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SUMMARY 

THE DECWPOSIT ION OF WATER BY. RADIATION. 

' 'w 
In order to account for the observed decomposition of Water by radiation 

. . . ', ' 

-<., (i.e. 9 x-rays 9 proto~s, alphas, extrem~ ultra-violet, etc. L it has been suggested 

that the primary effect of the irradiation of .water is the creation of H-atoms 

i 

and OH fre~ r'adicalso This hyP~thesis has been found to be fruitful and satisfactory 

.... 

,, . 
within the limits of this dissertation. A general analysis of the problem indicates 

that the dec~mposition of water· is dependent on (a) the rate of-energy loss of the 

radiation~ (b) the rate of diffusion, (c) the interaction of the decomposition. pro

ducts with the Hand OH free radicals, (d) the probability of capture while in a 

solvent cage, and (e) the purity ~f ~ter. 
' 

The decomposition of air-free w~ter by radiation falls, essentially.!) into 

two groups. In one group the decomposition of water is large with the result that 
. 

the number of Hz and Hz02 molecules is almost equal to the number of ion-pairs 

created by the .radiation. This group is characterized by only that type of radi

ation in which the rate of energy loss is greater than 70 Mev/gm/amz of water. 

This corresponds to energies less than 6 Mev for protons and 125 Mev for alphas .. 

The second group includes all radiation with a lower rate of energy loss and is 

characterized by a total decomposition which is small and difficult to evaluate 

since minute impurities in the water introduce additional complicating factors. 

In order to determine the detailed mechanisms that control the decomposition 

of water, it became necessary to study the influence of Oz, Hz .and H202 on the 

decomposition of watert (a) Oz has a high affinity for H-atoms and, thereforeo 

its presence prevents a recombination of the H and OH free radicals; (b) the 

effect of Hz in an o2 aqueous solution is to eliminate the interaction of OH and 

rro2 and~> therefore 0 enhance the fonnation of H202; (c) the effect of H:2 on a 

H20z aqueous solution, on the other hand, is to enhance the decomposition of H2o2. 
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Thus .from these and other experiments it was possible to determine the influence 

o.f H, OH8 and H02 .free· radicals in th~ decomposition of watere 

The most distinctive feature fbr any of the free radical reactions, however, 

was the probability of capture while in the solvent cageo Once this. factor. has 

been determinedg then the range and lifetime of the radicals can be caiculated 

for any ?iven set of conditionso The probability of capture while in the. solvent 

ca~e depends. on the .tYl'e of interaction; radical-radical' interactions have a prob.:. 

ability Which is close to unity while r~dical-molecule interaction probabilities 

may be ~s small. as 10-6 and depend, in the main, on the type ""of radical rather 

than the moleculeo Among the free radicals; the H-atom is predominantly active, 

mainly 9 because of its relatively simple structure anq its ability to diffuse 

rapidlyo. The OH is next with the ?o2 being the least active of the threeo 
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Part I 

·Decomposition 'Qy Protons, .Alphas 11 and X- rays 

lo -~r"NTRODUCTION 

·v The p\lrpose of the experiments described herein is to determine in greater 

detail the. mechanism by which water decomposes in the presence of radiationo The 
,<. 

experimenta1 evidence_~· so far~ .appears to be meager a:p.d 9 in some cases, contra-

"dietarY-a. Consequently$ the mechanism for the decomposition of water is quite 

vague and incompleteo In a larger sense, this process is fundamental in any ex

per];:q~.~nts ~involrlng matter in which the water content is largeo This is partie-. . . 

;lar',ly true in biologica'l experiments with x-r'ays and radioactive sourceso Thus 

a concerted effort to" further clarify the subject appears to·be very desirableo 
. ~ . ' ' . ' . 
~e· decomposition of water by radiation attracted attention early in the 

century and 9 iri.iti~lly 9 in search for clue~ that might lead to the solution of 

the tnysteries surrounding i:'adioacti vi tyo Considerable work was done with alpha-

and beta-rays (Li2S)~* 
. . . 

The primary decomposition products were found to be 

·hydrogen ~d hydrogen peroxide 9 while oxygen appeared as a secondary decomposition 
. .. 

of. hydrogen peroxid~o Comparison of the number of water molecules decomposed. 

with the number of ion-pairs created by alpha-rays showed .that they were almost 
,. . . •. 

equalo In the case of betasj) however, the number of water molecules decomposed 

was f;und to be considerably smallero 

iol Historical Summary. The first informativ-e experiments were reoorded by 

\- Cameron and Ra.insay in 1907-1908 (Li28~ po 76)o They used radon dissolved in water 

as a source of alphas anQ. concluded that the rate of reaction is always propor-

tional to the quantity of radon presento The ionic yield 9 (M/N) D detennined by 

* Refers to list o.f references in last part of the reporto In addition_. the page 
nUmber will also be included whenever necessaryo 
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· this method9 has been found to be Oo 78 (Nu34) and Oo 72 (La38) water molecules . . ' . - ( .. 
. -

decomposed· per ion-pairo Another measurement, in which ~nly the Hzo2 ~s re-

., corded·~' shov.rs .that Ool7 H2o2 molecules ar13 formed per ion-pai·~ (Bo48)o This 

is D essentially 9 equivalent to the ciecomposi tion of 0.34 :water molecules per 

ion-pairo 

In order to confine the radon within a .small and restricted region, Duane 
' 

and Scheuer employed in 1913 (Li2S, p. 104) a small glass bulb with very thin 

wallso Thus this geometry was desirable but it h~d a serious disadvantage in 

that most of the alpha energy was spent in penetrating the glass wailso Their 

measurements indicate that M/N = 0.86-1.05. Using the swne method, Lanning and 

Lind (La38) found an M/N a 0.87. 
~ 

Kernbaum (Li28) reported that H202 is formed in small quanti ties when betas 

from radioactive sources are used to irradiate water o Moreover, he found that 

the gas evolved during; irradiation is pure hydrogeno Some eXJ?eriments with x-rays 

i.ndicate .similar results. while others deny t~e existence of H202 in the irradiated 
~ 

water. Fricke's (Fr33 9 'Fr34) analysis of the decom.posi tion products showed that 

no H202 was detectable. He att.ributed the gaseous deco!!!-posi tion products of. H2 

and. co2 to the existence of a small conc_entration of organic matter in the care

fully purified water. Therefo~e, he ·concluded, x-rays purify water rather than 

decompose ito ~e results of Bonet-Maury (Bo48) wer9 also negative. It should 

be noted, howevenn that the volume of the irradiation unit used by Fricke was 

20 cc 9 whereas, that of Bonet-Maury appears to have been no bigger than 3 cc 

(Bc44)o. The latter capacity is definitely too small andmay, in part 9 account 

for the failure to observe any H
2
o2o 

On the oth~r hand, Ao 0. Allen (Al48) claims that purified water decomposes 

into Hz and Hzo2 :when expo-sed to one Mev electrons or x-rays. His results cor

re'spond9 approximately, to an initial yield of Ool Hz molecules per ion-pair o 
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Concerning H
2
oi,1he merely states that it exists in comparable amounts but 

givee. t1o definife.or further·information. It appears that if the H202 was 

comparable to the am.qunt.of .H2 ; then it would have been more _consistent .and 

easier to 'titrate for· H202 ·than to. measure the pres sure of H2" 

:~n addition 0 ·Allen obse~d that the evolution of hydrogen did not increase 

indefinitely but reached e. finite steady state pre·ssure which was a function of 

both the density and energy of the radiat-ion (Al46). He gives a pres sure of 1-2 em 

(Hg) for high_energy electrons and 10-20 em (Hg) for tritium betas. The cause 

. ' 
of·_this. equilibrium }1.e ascribes ·to back reactions. The ·principal .of t}lese is the 

interaction .of H2· with the· OH free. radicaL . · . 

. Of,the types ·of~radiation,not already mentionedJJ the·mos:t impor;tant are the 

n:eutronb proton:,. deuteron and 'the ultraviolet. 
~-

No information is available on 

the first·two. and only a smalJ. amount on-the last two. The initial yield for 

8-Mev··deuterons was found to be 0.19 H2 molecules per ion-pair while the steady 

state pressure has been estimated tQ, be· greater than 60 em (Hg) (Al48). The 
•:,.' 

effect of ultraviolet light on water has also been studied with results that 

do not differ materially from those for x-rays (Til6, Fr36). 
j,. 

1 9 2 The Mechanism of Decomposition. The mechanism by which irradiated 

water decomposes is a complex process involving a series of events whose existence 

can only be, surmised •. Es-B·entially, the processes to oe described are based on · 

the -formation of hydrogen (H) atoms and hydroxyl (OH) free radicals.,-. The.essence 

,, of this was first suggested by J o Weiss (We44) and in a. somewhat different form 

be Lea .(Le47 9 P• 47) and Burton (Bu47). This hypothetical assumption for the 
. 

existence of these unionized radicals was· necessary to account .for -the long .. 

lifetime of the activation of irradiated ·water., 

The water decomposition process may·be summarized as follows.: iqnizing, 

radiation on· passirig through v.rater loses energy 9 . in ·part:> by ·causing water 



I. 
y 

1,• 

UCRL 583 

-10-

molecules to·· ionize• that is, ·. · ' ' ; 
' ' 

(I-1) 

. The· ejected electron~ with a mean 'kinetic energy comparable to its bound energy~ 

will thus have. an opportunity to get' away from the positive ion and eventually· 

become attached to another.moleoule or positive ion: 

H2o + e - > ·H· o- (I-2) 2 

Haq 
+ e- H (I-3) + ... 

where the subscript on the positive ion signifies that the hydrogen ion ··exists 

in a structure Which involves one or more water molecules~ ·The H2o+ ion~ on 

the··other '}land, remriins relativeiy close· to the track of the ·ionizing radiation 

since its mass is more than 1o4 times. greater than that of the electron.. It 

readily interacts with its· neighboring water molecules and, in the process, leads 

to dissociati·on: 

H o+ -----:-+H + +. OH 2 aq 

Sim~larly0 the greater affinity of the OH radical for the electron causes the 

H2o- of reaction (I-2) to dissociate: 

·. HzO .+ e--~ Oil+ H (I-5) 

Di.rect: evidence for the existence of reaction· {r-5) is :w.eager and inconclusive .. 

The infonnation for this and the other reactions· are examined and discussed in 

.... ·. some detail by Dainton ( Da48 ) .. 

Ther~fore~ the.resultant effect of the irradiation of water is to create 

free radicals close to the track of the ionizing radiation and H-atoms inter--

spersed in a cylinder which is coaxial with the tracko It is estimated that the 

OH and H free radicals are within a radius of 8. and 150 angstroms, respectively, 

from the track (Da48, Le47)o Thus, in part, this accounts for the difference in 
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decomposition between alphas and, rfl,diation with lov; density ionization bl:l-1:; it is 

not enough in a quantitative formulation of the detailed mechanism of decomposition. 

Lack of consistent and ext_ensi ve experimental evi de:c.ce has 6 so far, prevented a .. 
satisfactory formulation .of the problem. 

1 .. 3 . The· Definition of an Icm-.pair •. The ion-pair is used exclusively in this 

report to expr,ess the dosfl,ge or "the amotmt of energy absorbed by a given configu-

ration.. It. is used not only for its convenience in. x-r~y irradiations, in partie-

ular 11 but itis felt that there is considerable amount of $ignificance between an 

ion..:pair. and the degree of decomposition, at least, for the problem under consid-
._ ... ..., ... 

era.tion •.. It will be· as.sumed that .an. ion-pair is created whenever. the amo1.mt of 

energy abso+bed is 32.S ev for lightly ionizing radiation and 35 ev for heavily 

ionizing radiation (Gr44) •. 

Alt,hough this evaluation of the ion-pair is based on a gaseous state 9 there 

is ~o particular reason why these values Should differ·radically in the liqUid state. 

The cohesive forces in the liqUid.correspond to·an energy·of·one electron..:volt or 

less 9 whereas# the lowest binding energy of an ·electron in H20 is 12&6 evo Con

sequently, t;he process .of energy. absorption in the liquid- state should not differ, 

appreciably; fro~ the ·gaseous .state. However, a roentgen will be assumed to 

. crea.,te. 10 per.cent more ion-pairs· in a gram of water than in a gram of air to 

account for the .larger absorption in the former. 

II. DECOMPOSITION WITH PROTONS AND ALPHAS 

.·.-

nection with the University of California 60-inch cyclotron is illustrated in 

Fig. (I-1).. The average energy of the beam on the vacuum side of the aluminum 

foil has been found to be 37.5 Mev for alphas and 9.45' Mev for protons. on pene-

trating a 1.5 mil aluminum .foil, 13 em of air path, a 3 mil pyrex windowS> the beam 
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arrives at the surface of the water in the irradiation unit with an energy· of Sl 

Mev. for alphas ~d 7c.4 Mev for protons., 

The irradiation unit $ovm in. Fig. (I:..l) consists of pyrex glass with a total 

volume of 45 cc' and usually· filled .to 2/3.it~ full c~pacity·with distilled water. 

A partially filled unit ·is desirable since it· is necessary:to shake it violently 
I 

while bombarding with. protons and alphas; that i·s, the range of the alphas and 

protons· in water_ is approximately 1.0 mm and, therefdre, it becomes necessary to 

prevent the piling up of decomposition products at the thin window and causing · 

undesirable back reactions. 

In order to determine the pressure of the gaseous decomposition products, 

.a long coltimn is attached to the irradiation unit which permits absolute deter-

minatiori of pressure., Initially, all the air is removed from the unit with the 

aid of a m~chatrlcal pump· so that only water vapor exists in· it. ·Under these con

ditions., the water level is the same in both the column and the main part of the 

vesselo Oii irradiating. _the unit with protons. or alphas,· the water t·evel i71 .the 

col'lmi.n rises in proportion:to the gaseous pressure in terms of centimeters of . 

. water. ·When the coltnttn becomes filled and higher pressures are to be measured, 

the water is allowed to flo-w- out of the column and,- at the same time# trapping a 

certain fraction of the gaseous products in the long colum:n.. The pressure in the 

coluin.n· is thus calculable with the pressure already recorded and the geometrical 

·.dimensions of the unito Therefore, with this arrangement, low and high pressures 

may be recor.ded wi thcmt the .aid of external i devices. 

A platinurn wire is shown·,attached to the irradiation unit in order to dis-

charge the:protons or. alphas that are. absorbed by the water and also to serve 

as a ·means of recording the number of protons or alphas with the aid of an 

Esterline Angus recorder. A current amplifier was necessary for the latter since 

.the• effective beam current was low: 1/3 and 1/10 ~croamperes'for protons and 
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alphas·8 respectivelyo In order to control the duration of the bombardment~ 

accurately, a string operated shutter was found to be very conveniento 

The concentration of hydrogen -peroxide in the bombarded water was detennined 

by means of the potassium permanganate methodo This method allowed a maximum 

·sensitivity of.:_ 6 x 1014 molecules of H2o2 per. gram of wat.ero Tests for the 

concentration of oXygen 'in the gaseous state were carried out with the aid .of 

pyrogallic acid in a basic solution .. 

· .. 2o2 Decomposition with Protonso The decampositio~ of water by high energy 

protons represents the missing link which ties in the results of previous experi

me~yalistso At low energies., the decomposition of water~ in terms of H20z for

mation, is large and comparable to that from alphas o At high energies no H202 

is· detectable and, therefore, the results are comparable. to x-rays and electronso 

This is· eXperimentally demonstrated in Fig. (I-2) where the number of H2o2 's 

produced per proton is plotted against the energy ·of the protonso The pro

,duction of H202 per proton ris~s rapidly for energies up to 3 Mev and then levels 

off. at about 6 Mevo Therefo:re, raising the energy of the protons above 6 Mev 

. does not contribute. to an increase in the concentration of the H202 o In fact, 

. the tendency is to decrease the concentration since the radicals created in the 

higher energy portions of the track are free to attack the H2o2 already formed 

in the bombarded water., 
.<. 

The iow energy portion of the curve of Fig~- (I-2) is drawn in dashed form 

to indicate the experimental evidence for its shape is indirect& that is 9 it was 

drawn so that the slope at zero dosage is high, or M/N'approaches unity8 since 

low energy protons are expected to behave like alphas from natural radioactive 

sourceso Moreover~ the curve is drawn above the lo5 Mev experimental point since 

the ··latter is subject to a considerable amount of uncertainty art sing from the 

very short, or 0.1 mm, range of these protons in watero This leads to an 
• 
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accumulation of' HzOz molecules in a thin film next to :the window an~9 therefore~ 

subje:ct to decomposition by n6'!1Y created radical so 

F'igo. (I-4) illustrate;; Lov.: ·the gaseoul:! decomposition _products rise as a 

ful'lction of the dosage of 7 ~4 Mev protons., The curve consist~~ essentially 9 

of tWo linear portionso The first corresponds to a rate of Ool5. gaseous molecules 

.per ion~pair while the second has a rate of Ool8o Tests for oxygen proved to be 
. ' ~ . 

negative o.t lower do~ages .and positive. at higher dosageso Consequently 9' the impli-

cation is that wh,ile pure hy~rogen is given off during the initial period 9 oxygen 

is not evolved until thA HzOz concentration is high enough to interact with the H 

and OH free radicals andt> therefore 9 cause its decompositiono 

Actually9 the pattern presented by Fig., (I-4) is. sharply contr.ad~cted by the 

plotted 'results in Figo (I~3)o The. latter predicts that the decomposition of H202» 

an.d there.fore the formation of 02 9 begins at ~osages which are much. smB..ller than 

the bend of the curve in Figo (I~4) would predicto According to Figo (I-3L the 

r·at~ of o2 evo'lution should re.ach half its maximum value at a.,_ dosage of 3 x 1019 

ion-pairso In contrast 9 . the same point in Figo. (!~4). appe~rs to occur at a 

d f 13 1019 0 • Osage. 0. . X ~O!l.·-pal. rso This contrad'iction hinges on the absorption o.f 

oxygen by irJlpuritte.s in the distilled water and will be analyzed further .in con~ 

nection with the irr·adiatiqn of wat~r by x-rays in the next chaptero 
. . 

According to F~g" (!....4) 11 the evolution of hydrogen and oxygen rises linearly 

with the do sag~" 
19 Actually9 the rate of yield for a total dosage of 180 x 10 

ion~pairs and ~ final pressure of 45 .. cni (Hg) corres~onds to Oo07 gaseous molecules 

per ion~paj,To Another sample in which the initial pressure o,f electrolytic 

hydrogen and oxygen .was one attn,osphere gave an average yield of Oo047 ga.seous 

molecules per ion;.,pai:ro Thus the gaseous steady state is appr·oached very slowly 

and will occur" at a pressure which is much greater than one atmosphereo It 

should be noted!) however~ .that the dosage to cause ~. H202 steadY' state is much 

.. 
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' 
smaller tha.n th'e dosage at which the gaseous yield, levels off o Therefor·eD the 

meche.nism of decomposition for the tWo cases is not likely to be the sameo 
' ., 

2o3 · .. Decomposition by Alphas. A prolonged breakdoWn. in the operation of 

the 60-inch cyclotron has prevented a detailed study of the alpha-ray properties., 

However, s orne measur-ements were made which br-ing out the more important character-

istics of the decomposi tiori of water by alphas. 
' . ' 

. on' plotting the gaseous decomposition products as a function of the dosage 

of 31 Mev alphas a curve similar to Fig. (I-4) was obtained., The two line,ar 

portions of the curve ~ere more distinct and were characterized by slopes of 0~25 

and 0.,34 molecules per ion-pairo Hence, the gas evolved.!) initially0 is hydrogen 

with e..n ionic yield M/N = 2· x Oo 25 = 0., 50o Later 9 the yield increases a.lmos't 

50 percent to account for the decomposition of H2o2 andJ) therefore$ the evolution 

of o2 • , Thus· since the gf!.ses evolved are nearly in electrolytic proportion 9 then 

in contrast to the case of protons/) only a small amount of oxygen appears to be 

absorbed in reactions with impuritieso 

In order to account for this difference, it is necessary to compare the 

relative density of ion-pairs for 7.,4 Mev protons and 31 Mev for alphas., A 

study of the rate of energy loss in water (see next section) shows that the ion-

pair density, and therefore the free radical concentration as wellJ> is considerably 

higher for the alphas., As li result, the number of rLtdicals that are able to es-

cape uncombined from an a.lpha-track and initiate oxygen· absorbing reactions with 

low concentration impurities is relatively small., 

In contrast with Fig., (I~4) but more nearly in agreement with Fig., (1=3) 0 the 

dosage at which o2 becomes prominent for 31 Mev alphas is 1019 ion-pairs. Analysis 

of the bombarded water for H2o2 showed that the expected steady state concentration 

is not likely to be much larger than that shown in Fig. (I-3)., Of course 0 the 

concentration of H2o2 i~ expected to be higher for lower energy alphas .since the 

.. 
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probability of._ radicals e:sc.aping .WJ._combined from .the tra.~k is· smaller~ This 

was experimen~filly verified by Bonet-Maury (Bo48) w~en he_ showed that the,H
2
o2 

formation with ra~on alphas is a linear function of the dosage"' for dosages up to 

1019 ion-pairs per gr~ of water. · 

2 0 4 Same Analytical Deductions. The experimen~al results with pro~ons and 

' alphas indicate that the degree of decomposition depends on the density of the free 

radicals· along the track and~ therefore, on the rate of energy loss irrespective 

of the type of radiation. According 'to Fig• (I-2), the energy at which protons , 

ceas.e to create HzOz is f) Mev., The rate of energy loss, (-dE/dx), at 'this energy 

may be determined from (Li37, Po 263) . 

dE 47rNz 2e4 z;-) - - .. Z ln( 2mv E .. 
d.x · . mv2 .· . ·· 

(I-6) 

where v is the velocity o_f the .bombarding particle and ze its charge;. N is the 

number of atoms per gram of absorbing matter, Z is the n~ber of electrons per· 

atom, m is the mass of an electron and E is the average .excitation potential for 

the electrons in the_ atom. 

. Ip: .o~der to dete~ine the e:x:ci ta:tion poteri~ial fo-r a water molec~e"' it will 
'·r. 

be necessary to consider it as an atom of'Z = 10 electrons but with an average 

excitation potential defined by the following equation (Li37, Po 271): 

(z ln~v2 ft)H 0 = 2(Z ln2mv2/E)H + (Z ln2mv2j£)0 . 2 - . 
(I.;.7) 

·' that is, the effective stopping power of the water molecule considered as an 

atom is equivalent to the sum of the_ st~pp~ng.powers of. the atoms of which it is 

composedo On solv~ng the equa~ion for the average exyitation potential for the 

• water molecule, it_ is _found to be 

- - 1/5 - 4/5 
EHzC = EH Eo (I-8). 

The potentials for ~drogen and oxygen are not unique but vary somewhat With 

the energy of the b~~barding particle (Gr 44)o.- For simplicity.~> however~ the 
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. empirical expression E = 11.5Z will be assumed to apply (Wi4l)o Under these 

condi t~ons EHzO = 62 ev. Consequently, the rate of energy loss in water may be 

expressed as 

dE 80z2A 
-·-a ln(33E/A) 
dx E 

(I-9) 

where A is the atomic weight of the corpuscular radiatidn, and E its energy in 

Mev. 

For 6 Mev protons (-dE/dx) = 70 Mev/g;n./cm2; that is~'. this value represents 

the critical condition which determines whether any H2o2 will be observed in the 

irradiated water or not. In the case of alphas, this same condition·. should be 

satisfied at an energy E = 125 Mev. The rate of energy loss for low energy 

electrons is difficult to express accurately but it appears that this condition 

occurs at an energy of the order of one Kev. Thus to a good approximation elec-

trans and x-rays may be considered as crel!l.ting a uniform distribution of free 

radicals throughout the irradiated volume. In the case of'highly ionizing protons 

and alphas 8 a columnar distribution of radicals may be considered (Jai3) but the 

calcuiatio!LS are considerably handicapped by the presence of de1ta.-rays (Br48)., 

III. DECOMPOSITION Viii TH X.-RAYS 

The decomposition of distille.d air-free water was conducted with x-rays 
. . 

from a source with an accelerating potential of 200 kilovolts peak. The irradi'-

f 
ation unit consisted of a dis~-shaped vessel made out of pyrexglasso For 

pressure measuring purposes, a long column was attached to it as in ;Fig. (l-1). 

The total volume of the unit was 70 cc. The inside thickness of the unit was· 
. . 

only 1/2 inch so that to a good approximation the x-ray energy a~sorption was uni-
. . ' 

form throughout the sample of water (Ba23 11 p. 152)o Th~ av_erage rate .of do.sage of 

10.4 x 1016 ion-pairs/hr/gm of water was determined by considering not only .the 

field distripution but also the wall thickness of the irradiation unit. 
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' 3o l Experimental Observations, A considerable amount of research \vas carried 

out. to deter:nine why previous expe-rimentalists observed only pu·re hydrogen gas from 

x=ray irradiations of water and why the H
2
o

2 
yield was not obs~rved in all cQ.ses. As 

a result a series of experiments were per~ormed with both Barnstead still water and 

conductivity watero These and other· related experiments are enumerate~ in the fol-

lowing subsections. 

· ao Barnstead· StJ.ll Water, Initial attempts to. determine the rate of decompo-

si tion were based on the assumption that the hydrogen _gas being- gi van off during the 

irradiation was due to 1.mpuri:ties in the water. Therefore» according to Fricke 

(Fr.36)o an extensive irradiation of the water with x-rays s.hould imp_rove its purity 

and9 as a-result9 reduce the hydrogen yield to the level where. it corresponds .to the 

decomposition of pur'e water<> Ini tially9 the rate of gaseous evolll;tion was .Oo09 

molecules/ion~pair and decreased to a minimtml_ of Oa03 molecules/ion-:pair at a dosage 

of ZOO x 1ol6 ion~p·ai~s/gm of watero At higher dosage_s» the rate increased rather 

than decreased or remained constant so that the co;ndi tion cor1sti tuting pure ym.ter 

remained tinresol ved~· 

'A test for H2o2 in an irr.adiated sample proved to be positiveo Further experi= 

me;nts sh?wed that the rr2o2 yield rose gradually to a steady ·state concentr,ation of 

4 x 1ol5 molecules/gmof water in a period of ten hours ?f continuous irt'adiationo 

' 15 
Suprisingly)) however» a steady state of. 3 x-10. -_ H202

1 s/gr:n of water was discovered 

at very low dosages a ·It was necessary to decrease the exposure· to as low a dosage 
' . ' 

as 5 x .1011 ion/pairs/gm of water to decrease the concentration by a _factor of tv;oo 

This is equivalent to a rate of 3000 H2~J~ 1 s/ion-pair and must be due to.some regene

rative reactiono 

bo. Conductivity Watero X~ray irradiations of air-free con?-uctivity water 

ga.ve a somewhat different- but simpler pattern than the Barnstead still water irradi-

ationso Tho conclusions~ however 9 are essentially-the sameo The irradiated con-

duct:i.v;itywater samples were characterized by initial rates of Oal3 gaseous 
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molecules/ion-pair which were independent of the amount of irradiation. The H2o
2 

. 

concentration was very close to the limi f of detection with a constant value· of 

1015 Hz02'~/gm of water. Thus increasing the purity of the water has a tendency 

to decrease the H2o2 concentration. 

c. other -Observatiens. The absence of 02 in the x-ray decomposition ,of air-

free water suggested the introduction of a small am~unt of o2 in the unit b~fore 

irradiation. ·After exposure,· an analysis of the gases showed that most of the Oz 

had disappeared. and could not,be accounted. This immediately suggests that oxygen, 
-. 

in the presence of .rad±r.tion, is absorbed by some impurity-in .the water. 

Further experiments sholV'ed that the highly regenerative process for the formft

tion. of HzOz at extremely low'do~ages is· inhibited in-the presence'of oxygen. At, 

~total dos~ge_ of 1014 ion.-pairsfgm of water, the H2o2 ·yi,eld v1as reduc;::ed by a 

factor of two in the presence of lol5 o2 ' s/gm of. Barnstead·· still '!lat_er. With ·con~ 

ducti vi ty water, the ~effect· of o2 was. not. as ~oticeable since the rubber tubing 
(. '. . . 

used in· sealing the irra.qiation unit appears to have be.en the main source of im-. 
. . 

purities rather th~ the water itself. This has a tendency to keep _the H2o2 con:.. 

.. centration·' at ~ol5 !llol~cul.es/gm of w~ter for. concentrations less than 1ol6 Oz' s/gm 

of water. 

The· possibility ·of foreign m~tter acting as a catalytic agent in' the con

version of :H2o into n2o2 molecules _in the presence of radiation. is -unlikely since 

such a reaction requi r~s ·that-· 

(I-10) 

\ 

that is 11 the hydrogen to ·be .expected from such a reaction should be readily 

de'tectab!'e. Tests for H2 at low dosages, howeve_r, have proved to be negative. 

3. 2 Analysis of Observations. The experimental observations made in the pre- · 

vious section indicate, quite definitely, the leading role played by impurities in. 
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sh~)\JC.d that ( Fa39 $ po 55-7) t>t0 a::,ou..::t of fL~ecl' solids in water a:'ter a sinb-le 

. . 
distillation of tap vm.ten was 3,0-milligre.ms per lit<-~r- co.:,pared.to 4o0 ·;!ti.ll~;rn .. :~:J 

per liter. when this water was redistilled by the conductivity w:ater methodo ThuG 

pu:·c water is difficult to attain and explains v1J'hy inpuriti~s may be responsible 

.·for the absorption of q2 even though eA-tremely pure wate.r is used ( Fr36) o 

The evolution of. pure h:·rdrogen from the irradiation of wa:ter does not arise 

l'ro;n a direct· union' of H-a.toms 
--

'H + H (1.:.11) 

but r6•ther from 

(I-12) 

The 1:1.tter reaction is discussed :r.tore thoroughly in Part II where it is shown 

. . . 
that ln an a1ueoun solution of n2o2 , the reaction occurs once for every third ion= 

,· 

pair~ In order to account for the smaller rate of H2 . yield in air~free water 9 it 

becomen neeessary to ·as sum.~? that the H-atom .rathe.r than the Olf reacts with the im

puritieso This is verified 1 · irt part, by the observation that the regenerative 

process is inhibited by 02 which has a strong affinity for the H~atomo 

Some of the concepts underlying the decomposition of absolutely pure water 

can l::e doriv.ed from the kinetics of the free radicals~ 'l'his analysis applies on~> 

durin:; the 'initial period of irradiation when the back reactions with n:2o2 are not 

' 
prominent 'While the H and OH coriceri.trations have reached a steady statoo Under 

thes.c. conditions 3 the probability of che:::Jical interactiC?n of the radicals to fonn 

:1
2

; r2o2 a.nd 1IOH will depend on the relative. concentr.a.tion of Hand :m free re.dicds, 

i!loreover 9 since the nunber of Hz and H202 molecules must be equal 9 then the relt:.t1 ve 
. . 

free radical concentration can be determined frmL the Rate Law ( Ch43; Po 61) -l'fhich 

can be expressed in ter.:-.s of the fonnula.tion in 38ction 3ol of Part II~ 

·.-,: 
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(I-13a) 

where th·e N's represent the concentrations in radicals/gm ofwater and\the l:"'s 

are the average lifetimes of the radicals. The factor of 1/2 on each $ide of the 

equation is used to acc.oimt for the fact that" two radicals disappear at each chemi

cal interaction. 6n using Eq. (II~5), the relative free radical concentration may 

be expressed as follows: 
I 

~H,H 
= 5 

~ 1LH D . H,H 
·=·---

D . OH,OH s OH,OH t ... OH,OH (I~l3b) 

where the diffusion coefficients %. and DoH are a-ssumed '·to. be 10 x lo-5 and 

2 x 10-5 cm2/seeog respectivelyo The values of the probability constants ~ H$H • 

and ~OH . H are not known but an.attempt will be made to estimate th~mo 
- ,0 . 

. In considering t~e inte.raction of two radicals ~n the same solvent cage, the 
• • •.• < : ' • 

probability o.f capture. is considerably enhanced not only by the finite time of 

association in the cage but also by. the numerous· collisions with. water molecules 

to remove the excess reaction energyo In the case of t\vo H-atams, such a capture 

is practiqaliy certain since th~y have a very simple ~tructure and no potential 
.. 

barrier to hinder the process. The same argument, essentially, applies for an 

H-atom to combine with an OR although the structure of the OH ·is somewhat more 

complexo In the case of two OR's, however, a potential barrier may exist since 

the OR's are characterized with electric dipole momentso 'In cons:i,dering the maxi-
~- ---

mum dipole force in conjunction with the atttaetive exchange force ~n terms of the 

Morse potential function, the potential barrier for two OR's corresponds to ·an 

energy which is less; than 4 times the' thermal energy at room temperature. This' is 

not a particularly large value a::rld capture may occur in one sol vent cage. Thus 

~HsH = .SH~OH = 1 but (OH,OH !f L Hence, N0If'NH ~ 2.2 andj) consequently11 
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the initial de,c~mposi tion of water into H2 and R2o
2 

is certainly not small. 

in order to e.cconnt f~r the ~all u2o2 yield that is observed with x-rays, 

it is necessary to consider the back reactions ofH2o2 with H-atoms. The con-

di tion for a steady st~te will occur when the number of H2o2 's destroyed equals 

those formed;, This condition will be satisfied when 

1 
:::.y 

'N 
H 

(I-14) 

where the factor of i/2 on the right side of the equation is used .to account for 
!. ' 

' 
the fact that it requires two H-atem'S to destroy one ir2o2• After substituting foJ?. 

the 't 1 s ~ the equation may be solved for the n2o2 steadY state' concentration: 

::: 
DOH,Oli 

~,n2o2 

u 
OH 

N 
OH . (I-15} 
2 

A nUm:erical value can be calculated, approximately,· with the a.i'd of Eqs. (II-8L,. 

(rt .... 18), (II-22)· and (I~l~b) 

1~202 ~ 0.69' -rn '105 (I-16) 

where DH
202 

is assumed to be. e;1ual to· 2 x l0- 5ciD;2/s_eic. Thus. the 1t2o2 :;;teady 

state concentration should be e;pE!cted to vary as the square root of the rate 

of dosage ·n. Sin.ce. n = 29- Jt: .101~: ion~pairs/sec./gm of watere ~,hen NH
2
o

2 
·~ ' 

4 x 1014 molecules/gm of water in fair agreement with the concentration observed 
' . . ; . . . 

with conductivity water. 

After.H2o2 eq~ilibrium has been established, the rate of H2 yield should b~ 

of the order of Ool molecule/ion-pair since reaction (II-20) occurs half as. often 

as (II-19) while only 1/3 of the H-atoms may be expected to attack the HzOz mole-

cules. The remainder are absorbed in OR and 02 reactions. 

The con~ tion for ·a. gaseous steady state Will a.ri se ·when the number of I:t2 . ·. 

molecuies produced by reaction (II-20) equals those a.bsqrbed by r'ea.ction (II-24). 
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This is satisfied by 

NH 3 NOH 

"CH+H2o
2 

= 1 · 'Lorr+R
2 

(I-17) 

where the factor of 3/1 is used.to account for the relative infrequency_of reaction 

(II-20)o ·Using ·Eq. (I-15) _for NH 0 the steady state concentratio~ for H2 can be 
2 2 

detennined·from (I-17) af't~r substituting for the L 1 s 

On using ~q. (II-26) for - S OH,H
2 

with K = 1/2_, Eq. (II-8) for NoH• and 

DH
2 

= 5 x lo-5 cm2/sec., then 

(I-18) 

. . . 

(I-19) 

For -n = 29 x 10
12 ion-pai:rs/sec./gm of _water, Wrr

2 
= 2 -x 101~- molec_ules/gm, of 

watero This corresponds to a gaseous pressure of 3 em (Hg) and.is larger 0nly 

by a factor of _two from ,experimenta'l;ly observed valueso Thus the assumptions . 

used-in thh derivation must have been approximate1y·correcto Moreover, Eq. (I-19) 

corroborates-A. 0. Allen's observation that the steady state .pressure vari~s as 

the square_ root of the rate of dosage (Al46) •.. 

Thus the agreement .between theory -and expe~iment is fair with the exception 

of very low dosages where impurities appear, to detennine the initial am~unt of 

decomposition. At higher dosages the effect of impurities, for conductivityor 

pure waterb is .small but large enough to account for the absorption of the 0 
e 2 

yield. 

IV. CONCLUSIONS 

The decomoposition of water by protons is typical of the effect of radiation 

in general. For law energy protonsD where the·rate of energy loss is high~ the 
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initial yield of H2 and H202 is high~ At higher energies where ( ... dE/dx) <- 70 

Mev/gm/cm2, the decomposition ~ppears to ~e small and influenced to a considerable 

dez;:ree ':Jy minute concentrations of impurities which are also. resp_onsi bl,e· for the· 
;<~., ~ 

absence of oxygen in tri..e gaseous yield,. Thus x-rays, o -rays, electrons and the 

extreme ultraviolet can be classified into the latter category. Protons, .deuterons 

and alphas can also be ~ncluded if their energies are greater ti:an 6, 12 and 125 Mev, 

respectively. The effe.?t of neutrons will depend on the energy of the recoil pro-

tons arising from colli,sions with the hydrogen atoms in water molecules. 

According to the experimental evidence in both Parts I and II, the ge~eral 

pattern of decomposition for air-free water may be summarized as follows: initially, 

the free radicals created about the track exi,st, essentially, within two cylindrical 

regions coaxial with the track. of. the ionizing radiation; the smaller cylinder with 

a radius of about 8 azigstroms contains the majority of the OH·free radicals; the 

second cylinder 9 with a radius which is pro,bably larger than 150 angstroms. contains 

the m~jori ty of the H-atoms; the distribution of the remaining H and OR free radi-

cals depends, in a similar manner, on the tracks of the delta-rays. Thus to a 

first approximation$ the free radicals are segregated from each other and, there-
. .. . . . ... .. 

fores favor the fonnation of H2 and H2o2 rather than HOH. This is particularly true 

when the spacing of the OH 1 s along the track is small compared to the radius of the 

H-atom cylindero Fqr (-dE/dx) < 70 Mev/gm/cm2 of water. t~ese distances are com-

parable so that a distinct segregation of the ·radicals no longer exists so that radi-, 

. cal recombination into HOll becomes more favorable. 

In irradiating ai.r-free water, a steady state concentration for H202 is observed 
• 

to occur at a dosage that is considerably smaller than, the dosage for the gaseous 

steady state. The mechanism of decomposition for the two cases is quite distinct. 

The H2o2 steady sta~e is caused by the interaction of the H-atoms with H2o2 (refer to 

Seco 3.3 Part II). Consequently a steady state will occur when the H2o2 concentration 
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is high enough so that the average J,ifetime Grr H 0 . is smaller than the lifetime of 
+~2 2 . . . 

the H-atomf!., l H+H' along the tr.13,c~ of· ~ i"o:n:izing ·particleo ·.Since 'tH+H 

depends on the H-atom concentration and since the latter is p~oportional to the 

rate of energy loss$ then the steady state concentration for H
2
o2 will also be 

· .... 
a function of the rate of energy loss and, therefore, the energy of the radiationo 

Thus the H2o2 steady state concentration is bar~ly d,etectable for x-ray~ and more 
\' •' 

than 1000 times greater for alphas from_radono As a result, this provides a means 

of determining the H-atom distribution about the tracko However, in order to avoid 

lengthy bombardments, the use of dissolved 02 in the water should be found·to be 

a preferable means of absorbing H-atomso 

The gaseous steady state is caused, basically, by the interaction of the OR 
)"" 

with molecular hydrogen (refer to Section 3o5 in Part II)o Here again, the steady 

state wili depend o~ the rat·e .of energy losso This is exemplified by a pressure 

·of a few c~ntimeter~ (Hg) for. x-rays to more than one atmosphere for low energy 

protons and alphas~ Thus by introducing various concentrations of Hz into the 

bombarded water, it should be possiple to obtain some information 6n the OH dis-
. . . ·; 

tribution about the track. 

"•r',
4

'G' 
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Part II 

I. INTRODUCTION 

The experiments with air-free water in Part I have been informative in a 

qualitative sense but of little value in establishing a detailed mechanism of 
• < 

decomposition for water when exposed to radiation. To this end, a series of experi-

ments have been performed to determine the actual factors that control the amount 

of decomposition for a given set of conditions. Aqueous solutions of 0
2

, H
2 

and 

H2o2· have been irradiat.ed with x-rays from a source operating at 200 kilovolts 

pe~k. X-rays rather than protons or alphas were used since the free radicals 

created by the former may be considered to be distributed uni'formly throughout 

the liquid and, ·consequently, lead to· calculations that are 'considerably simpli-

fied. 

Very early in the century, it was observed that t~e presence of o2 in water 

materially contributes to the formation of H2o2• quantitative experimentsD}l.Ow

ever g have not been sufficiently extensive or broad enough to establish the funda

mental processes. Specifically, important information has been missing due to the 

absence of ~y experiments with aqueous solutions of H2 and RzOz. 
Fricke 1 s (Fr34) e,q,eriments with o2 dissolved in-water in.siicate that RzOz 

is produced, initially, at a rate of 0. 73 molecules per ion-pair. (This assumes 

that· the number of ion-pairs per roentgen is 10 percent greater in a gram of · 

water than in a gram of air sinee the absorption in -the former is greater by 10 

percent, approximately.) The extensive measurements of Bonet-Maury (Bo48L, however, 

indicate an initial yield ·or 0. 57 H202 molecUles per ion-p.air at a temperature of 

20°C. This .yield becomes progressively smaller so that it becomes zero. at tem

peratures below -116°C. 



. UC.RL 583 

-27-

II. ExPERIMENTAL RESULTS 

The experimental evidence presented herewith is illustrated in Figso (II-1) to 

(II -6) o These measurements were made possible with methods and devices already de

~cribed .in Part I and may ·be sununa.rized as follows: the disk-shaped irradiation unit 

had a total volume of 70 cc~ conductivity water wa:s used in all eX-perimentss _the 

:K:Mno4 method was us'ed to titrate for H202 with a maximum sensitivity of .!. 6 X 'lol4 . 

moleculeS' per gram ·of Waters a roentgen is defined as lo 77 X 1012 ion-pairS pez: gram 

of water while an ion-pair appears to be created for each 32,5 ev of energy that is 

absorbed by the water, 

Curves I,; II and III of Fig so (II-1) and ( II--2) represent the H202 yield as a 

function of the dosage and concentration of 02 in the water. These curves are 

characterized by two distinc't features.~~ firsti the· initial H202 yield of o.sd mole

cules per ion-pair. is independent of the concentration of 02 in the wa:ter a.rids 

secondly, the· steady· state concentration of H2o2 in the water c'orrespondsll · approxi

mately, to ··the concentration of o
2

o Attempts to replenish any o2 that might ·have 

· been absorbed ·in the process of reaching the steady state failed to increase the 

H2o2 yield after subjecting it to a second irradiation. Mo~eover~ cutting the rate 

o·f dosage by as much as a factor of 30 or pulsing the x-ray source had no appreciable 

effe.ct on the H
2
'o

2 
yield. 

However, theory aoes require that one Oz moleculo should be absorbed whenever 

two· H2o2 ' s are formed. An experimental investigation of the amqunt of o2 absorbed 

showed it to be· of the order of 5 to 10 percent for dosages up to lO x 1016 . ion

pairs/gm of vtater for Curve III of Figo (II-:-l)o This does not contradict the theory 

since back reactions tend to replenish the 02 in the water; that iss one Oz molecule 

is produced whehever tWo H2o2 molecules are destroyed. 

Cutve'IV in Figs.; (II-1) and (II-2) corresponds to a mixture ofHz andOz · 

dissolved in water, Thus the presence of H2 enhances the rate of HzOz formation 

so that lo 20 molecules per ion-pair are created during the initial periodo In 
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contrasto at higher dosages the H2o2 yield reaches a maximum concentration and 

t]+en declines wi. th dosage •. ThEv experimental points of Curve IV were taken with 

the ir·ra~iation. unit. ahrws't <.:om:,,~letely filled with water so that, the. o2,.from. the 

gase;ous phase could not diffuse rea-dily into the liquid., When'·a partially filled 

unit was used instead and shaken periodicall'y, the H202 yieldds similar in fonn 

to Curve III but with a steady st_ate concentration of .17 x _1016 H2o2 v.s/gm of 
.. 

water ~ practically the same concentration as .the oxygen content of the ~ter. 

Thus in the presence of Hz, oxygen 1s continuously absorbed 9 the end result of 

which is the formation r.f water or 2H2+02 .= 2 H20 9 for. large dosages. 

. 
. Incret;sing the H2 conce!].tra,tion by as much as a factor of 5 had no discer-D:able 

effect on the H2o2 yield indicated on Curve IV at low .dosages. On the other hand, 

op decreasing the concentration of H2 t9 .3.2 x 1016 molecules/gm of water0 the 

initial yield dropped to 0.95 n2o2 ?s/ion-pair. This is illustrated by Cur:ve .V 

in Fig. {II-2}. Experiments. in which only H2 was dissolve'din water showed that 

the H2o2 yi-eld did not diff~r » materially$ from that observed With air-free con-

·.ducti vi ty water. 

:Fig. (II-3) illustrates the behavior of aque9us solutiGns of HzOz when ex

_posed to x-rtl.ys. The initial rates of H2o2 ·decomposition are,0.43~ Oo68and 0.80 

molecules/ion~pair for.Curves I 9 IIg and III,_respectively. The _tendency for. 
• - < ' • ... • • -· ~ 

these curves is -tn aFPro~4 ,zero rather than a steady state as in Fig. (II-2) since 

most of the o2 was able to escape into the gaseous space abqve the liquid or 

absorbed~ in part, in reactions with impurities. 'rhe gaseous yield curve in 

Fig. (II-3) had an initial and. final concentration. of 16.,5 x .1016 and 2.9 x 1016 

.H
2
o

2
1 s/gm of water.., respectivelyo The initial yield for this curve corresponds 

to 0.,.58. gaseous molecules/ion-pair. Using the pyrogallic acid method9 the oxyg_en 

content for this sample was found to be 45 percent., A second and similar sample 

showed that at the lower dosage of 7 o8 x 10
16 

ion-pairs/gm of water the relative 
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amo\mt of 02 vms· .still the sameo Thus, approx:imately9 1/3 H
2

1 s/ion-:pair may be 

expected-to be produced 8 initiallyo 

Figs., (I I-4:) and (II-5) illustr~te the effect of introducing H
2 

into a 

solution of H202 o The resultant effect is to enhance, greatlyp the process of the 

d3c<npoai tion of H2o2o The initial rate of d'ecompos.ition in Figo. (II-4:) j.umps from 

Oo68 in·a solution w,ithout any hydrogen to 3.,0 molecules/ion-pair in the presence 

of hydrogen., ··In fact, the dashed portion of the curve indicates the.t a hll"her and· 

critical rate of decomposition exists in that regiono A similar but more extreme · 

situation is shown in Fi.f:.o (n..:.s);that is, although eqUa..l care.w'as taken for all 
. .. . ~ . . 

experimental points, yet, there 'ex:i sts a wide divergence in the uniformi:t;y of the 
... 

two curveso Only a critical chain reaction can, probably, account for such a wide 

diversity in these observations'o 

The curves of Fig. ( II-6) were determined for the purpose of establishingi;the 

influence of temperature on irradiated aqueous solutionso The total.dosage was 'chosen 

low in order to avoid a multiplicity of reactionso The res~l1;s, however 5 are 'anYthing· 
.. 

but simple since the temperature coefficient is negative at room temperature and 

fluctuates rapidly ·with temperature. Information on the' subject is lirni ted and, 

' 
therefore, the cause of the rapid variations with temperature unkown. A satis~ 

factory explanation, however, should include not only the effect of the sol vent 

cage but, also~> the variations in the polymolecular structure of the water i tselfo 

Regarding the consistency of the experimental data with x-rays, measurements 

with conductivity water were found to be invariant With time, Whereas 0 measure-

ments with Barnstead still water were found to vary. In particular, measurements 

of H2o2 in oxygenated Barnstead still water with ultraviolet radiation were found 
. ' 

to vary by as much as 400 percent; in contrast, variations vnth conductivity water 

were limited to 10 percent by the sensitivity of the titration method for H202o 

Again.o Frickev s (Fr34) limited measurements are cons:Cstent with Curve III 



t. 

UCRL 583 

-30-

in Fig;. (II-1} whereas those of Bonet-Maury {Bo48} are found to be at variance •. 

A plausible explanation for this is given in Chapter·rv. 

III. GALCULATIOl'IS AND DEDUCTIONS 

3.1 Kinetics of Radicals., Before proceeding with the analysis of the 

experimental resultsa it becomes necessary to establish a mathematical formulation 

of the kinetics of···zoadicals and molecules in the liquid state. Specifically I the 

desired form must be consistent vii th ·the rate 1 aws and should. preferably~ give the · 

average t~e that it ·ta.kes for a radical A or B to interact chemically. In general, 

the averag'e time for a given radical or molecul~ A to. collide with anyone of the 

B' s will be inversely proportional on the· concentration ~f the latter: 

·(li-la) 

where NB is the number of B's in a gram· of water, Lis Avogadro's number 11 .and W is 
'· 

'the molecular weight of water;. The constant of proportionality in (II-la). i.s the 

reciprocal of the num:ber of_B and water-molecules w:ith which A has collided in.on~ 

second; that is, 

No •. of collisions/sec. = 8j -. · (II=2) 

where j (= 6DAB/12) represents the_ total numb(;)r of cage-to-cage jumps per second 

(Po38) that A makes in its zig-zag mC?tion. while the factor of .8 corresponds to . . - ' ,.. ' 

. . . . . - . 2 
the number of new molecules that A encounters at each new cage; 12 (= ro-15 em ) 

. corresponds to the square of the mem distance between cages while 

(II-3) 

corresponds to the eff.ective diffusion coefficient for A and B in water.· There.-

fore. on substitution in (I!-la.) 

(II-lb) 

A similar expression can be set up for the collision time of a B radical or 
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molecule with the A tso Hence for. _any concentrations the collision time will depend 
l l ., 

on .-rhether the A 2 s are considered to collide with the 13' s or the B' s with the A's. 
. ~ : . ~. ~ l 

The resolution of the proper collision time vdll depend ori the particular problem 

under considerationo In genertl.l 9 

(II-4) 

• . ', . • ·, ' ,! 1,' .. ·• . ... . '. ··; • ' 

The important quantity p however, is the time that it takes A and B to irite'ract 
'· ~ . ' J, 

chemicallyo Hence 9 the average lifetime for an A or a B is 
~ .. '· . . . ·r,. .. . 

~+B = AJ)B/~A,B 
' .. ·, ... ' 

·where ·~ ~- B .. represertts_-:the probaqility tl~ai; .A~and B wil-l ini;~ract 'ch~ically _in .a 
i~ ~ 

.. This .fonnulatior~: of th€ problem is c_o~'lSi:stent with the rate law . . . 

which may be expressed as ( C.H43 v :.p:., 61) ~ .. 

Noo of c1femic.al, inte:ractions/cp/seoo ·= NBAf~A+B .· (II~6) ·, 
. . • '· •'r 

' . 
On. qc:casion it. becomes necessary to detennine the concentration of a radical 

A when it interacts mainly with i.tseH (Leo; OH + OH == H20z)o This can be deter~ . . 
mined by,a-ss.uming that- a. steady. state is est~li.shed when the rate o.f the numb,er 

created. equals the rat~ of. those removed. 'by int~:J;"action~ alternatively~ this is 

equivalent -to a compl.ete rene,.~l of the ste~dy. state c:oncentr,ation of the Av s. 

during the. lifetime of,tl).e.radic~ls 0 .or ;. •-, 

n 
..,.__[ = :N 

A+A A 

where n represents the number of free radicals andi therefore~ the number of 

ion~pairs/ seco/gm of watero . On 'substit'uting i~ (1I..:5) and e.sstnn.ing that 

.. : . t. 
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N = 
A 

(II-8) 

'I'h·H -!. te steady state concen;;:tat:i.on of the A radicals depends on the square root 

·of .the rate of dosage. Similarly, the expression for the lifetime of the A radicals 

may be written as 

(Ir-9)_ 

3.2 The Influence of 02 in Irradiated Water. Curves I_,· II and III :in Figs. 

(Il-l) and (II-2) indica,te that the initial yield of 0.80 H202 molecules per ion-pair 

is constant for concentra.tionsat least as low as 1015 o2 ~oleoules per gram of water. 

The significance of this sta~ement is great and needs to be interpreted.·. If it is 

as'swned that the resultant effect of irradiati~n is the creation of H and OH free 

radicals in water, then the fonnat~on of H2o2 can be accounted in part by 

(II-10) 

that -is, the maximum yi_eld that'can be .expected from this source is 0.50 H2o2 lll,ele

cules/ion-pair •. This ass1mes that all the H-atams are eliminated from recombining 

with tre OH by the following reaction:. 
. •· 

(II-11) 

where the H<?2 is described _as a semi stable free radical in which ·the bond energy for 

the H-atom has. been estimated to be about 2.5 ev. (Da46, We47). 

In order to account for the larger observed yield o~ H202, it becomes necessary 

to consider the possible contributions by the Ho2• Two possible reactions mp.y be ex;.. 

pected to act as a source of H202: 

H + H02 

and H02 +H02 --~ 

(II-12)

(II-13) 

Both are energetically possible but (II-12) has to be discarded, chiefly, because 

the initial yield is independent of the concentration of 02; that is, with high 

o2 concentrations, the H-atom is more likely to interact with 02 than with the 

v 
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much smaller concehtratidn of H02 Vs (see Sec~ 3. 7) 0' 

If both (II-10) a~d (II-13) ·_contribute to the H2o2 formation, then the 

,. · initial rate of y;i.eld should be L 0 instead of 0,; 80. The possibility that 

.. H + OH -'--~. HOH 
• 1' • ~ 

(.IL-14) 

can account for th;e difference is untenable. The reason reverts.., again to the con- . 

stancy of the initial J'l.E;~ld for concentrations_ of o2 :which are as low as .1015 mole

~_ules/gm .. : of wat~ro. Consequently, to_ remedy the si tu~tio.n 9 it bec<;Jmes nece~sary to 

assume tP,at 
.• 

'I 

(II-15) 

.Thus r, ~ni tially~ one o2· molec~l e i,s absor~ed. for _ev_e.ry two. molecules. of u
2
o

2 
that 

is .forme~Q As soon as back reactions become prom~nent, the net. o2 . absorption de

creases. rapidly SQ. that the ainount. tha~ is converted i,n,to H2o2 is small,. This 

agrees ,quite.wel}. with exp~r,imenta.l _o'bservations. since the absorpti_on of oxygen. 

was barely perceptible • 

. · +f the. region at which the formation _of H2o2 is comparab.le to the numbE?r of 

water molecules forp1ed by, th,e r~cotnbin.ation qf H. and OH free radictil.:;;. was known~ 
. ·~ . ', .. . . :, . . ., .. . 

then.., it .woulq be a simple matter to. detelf!line the probability of capture for re-
•• ,< • • 

a.ction7(II-1~) while _i:t;t_ a solvent cage. l?in~e t~_is ;region li.es below the limit of' 

H2o2 detection.., then, only an upper li:m.i~ cap. be. estimated. Thus the relative life-

time of the H-atam may be expres~ed as follows:- (refer 

~H.o2 
·s. . H,OH 

(II-1 6) 

w:~er:-e_ D,0H is _a,s~~e~ to b~ equal. to n
02 

(., Z x_1o= 5 cm2/sec.) The OH concen~. 

t~ation .. is unkown but it can be estimated, approximately. with the aid of Eq. (II-8) 

where n = 29. x 1012 ion":"pairs/~eco/gm. of wate:ro .Hence 

10. ~1/2 
NoH = 70 ~ 10 I soH,oH 
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On substi tut:Lng and solving for the probabi.li ty of capture 

< 14~0 
'. 

To a first approximatio~ the values of 

unity (see Sec.·3.2 in Part I). 

. ~H OH 
. ~1/2 

<:::.oH OH , . 

£ d' 
~H OH an 

- , 

(II-l8) 

~- -may be assumed t0 be 
- OH,O:H.• 

3.3 The Steady state in 02 Curves. With oxygen pnly dissolved i,n waterD the 

formation of H202 reaches.- a steady state that equ~ s, a:p~ronmately, the concentration 

of o2 •. As a~ready explained in the previous section, the. absence of 02 cannot be 

. used to· account for this phenomenon. An explanation based on. the interaction of the 

OH free·radicals.:With H2o2 r~ is equally unsatisfactory •. _ Suqh an interaction can be 
, . 

used to accotmt for the reduced rate of H2o~ .~orrn~tion at· co~centrations below the 

steady state but ;not the dra.'stic change required ·at the kiiee of' the ·curve. 

·An interaction based 'on the. decomposi tiori of H202 by H-atoms f!hould fare no 1 

. better than the . on interaction Unless consideration is gi-ven to the competi tio:t_l 

between._the Oz's andthe HzOz's for the·H-_atdm~.· If'·this affiiu.ty fot the li-atom 
' 

is·;, appr()ximately, · eq~a.l for both 'of tP.em, the expl.anation ·for-.. the ex±s·tence of 

the steady· state ~ecomes ·obvious. 

The H:..ato_m intera __ cts with H·2o2 in one of two possible ways: 
- . ' 

. > (.II-19)-
.. 

---7 Hz . + .. H,02 (II-20) 
... 

Thus the destruction of one H~atom and one H2o2 molecule is e<:pivalent 1to the 

creation of an OH or an H02 free radicaL IJence the net H2o2 decomposition per 

ion-pair is essentially zero since these radicals will, most li~ely, recombine to 

form H
2
o

2
• 

The theory given so far accounts for the levelling off process bu~ does not 

explain why ~he H2o_
2 

steady state value does not var.y linearly with the _ o2 concen

tration. In order to'account for this observation, it becomes necessary to assume 
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that the .OH interMts with the n
2
o

2
. to. a sina:J.l · degreeo This -will be discussed 

further in OQJ;mection with thEf shape ,of the Oz. curveso' 

The rela~ive al'finity. of Oz a,n,d .H
2

.o2 for :!;;he .H-'ai!om can be determined from 

Curve,·I! in Figs" {II~l) and (II-2}o . This curve is. chq~en in p~rticru~a~ in .order 

to avoid. the· ;l.arg~ probable err-ors of Curve I B.Ild the. effeo~ of additional _compli~ 

eating reactions in C~e III" Consi~er a point qn Curve I~ co~r~sponding·to a 

dos~ge of 2 x 1016. ion"!"pa~rs/g;m .of wa:tero · This is ch~acteri:zed by 

N · . = 10
16 

H2o2 vs/f!1£l .af:water H2oz 
. . . 

and a rate of (M/N)H 0 .c = Oo22 H20z's/ion-pair. 
. 2 2 

At the same H2o2 concentratione C~rve III gi~es a rate of 

(Kr/N)H 0 = Oo60 H2.o2 
1 s/iofl-pair .. 

2 2 
... .. ' . . 

That is 9 in ·Curve III practi caHy all the H-a toms are absorbed by 0
2

' s since the 
,< 't) •• 

latter are 16 times more numerous than the H2o2' s. Therefore 9 the difference in 
. ' . 

•• ' < I.: ., ' '-J ,, ; 'I ,· 

the rates of Oo60-0n22 = Oo38 H20z·'s/ion-pair must be accounteda approximately D by 

As a result» 38 percent of th'e H-at oms 
. . 

the decomposition of HzO'z 1 s by H-atoms~ 
-_~,. ., \ 

combine with the H20 2
1 s ·an~ 62 percent with o2

7 so On using Eq" (II...;5) 9 this leads 

to L' 
' 

{rr,H2o2 • H+Oz. 38 1~202 
(II-21) 

't "" 62 ·= ~ N .H+H202 . oz H,o2 . ' .. 

i·'. ,., . ' 

or the relative probabilities of capture 

1016 
. ,. 

38 lo63 X 

62 iol6 
··= loO : (II-22) _ 

~ H,H20~ 
. £H,o~ .· = 

This value was :f'urtherverified,a e_xperimentally, .when it was observe.d that the 

s:t~.ady ~state, cp!).centration of H2o2. was found to be the same as the 02 9o.ncentra:tion 

when ;i.rraciiati:ng tm. aqueou~ solution of 02 and H2o The concentration of Oz 'in the 
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water was kept constant during the irradiation by shaking the partially filled ., . 

unit! The justification for this conclusion is given in the following section. 

3.4 Aqueous. Solutions 'of 'Hz .and o;. ' \ 

The influence of Hz on the. formation 

of .H2o2 in the presence of 02 is e:x;emp~_ified by_ Curve IV in Fig~. (II-1) and (II-:-2) 

and Curve V in Fig. (II-2,). As already explained, Curve IV is insensitive tci higher 
.• 

concen·t_rations ot Hz, at· least, at lower dosage~ where ·the initial yield of L20 

.H2o2 ' s/ion-p9.ir represents the maximum rate .of yield. to be. expe~tsd. If the rea

soning in Sec. 3.2 is c~rrect_, the~, this implies that reaction (II-15) ,no longer 

·exists when large amotmtR of H2 are dissolved in wa't;er; that is, one of the fol- · 

lowing reactions mu:st occur in the pres·ence of molecular hydrogen: 

H02 + H
2
---4 

9H + ~-~---? 

HOH + OH 

HOH +. H 

(II-23) 

(II"-24) 

Thus._either the H0
2

1 s-are converted into .OH free radical.s or.the- OH's.into H-atoms 

and then into H02's. Reaction (II-24) is ·known to be avery slow reaction (El41, 

·Po 303) but nothing is lmown about (II-23). Information discu.ssed so far giyes no 
·. . .. 

· hint as to the probable choice. The discussion in the next section, however, defi-

nitely "favors :reaction (II-24). 

The initial rate of H2o2 fonilation in the presence of hydrogen is greater 

than· i .. o and~ therefore 11 greater than can be accoJillt~d by the ;free radicals created 

through ion-pair formation. Experi.ments, however,· ·With non-ionizing radiation and 
. . 

the extreme ultravi_olet, in particular, indicate t:p.at free· radicals can also be 

formed by this means. Thus a yield greater than 1.0 is not· u.n,expected since more 

than half of the energ;/ lost by ionizing radiation _goes· i~:to excitation rather than 

ionization· •. ·It is possible, however; a ·portion of this excess H2o2 can be accounted 

by a re-evaluation of an' ion-pair in the liquid state; that is J> the energy loss cor-

' ' 

responding to an ion-pair is likely to be less than 32 •. 5 ev and~ therefore, a some-

what J,.arger number of ion-pairs than would be predicted by meas'.trement.s .in the 
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gaseous phase., 

· "In Curve V of 'Figo · (II-2) ,\) the convei"sion of OR's by reaction (ll-24) into 

H-atoms is only partially complet.eo . The ini~ial ·rate nf yield for this ··curve is 

0~95 ii'2o2
7 s/ion-pair compared to Oo80 for the oxygen curves and L20 for Cur\re IVo. 

Cons·equ€mtly » the fraction of the OH' s combining to form H2o2 ·rot" ~urve v is prob

atly one.~half or lasso Af?sume 0 however 9 that its actual value is Ko Then the 

relo.tive f.raction of the OH 1 s going into reacti'ons (II-24) a.nd (II-10) will be in-

versely proportional to the relative lifetimes of the Of!i s in these reac·tions, or 

l'oH+H2 K DoH$oH· Nm/2 ~OH,~H 
= ::: 

~ Oll»Hz 
(II-25) 

lOH+OH 1-K D NH OH~Hz 2 

Assuming Zq·o (II-17) for NOH·~' NH
2 

= 3o2 x 10
16 

molecules/gm of water. and DH
2

. = 

5 x 10'·'5 cm2/secob then 

.K/(1-K) o 160,000 ·(II ... 26) 

Thus a value of 1/160 9 000 is indicated if K = 1/2 o . 

3.,5 Aqueouf? Solutions of H2 . and H602o Curves I 9 II and III of Figo (:CT-3)· 

illustrate the effect of x-rays on a.n air-free. aqueous solution of H2o2o These 

curves furnish no additional in:formation but hav.e been very useful in. :verifying·· 

the hypot·heses· already suggestedo ·In. order to acc.otin:t for the decrease in the 

initial rate of decomposition at lower conc·entrations ·o~ H2o2 .o it is only necessary 

t.o consider the affinity of. the Hz02 ·fat- the· H and· OH free radical so Sections 3<.2 

and 3o3 ~ndi.cate that all the· H~a.toms· g·o .into the decomposition of H2o2 ·through re

actions (II=l9) and ( II=20).; : On the other hand 0 the 'interaction of OH with Jit 2o2 

OH + a
2
o

2 
ROil + Ho2 (II~27) 

is very slow tmless the H2o2 concentration is very higho ·.Thus at lower concen-

tra.tions of H
2
0 20 most of··the OHis.may be expe:eted to form H202.o · · 

The gaseous yield curve in Figo (II-3) is interest5;ng in tha.t the initial 
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yield corresponds P approximately s to 1/3 fiz 's/ion-pair. 
. 4. . 

Thus reaction (II-20) is 

somewhat l~ss probable ~han (II-19). This obsel"Vati'on is not unexpected since 

the. ~0-0H bond ene~gy, in·:B:2o2 (Ho48) is·s· approximately8 half th,e·HOO-H bond energy 

(We47). A. more interesting observa-tion is th~. absen~-e of' a considerable ~oun~ of 
-< . • . +:~ • . ' . . • . ., 

Oz inthe gaseous state; that is, the basic process, of H202 decomposition demands 

that 

(II-28) 
. . 

The amount of o2 that has been observed-is 6 approximately, 3? percent less than 
,. " ,• ·- ~ 

_would ~e expected from (!I-28)~ This contradiction is discussed in greater detail 
·' t, .• 

in Part I. ·. 
On introducing H2 into an aqueous solution of. HzOz~ as in Figso · (II-4) .and . 

sharply to several H2a:2 es per ion-pairo 
. -. } '... . 

The~ explanation of this phenomenon must lie in some highly r·eactive and~ regenerative 
•• Ml ? o } '.:0. 

0 
~-

process. The -OH radical has been _shown to be very slow and 9 therefore, the chain 
•, ... . . . 

reaction must i~volve th~ regeneration of the H-atams. Such a process is furnished 

by 
H + HzOz 

" ' . ·, OR + Hz 

HOH 

HOH 

+ Oit 

t H 

_ (II--19) 

(II~24) 

The only limitation to this explosive pro'cess is reaction (II-20) which serves to 

prevent the complete destruction of all the H2o2 ' s by a single H-atom •. 

3.6 Atialysis of Curves., A mathematical formulation bf the experimental 

curv:es is a: tedious process since several reactions take place simultaneously and 

in a degree which is difficult to determine exactly .. HoweverD an attempt will .be 

made to establish such a formulation with the ulterior aim of dete-rmining -~ • 
. OH, H2o2 

Curve- IV of FJgo (II-1) is characterized by the fact that 'practically all 

the OH' s are converted into- H-atoms by molecular hydrogeno Therefore~ the Hz02 

yield will be. limited by the .relative concentration of 02 and H202 since both of 

them .have an equal affinity for the H..:.atomo Mathematically D. the rate o~ H2o2 



.. ' 

.. 

yield may ·be expressed··1n terms of the -dosag.~ N as· 
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(II-28) 

whet'e (M/IIr) . ···~represents the· initial rate
1 
of H2o2'· yield per ion-pairo Op.. sub-

. H202 -

stituting ~nd' integrating 

--~ ,' ' 

[1 
.. ~ ] .. 

e -(M/N)irzo2. 
•.JL' H,HzOz 

(!I-29) N - N H,Oz Noz ~p:,oz_ - HzOz· -:-; 02 g. . . -'•i ·,"I I . •. H~H2o2 -· 

_This equation i's a good appr?ximation f?r Curve IV of Figo (II-1) ·only at low dosages 

where the 02 concentration .may be considereQ. to be oonstanto For a better agreement 

at highe:r: ·dosages, Eq., (n.:.2a) should be integrated to J,nclud.e the assumption that 

one o2, molecule is absorbed whene.ver ot;~.e H2o2 molecule is forme_do 
,.. . . 

The -form of',Eq.,-,(II.-29), hoW'ever, is satisfactory,for,Curve .. III 9f ,F~g .. (II-1) 

where -.~.he. Oz. concentra.tipp. .. rB:!Jl.al.n,s as senti al.ly constant., . Row~er, an addi 1?iona~ 

term must_-be' introduced· to- expre~s the it1~~raction of OH .. with HzOz~ .. The fin~ fprm. 

cif'-th~ equation may J;>e •e;xpres-se~l as follqws& 

.:· 

1 . (,!!~30) 

c •• •.• 

~' . 

A good fit,was obtained at lo:wdosa:ges with 

-(II-31) 

The val. ue found at higher dosages was smaller so that at the steady state portion 
.. 

. .... -~ 

of the curve it had a value of l/450,000o There are ·two reasons why the'value of 
'. 

the probability of c~pture_ appears to decrease with dosage: first, the assumption 
. ' ' 

_ th~t (M/N)H 
0 

= 0.,80 n2o2 ~ s/ion-pa.ir i~ an approximation since it depep.ds on the 
' _,2 .. 2 . : ._.. . . 

relative concentration of the OR and the HOz; second~ the effect of the Hz given 
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'by reaction (I,I-.20) was not included in the forn.ulation since it is di·fficult to 

evaluate and, also, .because i~ is ,not an important factor at low dosageso · 
. . . 

3a 7 ·Lifetime arid Ran~e o·f Radioa:lsp .The m·ean lifetime of the free radicals 

created by radiation in '\Vater can be. determined with the aid .of Eqo· (II-6) or Eq., 

. (II..;9) ~ It is obvious from these equations that the lifetime is not a fixed quan-. 

ti·ty but dependent on the. concentration of the solute and th~ rate of dosage., Once 
',• ' 

the'lifetime of a radical.has been established, then its range can be determined with 

·the aid ·Of Einstein's Displacement Law: 

::: (II-32) 
. !" • • 

That i:s ~ the root mean square distance .~ravelied by a particle depends on both 

the diffusion coefficient D . and the time t. 

S:Lnce no reaction Vf_as fo1,p1d .that· could give,. any direct in,.formation on the 

properties of_'theHOz,·antiii::Jerof experiments were attempted.to determine whether it. 
~ ' 

had ·a 1long lifetime. The results were negative, at least, .for a lif.etime ·gr.eater 

. than 15· seconds., Assuming it had a lifetime of ori.e second.t then accordi~g to 

· Eqo. (II-9) ~H02 ,H02 = 1/~ 700 for n = 29 x 1012 ion-pairs/gm ~f water and · 
• j •• 

DHO · = ·z x 10-5 cm2/s~c·,; This' value appears. to be too small and should be nearer 
2 ' . . : ~ . . 

unityo The reasoning be~nd this hypothesi~ i~. not mate:ri~ly different from that 

used in assuming that the probability of interacti~n ~etweep. two OH radicals should 

be close to unity while in a solvent cage (_see·Part I)o .. Additional confirmation 

for this. is provided, indirectly, ·by the uniform prominence of ,reactions (II-10), 

(II-13) and (II-15) in describing the behavior of the oxygen curveso 

IV.. CONCLUSIONS 

The ori~nal hypothesis of.Weiss, Lea a..TJ.d Burton that Hand OH ·free radicals 

are created .in water .in the presence of radiation, has been assumed to be funda-

mentally .c.o:r,recto As a result, analysis of the .~¥\Perimental data, in this light; 
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has been fruitful ·"rather than eontradietoryo. ·In generalb a simple and satisfactory 
\ 

• ~ > "' •• t_ t.; ·: . ! .. . , ' . . . 

tl).eory has been established with the probauilit.y of \"c::~pture ~hile in a ·solvent cage 

beirig 'th~ outstanding pr~pe~ty. for ':any given reactiono Analysis of r~heoretical.and 

eiperimental da.ta:.' sugg~sts. that ~he probability' ?f capture may··b'~ subdiVided into 

H + H •i ) 

' 
H + OH > 

.. biJ + OR· 
I 

:ffo· + Ro2. > -2 .. 
·'· 

HO 2 + OH ~ 

) 

... · 

Radical•Radi.ca1 Interactions· . · 

.H2 

HOH . 

1!~02 

n2o2 

HOH 

HQ 
2 

+ .Oz 
+ 0 2 : 

SH,H 
-"! . . H,OII . 

~ Of:I~QH 

~HOz,H02, 
. . ,, " 

~OH. -~a-
.· ~' 2 

.J • 

:ff'·'+.· ~202~ HOH.+ OR 

. ~ rr2 ~-Ho2 

.;: '·'-; • ,1;•, .. · 

= 1 < 

' 1 = 
'· ~ .. ·. ·• 

~- 1 
: ' .. ... .. 

< 1 

< ·1 

··.,, 

(OH-radicai) - Molecule Interaction 

OH + H2o2 ~ HOH + .rro2 

+ H2 ~ !:IOH + H ·• · 

.. ~ . \ . 

tl/2. /. 
=' <;OH,OH' 200g000 

= {l./2. /160,000 
ORsOH 

., 

·This arrangement· suggests that the probability ?f capture in a solvent cage 
. .. 

is ind~pandeil:t,- to a' first approximation, of the_ solute ·and depends only on the 

type' of radi_ce.l:with Which it interacts: H,.- OH,, or HOzo The -r~j·eotion of. reacti?n 
/ 

·'(II-23) in preference to (II-·24·) ind.icat·es that ·the reactivity .of the HOz free 

·radical i·s considerably less than··that for the OHo 

The value' of .'SH' ~0· ···and ·t:H H · .. has,beeh assumed to be given" approximately., 
· » 2 · » zOz 

. by Eqo (II-18)o This is just1fied·by the close agreement between the experimental 
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and theoretical·results for air-free water in Section 3.2 of Part.I.s. 

Use of the usual rate constant to express the properties of. a reaction has 

been avoided.~ intentionally~ since it was felt that a clearer presentation can be . 
made if emphasis is placed on the pr~babi1i,ty o:f capture for a given: reaction. How..: 

everD for convenience, the rate constant may be determined from Section 3.1 as 

!?' :-2 3 ' 15 ~ 
kAB =' (48WDAB '->As/Ll )(L/10 ) = 0.,86 x 10 DAB AB - ':(II-33) 

. in terms of mol'es/li ter. 

-It was noted on page 29 that Fricke's measurements (Fr34) with Oz dissolved 

in water were consistent with the curves i:O: fig.. (II-1 L whereas, those of Bonet

Ma.Ury (Bo4'8) show deviations that nee<1. to be explaint;ld: (a,) ·a low initial r~te of 

yield of o. 57 rr2o2 ' s/ion~pair and (b) a st~ady s.tat~ in· which %202> N
02 

~ather 

than equal.~~ app.roximately. According to the deductions already-made,, such a situ-

ation can only exist in the absence of H-atoms or in an excess of OH. radicals. 

' . 
. ·Since Bonet-Maury ~sed_ 4 angstrom x-rays vfrlerein the surface' penetration is· a small 

fraction of a miilimeter, then the escape of a portion of the H-atoms into the ad• 

joining spa.oe or medium appears to be a reasonabl.e explanation~of the 'observed· 

differences •. 
·' 
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