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A--The effect of dose raIe on the yields of aldehyde. hydrogen Peroxide and hydrogen in oxygen-wruratcd 
melhand. CM. I-propanol. 2-propaad sod I-butand was srudicd. A reaclion mechanism ho explain ~he resuhs 
is proposed and discussed. II is concluded what rhe viscosities of ~hc various alcohols play an important rok III 
&e&g the kn@h of the cham reactions. 

During an investigation of the y-radiolysis of oxygcn- 
saturated I-propanol’ it was found that the formation of 
the product propionaldehyde could not be adequately 
explained by considering only the molecular (G = 2.0) 
and radical (G = 4.8) yields.’ III order to explain the high 
yield of this product obtained in oxygen-saturated I- 
propanol, the occurremze of a short chain reaction was 
advanced. From the published literature it was concluded 
that this chain reaction was also operative, though to a 
lesser extent, in ethanol, but it was not unambiguously 
identified in methanol. It was thus of importance to 
establish whether the chain reaction also occurred in 
other aliphatic alcohols, aad whether the structure or 
chain length of the various alcohols has an influence on 
the length of the chain reaction. We therefore decided to 
study the effect of dose rate on the yield of aldchyde 
formed in methanol, ethanol and I-propanol. and IO 
extend the study further IO 2-propanol and I-butanol. 

Martriuls. The akohds were all Merck pro analysi quality 
and were fur&r purilkd by fraclioaalion on a Nester-Faust 
spinning-band column. retainiag only middk fractions. afrer 
refluxing with 2.4diniuophcnyl hydrazinc for approximalcly IWO 

hours. 
Irrodiu~ionr. The oxygenated sampks were irradiakd by 

means of a Gammabeam 630 irradiator (Atomic Energy of 
Can& IimiIed). The dose rales, depcadiag on Ihc @owIry of 
rhc sources, were dercrmined by making use of the Frlcke 
dosimeIcr. faking G(Fe”) = 15.6. 

Ana/y~. ‘The determuution of hydrogen has been descrii 
elsewhere.’ Fozmaldehydc was determiocd by the method of 
Bricker and Johnsea.’ and hydrogen peroxide by Ihe melhod of 
&c&erg. Acetaldchyde. propiooaldchyde and butyraldehyde 
were de~ermioed by a m&lc&on of the 2,Uni1rophcnyl- 
hydrazanc method of Johnron and Scholes. Acelone was deter- 
mined by gas chromatography employing a Ilame ionization 
detector and a 2 m x 3 mm stainless steel column packed with 
10% XF I IS0 on Chromosorb P. All producls were dekrmined tn 
a refin where lhey were independent of dose. sod received a 
ION dose of - 10” eV ml ‘. Each value represents rhc average of 
al ICZSI three deIeninaIions. 

The alcohols methanol. ethanol. I-propanol, 2-pro- 
panol and I-butanol were irradiated at difTerenI dose 
rates and the yields of the corresponding aldehydes. 
hydrogen gas and hydrogen peroxide, which together 
form the major products of oxygen-saturated solutions, 
were determined. In the case of methanol all these 
products were found IO be independent of dose rate 
belween 9 h X IO“ cV ml ’ min ’ _. and 1.4 x IO” eV ml ’ 

min ‘. The following G values were found: 

G(HCHO) = 3.5: G(HzOI) = 3.4 and G(H,) = 1.4. 

The yields of hydrogen peroxide and hydrogen agree 
quite well with the values of 3.1 and 1.9 respectively, 
obtained by Choi and Lictin.’ On the other hand, in the 
case of formaldehyde, a large discrepancy exists, as 
these authors obtained GQKHO) = IO. I at a dose rate of 
1.07x lO’*eVml ‘min ’ and a total dose of 1.9x 
IO” eV ml’ ‘. Their results are, however, dficult to un- 
derstand as a G value as high as IO strongly suggests a 
chain reaction. but both the results of Hayon and Weiss’ 
and the present detailed study indicate that the yield of 
formaldehyde is independent of dose rate. 

In the case of 2-propanol the results of various wor- 
kers are also at variance with each other. Hughes and 
Makada,” for example, found that although a chain 
reaction was responsible for the formation of acetone in 
oxygenated acid solution, there were no indications of 
such a reaction in neutral and alkaline solutions. On the 
other hand, the results of Radlowski and Sherman” 
revealed that in the oxidation of neutral 2-propanol by 
carbon tetrachloride, a sharp increase in G(acetone) took 
place when the solution was saturated with air and G 
values of over a hundred were obtained. Similarly, a 
chain reaction has been implicated in the formation of 
acetone in Ihe oxidation of alkaline 2-propanol solutions by 
dialkylpcroxidc.” The work of Rurchill and Ginns” has 
furthermore clearly shown that chain reactions do occur 
in the radiation-induced oxidation of neutral aqueous 
solutions of 2-propanol by hydrogen peroxide. The 
present r&Its are consistent with those of both Sher- 
man and Burchill and Ginns. and it would appear the 
Hugcs and Makada possibly did not study the reaction in 
neutral and alkaline solutions in great detail, since only 
two values are given in their paper (see Fig. 2 and Table 
IV of Ref. 14). The values of G(acetone) = 7 they do give 

‘T&k 1. Product yields in oxygen-saturated ethanol 

Dose rate 
(xlO”eV ml-’ min ‘)G(CH,CHO) CXH,O,) GM,) 

12.80 6.1 3.6 I.7 
5.80 7.4 3.7 1.6 
1.53 8.6 3.7 1.7 
0.81 9.0 3.9 I.7 
0.44 10.2 4.0 1.6 
0.15 10.8 4.2 1.6 
0.06 12.2 4.7 I.7 



2100 H. J. VAE; DER bNDE and T. A. Du PLF’~ 

in their paper seem IO indicate, however. that a chain 
reaction did in fact SM to take place. 

The yields of the major products obtained in ethanol, 
I-propanol. 2-propanol and I-butanol as a function of 
dose rate are given in Tables l-4. 

Table 2. Product yieMs in oxygen-saturated I-prepand 

DOK ra1e 
(x10”cVml ’ GGHJXO, WLO:) Wd 

min ‘) 

13.0 5.1 3.6 1.4 
5.8 6.2 4.9 1.3 
1.5 6.7 6.3 1.3 
0.3 7.0 7.0 1.3 
0.15 10.0 10.~ 1.3 
0.06 14. I 13.0 1.4 

In the previous invesligation of the radiolytic oxidation 
of I-propanol, the high yield of propionaldehydc was 
explained by postulating a chain reaction, even tiugh 
the effect of dose rate could not be studied due to the 
lack of a suitable radiation source. The present results 
clearly show that in all the alcohols studied, with the 
exception of methanol, the yields of aldchyde and hydro- 
gen peroxide are to a greater or lesser extent dependent 
on the radiation intensity. We conclude, therefore, that 
chain reactions are responsible for the formation of these 
products and surest the followinn mechaniim to explain 
ihe results ob&&f in the alipha& alcohols. 

ROH*+ROH‘+e‘ 

ROH’ + ROH-ROH?’ + kOH + e 

e + ROE&‘-ROH + H. 

c- + n ROH-CL 

CA + O-02 

.H + 02-H@ 

Pr-ar 
HO*.= H’+Ol 

HO,. + ROH-ROH + H& 

ZHOY-H& + 0, 

kOH + wR(&OH 

(I) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(IO) 

Tabk 4. Product yields in oxy8en-saturated I-butaad 

Dose rate 
(xlO”eV ml ’ G(C,HCHO) GtHXX) G(H>) 

min ‘) 

11.5 3.4 0.6 0.47 
5.2 4.8 1.7 1.3 
3.0 5.8 2.0 IS 
1.4 8.0 2.6 1.8 
0.76 9.1 3.4 1.9 
0.39 15.4 5.3 2.6 
0.13 17.3 6.0 2.5 
0.0s 27.0 5.4 3.2 

R(&)OH + ROH-R(OOH)OH a kOH (11) 

R&OH + HO,.-R(OOH)OH + 01 (12) 

2R(&)0H-R(OOH)OH + R’CHO + 01 (13) 

ZR(OOH)OH-R’CHO + HAI> (14) 

2R(OOHPH-R’COOH + H?O (IS) 

The chain leading to the formation of aldehydc and 
hydrogen peroxide is propagated by reactions (8). (IO) 
and (1 I) and terminated by reactions (12HlS). With 
decreasing dose rate the steady-state concentration of 
1\OH radicals should also decrease, favouring chain pro- 
pagation. This is found experimentally IO be true of the 
yields of aldehyde aad hydrogen peroxide in all the 
alcohols studied, whith the exception of methanol in 
which no chain reaction was observed. The scheme also 
predicts that approximately equal amounts of hydrogen 
peroxide and aldehyde are formed simultaneously. Ra- 
ther surprisingly. this was only found for I-propanol. 
Several reasons can be advanced to explain this finding. 
Alan and Beck.’ for instance, found that in aqueous 
ethanol solutions the reaction 

(CH,)kOH + Hm(CH,),CO + HD + OH (16) 

is responsible for the disappearance of hydrogen perox- 
ide by a chain process. It is possibk that, with increasing 
hydrogen peroxide concentration, the peroxide starts to 
react with the radicals present in the system. Another 
possibility is that, with recreasing G(-alcohol), the 
hydrogen peroxide starts competing with solvated elec- 
trons for oxygen: 

c,, t o?-o~‘; kl = 1.3 x IO’O M I s ’ (5) 

eL + H,O+OH + OH : k, = 1.2 x IO” M ’ s ‘. (17) 

Tabk 3. Product yields in oxywn-samrated 2-pro~ano! 

Dose rate GKHLHO) QCHAOCH,) GtI + 2) G(HA-M CM,) 
(xlO”eVml” (I) (2) 

mill ‘) 

26.3 3.9 4s 
12.8 5.7 5.3 
5.x 6.1 5.4 
3.4 7.0 6.8 
1.5 6.6 7.0 
0.84 8.1 9.7 
0.05 11.4 17.9 
0.01 12.7 IR.7 

8.4 4.8 1.6 
11.0 5.0 I.5 
11s 6.1 1.5 
13.8 7.0 IS 
13.6 9.1 1.5 
18.8 11.8 1.5 
29.3 - 1.6 
31.4 - IS 
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The hydroxyl radicals formed in reactions (5) and (17) 
will lead to further ROH radicals, resulting in the for- 
matron of one molecule of hydrogen peroxide for every 
two molecules of aldehydc. From the results on I-bu- 
tanol it does seem that, at high conversions, oxygen is 
being used up. This would cause an increase in the yield 
of hydrogen gas as all the hydrogen atoms are not 
scavenged by the oxygen. Experimentally it was found 
that the yield of hydrogen increases rapidly at low dose 
rates. 

Efects of dose rate. The overall reaction kinetics could 
not be solved algebraically, assuming steady states for 
the various radicals. It was therefore not possible to 
derive a simple expression for the dependence of the 
aldehyde yield on dose rate in order to test the proposed 
mechanism by comparing the calculated values with 
those obtained experimentally. For an ideal biradical- 
terminated chain reaction, a plot of log(G) vs log (dose 
rate) should give a straight line with slope = -0.5. For all 
the alcohols studied. such a plot reveals deviation from 
ideal behaviour (see Fig. I). 

Fig. 1. 1nlIuence of dose rate on the yield of aldehyde for various 
alcohols. 3.lne1haad; 1, cthad; A. I-pfopaool; .,2-propanol: 

I I-bumool. 

The following slopes were obtained for the various 
alcohols: 

Table C. Exponent of dose rate for aldchyde formation 

Alcohol Exponent VLscosily 

IMthaDol 0 0.60 
ethanol -0.22 1.m 
I-propanol -0.33 2.26 
2.propaool -0.40 2.45’ 
I-butaool -0.76 2.90 

Tk1crmine-d relative to I-propanol. 

In the case of methanol, no dose-rate dependence of 
tither the formaldehyde or hydrogen peroxide yield was 
observed in the present investigation. This is in con- 
tradiction with the results of Habersbergcrova et al.” 
who found that these products did show a slight de- 
pendence on dose rates at very low dose-rate values. The 
reason for this discrepancy is not ckar, but from the 
published literature it would appear that great un- 
certainty exists as to whether any chain reactions are 
operative in this system. 

Although a linear relationship exists between the 
yields of the various aldehydes and the inverse of the 
dose rate, the results show tbat chain termination does 
not occur solely through a bimolecular process. By plot- 
ting G(aldebyde) as a function of (I/D)‘” it can be 
observed, especially at low dose rates, that unimolecular 
processes become increasingly important. A similar eff- 
ect was observed by Burchill and Ginns” in the radi- 
ation-induced oxidation of 2-propanol by hydrogen 
peroxide in aqueous solution. One such process could 
involve the transfer of an electron from the alcohol 
radical to the electron-accepting oxygen molecule. As- 
mus er al.” have shown that various alcohol radicals can 
transfer an electron to nitrobenzene in aqueous solution. 
As the electron affinity of molecular oxygen is very 
similar to that of nitrobenzene. it is conceivable that 
electron transfer to molecular oxygen is in competition 
with addition of the oxygen to the alcohol radical. 

Eflecr of oiscorify. From Fig. I it can be observed that 
G(aldehyde) increases with increasing alcohol chain 
length. In addition, it was found that for a specific chain 
length the branched alcohol (Zpropanol) yields a higher 
G value than the straight-chain alcohol (I-propanol). 
Radlowski and Sherman” ascribed this effect, which was 
also found in the oxidation of the propanols by carbon 
tetrachloridc. as due to the higher energy (-4 kcal) 
required for the homolytic scission of the primary C-H 
bond in the case of the straight-chain alcohol. However. 
if WC compare the straight-chain alcohols, it can be seen 
that the bond-dissociation energies of the C-H bonds do 
not differ to such an extent as to explain the rather 
drastic increase in G(aldehydc) with increasing chain 
length. 

We therefore suggest that the yield of aldchyde is 
determined by the viscosity of the medium. If WC plot 
the magnitude of aldehyde formation (the exponent of 
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Yield of aldchyde as a function of vucosity for various 
aliphauc akohols. 




