by diffusion into the bulk of the solution. 

The energy absorbed by each component in the radi- 
olysis of mixtures is commonly assumed to be propor- 
tional to its electron fraction. It has long been rec- 
ognized, however, that the G values for intermediates 
that are characteristic of each component may not be 
proportional to the energy absorbed by each compo- 
nent, owing to either ionization transfer or excitation 
transfer.l0 The suggestion' that Sod- radical may re- 
sult from reaction of sulfuric acid anions with HzO +, an 
example of ionization transfer, has been neither sub- 
stantiated nor refuted. Our interest in this suggestion 
is due to the recent model for the radiolysis of water in 
which hole trapping by anions is postulated to occur.ll 

This paper reports an extension of the previous 
kinetic study8 to include the radiolysis of cerium(1V)- 
cerium(II1)-formic acid mixtures in air-saturated 0.04, 
0.4, and 4.0 M sulfuric acid solutions and cerium(1V)- 
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cerium(III)-2-propanol mixtures in air-saturated 0.4 
and 4.0 M sulfuric acid solutions. As reported in our 
preliminary communication, l2 kinetic evidence is pre- 
sented for the concurrent production of OH and SO4- 
radicals in the radiolysis of aqueous sulfuric acid solu- 
tions. The proposal of Boyle6 is substantiated. The 
suggestion' that sulfuric acid anions react with HzO + to 
yield SO*- is refuted, since GOH is proportional to elec- 
tron fraction water. 
Experimental Section 

Materials. Fisher purified ceric ammonium sulfate, 
G. Frederick Smith Co. reagent cerous sulfate, Math- 
eson Coleman and Bell spectroquality reagent 2-prop- 
anol, Baker Analyzed reagent formic acid, Baker and 
Adamson reagent ferrous ammonium sulfate, and Du 
Pont reagent sulfuric acid were used without further 
purification. All solutions were prepared with water 
from a Barnstead still that was further purified by suc- 
cessive distillations from an acid dichromate solution, 
from an alkaline permanganate solution, and finally 
from an all-silica system into silica storage vessels, 

Solutions in a 2-cm Pyrocell cylin- 
drical absorption cell mere irradiated in 6oCo sources of 
the Ghormley-Hochanadel design.13 The cell had 
S18-260 silica windows that did not become colored 
enough during irradiations to interfere with spectro- 
photometric analyses of the solutions with a Cary re- 
cording spectrophotometer. Dose rates were deter- 
mined with the ferrous sulfate dosimeter using G- 
(FeIII) = 15.6.14 The energy absorbed in solutions 
relative to the ferrous sulfate dosimeter was assumed to 
be in the ratio of electron densities. 

Analyses. Changes in cerium(1V) concentration 
with absorbed dose were determined spectrophoto- 
metrically in the irradiation cell. NIolar extinction co- 
efficients for cerium(1V) a t  320 nm of 5580 in 0.4 M 
sulfuric acid14 and 6590 in 4.0 M sulfuric acid'j were 
used. The molar extinction coefficient of cerium(1V) 
a t  320 nm in 0.04 M sulfuric acid was markedly affected 
by the high concentrations of cerium(II1) sulfate that 
we used (ranging from 5099 in its absence to 5446 for 
0.058 M )  and was determined for each concentration of 
cerium(II1) sulfate. A molar extinction coefficient for 
iron(II1) a t  305 nm of 2210 in 0.4 M sulfuric acid16 was 
used for ferrous sulfate dosimetry. While all irradia- 
tions were made a t  ambient room temperature, all 
spectrophotometric analyses were made thermostati- 
cally a t  25". 
Results 

G(CelI1) is markedly dependent on both cerium(II1) 
and formic acid concentrations in the radiolysis of 
cerium(1V)-cerium(II1)-formic acid mixtures in air- 
saturated sulfuric acid solutions.8 Figure 1 shows the 
results obtained in 4.0 116 sulfuric acid solutions. Sim- 
ilar results were obtained in both 0.4 M and 0.04 M 
sulfuric acid solutions. 

Irradiations. 
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Figure 1. Dependence of G(Ce1I1) on [CeIII] and [HCOOH] 
in the reduction of cerium(1V) in air-saturated 4.0 M sulfuric 
acid solutions induced by 6oCo y radiation. Initial [CeIII] : 
( X )  3.0 X M ,  (a) 1.5 X M, (A) 6.0 x M ,  

( 0 )  3.0 X 10-4 M .  Curves are theoretical and represent 
least-squares fit of the data to eq 111. 

(0) 3.0 x 10-3  M, (+) 1.5 x 10-3 M, (a) 6.0 x 10-4 M ,  

G(CelI1) is also markedly dependent on both cerium- 
(111) and 2-propanol concentrations in the radiolysis of 
cerium(IV)-cerium(III)-2-propanol mixtures in air- 
saturated sulfuric acid solutions. Figure 2 shows the 
results obtained in 4.0 M sulfuric acid solutions. Sim- 
ilar results were obtained in 0.4 M sulfuric acid solu- 
tions. 

The initial concentration of cerium(1V) in all soh- 
tions was about M .  Changes in cerium(1V) con- 
centrations with dose were determined in each solution 
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by five to six successive irradiations. In  most cases, 
the cerium(1V) concentration changed linearly with 
dose within experimental error. In  some cases, the 
initial rate of reduction was determined by extrapola- 
tion from a plot of the rate of cerium(IV) reduction as a 
function of dose. 

There is reportedly'' no effect of oxygen on G(CelI1). 
The absence of an oxygen effect was attributed to re- 
duction of cerium(1V) by either H atom or the HO2 
radical that results from reaction of H atom with 
oxygen. A small effect of oxygen on G(CelI1) is to  be 
expected, however, owing to the dependence of G H ~  on 
oxygen concentration. l8 We conducted some experi- 
ments in deoxygenated 4.0 M sulfuric acid solutions to 
evaluate the role of oxygen in the radiolysis of cerium- 
(1V)-cerium(II1)-formic acid mixtures. 

In  0.0015 M cerium(II1) solutions, the values for 
G(CelI1) a t  all formic acid concentrations are slightly 
higher in initially air-saturated solutions than in ini- 
tially deoxygenated solutions, as shown in Figure 3. 
This small effect of oxygen, an increase in G(CelI1) of 
0.22 f 0.03 independent of formic acid concentration, 
is attributed to the reactions of oxygen in the spur that 
reportedly18 cause to  decrease. 

In  0.03 If cerium(II1) solutions, we were surprised 
to observe net cerium(II1) oxidation a t  low formic acid 
concentrations in initially deoxygenated solutions as 
shown in Figure 3. We have e s t a b l i ~ h e d ~ ~ ~ ~ ~  that net 
oxidation of cerium(II1) results from reaction of H 
atom with hydrogen peroxide since reactions of cerium- 
(IV) with both H atom and hydrogen peroxide are slow. 
Oxygen in air-saturated solutions inhibits reaction of H 
atom with hydrogen peroxide through intermediate 
formation of H02. For this reason, we used air-sat- 
urated solutions in this kinetic study. As indicated by 
the data in Figure 3, formic acid a t  high concentrations 
also inhibits reaction of H atom with hydrogen per- 
oxide. This is attributed to  reaction of formic acid 
with H atom,21 presumably to yield an intermediate 
that reduces cerium(1V). 

Discussion 
The reaction mechanism for radiation-induced re- 

duction of cerium(1V) in aqueous sulfuric acid solu- 
tions is well established. Allen7 proposed that cerium- 
(IV) is reduced by both H atom and hydrogen peroxide 
while cerium(II1) is oxidized by OH radical and 

Q(CeIr1) = 2 G ~ , o ~  + GH - Goa (1) 
His hypothesis was substantiated by Challenger and 

who observed concomitant oxidation of 
radioactive cerium(II1) during net reduction of cerium- 
(IV). Allen's hypothesis was further substantiated by 
studies of the enhancement of G(CelI1) by formic acid,23 
thallium(I), lfi and 2-propanolZ4 through their reaction 
with OH radical to yield intermediates that reduce 
cerium(1V). 

"t 
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0.001 0.01 0.t 4.0 
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Figure 3. Dependence of G(CeI1') on [CeIII] and [HCOOH] 
in the reduction of cerium(1V) in deoxygenated 4.0 M sulfuric 
acid solutions induced by 6OCo y radiation. Initial [CeIII] : 
(0) 1.5 X 10-3 M ,  ( 0 )  3.0 X 10-2 M .  The results for 
air-saturated solutions are indicated by curve 1 for [CeIII] = 
1.5 X 10-3 M and by curve 2 for [CeIII] = 3.0 X 10-2 M .  

We have considered reactions 1-9 of OH and SO4- 
radicals in order to explain the dependence of G(CeTT1) 
on cerium(III), formic acid, and 2-propanol concentra- 
tions. 

OH + HSOa- H2O + so4- (1) 
OH + CeIII +OH- + CeIV (2) 

SO4- + CeIII + S042- + CeIV (3) 

OH + HCOOH + H20 + COOH (4) 

sod- + HCOOH + HSO4- + COOH ( 5 )  

COOH + CeIV + H +  + C02 + CeI'I (6) 
OH 3. CHaCHOHCHa + H2O + CHaCOHCHa 

Sod- + CHaCHOHCH3 + 

(7) 

HSO4- + CH3COHCHa (8) 

CH&OHCH3 + CeIV --f 

H+ + CHaCOCH3 + Cell1 (9) 

One Primary oxidizing Radical Model: OH. I n  the 
radiolysis of cerium (1V)-cerium (111)-f ormic acid mix- 
tures in air-saturated 0.4 M sulfuric acid solutions, 
Sworskis implicitly assumed that Gso,-, IC-I [H2O]/ 
(IC3 [CeIII]), and kg [HCOOH]/ (IC8 [CeII']) were negligibly 
small and obtained 
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G(CeI1I) = G(Ce1II)O + 

For cerium(1V)-cerium(II1)-formic acid mixtures, 
k,S denotes k4 [HCOOH]. For cerium(1V)-cerium 
(III)-2-propanol mixtures, k,S denotes k,[CH3CH- 
OHCHI 1. GOB*, a function of cerium(II1) and sulfuric 
acid concentrations, denotes the value of GOH that is ob- 
tained by the use of eq 11. G(CelI1)O, also a function of 
cerium(II1) and sulfuric acid concentrations, denotes 
the value of G(CelI1) in the absence of formic acid and 
2-propanol. 

The experi- 
mental data were fit to eq I1 by the method of least 
squares, using the computer program of L i e t ~ k e . ~ ~  The 
data were weighted by assuming that all G(CelI1) 
values had a constant percentage error. Values of 
G(CeI")O, GoH*, and the kinetic parameter (ICl- 
[HSOd-] + kz[Ce"I])/L, were obtained as a function of 
cerium(II1) and sulfuric acid concentrations. 

Equation I1 seems to be a valid approximation for 
cerium(1V)-cerium(II1)-formic acid mixtures in 0.04 
and 0.4 M sulfuric acid solutions. As shown in Figure 
4, the kinetic parameter (kl[HS04-] + kz[Ce1'I])/k4 is 
approximately a linear function of cerium(II1) concen- 
tration and has a finite positive value indicated for 
[Ce'II] = 0. Figure 4 also shows that eq I1 is clearly 
not valid for cerium(1V)-cerium(II1)-formic acid mix- 
tures in 4.0 M sulfuric acid solutions. 

Similarly, eq I1 seems to be a valid approximation for 
cerium(IV)-cerium(III)-2-propanol mixtures in 0.4 M 
sulfuric acid solutions, As shown in Figure 5 ,  the 
kinetic parameter (kl[HS04-] + k2[Ce1I1])/k7 is ap- 
proximately a linear function of cerium(II1) concentra- 
tion and computer analysis yielded a finite positive 
value for [CeII'J = 0. Figure 5 also shows that eq I1 is 
again clearly not valid for 4.0 ill sulfuric acid solutions. 

GOH* increases with increase in cerium(II1) concen- 
tration for cerium(1V)-cerium(II1)-formic acid mix- 
tures in 0.04 114 sulfuric acid solutions, as shown in 
Figure 6, and for cerium(IV)-cerium(III)-2-propanol 
mixtures in 0.4 1V sulfuric acid solutions, as shown in 
Figure 7. This is just what we anticipated for the de- 
pendence of GOE on cerium(II1) concentration, since 
G H ~ o ~  decreases with increase in cerium(II1) concentra- 
tion.16 It was clearly shown in the radiolysis of cerium 
(1V)-thallium(1) mixtures in 0.4 M sulfuric acid solu- 
tions that GOH increases with increase in thallium(1) 
concentration by an amount equal to twice the con- 
comitant decrease in GH202 causing G(CelI1) to be in- 
dependent of thallium(1) concentration.16 

GO=* seems to be independent of changes in cerium- 
(111) concentration for cerium(1V)-cerium(II1)-formic 
acid mixtures in 0.4 M sulfuric acid solutions a8 shown 
in Figure 6. GoH* decreases markedly with increase in 
cerium(II1) concentration in 4.0 M sulfuric acid solu- 

All of our data adhered well to eq 11. 

W'I, M 

Figure 4. Dependence of the kinetic parameter (kl[HS04-] + 
k2[Ce1I11 )/k4 in eq I1 on [CeIII]. Sulfuric acid concentrations: 
(0) 4.0 M, ( 0 )  0.4 M, (0) 0.04 M .  

"0 0.0 5 0.to 

[ cern l ,  M 

Figure 5 .  Dependence of the kinetic parameter (/cl[HSOI-] -t 
kz[Ce1T1])/k7 in eq I1 on [CeIII]. Sulfuric acid concentrations: 
(e) 4.0 M, (0) 0.4 M. 

0 -  

P 

- 

- - 

I I I , 
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0.06 f.5 0 0.02 0.04 

Figure 6. 
concentration for cerium(1V)-cerium(II1)-formic acid mixtures. 
Sulfuric acid concentrations: (0)  4.0 M ,  (0) 
0.4 M, (0) 0.04 M. 

Dependence of GO=* in eq I1 on cerium(II1) 

tions both for cerium(1V)-cerium(II1)-formic acid 
mixtures, as shown in Figure 6 and for cerium(1V)- 
cerium (III)-2-propanol mixtures, as shown in Figure 7. 
These results were unexpected and indicate that eq I1 

(25) M. H. Lietzke, ORNL-3259, Mar 21, 1962. 
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* z  
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Figure 7. 
concentration for cerium(IV)-cerium(III)-2-propanol mixtures. 
Sulfuric acid concentrations: ( 0 )  4.0 M, (0) 0.4 M. 

Dependence of GO=* in eq I1 on cerium(II1) 

L 

t 
0 0.2 0.4 

1.4 

[CenrJ’/3, M’ l3  

Figure 8. 
concentration in 4.0 M sulfuric acid solutions containing eit;her 
(0) formic mid or ( 0 )  2-propanol. 

Dependence of G(Ce1II)O in eq I1 on cerium(II1) 

is a poor approximation for 0.4 M sulfuric acid solutions 
containing cerium(1V)-cerium(II1)-formic acid mix- 
tures and not valid for 4.0 M sulfuric acid solutions. 

G(CelI1)O in 4.0 M sulfuric acid solutions decreases 
linearly with the cube root of the cerium(II1) concen- 
tration as shown in Figure 8. The theoretical signifi- 
cance of this cube-root dependence is its implication 
that GH2O2 decreases with increase in cerium(II1) con- 
centration, just as previously reportedl6 for 0.4 M sul- 
furic acid solutions. 

OH and 
SO4-. Our initial experiments were with cerium(1V)- 
cerium(II1)-formic acid mixtures. The dependence of 
the kinetic parameter on cerium(II1) concentration in 
4.0 M sulfuric acid solutions as shown in Figure 4 was 
found to be quantitatively explicable by postulating that 
reaction (1) is sensibly reversible. The dependence of 
GO=* on cerium(II1) concentration in 4.0 M sulfuric 
acid solutions as shown in Figure 6 was found to be 
quantitatively explicable by postulating two oxidizing 
radicals: the OH radical and an unidentified interme- 
diate that either disappears by a first-order process to 
yield OH radical or reacts with cerium(II1) but not 
with formic acid. The best fit of the experimental data 

Two Primary Oxidizing Radicals Models. 

to these postulates was obtained by assuming that the 
unidentified intermediate was not SO4-. This sug- 
gested the possibility that the unidentified interme- 
diate may be either H20+ or HzO*. 

To test the validity of these two postulates, we ex- 
tended our study to include the cerium(1V)-cerium 
(111)-2-propanol mixtures. Comparison of Figures 6 
and 7 shows that GOH* in 4.0 M sulfuric acid solutions 
is not a function of cerium(II1) concentration alone. 
We concluded, therefore, that the unidentified inter- 
mediate may also react with formic acid and 2-prop- 
anol. 

The dependence of G(CeIII) on cerium(II1) and either 
formic acid or 2-propanol concentrations in 4.0 M sul- 
furic acid solutions is quantitatively explicable by the 
sequence of reactions 1-9 induced by primary yields of 
both O H  and SO*-. This reaction mechanism and the 
stationary-state hypothesis for O H  and so,- concen- 
trations require that 

G(CelI1) = G(CeIII)O + ~ ( U G O H  + bGsol-)/c (111) 

in which 

C = [CelIT], A = [ H S O , - ] ,  and W = [HZO]. For 
cerium(1V)-cerium(II1)-formic acid mixtures, lcbS de- 
notes k ,  [ H C O O H ] .  For cerium(1V)-cerium(II1)-2- 
propanol mixtures, lcbS denotes ks [ C H & H O H C H 3 ] .  
Equation I11 was obtained with the assumption that 
GOH and G8Oa- are constants, independent of variations 
in concentrations of cerium(III), formic acid, and 2- 
propanol. 

The experimental data were fit to eq I11 by the 
method of least squares. For cerium(1V)-cerium(II1)- 
formic acid mixtures in 4.0 M sulfuric acid solutions, 13 
unknowns were determined: the values of GOH, Gso,-, 
and four rate constant ratios listed in column 1 of Table 
I and seven values of G(CelI1)O for the seven different 
cerium(II1) concentrations. For cerium(1V)-cerium 
(III)-2-propanol mixtures in 4.0 44 sulfuric acid solu- 
tions, 11 unknonns were determined: thc values of 
GOH, Gso,-, and four rate constant ratios listed in 
column 2 of Table I and five values of G(Cellx)a for thc 
five different cerium(II1) concentrations. 

The experimental data adhere well to eq 111, as indi- 
cated by the theoretical curves in Figures 1 and 2 that 
illustrate the least-squares fit of the data to eq 111. 
The excellent agreement betn-een the two sets of values 
for GOH and Gs0,- that are listed in columns 1 and 2 of 
Table I is evidence for the validity of eq 111. 

The Journal of Physical Chemistry, Vo l .  76, N o .  9,  1979 
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Table I:  Results from Least-Squares Fit of Experimental Data to  Eq  111-V 

la 2 b  30 4 d  

GOH 1.78 =k 0.03 1.76 i 0.19 1.76 =k 0.03 2.60 f 0.04 
Gsor- 0.94 =k 0 .03  0.95 f 0.18 0.94 f 0.03 0.20 i 0.04 
kz/(ki[HS04-] ) 30 f 3 84 f 17 30 f 3 (9.3 f 1.1) x 102 
k-1 [HzOl lks  (1.7 =k 0 .5 )  X lo-' (2.7 f 3.9)  x 10-4 (1.2 f 0 . 5 )  x 10-4 (1.1 0.6) x 10-4 
ka/(ki[HSOa-l) 14.4 & 0.5 14.7 i 0.6 (6.9 =I= 0.8) X lo2 
kSlk8 (6.0 f 0 . 5 )  x 10-8 (6.5 f 0 .5 )  x lo-$ (7.2 f 6 . 7 )  x 
krl(ki[HSOa-l) 360 f 34 202 f 12 (1.1 i 0.2)  x 104 
k s l h  0.61 f 0.11 0.64 f 0.03 0.71 f 0.30 
kiz[H +I l k i i  
klQ/k?  1 . 4  f 0 .3  

Cerium(1V)-cerium(II1)-formic acid mixtures in 4.0 M sulfuric acid; eq 111. 

0.35 f 0.04 

b Cerium(IV)-cerium(III)-2-propanol mixtures 
d All data in 0.4 M sulfuric acid; eq V. in 4.0 M sulfuric acid; eq 111. All data in 4.0 M sulfuric acid; eq IV. 

Absolute rate constants for reactions of SO4- with 
cerium(III), formic acid, and 2-propanol have been re- 
ported:26 k3 = 1.43 X lo8 M-' sec-', k6 = 1.35 X lo6 
14-l sec-', and ICS = 4.60 X lo7 M-I sec-l. These 
values yield k & ~  = 9.4 X and k8/k3 = 0.32, in fair 
agreement with our determinations listed in Table I. 

The large standard errors listed in Table I for kF1. 
[HzO]/k3 suggest that k-1 [HzO]/k3 is almost negligibly 
small for most of our solutions, hydrolysis of SO4- being 
significant only for a few of the more dilute cerium(II1) 
solutions. We previously assumed2 that k-1 [HzO]/ 
1c3 = 0 and obtained GOH values of 1.70 * 0.02 and 
1.64 =I= 0.08 and Gso,- values of 0.97 * 0.03 and 1.06 =I= 
0.09 for formic acid and 2-propanol solutions in 4.0 M 
sulfuric acid, respectively. These two sets of values for 
GOH and Gso4- are in agreement within standard errors, 
but the agreement is not as good as for the values ob- 
tained by use of eq 111. 

The poor agreement between the two values for k2/ 
(kl[HS04J) listed in columns 1 and 2 of Table I is dis- 
appointing in view of the excellent agreement between 
the two sets of values for GOH and Gso,-. We have 
speculated on the cause of this poor agreement and sug- 
gest that it may be due to reactions 10-12. The net 

OH + CHaCHOHCH3 ---+ 

HzO + CH3CHOCH3 (10) 
CHaCHOCHa + CHsCHOHCH3 ---f 

CHaCHOHCHa + CHaCOHCH3 (11) 
H +  + CH3CHOCH3 + CeIII ----f 

CH3CHOHCH3 + CeIV (12) 

effect for the sequence of reactions (10) and (12) is the 
oxidation of cerium(II1) by OH, thus causing a higher 
value of Jc2/(Icl [HSO1-]) for %propanol solutions. 

This suggestion was substantiated by a least-squares 
fit of the combined data from formic acid and 2-prop- 
anol solutions in 4.0 M sulfuric acid to 

G(CelI1) = G(CelI1)O + ~ ( ~ G o H  + bGso,-)/ 

C ~ ( ~ G o H  + eGso4-)/f (IV) 

in which 

k3C 
f = l + - +  1 +  

k3C ( ksP+k-lw) 

P denotes ]CH,CHOHCH,] so that d, e, and f are used 
for cerium(IV)-cerium(III)-2-propanol mixtures. In  
eq IV, k,S and k b S  only denote k,[HCOOH] and lcb- 
[HCOOH] so that a, b, and c ,  are used for cerium(1V)- 
cerium(II1)-formic acid mixtures. 

the values 
of GOH, Gso4-, and 8 rate constant ratios listed in 
column 3 of Table I and 12 values of G(CelI1)O for the 12 
different cerium(II1) concentrations. There are two 
major effects of assuming the sequence of reactions 
10-12 and using eq IV:  the value for k2/(kl[HS04-]) 
becomes identical with that listed in column 1 of Table 
I for formic acid solutions and k7/(k1[HS04-]) de- 
creases significantly. 

The difference in the dependence of GOH* on cerium- 
(111) concentration between formic acid and 2-prop- 
anol solutions in 0.4 M sulfuric acid, shown in Figures 4 
and 5, may be evidence for a significant value of Gso,-. 
Therefore, a least-squares analysis of the combined 
data from formic acid. and 2-propanol solutions in 0.4 M 
sulfuric acid was made with the constraint that the de- 
pendence of G O H  on cerium(II1) concentration be iden- 

Twenty-two unknowns were determined : 

(26) L. Dogliotti and E. Hayon, J .  Phys. Chem., 71, 3802 (1967). 
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tical for formic acid and 2-propanol solutions. GOH 
was assumed to increase linearly with increase in the 
cube root of the cerium(II1) concentration. 

The experimental data &ere fit by the method of 
least squares to  

G(CeIII) = G(CeI'I)O + 
~ [ ~ ( G o H  4- A [Celll]"a) 4- bGso4-1/c (V) 

Twenty-one unknowns were determined : the values of 
GOH, G(so4-, and 6 rate constant ratios listed in column 4 
of Table I, 12 values of G ( ( C C I ~ ~ ) ~  for the 12 different 
ccrium(II1) concentrations, and A = 0.57 

The agreement bettt-cen the values of k-1 [H,O]/ks, 
1cj/k3, and ks /ks  for 4.0 and 0.4 A6 sulfuric acid solutions 
listed in columns 3 and 4 of Table I is surprisingly ex- 
cellent and is further evidence for the validity of our 
two primary oxidizing radicals model. The larger 
standard errors indicated in the values for 0.4 A4 sul- 
furic acid solutions listed in column 4 of Table I are 
attributable to the role of SO,- in 0.4 M sulfuric acid 
solutions being less important than in 4.0 $1 sulfuric 
acid solutions, though still significant. The present 
determination of IC, : lc, : kl [HSO,-] = 930 : 690 : 1 for 0.4 
M sulfuric acid solutions supersedes the previous deter- 
mination of k ,  : lc4: kl [HSO,-] = 1600 : 950 : 1 that was ob- 
tained by approximation.8 

In v i m  of the low electron fraction sulfuric acid in 
0.04 il4 sulfuric acid solutions, no attempt was made to 
drterminc Gso4-. The experimental data for cerium- 
(1V)-cerium(II1)-formic acid mixtures in 0.04 M sul- 
furic acid solutions were fit by the method of least 
squares to cq V with the previous approximations that 
G o 4 - ,  Ic-l[H,0]/(k3[Ce111]), and lc5[HCOOH]/(k~- 
[Cc"I]) were negligibly small. Ten unknowns were 
determined: GOH = 2.67 =t 0.04, A = 1.05 f 0.13, 
kz/(IrllHS04-]) = (1.2 f 0.2) X lo4, k4/(Icl[HSO*-]) = 
(9.2 f 0.9) X lo3, and six values of G(CelI1)O for the six 
different cerium( 111) concentrations. 

GOH increases with increase in cerium(II1) concentra- 
tion in both 0.04 fl4 and 0.4 J4 sulfuric acid solutions. 
As stated above, this is just what we expected. Our 
assumption that both GoH and (?SO,- are constants, in- 
dependent of variations in cerium(II1) concentration, 
in 4.0 M sulfuric acid solutions may be unjustified. 
Therefore, wc determined tho effects of assuming that 
both GOH and (280,- in eq I V  vary linearly with the cube 
root of the cerium(II1) concentration. We also deter- 
mined, a t  the same time, the effect of assuming that 
G'(CCII')~ in eq IV and V varies linearly with the cube 
root of the cerium(II1) concentration. The depen- 
dence of GIoH on cerium(II1) concentration is given in 
Table 11. The dependence of G(CelI1)O on cerium(II1) 
concentration is given in Table 111. Gso,- in 4.0 M 
sulfuric acid solutions was found to be (0.95 f 0.14) 

The assumption that GOH and G(CeIII)O vary linearly 

0.08. 

- (0.35 i 0.45) [Celll]l'a. 

Table 11: Dependence of GOH on Cerium(II1) Concentration 

[HZSO~], 
M GOH 

4.0 
0.4 
0.04 

(1.78 It 0.14) + (0.02 i 0.42)[Ce111]'/a 
(2.57 It 0.05) + (0.60 i 0.09)[Ce1r1]'/a 
(2.60 f 0.04) + (1.29 f 0.14)[Cerr1]'/a 

Table 111: Dependence of G(Ce"1)O on 
Cerium(II1) Concentration 

[HzSO~I, 
M G(Cerrl)o 

4.0  
0 .4  

(1.76 f 0.01) - (0.72 3~ 0.04)[Ce11r]'/a 
(2.40 i 0.02) - (0.74 f 0.06)[Ce11x]1/a 

0.04 (2.48 i 0.02) - (1.30 i 0.09)[Cd11]1/3 

with the cube root of the cerium(II1) concentration is a 
good approximation, except for the dependence of GOH on 
cerium(II1) concentration in 4.0 M sulfuric acid solu- 
tions, as evidenced by the low standard errors for the 
coefficients of [Celll]"a. In 4.0 M sulfuric acid solu- 
tions, it is apparently a gross oversimplification to as- 
sume that GoH would vary linearly with [CelI1]'/'. 
The value of 30 f 3 for k2/(kl [HSOd-]) indicates that the 
sulfuric acid anions are as reactive with OH radical as 
0.033 A4 cerium(II1). We assume, therefore, that sul- 
furic acid anions in 4.0 M sulfuric acid solutions inhibit 
significantly the formation of hydrogen peroxide in the 
spur and enhance the formation of peroxosulfuric and 
peroxodisulfuric acids. The negligibly small depen- 
dence of GoH on [Ce111]"3 in 4.0 fV sulfuric acid solu- 
tions is attributed to inhibition of reactions of OH with 
cerium(II1) in the spur by sulfuric acid anions. 

If the only effect of cerium(II1) on reactions of OH 
radical in the spur were to inhibit the formation of hy- 
drogen peroxide, then the decrease in G(CeI")O by any 
particular concentration of cerium(II1) should be equal 
to twice the concomitant increase in GOH. Tables I1 
and I11 show that ZAGOH is much larger than - AG- 
(Ce"I)O for 0.04 J4 and 0.4 M sulfuric acid solutions and 
suggest that cerium(lI1) is also inhibiting re-formation 
of water in the spur. 

We previously reported that G(CelI1)O = 1.66 f 
0.0315 in air-saturated 4.0 M sulfuric acid solutions con- 
taining 3.0 X lou3 M cerium(II1) and G(CelI1)O = 
2.3916 in air-saturated 0.4 M sulfuric acid solutions con- 
taining no initial cerium(II1). These values are in 
agreement with the results listed in Table 111. 

Let E w  denote electron fraction mater and GOH' de- 
note the G value for OH production that results from 
energy absorption by water. Then GOH' = GoH/Ew, 
provided that energy absorption by water is propor- 
tional to electron fraction water, neither ionization 
transfer nor excitation transfer occurs between water 
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and sulfuric acid anions, and the fraction of OH radicals 
escaping from the spur by diffusion into the bulk of the 
solution is independent of sulfuric acid concentration. 
The dependence of GoH, Ew, and GOHO on sulfuric acid 
concentration is given in Table IV. 

Table IV : Dependence of GOH on Electron Fraction Water 

[H&O4], 
M GOH E W  Goao 

4.0  1.76 i: 0.03  0.700 2.51 i: 0.05 
0 .4  2.60 i. 0.04 0.963 2.70 i: 0.04 
0.04 2.67 i 0.04 0.997 2.68 i: 0.04 
0 2.59 i. 0 . 0 9 ~  1 ,000  2.59 i 0.09 

a From ref 27. 

The values of G ~ H ’  for 0.04, 0.4, and 4.0 M sulfuric 
acid solutions are all equal within standard errors to 
G o H  = 2.59 h 0.09, the most recent value of GoH for 
pure water that has been determined in our labora tor~r .~~ 
These results substantiate the proposal of Boyle6 that 
GoH is proportional to electron fraction water in the 
radiolysis of aqueous sulfuric acid solutions. They 
refute the suggestion of Allen’ that SO4- may result 
from reaction of HS04- with HzO+, a commonly as- 
sumed precursor of the OH radical. 

Evidence has been reported28 for the dry charge 
pairll in the radiolysis of water: a decrease in G- 
(HzOz) by chloride ion in neutral aqueous solutions 
containing oxygen has been attributed to trapping of 
the dry hole, H20+,  by chloride ion at high concentra- 
tions. Our evidence that G O H  is proportional to elec- 
tron fraction water in 4.0 M sulfuric acid solutions and 

in 4.0 M nitric acid solutions12 indicates that hole 
trapping by anions, if it occurs a t  all, is not a general 
phenomenon. Definitive evidence for hole trapping 
would be a dependence of GOH on both electron fraction 
water and anion concentration. 

Under our experimental conditions, equilibrium be- 
tween OH and SO4- is not established. If equilibrium 
were established, it can be easily shown that a one 
oxidizing radical model would be applicable even 
though there were primary yields of both OH and 
SO4-. We can, however, evaluate [SO4-]/ [OH] for 
equilibrium conditions by noting that [SO,-]/ [OH] = 
kl [HS04-]/(kl [HzO]) a t  equilibrium. Using the re- 
ported values of 1.43 X lo8 M-l sec-’ for Ic,26 and 2.2 X 
lo8 M-’ sec-l for kz,29 our values for kz/(kllHS04-]) of 
30 and 930 and for K-l[HzO]/k, of 1.7 X and 1.1 X 
lop4 yield values for [S04-]/[OH] of 302 and 15.0 for 
4.0 and 0.4 M sulfuric acid solutions, respectively. At 
these sulfuric acid concentrations, [HS04-] is approxi- 
mately equa130 to  seven-tenths of the sulfuric acid 
molarity, and the equilibrium concentration quotient 
[SO4-]/( [OH] [HS04-]) for reaction 1 is approximately 
equal to 100 and 50 for 4.0 and 0.4 M sulfuric acid so- 
lutions, respectively. The high concentrations of sul- 
furic acid in our solutions preclude the calculations of 
equilibrium values for [Sod-]/ [OH] using the equilib- 
rium constant evaluated by Wilmarth and HaimU3l 

(27) C. J. Hochanadel and R .  Casey, Radiat. Res., 25, 198 (1965). 
(28) T.  Sawai and W. H. Hamill, J .  Chem. Phys., 52, 3843 (1970); 
J .  Phys. Chem., 74, 3914 (1970). 
(29) M. Anbar and P. Neta, In t .  J .  A p p l .  Radiat. Isotopes,  18, 493 
(1967). 
(30) T. F. Young, L. F. Maranville, and H. M. Smith, “The Struc- 
ture of Electrolytic Solutions,” Wiley, New York, N .  Y., 1959, p 35. 
(31) W. K. Wilmarth and A. Haim, “Peroxide Reaction Mecha- 
nisms,” Interscience, New York, N. Y . ,  1961, p 175. 
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