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2.2.1 Effect of the Type of Radiation on Dissociat ion and 
Recombination React ions in Aqueous Solutions 

Two means have been developed for studying the effect of 
the type of radiat ion on dissdciat ion and recombination reac t ions in 
aqueous solutions. One method based on an analys is of the products 
of the formic acid-oxygen react ion was descr ibed in the previous 
quar te r ly repor t . (*) This method has been extended to a compar ison 
of the effects of Co60 gamma r a y s and t r i t ium beta r a y s on water . A 
second method is based on the ra t io of fe r rous sulfate oxidation in 
the p r e s e n c e and absence of a i r . This method has been applied to 
a study of the effects of Co60 gamma r a y s , mixed pi le radiat ion, and 
the products of the B10(n, a ) react ion. The detai ls of these expe r i ­
ments a r e descr ibed below. 

Oxidation of Fo rmic Acid by Co60 Gamma Rays and Tr i t ium 
Beta Rays The course of oxidation of formic acid may be r e p r e ­
sented by the following reac t ions : 

HzO = H + OH (Dissociation Reaction) (l) 

HzO = l / 2 H2 + l / 2 H2Oz (Recombination Reaction) (2) 

OH + HCOOH = H 20 + HCOO (3) 

H + HCOOH = H2 + HCOO (4) 

H + 0 2 = H0 2 (5) 

HCOO + H2Oz = HzO + COz + OH (6) 

HCOO + 0 2 = HOz + COz (7) 

H0 2 + HOz = H2Oz + Oz (8) 

HCOO + OH = H 20 + COz (9) 

( O A N L - 4 5 6 4 , sect ion 2 .1 .1 . 



The p a s s a g e of ioniz ing r a d i a t i o n s t h r o u g h a q u e o u s s o l u ­
t i o n s g i v e s r i s e t o t h e f o r m a t i o n of h y d r o g e n and h y d r o x y l f r ee 
r a d i c a l s . At t h e end of e l e c t r o n t r a c k s o r in r e g i o n s of high i o n i ­
za t i on dens i t y , t h e f r e e r a d i c a l c o n c e n t r a t i o n b e c o m e s high and 
p a i r w i s e r e c o m b i n a t i o n ( r e a c t i o n (2)) b e c o m e s h igh ly p r o b a b l e . In 
t h e above s c h e m e , r e a c t i o n ( l ) d o e s not r e p r e s e n t the t o t a l n u m b e r 
of w a t e r m o l e c u l e s u n d e r g o i n g d i s s o c i a t i o n by t h e r a d i a t i o n , bu t 
only t h e n u m b e r of h y d r o g e n and h y d r o x y l r a d i c a l s t h a t e s c a p e r e ­
c o m b i n a t i o n in r e a c t i o n (2) o r in t h e r e a c t i o n H + OH = H zO. Since 
r e a c t i o n (2) o c c u r s in r e g i o n s of h igh f r e e r a d i c a l c o n c e n t r a t i o n , 
t h i s r e c o m b i n a t i o n s t e p i s r ap id and t h e r e a c t i o n p o s s e s s e s t h e 
c h a r a c t e r i s t i c s of a p r i m a r y one . R e a c t i o n ( l ) i s t e r m e d t h e d i s s o ­
c i a t i o n r e a c t i o n and r e a c t i o n (2) t h e r e c o m b i n a t i o n r e a c t i o n . R e a c ­
t i o n s (3) and (6) r e p r e s e n t t h e cha in p r o p a g a t i o n s t e p s , (4) and (5) 
a r e t h e c o m p e t i t i v e s t e p s for h y d r o g e n a t o m c o n s u m p t i o n , and (8) 
and (9) a r e the c h a i n t e r m i n a t i o n s t e p s . 

In t h e p r e v i o u s e x p e r i m e n t s ! 1) wi th Co 6 0 g a m m a r a y s , i t 
w a s found p o s s i b l e t o s u p p r e s s r e a c t i o n (4) by m a i n t a i n i n g an o x y ­
gen c o n c e n t r a t i o n of 1.24 m M . Under t h e s e c o n d i t i o n s h y d r o g e n 
f o r m a t i o n i s due e n t i r e l y t o r e a c t i o n (2) and oxygen c o n s u m p t i o n i s 
a m e a s u r e of r e a c t i o n ( l ) . F r o m t h e d a t a r e p o r t e d p r e v i o u s l y , U ) 
it i s found tha t t h e fol lowing equat ion ho lds for t h e r a t e of h y d r o g e n 
f o r m a t i o n in 0.01 M f o r m i c ac id s o l u t i o n s : 

dH2 , kx 
dt 2 1 + 38.7(Oz) ' 

In the above equation kx is the rate constant for the dissociation 
reaction and k2 is the rate constant for the recombination reaction. 
These constants have been measured for the beta rays from tritium 
disintegration in 0.01 M formic acid containing 1.24 mM oxygen. At 
an activity of 157 curies of tritium per liter, the oxidation of formic 
acid is rapid enough so that the thermal decomposition of hydrogen 
peroxide is not very pronounced. The data obtained appear in Fig­
ure 13. From the data of Figure 13 the constants kx and k2 are 
found to be 4.64 and 2.01 mM radical pairs per liter per hour, re­
spectively. Therefore 30% of the radical pairs formed recombine 
according to equation (2) and 70% react with formic acid and oxygen. 
The results for tritium beta rays and Co60 gamma rays are summa­
rized in Table IX. From this table it is observed that the reduction 
in the energy of the electron from 500,000 ev to 5690 ev increases 
the percent of radicals recombining from 21 to 30% of the total num­
ber formed. 

(1)ANL-4564, section 2 .1 .1 . 
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T A B L E IX 

Effect of Type of Ion iz ing R a d i a t i o n s on D i s s o c i a t i o n and 
R e c o m b i n a t i o n R e a c t i o n s in 0.01 M F o r m i c Acid So lu t ions 

R a d i a t i o n 

Co G a m m a R a y s 

T r i t i u m B e t a R a y s 

P e r c e n t R a d i c a l s Involved in 

D i s s o c i a t i o n 
(Reac t ion ( l ) ) 

79 

70 

R e c o m b i n a t i o n 
( R e a c t i o n (2)) 

21 

30 

S ince t r i t i u m u n d e r g o e s b e t a d e c a y t o f o r m He wi th a 
1 2 . 4 6 - y r ha l f - l i f e and a m e a n e n e r g y of 5690 ev, it i s p o s s i b l e t o 
c a l c u l a t e t h e e n e r g y expended p e r r a d i c a l p a i r f o r m e d f r o m t h e 
above d a t a . At an a c t i v i t y l e v e l of 157 c u r i e s p e r l i t e r t h e e n e r g y 
a b s o r p t i o n a m o u n t s t o 1.19 x 1020 ev p e r l i t e r p e r h o u r . S ince 
6.65 x 10 6 m o l e s of r a d i c a l p a i r s p e r l i t e r p e r h o u r a r e p r o d u c e d , 
an a v e r a g e e n e r g y of 29 .8 ev p e r m e a s u r a b l e r a d i c a l p a i r i s e x ­
pended in a q u e o u s s o l u t i o n s of f o r m i c ac id . If i t i s a s s u m e d t h a t 
13 ev a r e r e q u i r e d for i on i za t i on of w a t e r to H z O + , an a d d i t i o n a l 
17 ev of e n e r g y in t h e s e c o n d a r y e l e c t r o n a r e n e c e s s a r y on t h e a v ­
e r a g e for f o r m a t i o n of t h e r a d i c a l p a i r in a q u e o u s f o r m i c a c i d s o ­
l u t i o n s . 

Oxida t ion of F e r r o u s Sulfate Solut ion by Co G a m m a R a y s , 
P i l e R a d i a t i o n and t h e P r o d u c t s of t h e (n, a ) R e a c t i o n on B ° The 
m e c h a n i s m for t h e r a d i a t i o n induced oxida t ion of f e r r o u s su l f a t e i s 
c o n s i d e r e d t o b e t h e fo l lowing: 

H , 0 = H + OH 
H zO 

H + 0 2 

F e + + + OH 
?e++ + HO z 

H02" + H+ 
e + + + H 2 0 2 

= 1/2 H2 + 1/2 H2O z 

= HO z 

= Fe+++ + O H " 
= F e + + + + HOj 
= H2O z 

= F e
+ + + + OH + OH' 

( D i s s o c i a t i o n R e a c t i o n ) 
( R e c o m b i n a t i o n R e a c t i o n ) 

H + H = H? 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 

In t h e a b s e n c e of a i r t h e ox ida t ion fo l lows r e a c t i o n s ( l ) , (2) , (4), 
(7), and (8). In t h e p r e s e n c e of a i r , r e a c t i o n s ( l ) t h r o u g h (7) i n ­
c l u s i v e a r e fol lowed. T h e r e f o r e r e a c t i o n ( l ) l e a d s to t h e ox ida t i on 
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of four ferrous ions in the presence of oxygen and one fe r rous ion in 
the absence of oxygen, whereas but one fe r rous ion is oxidized per 
water molecule dissocia ted in react ion (2) whether oxygen is presen t 
or not. 

Let x be the fraction of total water molecules dissociated 
involved in react ion ( l ) , and 1 -x the fraction involved in react ion (2). 

Then the yield ra t io , F e J J + / F 4 a J . = tT+ 1 - x = 3 x + 1' T h e r e f o r e ' 
the fraction of water molecules dissociated involved in react ions (l) 
and (2) may be calculated from measu remen t s of fe r rous sulfate 
oxidation in the p r e s e n c e and absence of a i r . 

Table X contains a compar ison of r e su l t s employing 1 mN 
fe r rous sulfate in 0.8 N sulfuric acid. The types of radiat ions 

♦studied were Co gamma r ays , mixed gamma and neutron radiat ion 
in C P - 3 ' and the products result ing from B10 disintegrat ion in the 
pile. In the la t te r case the fe r rous sulfate solutions were made 
75 mM in boric acid. The bor ic acid showed no detectable effect on 
oxidation of fe r rous sulfate in the presence or absence of a i r when 
i r rad ia ted with Co gamma r a y s . Therefore , it i s assumed that the 
increased oxidation of fe r rous sulfate containing boric acid is due 
to the B10(n, 0c)Li7 react ion. Table X shows the expected t rend , 
namely, that the percent of recombination according to react ion (2) 
i nc reases as the proport ion of heavy par t ic le radiat ion i n c r e a s e s . 

TABLE X 

Effect of Type of Ionizing Radiations on Dissociat ion and 
Recombination React ions in 1 mN F e r r o u s Sulfate Solutions 

Radiation 

Co60 Gamma Rays 

C P - 3 ' Radiation 

C P - 3 ' Radiation plus 
B10(n, a)Li 7 

B10(n, a)Li7 

Percen t Radicals Involved in 

Dissociation 
(Reaction (l)) 

35 

25 

13 

8 

Recombination 
(Reaction (2)) 

65 

75 

87 

92 
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A comparison of the formic acid and the fer rous sulfate 
methods for determining the fraction of radica ls formed in r e a c ­
tions (l) and (2) may be made for the case of Co ° gamma r a y s . It 
is observed (Table IX) that the formic acid-oxygen method gives 
79 percent of the rad ica ls as being formed in react ion (l) and the 
fer rous sulfate react ion gives but 35 percent . At present it i s not 
possible to provide a real ly definitive explanation for this d ispar i ty 
in r e su l t s . It is known, however, that the ferrous sulfate react ion 
is very sensit ive to cer ta in impur i t ies and it is possible that the 
presence of these impur i t ies contr ibutes to the difference in r e su l t s . 

2.2.2 Radiation Chemis t ry of F e r r o u s Sulfate Solutions 

Effect of Dose-Rate The fe r rous sulfate dos imeter i s 
general ly considered to have an oxidation ra t e by ionizing radiat ions 
that is independent of d o s e - r a t e . Recent work,( l ) however, suggested 
that the fer rous sulfate dos imeter might show this independence of 
dose - r a t e only up to a dose - r a t e of ca. 50 r / s e c . If this were t rue 
it would not be possible to employ this dos imeter for measur ing 
gamma ray fluxes at the high intensi t ies existing in r e a c t o r s . T h e r e ­
fore, exper iments were ca r r i ed out to determine the applicability of 
the dos imeter at the fluxes obtaining in C P - 3 ' . 

Hardwick^ ' has shown that the radiation induced reduction 
of ee r ie sulfate is independent of d o s e - r a t e in the range from 2 to 
3000 r / s e c . Therefore , a measu remen t of the rat io of ee r i e ion 
reduction to fe r rous ion oxidation under conditions where the dose -
ra te is var ied should es tabl ish the behavior of the fe r rous sulfate 
sys tem. If this ra t io r ema ins independent of dose - r a t e , then it is 
proved that the fe r rous sulfate oxidation is also independent of d o s e -
r a t e . Table XI gives the r e su l t s obtained for dose - r a t e var ia t ions 
from 0.36 to 350 r / s e c as obtained from the Co60 gamma source 
and C P - 3 ' . No var ia t ion within the l imits of exper imental e r r o r 
i s observed in this dosage range . 

Effect of Fo rmic Acid The effect of formic acid on the 
oxidation of fe r rous sulfate is being studied in o rder to m e a s u r e 
the effect produced by organic impur i t i es on this react ion. This i s 
important , a s mentioned previously, in measur ing re la t ive amounts 
of the dissociat ion and recombination react ions (see section 2.2.1). 
The ra t io F e^f^/F e^&c has been found to be highly dependent on 
the manner in which the fe r rous sulfate solutions a r e evacuated. 

w T . J. Hardwick, pr iva te communication. 



TABLE XI 

Effect of Dose-Rate on Reduction of Cer ic Sulfate and 
Oxidation of F e r r o u s Sulfate in 0.8 N Sulfuric Acid 

Radiation 

Co Gamma Rays 

C P - 3 ' 

Dose-Rate 
( r / s e c ) 

0.36 
13.2 

350 

Ce Formed 
OiN/ i /min) 

0.056 
2.04 

45 

F e + 3 Fo rmed 
(juN/|/min) 

0.377 
13.9 

316 

F e
+ 3 / C e + 3 

Ratio 

6.7 
6.8 

7.0 

Ratios varying from 2.0 to 19.0 have been repor ted . '* / Table XII 
gives the effect of formic acid in the range from ze ro to 10 mM on 
the oxidation of f e r rous sulfate in 0.8 N_ sulfuric acid. The ra t io is 
observed to vary from 2.04 to infinity as the concentrat ion of formic 
acid is increased to 10 mM per l i ter . Thus formic acid inc reases 
the r a t e of oxidation of f e r rous sulfate in the p resence of oxygen. 
Removal of oxygen leads to the complete suppression of the fer rous 
sulfate oxidation in the p re sence of formic acid. On this b a s i s it is 
possible that the lower the ra t io , the f reer the solution is of organic 
impur i t i es . 

TABLE XII 

Effect of Fo rmic Acid on the Radiation-Induced Oxidation 
of F e r r o u s Sulfate in 0.8 N Sulfuric Acid in the 

P r e s e n c e and Absence of Oxygen 
(Dose- ra te of 50,000 r / h r from the Co60 gamma source) 

FeS0 4 
Cone. 

( m N / l ) 

1.0 
0.5 
0.5 

HCOOH 
Cone. 

(mN/X) 

0.0 
1.0 

10.0 

F e + 3 Formed 
(/xN/i/hr) 

Ai r F r e e 

440 
250 

0.0 

Air Sat. 

900 
1100 

>2400 

Ratio 
jr„+++ /TP„+++ c a i r / c vac 

2.04 
4.48 

00 

( 1 ) A N L - 4 5 2 6 , section 2.2.3. 
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Fur the r work on the effect of 0.1 M and 1.0 M, formic acid 
shows that the init ial r a t e of oxidation of f e r rous sulfate is inc reased 
up to 15-fold over the r a t e found in the absence of formic acid. Work 
is being continued on the effect of formic acid and oxygen on th is 
react ion for the purpose of developing a m o r e sensitive chemical 
dos imeter than is at p resent avai lable. 

2.2.3 Gamma Ray Induced Reaction of Deuter ium Gas with 
Liquid Water 

Several additional scouting exper iments have been c a r r i e d 
out in connection with the gamma ray induced exchange between 
deuter ium gas and liquid water . ' ' An at tempt was made to e s t a b ­
l ish whether a dependence on deuter ium concentrat ion and on r a d i a ­
tion intensity existed. F o r one set of samples deuter ium gas was 
dissolved in water under a p r e s s u r e of 23.0 cm of deuter ium, the 
concentrat ion of deuter ium at th is p r e s s u r e being 356.0 / imoles / l i t e r . 
Another set of samples was p repa red in which the deuter ium was 
dissolved under a p r e s s u r e of 67.5 cm giving a concentration of 
759 jLtmoles/liter of deuter ium. Both se ts of samples were exposed 
under identical conditions to the Co gamma ray source at a r a d i a ­
tion intensity of 18,500 r / h r . Samples f rom each set were analyzed 
a l ternate ly . The r e s u l t s of the m a s s spec t romet r i c analyses of the 
dissolved gas a r e plotted in F igure 14. The initial ra te of p roduc ­
tion of HD is 4.8 and 3.8 / imoles/l i ter/ lOOO r at the initial deuter ium 
concentra t ions of 356 and 759jumoles / l i te r , respect ively. This dif­
ference is beyond exper imental e r r o r . The g rea te r initial r a t e of 
^production of HD at the lower concentrat ion is hard to understand. 
It i s poss ible that an impuri ty is playing a ro le . This will be checked 
fur ther . 

One run was made to check the effect of radiation intensi ty 
on the yield. A set of samples containing a concentration of 
684 fJ.moles/liter of deuter ium was exposed at a dose - r a t e of 
1550 r / h r . The r e su l t s a r e also shown in F igu re 14. At th is d o s e -
r a t e the yield of HD was 5.2 /nmoles/liter/lOOO r , as compared to a 
yield of 3.3 jumoles/liter/lOOO r at initial deu te r ium concentrat ions 
of 691 / imoles / l i t e r . Whether th is is r e a l or again due to impur i t i es 
will a lso be checked. 

(l)See ANL-4564, section 2.2.3 and ANL-4526, section 2.2.1 for p r e ­
vious r e s u l t s . 
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An at tempt was made to see whether a chain could be set 
up according to the following scheme: 

OH + D2 - HOD + D 
D + H2 - HD + H 
H + D2 - HD + D 
R + R — 2R (termination s teps where R = H or D) 

A run was made with a mixture of equal amounts of hydrogen and 
deuter ium at a to ta l concentrat ion of 607 /Limoles/liter. The r e ­
sults a r e shown in F igu re 15. The init ial yield of HD is about 
12 .5 jumoles / l i t e r / l000 r . This indicates the possibil i ty of a chain 
react ion and we a r e repeating this experiment at a lower radiat ion 
intensity. 

One run which was made but not repor ted previously was 
designed to check the effect of adding fe r rous sulfate on the e x ­
change. The p r e s e n c e of fe r rous sulfate might suppress the effect 
of OH rad ica l s in the Dz react ion due to the fast react ion of OH with 
F e

+ + . In this run ve ry l i t t le HD was produced, <1 /imole/liter/lOOO r , 
but the no rma l yield for Fe++ oxidation and hydrogen production was 
obtained. This s e e m s to indicate that the OH rad ica l is playing an 
important role in th i s react ion. This exper iment is being repeated 
to get additional data. 

The r e su l t s of the var ious scouting runs a r e summar ized 
in Table XIII. 

TABLE XIII 
Production of Hydrogen Deuteride by Gamma Irradiation of Aqueous 

Solutions Containing Dissolved Deuterium and Hydrogen 
Composition 
of Aqueous 
Solution 
759 fM D2 

356 MM D2 

684 jM D2 

691 fM D2 
607 juM of a 
50/50 mixture 
of D, + H, 

2 2 1 mN FeSO ; 
0.8 N H2S04; 
858 jM D2 

Gamma 
Dose-Rate 
(1000 r/hr) 

18.5 

18.5 

1.55 

18.5 
18.5 

18.5 

Initial HD 
Yield 

(/JM/1000 r) 
3.8 

4.8 

5.2 

3.3 
12.5 

<1 

Remarks 

Departs from linearity at 
ca. 30,000 r. 
Departs from linearity at 
ca. 10,000 r. 
Linear to 25,000 r as far 
as carried. 
Linear to ca. 20,000 r. 
Linear to ca. 8/000 r. 

Fe+++ yield and H yield 
equal. 
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2.2.4 Application of Oxygen 18 to a Study of the Radiation Induced 
Water-Oxygen Reaction (with D. Hutchison) 

Oxygen 18 i s being used to cha r ac t e r i z e the mode of hy ­
drogen peroxide formation in the gamma ray induced water plus 
oxygen react ion. Hydrogen peroxide is formed in the recombina­
tion reac t ion (2) discussed in section 2 .2 .1 : 

HzO = 1/2 H2 + 1/2 H 20 2 . (2) 
In the p r e s e n c e of oxygen, it i s a lso formed by reaction with hyd ro ­
gen a toms in the following manner : 

H20 = H + OH (Dissociation Reaction) ( l) 
H + Oz = H02 ( la) 

HOz + HOz = H2Oz + 0 2 . ( lb) 
A poss ible mode of d isappearance of the hydroxyl radica ls produced 
in the dissociat ion react ion is 

OH + OH = HzO + l / 2 Oz . (2a) 
If th is occu r s , no rmal oxygen l iberated d i rec t ly from the water 
would i n c r e a s e the ra t io 0 1 6 / 0 1 8 in the dissolved oxygen. 

Oxygen 18 was added to a i r - f r e e water and i r rad ia ted with 
Co60 gamma r a y s . After i r radia t ion the dissolved oxygen in the 
samples was collected. The de-oxygenated solutions were then 
t r ea ted with a i r - f r e e ee r i e sulfate in o rde r to l ibera te oxygen from 
the hydrogen peroxide. Mass spec t romete r analysis of these two 
types of samples was then ca r r i ed out. While the exper imenta l 
e r r o r was l a r g e r than des i rab le , r e su l t s showed that the O content 
of the dissolved oxygen did not change during i r radia t ion. This in ­
dica tes that reac t ion (2a) does not play a significant ro le . However, 
the O18 content of the oxygen l iberated f rom the hydrogen peroxide 
was lower than that of the O18 added to the solution but not a s low as 
the O18 content of no rma l water . This indicates that hydrogen p e r ­
oxide is formed through react ions ( l ) , ( l a ) , and (lb) from the d i s ­
solved oxygen as well a s from the recombinat ion react ion (2). 

The O18 content of the oxygen in the hydrogen peroxide i s 
independent of t ime of i r rad ia t ion from 3 to 16 hours . F r o m the 
r e su l t s obtained it i s deduced that 25 percent of the hydrogen p e r ­
oxide formed is contributed by the recombinat ion react ion (2). 
These r e s u l t s were obtained by using enriched oxygen containing 
an 0 1 6 / 0 1 8 r a t io of 180. Since the exper imenta l e r r o r was high due 
to the smal l s ize of the samples and the low enrichment, it i s p r o ­
posed to repea t these exper iments employing oxygen 20-fold r i c h e r 
in O18 than was used in the present exper iments . 


