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532. The Gaseous Oxidation of Isopropyl Alcohol. Part 112 InJuence 
of the Surface on the Formation of Hydrogen Peroxide and Other 
Products. 

By A. R. BURGESS and C. F. CULLIS. 

Studies of the gaseous oxidation of isopropyl alcohol have been carried 
out in Pyrex vessels treated with hydrofluoric acid and in a boric acid-coated 
vessel. Improved mixing of the reactants and an increased surface area of 
glass enhance the recovery of acetone but have little effect on the formation 
of peroxides. In a boric acid-coated vessel, the maximum yields of peroxides 
are lower than in Pyrex vessels but once such compounds are formed they are 
better preserved after long contact times. In order to account for these 
results it is necessary to distinguish between the effects of the different surfaces 
on HO, radicals and on hydrogen peroxide itself. The rate of reaction and 
the yields of peroxides increase as both types of surface are allowed to I‘ age,” 
and it has been shown that this effect is a t  any rate partly due to adsorption 
of water vapour. 

IN Part I,l it was shown that the only products formed during the early stages of the 
gaseous oxidation of isopropyl alcohol are acetone and hydrogen peroxide. As reaction 
proceeds, however, the yield of hydrogen peroxide falls off sharply. Although some 
homogeneous decomposition of the peroxide takes place at the temperatures the 
decrease in yield of peroxide is probably also partly due to breakdown of this compound 
at the surface of the vessel. The influence of the surface on the yields of hydrogen peroxide 
and other products formed during the reaction has therefore been studied. 

EXPERIMENTAL 
The flow apparatus and the experimental procedures have already been described in Part I. 

Three cylindrical Pyrex reaction vessels were used in this work; they were all 12 cm. long and 
4-5 cm. in diameter. Vessel 1 was an open cylinder and had a surface : volume ratio of 1.07 
cm.-l. Vessel 2 was designed to improve mixing of the reactants and had six bames placed 
at  equal distances along its length; each of these contained one small hole, 1 mm. in diameter, 
which was placed near the circumference and at positions diametrically opposite in alternate 
baffles. The resulting surface : volume ratio of vessel 2 was 2.01 cm.-l. Both vessels 1 and 2 
were rinsed with hydrofluoric acid and washed three times with water before use. Vessel 3 
was similar to vessel 1 but its surface was coated with a thick layer of boric acid. 

RESULTS 
(a) The Effect of Re-mixing the Reacting Gases.-In experiments with vessel 1, it was found 

that even after long reaction times the initial isopropyl alcohol was never completely used up. 
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This is probably due to the fact that, in a flow system and with an open vessel, a small pro- 
portion of the reactants flows rapidly straight through the centre of the vessel before it has a 
chance to react. In vessel 2, in which the reactants and products were effectively re-mixed 
six times, a greater proportion of the alcohol was used up after long contact times, and the 
results obtained were much more reproducible. This vessel was therefore used for a detailed 
study of the reaction at  420" C. 

Some typical results are given in Fig. 1 which shows the consumption of reactants and the 
formation of products for an equimolar isopropyl alcohol + oxygen mixture. The two reactants 
are used up at  equal rates until about half the alcohol has reacted. Thereafter the oxygen is 
used up rather more rapidly, no doubt owing to secondary oxidation of intermediate products. 

During the initial stages of reaction, acetone and peroxides (shown to be nearly exclusively 
hydrogen peroxide a t  420') are formed in almost lOOyo yield. Although these compounds 

FIG. 1. Consumption of reactants and formation 
of products in vessel 2. 
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FIG. 2. Comparison of consumption of isopropyl 
alcohol (A) and of formation of acetone (B) and 
peroxides (C)  in vessels 1 and 2. 
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76 mm.; of oxygen ca. 76 mm.; of nitrogen 
ca. 608 mm. 

Broken line : vessel 1. Continuous line : vessel 2. 

remain major products throughout, the efficiency of their formation starts to fall after about 
20% of the reactants have been consumed, the yield of peroxide soon passing through a maximum 
and then decreasing again. Both formaldehyde and acetaldehyde appear quite early in the 
reaction, and the yields rise rapidly during the initial part of the autocatalytic stage, reaching 
a maximum at  about the same time as the peroxide yield. Glyoxal too is formed quite early 
and its concentration rises steadily. 

Methyl alcohol is not detectable until the middle of the autocatalytic stage, and it is then 
formed rapidly, the yield soon reaching a steady value of about 4%. Carbon monoxide starts 
to appear a t  about the same time, and by the end of reaction large amounts are present in 
the products ; carbon dioxide is produced in much smaller quantities, probably arising from 
further oxidation of carbon monoxide. 

Fig. 2 compares the extents of alcohol consumption and of the yields of the two main products 
(acetone and hydrogen peroxide) in vessels 1 and 2. The induction period is the same but 
the maximum rate of oxidation is smaller in vessel 2. After ca. 70 sec., however, the alcohol 
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FIG. 3. Comparison of consumption of reactant and of 
new " aard ' I  aged " boric formation of products in 

acid-coated vessel. 
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FIG. 4. Comparison of formation of peroxide 
.in uncoated and boric acid-coated vessels. 

FIG. 5. The influence of sampling time 
0% the formation of peroxides in a n  
" aged " boric acid-coated vessel. 

FIG. 6. The influence of I '  ageing " of Pyrexglass surface on the 
formation of peroxides. 
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consumption is higher in this vessel and remains so until reaction is complete. The yield of 
acetone too is higher in vessel 2, and this compound appears to be better preserved under 
conditions of improved mixing. Despite the increased surface : volume ratio, the yield of 
peroxide is only slightly lower in vessel 2 and this suggests that in both the Pyrex vessels 
decomposition of hydrogen peroxide occurs mainly as a homogeneous process under the experi- 
mental conditions used. 

(b) The Effect o f a  Boric Acid Surface.-In spite of the above conclusion, it was thought that 
it might be possible to minimise further the decomposition of hydrogen peroxide by use of a 
boric acid-coated vessel (vessel 3). Although it was expected that this would preserve peroxides 
more effectively, it was found that in a freshly-coated vessel, oxidation was much slower and 
yields of acetone, aldehydes, methyl alcohol, and peroxides were considerably lower (Figs. 3 
and 4). Nevertheless, as the surface “ aged ” during 3-4 weeks, both the rate of oxidation of 
isopropyl alcohol and the amounts of the above products steadily increased. In the fully 
“ aged ” boric acid-coated vessel, the reaction rate was almost the same as in vessel 1, but the 
maximum yields of peroxide always remained somewhat lower (Fig. 4). The amount of peroxide 
remaining after long contact times was however greater in vessel 3 than in vessel 1, and this 
suggests that boric acid does in fact preserve hydrogen peroxide even though it is not conducive 
to its formation. 

It was also noticed that when vessel 3 was fully “ aged,” yields of peroxides tended to be 
higher if the products were sampled after 5-6 hr. instead of after 1-2 hr. (Figs. 4 and 5). It 
was thought that this might be due to adsorption on the surface of the vessel of water vapour 
from the mixture of products and indeed when yields of hydrogen peroxide were measured as 
a function of the duration of the run, it was found that these increased up to ca. 6 hr. If, 
however, water vapour was artificially added to the mixture, after the surface had been allowed 
to attain its original condition, the maximum yield of peroxide was obtained immediately and 
no progressive increase occurred during a long run (Fig. 5) .  The vessel returned to its original 
condition after being evacuated for several hours a t  the reaction temperature so that the effect 
of water vapour is evidently not permanent. 

(c) The Effect of ‘ I  Ageing ” of Pyrex Glass.-The effects noticed with vessel 3 prompted 
further study of the ageing of a Pyrex-glass surface. For this purpose an equimolar mixture 
of isopropyl alcohol and oxygen was passed continuously for several days through vessel 2 
which had previously been washed with hydrofluoric acid; samples of products were collected 
every hour or so and analysed for peroxides. These 
suggest that ‘‘ ageing ” is a two-stage process and this belief is strengthened by observations 
of the effect of added water vapour during the two different stages. During the first stage, 
when water vapour was introduced into the reactant mixture, the yield of peroxide increased 
rapidly; when the water flow stopped, the yield immediately decreased again. On the other 
hand, addition of water vapour to the reactant mixture during the second stage of ‘ I  ageing ” 
did not exert any appreciable influence on the yields of hydrogen peroxide obtained. 

Some typical results are shown in Fig. 6. 

DISCUSSION 
Much of the information at present available concerning the influence of the surface 

on gaseous oxidations is derived from detailed studies of the hydrogen + oxygen 7-9 and 
methane + oxygen In the former, recent kinetic investigations 13-15 suggest 
that an aged boric acid surface is one of the most inert toward destruction of HO, radicals 
and of hydrogen peroxide. It has, too, been reported 2~16 that the use of boric acid-coated 
surfaces reduces to a minimum the heterogeneous decomposition of hydrogen peroxide. 
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On the other hand, other workers 3-6 have found that clean vitreous surfaces are in certain 
cases possibly even more suitable for the preservation of hydrogen peroxide and it has been 
suggested l 7  that all acidic surfaces (including acid-treated vitreous materials which can be 
regarded as having a silicic acid coating l8) should favour the formation of this compound 
since they facilitate conversion of HO, radicals into it. 

In  the present system, the largest amounts of peroxides are formed in acid-washed 
Pyrex vessels, and the extent of such a surface has relatively little effect on peroxide 
yields.5 The results also indicate, however, that although boric acid helps to preserve 
hydrogen peroxide once it is formed, such a surface does not favour its production.12 This 
suggests that, although the use of boric acid minimises decomposition of hydrogen peroxide, 
it is not as effective as an acid-treated vitreous surface in promoting the reaction: l7 

HOz + H+ - 4 H D Z  + 4 0 2  + H+ 

It is of interest that Broida,lg from experiments on the second limit of the hydrogen + oxygen 
reaction, concluded that while a boric acid surface was the most inert toward the destruction 
of hydrogen atoms, Pyrex glass was the most effective material for the preservation of HO, 
radicals. Since probably only the latter species play a part in the gaseous oxidation of 
isopropyl alcohol, this may account for the greater yields of hydrogen peroxide formed in 
vessels 1 and 2 in the present system. 

Surface " ageing " in oxidations generally leads to increased rates of reaction and to 
improved yields of peroxides. Such effects have frequently been ascribed to the adsorption 
of water vapour,20 and Badin 21 has shown that in the H + 0, reaction the yield of hydrogen 
peroxide varies with the " wetness " of the surface used. Voevodsky 22 suggested that 
adsorbed water vapour promotes the reaction : 

HOZ + HzO + HzOz + O H  

although other workers13-15 can find no support for such a process. There is certainly 
evidence that water vapour is strongly adsorbed by fused boric acid 5*12 and this probably 
accuents for the results now obtained with such a surface. 

The experimental results show, however, that a similar hydration of a glass (silicic acid) 
surface is one of the causes of " ageing " effects shown in a Pyrex vessel. Nevertheless, 
even after full hydration has occurred, the " ageing " process can evidently continue so 
that It is clear that other factors are also involved. It is important to stress how difficult 
it is to draw general conclusions from results obtained for a particular system, for other 
workers 23,24 have shown that, in the propane + oxygen reaction, " ageing " of a Pyrex 
vessel leads to a steady decrease in rate of reaction and in peroxide yields. 
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