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The radiolysis of aqueous FeS0,~CuS0,—H,80, solutions has been studied at dose rates up to ~3 X 107 eV I.72
sec™ (~b X 10% rads sec™!). G(Fe**), which equals ~0.7 at low irradiation intensities, increased to ~4 with
inereasing dose rate, acidity, and the extent of oxygenation. This increase is significantly reduced for systems
containing higher concentrations of Cu?*, Kinetic analysis of the results showed that the increase in F(Fe?t)

values at the higher radiation intensities is due to the reactions H + H —> H;, H+ HO. -—-> Hy(,, and OH +

HO, —-—)- H,0;, and good agreernent between caleulated and experimental values is obtained using the following
rate constant values (inl. mol™1see™2): ks = 1.4 X 10™, kys = 2.0 X 10%, &y = 1.1 X 10%, and k4 (for H+ OH
— H;0) = 2.0 X 10, Our studies show also that (1) some of the hydrogen atoms are produced in primary ra-
diolytie processes together with solvated electrong, (2} hydrogen sesqu1ox1de, produced by the recombination of
OH and HO, radicals, is capable of oxidizing four equivalents of Fe?* even in the presence of excess Cu®* jons
and therefore the oxidation of Fe?+ by H:0; does not proceed #ia processes which regenerates the HO. radical,

and (8) radiation-produced hydrogen peroxide is partially decomposed during the pulse, particularly at the

higher intensities,

Introduction _

The radiation chemistry of FeS0CuS0HS80,
solutions has been examined by a number of investi-
gators.?—® In most cases, these studies have heen
carried out either to elucidate the reactions which take
place at relatively low radiation intensities or to
evaluate the application of such systems as dosimeters.

In this paper, we report on a study of the radiolysis
of the FeSOCuSO,H,80; system in the dose rate
range up to ~3 X 107 eV L1 gec™" (~5 X 10% rads
sec—1). At such high radiation intensities, radieal
recombination reactions compete efficiently with radi-
cal-solute reactions,’—!! and as a result, G(Fe?t)
increases with increasing dose rate. Because of the
rather low & value (~0.7) of this system at low dose
rates, the relative increase in ferrie yield is large, and is
consequently convenient for studying the reaction
kineties in the high-intensity radiolysis of aqueous
systems.

Experimental Section

 Materials. ACS reagent grade ferrous sulfate,
cupric sulfate, and sulfuric acid were used without
further purification. Singly distilled water was used
for preparing the experimental samples since our pre-
vious experience showed no detectable difference
between the response of samples prepared with the
singly distilled water and samples prepared with water
which had been triply distilled from a chromic—alkaline
permanganate mixture using an all-guartz system.

Irradiation. Irradiation was carried out using a 10-
MeV linear accelerator. The high-energy electron
beam was focused through 2 collimator, a 3 X 6 mm
hole in an aluminum block. The FeS0,~CuS0.-H,S0,
samples were placed in a long tube (~500 mm long and
4 mm i.d.) which was moved lengthwise in front of the
eleetron beam in a reciprocating manner at a rate so
that no overlap of successive radiation pulses at the
rate of 15 pulses/sec would occur. In addition, the
average total dose for any given sample was also kept
within the linear respounse region for FeSO~CuSQ.—
H:80, systems irradiated at low dose rates, and ranged
betweend X 10?7 and 1 X 102eV 1L

Dosimetry. Radiation dosimetry was based prin-
cipally on coulometric measurement of the collimated
electron beam using a modified Keithley 610B elec-
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trometer and the —d&/dz values of high energy
electrons reported in the literature,'? supplemented by
comparative measurements of the response of standard
Fricke dosimeters with the results reported by Thomas
and Hart!! and by Rotblat and Sutton® The extent of
ferric ion concentration was determined spectrophoto-
metrically using a Cary Model 15 spectrophotometer at
25° and 302.5 nm (e 2170).

Resulis and Discussion

A large number of experiments have been carried out
t0 examine the behavior of agueous FeS0,~CuSOs

H.SO, systems at different dose rates as a function of -

sample composition. The results show that although
G(Fe®) is usually higher at the higher dose rates, its
magnitude is a funetion of the concentration of the
ecupric and hydrogen ions as well as the extent of
oxygenation. These are summarized in Figures I-3.

Reaction Mechanisms. Examination of our experi-
mental data led to the conclusion that in addition to
the reactions normally used in the description of the
ferrous sulfate-cupric sulfate dosimeters, i.e.

HZO o Can ™, H, OH; HZOE:- Hﬂs (HO2) . (1)

e~ + H+—>H @

H + 0, — HO, (3)

H + Cutt —> Cut + H+ 4)
HO, + Cu?+ —> Cu* + H+ + 0, (5)
Cut & Fei+ —> Cu2t + Fe?t (5a)

HO. + Fert + H+ —> Fe?t 4 Hy0, (6)
H,0, + Fe?t+ 4 H+ —» Fe?+ + H,O0 + OH (7)
QH + Fe*+ + Ht —>» Fert 4+ H,0O (8)

it was necessary to include also the following reactions
which influence either directly or indirectly the reaction
kinetics at the high dose rates.

€aa” + O = 05— (9)

0, + H+ — HO, (9a)

8sq~ + Cu?t ~—> Cu+ 10)

OH + Cw* + H+ — Cuf* + H,0  (11)
Cu?+ + Fe?+ —> Cu?* + Fei+ (11a)
2H — H, : 12)

20H — H;0, (13)

H 4 OH — H,0 (14)

H + HO; — H;0, (15)

H + 0y~ —> HO,~ (15a)

OH + HO, — H,0, (16)

H,0; + 4Fe?t + 4H* — 3H;0 + 4Fe*+  (16a)
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H,0; —> H,0 4 O, (178)
OH + HS80,~(80,2~) —> OH- + HS0480,) (18)

In an acidic medium, O, is rapidly converted to HO,
aecording to (9a), and consequently, (15a) is not an
important proeess under the condifions of our experi-
ment. Several other processes, though well established
in the radiolysis of aqueous systerns, have also been
neglected. These include

Fet+ 4+ H —> FeH2+ (19)
FeH:t+ o+ H+ —>» Fed+ + H, (19a)
2HO, — H,0; + ¢ (20)

H + H,0, —> OH + H.0 (208)
OH + L0, — H,0 + HO, (20b)

Specifically, although reaction 19 represents one of the
key processes in the radiolysis of deaerated acidie
ferrous sulfate solutions,’® it is relatively unimportant
under our experimental conditions because of the
higher concentrations of the ecupric ion. Similarly,
reaction 20 is neglected because its rate constant is some
four orders of magnitude lower than any other com-
bination process lisied in the preceding reaction mecha-
nism. Reactions 20a and 20b are not explicitly in-
cluded inasmuch as they are reflected in the empirical
relationship between G(—H;0,) and [H»0:] in eq 28.

To a large extent, the probable values of the rate
constants for these processes are known and have been
summarized in the literature.’* .

Analysis of the Reaction Kinefics. Reactions 12, 15,
and 16 represent the conversion of the reducing species
H and HO, into either inert I, or the oxidizing species
H,0; and HyO;, and are all favored by increasing radieal
concentration. Comsequently, &(Fe®*) should in-
crease with increasing dose rate as is indeed observed in
our experiments.

Quantitatively, we have

G(Fe't) = Gona(Te’*) — Go(Fe®t) =

100N,

- fo {2 ] + ks [H][HO,] +

41y [OH][HO, J}dt — 2T(—H,05)  (21)

where (ops it the experimentally observed yield of ferric
ions in the high intensity experiment, Go is the yield
when & similar sample is exposed to low intensity
radiations such as the v rays from a cobalt-60 souree,
N, is Avogadro’s number, I is the dose rate in eV/

(12) M. J. Berger and 5. M. Selizer, NASA 8P-3012, 89 (1964).

(13) G. Czapski, J. Jortner, and G. Stein, J. Phys. Chem., 65, 960
(1981).

(14) M. Anbar and P. Neta, I'ni. J. Appl. Radial. Tsotop., 18, 403
(1967).
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Figure 1. - Effect of hydrogen ions on G{Fe?*); [Cu?t] =
0.01 M, [Fe**] = 0.001 3, [Os] = 0.00024 M: ——, caled
omitting H:0. decomposition; - - -, caled ineluding

Hx0. decomposition.
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Figure 2. Effect of cuprie ions on G(Fed*); [Fe?t] =
0.001 M, [H*] = 0.01 M, [O.] = 0.00024 3 , ealed
omitting HyQ, decomposition; - - -, caled including

H:(s decomposition,

1. see, T is the pulse length in seconds, and T'{—H,0,) is
a measure of the extent of radiation-induced decomposi-
tion of the hydrogen peroxide molecules formed during
the high-intensity radiolysis.

The terms in eq 21 are obtained by solving the simul-
taneous differential eq 22, 23, and 24 or 22a, 23a, and 24
together with eq 29 using reiterative numerical pro-
grams developed during the course of this research.

d[H] gl
q = PalenTIHTIF 100N,

{k5[02] + Ea[Cu+] + kue[OH] ~+ ki [HO, T} [H] —
2he[H?] <t T) (22)
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—{%s[0:] + ka[Cu?+] 4 k1s[OH] +

dt
ks[HO:N} (H] — 2ku[HP (¢ > T) (222)
d[OH]  goul 2 2
dt 100N, {RolFe™*] + on [Cut*] +

ku[HY 4+ (b + kur) [HO:] +

kis[SO2~T} [OH] — 2k [OH]? (0 <t < T) (28)

H
‘i[gt—] = —{ks[Fet*] + ku[Ca*+] + hua[H] +
(Fas + Fur) [HO, ] + Fis[SO,*~]} [OH] —
2k [OHE (@G> 1) (23a)

and
d[HO,]

dt
{ks[Cut] + kas[H] + (kss + ku) [OHI} [HO,] (24)

in which gg® and gog designate respectively the primary
100-eV yield of the “residual’”’ hydrogen atoms!® and
the hydroxyl radicals, and [e.,~], the concentration of
the solvated electrons, is given by

dfes ] _ gl
dt 100N,

= {kofeag™] + ks[H1} [0:] —

— { I [H+] 4+ ko[Oo] +

Fw[Cu2l} few]  (25)

where g is the primary 100-eV yield of the electrons
which have escaped from the spurs in the irradiated
aqueous system. Under the conditions of our experi-
ment, however, the steady-state concentration of the
solvated electrons is reached in less than 108 sec.
Consequently, we have

gl
100Nof i [H*] -+ Eo[Oz] + FaolCu?+]}
The extent of radiation-induced decomposition of
hydrogen peroxide, I'(—H.0,) in eq 21 is caleulated

from eq 29 as follows. By disregarding the negligible
contribution from eq 7 during the pulse, we have

[eas™] = (26)

T
P10 = [ {kalOHP + kalHIO] +

I T
mgﬁgof}dt — J; {kla [OH2] +

RalHI[HO + oo (mof — G(-TLON bt (20

1]
Toon, @m0

Rigorous caleulation of G{—Hy0s) on the basis of the
interaction of the various radiation-produced interme-
diates with ;0 and subsequent reactions cannot be

~ (18) J. T. Allan and G. Scholes, Nature, 187, 218 (1960).
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Figure 3. Effect of oxygen on G(¥Fe?t): [Cu?t] = 0.01 M,
[Fe?*] = 0.001 M, [H] = 0.01 M: —— caleulated omitting
H.0:; decomposition; = - -, ealed including H.O, decomposition.

made at the present time, however, on account of the
unavailability of established vakues of the rate constants
for a number of possibly important processes such as
the reactions between either Cu®+ or Cut ions and
H.0, molecules. Consequently, the relationship

G(—Hy05) ~ 2 X 10*[H,0,]" (28)

which deseribes quite well the experimental data of
Balkwell and Oldham! on the radiolysis of hydrogen
peroxide in aqueous solutions (for [H.0.] S 10-3M)
was assumed to be also a reasonable approximation
under the conditions of our experiment ([H:0,] <
10—*M), and eq 27 thus becomes

A T
r-H0) = | {kls[0H12+km[HuHOz}+

T
100N, gH’O’O}dt - j; {kla [OHT -+ ki [HI[HO,] -+

I
100N,

Because of the lack of good agreement among the
literature values of some of the second-order radical
reaction rate constants, a series of ecalculations was
made using different rate eonstants. The results are
illustrated in Figure 4, which shows that AG(Fest) is
not signifieantly affected by variations in bp and ky,
but is noticeably affected by ku and ks -+ k. The
best agreement between our caleulated and experimental
values are obtained using gg® = 0.6, ¢, = 3.1, and the
rate constant values listed in Table 1.

Discussions of some of the reactions and the effects
of selected experimental parameters are now in order.
These are given below.

(gm0 — 2 X 102[{H,0.]" ”)}dt (29)
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Figure 4. [Effect of rate constants on caled AG values;
[Cu*] = 0.01 M, [Fe*#] = 0,001 M, [H] = 0.04 M,
[0s] = 0.00024 M.

Table I: Pertinent Rate Constants in High-Entensity
Irradiated FeS0y-CuSO~H,30, Solutions®

Rate B
constant Reaction Value (in L mol ~1 gec™2)
Tee e~ + H* 2.0 X 10
ks H+ O 1.9 X 10%
ks H + Cuzt 1.5 % 108
ks HO: + Cu** 1.5 X 107
kg HO» 4 Fett 3.0 X 107 X
[H
ks OH + Fezt 3.2 X 108
kg e~ + Oz 1.9 X 10
Ko e~ 4 Cutt 3.0 X 10
kn Ol + Cu?t 3.5 X 108
kg H+H 1.4 3 10
ki OH + 0" 0.6 X 10Y
Eu H + OH 2.0 X 10w
ks H + HO: 2.0 X 10w
km OH + HOz — HaOa 1.1 X 1010
IGr: OH + HOz s Hzo + Oz 4 7 X 109
kla OH + HSO;_(SO42_) — 4 X 108

OH~ + HBO.(B0,™)

* Except for ks and ks, literature references for other rate con-
stants may be found in the rate constant compilations of Anbar
and Neta.l* The value of &; is that reported by 8. I1. Baxendale,
Rodiat. Res., 17, 312 (1962); ks was evaluated experimentally
and from the known ks/ks ratio? at [HY] = 0.01 3. The values
of ks and ks are averages of two or more literature values.

The Role of the Solvated Electron and the Effect of
Hydrogen Ion Concenfration. Although water and
agqueocus solutions are the most investigated systems in
modern radiation chemical regearch, some of the specific
primary processes which occur during the radiolysis of

(16) 'W. R. Balkwell and 8. B. Oldham, USNRDL-TR-803 (i966).
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water are not yet fully understood. Specifically, a
degree of uncertainty still exists concerning the mecha-
nism of formation of the radiolytically produced hydro-
gen atoms, <.e., whether some of the hydrogen atoms
observed in the radiolysis of aqueous systems are pro-
duced from the direet dissociation of water mole-
cules,’517-# or whether all hydrogen atoms result from
the reaction between solvated electrons and hydrogen
ions as indicated in reaction 2. Allan and Scholes,’s
for example, believed on the basis of experiments involv-
ing organic solutes that hydrogen atoms are formed
directly from single excited molecules with G(H) ~ 0.6.
Lifsehitz, ¢ on the other hand, concluded on the basis of
isotope effect experiments that even the so-called
“residual” hydrogen atoms could not possibly result
from the dissociation of one single water molecule, but
must require a reaetion involving separate water
“molecules,” supporting thereby the hypothesis that all
hydrogen atoms are produced by sequences such as

H,0 —> Hy0+ + ey~ (30)
H,0+ + H,0 — H 0+ + OH (31)
e~ + HO+ —> H + H0 (32)

t.e., the initial ionization of the water molecule to form
the H,O+ and e~ ion pairs, followed by the reaction of
the electron with a hydrated hydrogen ion to form the
free hydrogen atom. This latter possibility has not
been supported by our experimental results, and con-
sequently the 100 eV yield of the primary hydrogen
atoms in acid solutions® is a reflection of the primary
yields of both hydrogen atoms and solvated electrons
with Q'HO = (.6, g = g — g°* = 3.1.

The concept that both electrons and hydrogen atoms
are produced in a highly acidie medium is not ineonsis-
tent with the experimental fact that only hydrogen
atoms and not solvated electrons are observed in pulse
radiolysis experiments involving acidic aqueous systems.
Observations in pulse radiolysis experiments, for prac-
tical reasons, are made only after the completion of the
pulse, Z.e., after a time period which is usually on the
order of a microsecond. Since the pseudo-first-order
rate constant for the conversion of eleetrons into hydro-
gen atoms is on the order of 2 X 10° seec™! at pH 1,
the residual electron concentration will be well below
the detection capability of avsilable methods, and

- solvated electrons have therefore been detected only in

alkaline or nearly neutral media. The events of interest
to high-intensity radiation chemistry, on the other
hand, occur during the pulse period when both reactions
9 and 10 can effectively compete with reaction 2.
Consequently, depending on the relative coneentrations
of the hydrogen and cupric ions in the system, the
cuprous ions can be formed directly from electrons

.without requiring hydrogen atoms as the intermediate

species.

1225

At the higher acidities, reaction 6 is enhanced at the
expense of reaction 5. Consequently, some of the per-
hydroxyl radicals will eventually oxidize three equiva-
lents of ferrous ions according to reactions 6 and 7
instead of reducing one equivalent of ferric ions aceord-
ing to reactions 5 and 5a. G{Fe®+) thus increases with
increasing hydrogen ion coneentration even at low dose
rates as shown in Table II. More importantly, in-

Table II: Low Dose Rate G(Fei+) Values (Go)*

[Cu2+), [EI+, [0:],
M M M G Reference

0.01 0.01 0.0012 0.76 4

0.01 0.01 0.00024 0.66 3

0.01 0.04 0.006024 0.80 This work
0.01 0.40 0.00024 1.4 This work
0.01 0.01 0 0.63 4

0.02 0.01 0.00024 0.63 This work
0.05 0.01 ©.00024 0.58 This work
0.20 0.01 0.00024 0.57 ‘Fhis work

* [Fe2*] = 0.001 A,

creased acidity of the irradiated sample will also favor
the formation of hydrogen atoms at the expense of the
direet formation of the cuprous ions according to eq 2
and 10. As a result, the concentration of hoth the H
and HO; radicals will increase with inereasing acidity,
enhancing the extent of the three radical combination
processes responsible for increased G(Feit), i.e., reac-
tions 12, 15, and 16. As Figure 1 shows, this expecta-
tion is indeed borne out by our experiments.

The Role of the Cut+ Tons and the Effect of Cu** Ion
Concentration. The absorption peak at 265 nm ob-
served in the pulse radiolysis of acidic aqueous solutions
of cupric salts has been interpreted?’ on the basis of
kinetic evidence to be due to the transient Cu?®+ ion.
Reactions 11 and 11a are, however, not always included
in the reaction network describing the radiation chem-
istry of aqueous FeS0,~CuS0,~H,80, systems. Inas-
much as the overall results of these two reactions are
identical with that of reaction 8, such an approach is
well justified in the case of low-intensity irradiation ex-
periments where radical combination reactions are negli-
gible. At the high intensities which prevail in our
experiments, however, combination of the radiation-
produced radicals affects G(Fe3+) as indicated in eq 22,
and congequently, reactions 11 and I1la have been
ineluded in our kinetic analysis.

(17) J. Rabani, J. dmer, Chem. Soc., 84, 868 (1962).

(18) E. Hayon, Trans. Faraday Soc., 60, 1059 (1964),

(19) C. Lifsehitz, Can. J. Chem., 40, 1903 (1962).

(20) F. 8. Dainton and W. 8 Watt, Nature, 105, 1204 (1962).

(21) J. H. Baxendale, E. M. Fielden, and J. P. Keene, “'Pulse Ra-
diolysis,” (Proe. lst Int. Symp. on Pulse Radiolysis, Manchester,
England, 1965) Academic Press, New York, N. Y., 1965 218,
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The role of cupric ions in the high-intensity radiolysia

of the FeSO~CuSQH,80; is severalfold. Inecreased _

cupric ion concentration reduces the extent of hydrogen
atom formation as the result of the very large rate
constant of reaction 10. In addition, it also will reduce
the extent of the various radical combination reactions
by the competing processes 4, 5, and 11. Conse-
quently, G(Fe?**) for systems containing higher eoncen-
trations of cupric ions may be expected to show little,
if any, dependence on the radiation dose rate. As
Figure 2 shows, this conclusion is well supported by our
experimental findings.

I+ is 40 be noted that even a low dose rate, G(Fe?*)
in the FeSO—~CulS0H,S0, system decreases with in-
creasing Cuf* concentration.*?* Consequently, the
low dose rate Fed* yields, 4.e., Go, have been obtained
and are summarized in Table II.

The Role of Ozygen and Rediction-Induced Decom-
position of Hydrogen Perozide. Hydrogen peroxide,
whieh can be formed by both eq 13 and 15 through the
combination of two OH or the H and HQ; radicals, is an
important factor responsible for the higher G(Fe®)
values only in the case of aerated systems. No net
change in @{Fe®*) is expected from reaction 13,
Reaction 15 is inherently impossible in deaerated sys-
tems, and in addition, as Figure 5 shows, is also not a
major process in oxygenated systems inasmuch as most
of the radiation-produced hydrogen atoras would ac-
tually be converted into the HO, species. In all cases,
however, the radiation-produced hydrogen peroxide
molecules are expected to be decomposed by further
irradiation. - Consequently, AG(Fe?t) values calculated
omitting this decomposition would be increasingly too
high at the higher dose rates as illustrated in Figures
1-3. Caleulations including this decomposition reac-
tion, on the other hand, are seen to agree well with the
experimental data. Equation 28, obtained on the basis
of the experimental results for hydrogen peroxide solu-
tions in the absence of Cu?+ and Fe?* ions thus appears
to be also a reasonable approximation under the condi-
tions of our experiment. It is to be pointed out, how-
ever, that the importance of the hydrogen peroxide
decomposition process increases with increasing dose
rate, and the application of eq 28 to experiments at still
higher radiation intensities may well result in apprecia-
ble discrepancies between the observed and caleulated
& values.

Among other factors, the extent of decomposition of
H.O; is also a funetion of the pulse rate. Specifically,
low repetition rates should lead to G(Fe?*) values which
are higher as it may be evidenced by a comparison of
the data reported by Bjerbakke and Sehested* with
those observed in our experiments.

The Role of Hydrogen Sesquiozide (H:0;). Hydrogen
sesquioxide, discovered in 1963 by Czapski and Bielski,
is formed by the combination of OH and HO, radicals
when aerated or oxygenated water is exposed to high-
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Figure 5. Effect of oxygen on the concn of HO; and H.
Radicals (at I gsec after initiation of pulse): ,
[HOs]; - - - [H].

intensity radiation. According to these investigators,
ki = 1.1 X 10%° ], mol~-! sec—! whereas kyy = ki/2.3 =
4.7 X 10% 1. mol—! see~!. More recently, Sehested,
Rasmussen, and Fricke,?* using a somewhat different
procedure, reported that ks + kg, which is o function
of the pH of the sample, equals 1.27 X 10 1. mol—!
sec™! in gn geidic medium. In either case, radiation-
induced decomposition of Hy0; has not been explicitly
eonsidered, and consequently, the values of ks represent
deseriptions of the net rate of formation of H,0; under
high intensity irradiation conditions.

H,0; decomposes to form water and mo]ecular oxygen
with a pH-dependent first order rate constant on the
order of 1 see—l. It therefore mainly reacts with the
reducing species in the irradiated medium. Inan acidic
solution of ferrous sulfate, for example, there is con-
siderable evidence that each molecule of H;0; will lead
to the oxidation of four ferrous ions, a phenomenon
which has been explained on the basis of the following
mechanisms?*

Fett 4+ H0; + HY —> Fe?+ + Hz0 + HO; (33)
HO; + Fe?t + Ht — Fel+ - L0, 6)
Hy(Qy + 2Fe?t 4 2H+ —> 2H,0 4 2Fe?+  (7)

This mechanism is, however, probably of only limited
importance in the oxidation of ferrous ions by H:O;.
If reaction 33 were indeed the principal path for such
oxidation processes, the formation of H,O; from OH
and HO; radicals should not have any effect on G(IFFe?™)
inasmuch as the HO; radicals formed in reaction 28 will
act mainly as a reducing agent in accordance to reaction
5. Our caleulations, on the other hand, show that

{22) D. Katakis and A. O. Allen, J. Phys. Chem., 68, 657 (1964).
(23) G. Caapski and B. H. J. Bielski, ibid., 67, 2180 (1963).

(24) K. Sehested, O. L. Rasmussen, and H. Fricke, ibid, 72, 626
(1968).



Ravionysis oF FeS0,~CuS0~H,S0,

H,0; is the principal species responsible for the very
high G(Fe®+) values in oxygenated aqueous FeSO,
CuS0+~HS80, systems. Indeed, good agreements be-
tween calculation and experiment are obtained if each
molecule of HyQ; is assumed to oxidize in full four
ferrous ions. An alternate path must therefore be
considered. We believe this to be

H.03 + Fe?* 4 H+ —> Fe?t+ + OH + H;0, (34)

followed by the oxidation of three additional Fe?+ ions
by OH and H,0, according to reactions 7 and 8.

At least in principle, determination of the validity of
reaction 34 may be afforded by preforming H:0,
under high intensity irradiation eonditions followed by
direct observation of the radical species formed when
the H,0; so produced is allowed to react with a solution
of FeSQ,. Alternatively, the preformed H,O; may be
allowed to react with an acidie aqueous solution con-
taining both CuS0; and FeS80, in whickh [Cu2+]/
[Fe?*] > 10. The extent of Fe?+ formation would then
provide a direct measure of the relative importance of
the two alternative paths indicated by reactions 33 and
34.

The Effect of Pulse Length. The time required for
the reactions of the H atoms in deaerated samples and
that of the HO; radicals in the oxygen-containing solu-
tions are all on the order of a few microseconds. The
G(Fe*t) values should, therefore, increase initially with
inereasing pulse length, reaching a maximum value, and
then possibly decrease at even longer pulse lengths as
the result of the decomposition of hydroger peroxide by
prolonged irradiation.

Comparative experiments have been carried out at a
number of gelected pulse lengths. These results are
summarized in Table III.

1227

Table HI: Effect of Pulse Length on G(Fet*)*
Pulse
[Cu2t], [Oe), Dase rate, length,
M M 10% ¢V 1.1 sec™1 1075 gec G(Fel®)

.01 0.0012 1.63 5 1.84
1.60 2 1.77
0.01 0.00024 2.44 2 1.43
2.50 1.5 1.17
0.01 0 1.54 5 1.22
) 1.41 2 0.98
0.02 0.00024 1.37 2 0.92
1.31 1 0.84
0.05 (.00024 1.56 2 0.6
1.44 1 0.62
0.10 (.60024 2.00 2 0.65
2.00 1 0.65

? [Fer+] = 0.001 1.

G(Fe**) at Very High Dose Rates. According fo our
calculations, the maximum G(Fe®+) value which can be
reached is approximately 4. At the very highest dose
rates, recombination of the H and OH radicals o form
water, hydrogen peroxide, and molecular hydrogen
assumes increasing importance, and may indeed even
lead to decreases from the maximum value. Tt would
be interesting to examine the validity of this conclusion
in experiments using the very intense pulses from
machines guch as the field-emission sources.
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