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The Hydroxy-radical-induced Oxidation of Ethylene in Aqueous Solutions 
By M. AHMAD and P. G. CLAY* 

(Department of Chemical Eizgineeving and Chemical Technology, Imperial College, London, S. W.7) 

AQUEOUS solutions of ethylene-oxygen mixtures, on 
y-irradiation, give acetaldehyde, hydroxyacetaldehyde, 
formaldehyde, and #?-hydroxyethyl hydroperoxide as the 
principal organic prod~cts. l-~ 

These presumably arise via the addition of the inter- 
mediates H, HO,, and OH to the double bond of ethylene 
(e-8! reacts preferentially with 0, in neutral solution and 
H+ in acid solution). However, there seems to be little 
agreement as to which of these species is responsible for the 
formation of any particular product. We have therefore 
attempted to identify the products arising from OH 
addition to ethylene by photolysing hydrogen peroxide 
solutions ( N ~ O - ~ M )  containing dissolved ethylene and 
oxygen 
Under these conditions the only reactive intermediates are 
OH radicals, produced by the photolysis of hydrogen 
peroxide : 

([C,H,] = 3.7 x l o - 3 ~ ;  [O,] = 1.0 x 10-3~) .  

hv 
H202 - 2.0H 

2537 A 
The products detected were formaldehyde, formic acid, 

hydroxyacetaldehyde and an organic hydroperoxide, 
shown to be 19-hydroxyethyl hydroperoxide by measuring 
its rate of reaction with iodide ions: the first-order rate 
constant was found to be 1-4 x 104 sec.-l a t  25O, cf. 1.28 
x lo4 sec. -1 found for 19-hydroxyethyl hydr~peroxide.~ 

The yields of the products for various overall decom- 
positions of hydrogen peroxide are shown in the Table. 
The decomposition of each hydrogen peroxide molecule 
leads to the formation of 2.Sl and 3-82 molecules of organic 
products at  pH 5-5 and 2.0 respectively. (Formaldehyde 
and formic acid are assumed to have a common C, pre- 
cursor of yield +( [HCHO] + [HCO,H].) 

If each molecule of organic product requires one OH 
radical for its formation the actual amount of H,O, re- 
quired for the observed product yields is given by: 

- L-H202Icalc. = 

& { [HOCH,.CHO] + HO*CH,*CH,.O.OH] + 
9"HCHOI + L-HCO,Hl) 1 

The total product yield is thus a measure of the H202 
decomposed by the light. The Table shows that 

[ - [H20,]crtlc/ - [H,O,]ob*] = 1-40 (pH 5.5) and 1.66 
(pH Z - O ) ,  indicating that hydrogen peroxide must be 
reformed during the reactions following the addition of the 
OH radicals to the ethylene. 

The extent of the hydrogen peroxide decomposition was 
confirmed by photolysing deaerated solutions of hydrogen 
peroxide ( N ~ O - ~ ~ I )  containing allyl alcohol ( ~ O - , M ) .  Under 
these circumstances, where no hydrogen peroxide reforma- 
tion is possible, the rate of hydrogen peroxide decomposition 
was faster than in solutions containing ethylene-oxygen 
by a factor of 1.3 at  pH 5-5 and 1.7 a t  pH 2-0. The good 
agreement between the hydrogen peroxide decomposition 
calculated from the organic product yields and that meas- 
ured by use of allyl alcohol indicates that all the products 
of the ethylene oxidation were being measured. 

With the results a t  present available a detailed reaction 
scheme for the measured products cannot be written. 
However, we presume that they have as a common pre- 
cursor, the peroxy-radical HOCH,CH,-O, : 

0 2  
OH + CH2=CH2 HOCH2.CH2O2* 

Interaction of pairs of these radicals can give hydroxy- 
acetaldehyde and reform hydrogen peroxide : 

2 HO*CH,CH,*O,. --j. 2 HOCH,*CH,*CHO + H202 

This stoicheiometry is similar to that of the formation of 
acetaldehyde and hydrogen peroxide from ethylperoxy- 
radicals.6 However, the relative yields of hydroxyacet- 
aldehyde and hydrogen peroxide show that hydroxy 
acetaldehyde formation must also take place by routes not 
producing hydrogen peroxide. 

Formaldehyde and formic acid could be formed via an 
alternative route involving the intermediate formation of 
alkoxy-radicals : 

2HO*CH2CH2*0.0. -+ 2HOCH,*CH,.O- + 0, 

0% 
HO-CH,*CH,.O. -+ WO.CH,-O.O- + HCHO 

The radical HO.CH,.O.O. has been proposed as an inter- 
mediate in the radiolysis of oxygenated aqueous methanol 
solutions where formic acid and methanol are products.6 



CHEMICAL COMMUNICATIONS, 1969 61 

Photolysis of hydrogen peroxide solutions [ (1.G2.5) x ~ W M ]  containing dissolved ethylene [3 7 x 10-3~]-oxygen [10-3~] mixtures 

CH2021 
Decomposed Y (organic 

M x 105 Y* (HOCH2CH0.) Y (HCHO) Y (HC0,H) hydroperoxide) 
pH 5.5 

8-95 1.43 1.28 
8.17 1-53 1.48 

12.00 1 *40 1-37 
10.30 1.35 1 2 8  
12.00 1.21 2.00 
11.65 1-40 1-73 
14.50 1-32 1-27 
14-65 1-39 1.57 
17.20 1-13 1.40 
14.70 1.35 1.36 

Average 1-35 & 0.2 1-47 f 0.3 
pH 2-0 

9-96 1 *80 1.75 
10.10 2.10 2.10 
10.05 1.92 1.92 

Average 1.94 & 0.1 1.92 -& 0.1 

* Y ( K )  = number of molecules of X formed for 1 molecule of H20, destroyed. 

0.88 
0.78 

0-60 
0-40 
0.76 
0.64 
0.64 
0.84 
0.66 

0.69 & 0.2 

0.18 
0.43 
0-27 

0.29 rf: 0.1 

0.42 
0.51 
0.37 
0.42 
0.45 
0.42 
0.41 
0.29 
0.11 
0.37 

0.38 f 0.1 

0.33 
0.2 1 
0.30 

0.28 rf 0.1 

That; no acetaldehyde was formed in these experiments 
suggests strongly that its formation in irradiated aqueous 
solutions of ethylene-oxygen results from the attack of 
either H atoms or HO, radicals a t  the double bond. 

The photolysis was camed out with light from an 
Hanovia UVS medium-pressure mercury vapour lamp, 
filtered. through 0 . 1 ~  aqueous sodium chloride to remove 
water-ljecomposing radiations. The ethylene (British Oxy- 
gen ( 2 3 .  Ltd.) was 99.Sy0 pure and contained roughly 
equal :,mounts ( -0.05y0) of methane, ethane, and butanes. 
It was used without further purification as was medical 
grade oxygen obtained from the same source. 

Hydrogen peroxide was measured with the titanium 
sulphate reagent' and total peroxide (hydrogen peroxide 
+ organic hydroperoxide) by iodimetry.s Formaldehyde 
was estimated by use of chromotropic acid9 and formic acid 
estimated as formaldehyde after reduction with magnes- 
ium.10 The 2,4-dinitrophenylhydrazone method of John- 
son et al. was used to estimate hydroxyaceta1dehyde.l' 
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