INFLUENCE OF ALCOHOLS AND OTHER ORGANIC SUBSTRATES ON THE
RADIATION YIELD OF FRICKE DOSIMETER. PART I

by R. C. Das,* Department of Chemistry, Ravenshaw College, Cuttack-3
and
D. BunN, Department of Chemistry, The University, Leeds-2, U.K.

The role of methanol and r-butanol in the increase of the ferric yield in
the Fricke radiation dosimeter has been studied and the mechanism given.

INTRODUCTION

Influence of various hydroxylic organic substrates, in general, on the radiation
chemistry of oxygenated ferrous sulphate solution has been reported previously
(Dewhurst 1952; Verneil et al. 1952; Hart 1952, 1955; Baxendale and Smithies 1955;
Verneil 1956; Baxendale and Hughes 1957; Rosinger er al. 1957; Maxwell 1958;
Stolarczyk and Pikaev 1961; Stolarczyk 1962; and Tsu-Chang and Naganshou
1966). The first systematic study of the influence of alcohols was done by Dewhurst
(1952) whose suggested mechanism was based on the Kolthoff-Medalia (1949) scheme
for the influence of alcohols on the Fenton system (Fe2 +H,0.). The Dewhurst’s
scheme was assumed in pulse radiolysis studies (Stolarczyk and Pikaev 1961;
Stolarczyk 1962); and is generally and erroneously assumed to be valid for most
organic solutes (Allen 1961; Spinks and Woods 1964; Swallow 1960). Ths present
paper re-examines the influence of various types of organic substrates, in general,
on the ferric yields of the radiolytic oxidation of FeSQ, solution and, in particular,
establishes the mechanism for methanol and 7-butanol as the solute.

EXPERIMENTAL

Purification of water—Doubly distilled water was distilled twice in a continuous
stream of oxygen, firstly, from alkaline permanganate and, then from acid dichro-
mate, the water vapour being passed in both the stages through a heated quartz
tube at 800°C.

Reagents— AnalaR’ ferrous ammonium sulphate (F.A.S.) was used. ‘AnalaR’
liquid organic substrates were twice distilled before use. Other reagents were of
‘AnalaR’ or comparable purity.

Source— A Muller MG 300 constant potential X-ray unit with 5 nm Al
windows, operating at 280 kV and 10 mA was used for irradiation. Irradiation was
done in Pyrex glass syringes of 30 ml capacity. The dose given varied between
0.5 to 5 kr.

Oxygenation— Experiments were carried out in oxygen-saturated conditions. The
acidified ferrous ammonium sulphate was presaturated by 15 min bubbling with
medical grade, water-scrubbed oxygen. One ml of concentrated solution of the
substrate of appropriate concentration was added with stirring and the solution
drawn slowly into a Pyrex syringe for irradiation through a semi-capillary tube.
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Estimation of ferric ion—Increase in ferric ion concentration was determined by
measuring optical density of the sulphate complex at 304 nm relative to the initial
solution. In some substrates (e. g. acetone and diethyl ether) Fe3* was estimated
by thiocyanate method.

RESULTS AND Discussion

Dewhurst's mechanism (1935) with due modification for solvated electron as
primary species is as follows:
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(R- is the primary radical derived from -OH+RH reaction, e.g. ‘CH:OH and
‘CH2(CH;),OH for RH=MeOH or rBuOH respectively)

From the known rate constants of the competing H-4+RH and H-+ O, reactions
it can be shown that > 969, of H- reacts with O, in oxygen-saturated solutions for
most of the substrates studied at the highest concentrations used.

Explanation of the terms and experimental parameters

We define a quantity Q as the average number of Fe®* ions produced by the
reactions 1 to 7 per OH radical derived from the sum of reactions A to D. The
relative ferric yield (Ry) defined by

ferric yield in the presence of RH __ G(Fe3t)RH
*= ferric yield in the absence of RH G(Fe**)RH=0
is related to Q in the following way :

R Q(Gy, + Gy, + G on) + Gy, + 2G x4 |
7 3Gy, + 2Gy,0, + G oy = Q=D

[Gy. + Gh05 T Gon )

1
<L3GH' + Guy0. + Gon J> +

writing Gy in acid solution as including primary Gp. and Ge aq,
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Thus,
(Gy. + G0, + G.on)
3Gy, + 26,0, T G.on)

(Rz—1) = F(Q—1). where F =

The value of F under our experimental condition is determined to be 0.499+0.002
(vide Appendix 1). Thus, (Rx—1)=0.499 (Q—1) under our conditions*.

Interpretation of plateau cffects

On the basis of Dewhurst’s mechanism the ferric yield (expressed as Rz, Q or
G(Fes+) for a given dose of radiation would increase indefinitely until depletion of
the reactions on increasing the proportion of the substrate. RH. at a particular
[Fe2+] (Das 1971). Fig. 1 gives the plot of Ry and G(Fe®*) against [RH]}/[Fe?*]q,.
for various substrates**. It can be seen that in the case of all the substrates studied
the ferric yield attains a limiting or ‘plateau’ value. This behaviour contrasts with
that of saturated hydrocarbons (e. g. methane) as substrate, which produce indefinite
increase of ferric yield as [RH] is increased (Das 1969). Within the broad frame-
work of Dewhurst’s mechanism plateau effects would be caused by removing radicals
- (R, RO: or RO") from the system. ‘OH reacts exclusively with RH because of
the high concentration of RH. Radical-radical reactions {between R'. RO and
RO:) could terminate the chain but we have observed that the ferric yield in the
ethanol system (FeSO4—O0,—C.H;OH, in 0.4M H:SO4) does not change for
a~20 fold change in the dose-rate(irradiation time: 1.5 min to 27 min). Stolarczyk
and Pikaev? observed the solute effect with high intensity electron-pulse
irradiation at a dose-rate ~10° times greater than the lowest dose-rate in our
experiments (~0.5 rad/sec), yet the R, value of 5.2+0.4 calculated from their
data [Fe?*|insim = 2.5x107%M, [EtOH]}=0.1m and [H.504]=0.4) is remarkably
consistent with the interpolated value of 4.940.2 for the same concentrations of
reactants under our conditions. Moreover, ferric yield is found to be independent
of dose in alcohol systems. These observations indicate the absence of radical-
radical reactions in our systems. Additional evidence comes from the analysis of
organic oxidation products in the ethanol system.

~ Limitation of ferric yield could occur if the chain-carrying radicals react with one
of the stable products, in particular Fe®t,as it accumulates in the system. This also
can be eliminated (a) by the observed independence of ferric yield of dose in MeOH
and EtOH systems, and (b) from the fact that on adding ferric sulphate to the
systems (MeOH or EtOH systems) before radiolysis in amount at which Fe®** is
normally formed in the system, the ferric yield is not changed by any significant

*In the ‘Fenton’ system 'OH radicals are formed by the reaction of Fe*™ and H,0.. This
system is therefore similar to the radiation-chemical system. If [Fe**] > [H,0.], two ferric ions
are produced per H,0, molecule in the absence of RH. Tn the ‘Fenton’ system,

__Fe*’+ ions formed per H,O, in the presence of RH ~ Q+1
Fe*t ions formed per H,0: in the absence of RH 2

or (Ry—1)=0.5(Q—1). Hence for Fenton system, F=0.5 ‘

**Care was taken that in the experiments the conversion of Fe®™ to.FeH‘ never exceeded 107;.
Under such condition (Fe’1)g,. is not very much different from (Fe* )i tate

X
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Fic. 1. @ Iso-PrOH system : 0.05Mm H.SO,, [Fe®+]j,.=7.62x10-*M; x Diethyl Ether System:
0.4MYH,SO,, [Fe*~]in.=1.13x10"3M; O EtOH System: 0.4M H.SO,, [Fe't]jp.=4.88 x10'M;
A Acetone System : 0.4mM H,SO,, [Fe*+]ia.=1.25x 10-*m; @ Ethylene Glycol System: 0.05M H,S0,,
[Fe*+]in.=1.00x10-3M; & r-BuOH System ; 0.4m H,SO,, [Fe*]in.=6.82x10-*M. All solutions
are oxygen-saturated. Dose=1200 rads.

20 0
A
= " o .
16 f 6
12 -9 12 o )
(1R ey ) X072 (t)/irer) X107 —
{ i i { A 1 1 1 i i

2 L 2 b 10

Figs. 2-3. 2, MeOH System : @ ({Fe?"]in.=1.20x10-?m, [H,SO]=0.05M, O,-saturated,
Dose=893 rads; A [Fe$ lin.=3.86x10"'M, [H:S0,]=0.05M, O,-saturated, Dose=914 rads ;
B [Fe*+)in.=7.01 x10~*m, [H,S0,)=0.4M, O,-saturated, Dose==1024 rads. 3, -BuOH System:
@ [Fe2t]in.=1.07 x 10-3M, [H:80,]=0.4M, O,-saturated, Dose=886 rads; A[Fe*t]ip.=6.82x 10" M,
[H,S0,)=0.4M, O,-saturated, Dose=1147 rads.
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FiG. 4. r BuOH System : @ 0.4m H.SO,, O,-saturated, [RH]=8.09x10-2M, Dose—
804 rads A 0.05M H,SO,, O,-saturated, [RH]=1.17x10-'M, Dose=824 rads.

hr

- I e
‘0" -

o i A

5’_ — L

2 + +

[Fe*ly, /IRH] ——
2 | I: i 6[ X 81 L

FIG. 5. MeOH System: @ 0.4m H,SO,, O;-saturated, [RH}=9.7 x10-*M, Dose=941 rads;
A 0.05M H,SO,, O,-saturated, [RH]==9.7 x 10-*M, Dose==879 rads.
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amount. Stable products other than ferric ion are formed in extremely small
quantity to substantially affect the course of reactions.

The plateau effect can be used for dosimetry for low dose studies. Taking
G(Fe3*)=32.7 and 48.1 respectively for methanol and ethano! systems under the
recommended concentration conditions, the range of dose for which it can be used
is 0.5 kr to 5 kr. The recommended concentration conditions are : (FeSOg4]=
10-3M, [EtOH or MeOH]=0.1 M, [H:s80O;]—0.4M and [Os]—oxygen saturated.

Methanol and t-butano! system

Figures 2 and 3 show the variation of ferric yield with [RH]/[Fe2+] at fixed
[Fe?*] ipuiac under O, saturated conditions. Figs. 4 and 5 give the plots of
limiting ferric yield against 1/[Fe2t] 4,. in 0.05 and 0.4 M H,SO4. In both the
systems the limiting ferric yield remains virtually independent of [Fe**] 4,. and
H:SO4] within the experimental range of concentrations. The experimental value
of Ry tinat close to 2 (MeOH: Ry (1imit)=2.05 & 0.05 and -BuOH: Rx(1imir) =
1.824-0.5) are consistent with Dewhurst’s mechanism excluding reaction 7 i.e., if
RO- reacts exclusively with Fe?+.

On the postulated scheme, at high [RH] with reaction 2 suppressed by reaction
I, Q takes a limiting value Qyinir = 3. By the relationship (Rx—1)=F (Q—1) with
P=0.499 the experimental value of Qimie is 3.10 + 0.10 for methanol and 2.65 4
0.12 for t-butanol as solute.
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APPENDIX

Gy. + Gy,0, + G on .
F = 3Gy + 2GH0: 1 Goop (GH. includes Ge-aq‘)

Taking primary yields of water (Allen 1961) as Gy =3.65, Gy.o, = 0.8 and

G.on=2.95 for Co y-rays which have been determined accurately, F=0.477 for
y-rays. A direct comparison of ferric yields by 280 kV X-rays and Co y-rays by
us gives Fz_rays=(1.021+0.01) Fy-ray,. Hence for 280 kV X-rays, F=0.487.

At high [RH], at which substantial part of the work has necessarily been carried
out, the value of F is slightly modified by partial scavenging of the radical species
before they become freely diffusing. An approximate correction for ‘spur—scaven-
ging’ has been made on the basis of the data of Backhurst er al. (1959) on
G(H;O03)water at pH 1.2 at different EtOH] in ethanol-water mixtures. G{H:Os)yqrer
decreases by 0.235 in the range [EtOH]=0 to [EtOH]-6.7x 10-2M—a typical high
substrate concentration in our experiments. Assuming ‘OH to be the only pre-
cursor of H:0;, the corresponding increase in G gy would be 0.47 to a value 3.42.
Substituting the corrected value of Gpq0, and G oy in the solution of [EtOH]=
6.7 x 107%M we get,

(Fy-ravs)esrr.=0.490 and hence (F;_,ay)corr. =0.499

This 2-3 per cent adjustment in F indicates the order of magnitude of uncer-
tainty in the result due to failure to correct the ‘spur-scavenging’ of -OH radicals
which would otherwise react with H* or e,

The corresponding effects with other substrates have been calculated on the
basis of the ‘equivalent concentration of EtOH’ given by: Equiv. Conc. of EtOH =
[RH]L.k on,ru/k.on,Eton. On this basis FX_rays(eorry value, at the typical high
solute concentrations used (0.02 to 0.1 M), for RH==MeOH, EtOH, rBuOH and
ethylene glycol is also 0.499 4 0.002.



