
REACTION OF OXYGEN ATOMS WITH ACETALDEHYDE' 

ABSTRACT 
Reaction of oxygen atoms, produced by mercury photosensitized decomposition 

of nitrous oxide, with acetaldehyde has been studied a t  room temperature. The 
major products of the reactio~r are water arrd biacetyl and the only primary 
process appears to be 

CHaCHO + 0 + CHaCO + OH 
followed by  

[ll 

CHaCHO + OH + CHnCO + 1-1.0 
ancl 

[2 I 
CHaCO + CHaCO + (CHaCO)!. [3 I 

At roorn temperature oxygen atoms react with acetaldehyde 0.7~k0.1 times as fast 
as with ethylerre, so that the activation energy of reaction [ I ]  is likely to be close 
to 3 kcal./rnole. 

INTRODUCTIOK 

The present work is the second in a series of investigations of the reactions 
of oxygen atoms with different organic compounds. I n  a previous publi- 
cation (6) the reaction of oxygen atoms with ethylene has been described. 

Oxygen atoms are produced by mercury photosensitized decomposition of 
nitrous oxide. I t  has been shown (7) that the primary step in this reaction is 
the formation of an atom of oxygen and a molecule of nitrogen and the rate of 
nitrogen production serves as a measure of oxygen atoms participating in the 
process. The important advantage of the use of nitrous oxide, in addition to 
the presence of an internal actinometer, is the absence of molecular oxygen, 
which by its rapid reaction with free radicals normally obsc~~res  the primary 
reactions of the atoms. 

The reaction of oxygen atoms with acetaldehyde is of considerable interest, 
particularly in view of its possible participation in the process of oxidation of 
this compound (2, 3 ,  12, 13). Avramenlio and Lorentso (2, 3) made an attempt 
to study this reaction clirectly, by generating oxygen atoms in O2 and, altern- 
atively, in H20.  I n  the former case the mixture from the discharge contained 0 
and 02, and in the latter case it presumably contained H,  0, some OH, the 
excess H20 ,  but almost no 02. The experiments were performed a t  100' C. 
and the following products were observed: HCHO, CO, COr, organic hydro- 
peroxides, CHRCOOH, and some HCOOH. With the H,O discharge CH4 and 
C2H4 were also formed. In view of the diversity of the products formed and on 
the basis of similar experiments with formaldehyde, these authors postulated 
a variety of primary steps 

0 + CHaCHO + CO? + CHa + H 

+ CIlO + HCHO + 14 
+ CH2COOH 

and came to the conclusion that k4 > k g  > k ~ ,  i.e. that the abstraction of a 

'Manuscript received January 26, 1956. 
Contribution from the Diuison of Applied Chemistry, National Research Council, Ottawa, 

Canada. Issued as N.R.C. No. 3953. 
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single atom of hydrogen was the least probable of the primary processes be- 
lieved to occur. 

The properties ascribed to oxygen atoms by Avramenko and Lorentso are 
radically different from those usually assumed, notably by Geib (10) who 
investigated the reaction of oxygen atoms with formaldehyde. Direct experi- 
mental evidence, however, is quite scant and in the case of acetaldehyde the 
paper of Avramenko and Lorentso appears to be the only published work. 
For this reason the reaction of oxygen atoms, produced by mercurJ. photo- 
sensitized decomposition of nitrous oxide, with acetaldehyde has been studied 
with the object of establishing the primary process and of obtaining some 
information about the rate of the reaction. 

The experimental arrangement has been described in detail previousl~~ (6). 
Acetaldehyde was a Matheson Co. product used after thorough clegassing and 
bulb to bulb distillation in vacuo. 

The products condensable in liquid nitrogen were fractionated on a Le Roy 
still (11). The "licluid products" were fractionated on a gas-liquicl partition 
chromatographic column (5). Use has also been made of mass-spectroscopic 
and infrared analysis. 

Quantum yielcls were determined relative to the rate of hydrogen production 
from 200 mm. of butane a t  25' for which Bywater ancl Steacie (4) find a 
quantunl yield of 0.50. Allowance for a slight drift in the intensity of the inci- 
dent resonance radiation was made by its frequent cletermination and inter- 
polation for individual runs. 

ItESULTS AND DISCUSSION 

Relative Quenching Eficiency of Acetaldelzyde 
In order to establish the suitable range of experimental conditions for the 

study of the reaction of oxygen atoms with acetaldehyde, it was iiecessary 
first to cletermine the relative quenching efficiency of nitrous oxide and 
acetaldehyde and the products resu l t i~~g from the direct mercury sensitized 
decomposition of the latter coinpouild. The results of experinlents with 
100 mm. of nitrous oxide and varying amounts of acetaldehyde are given in 
Table I. Considering for the moment only the series A in Table I ,  it is seen 
that with increasing acetaldehyde the quantum yielcl of nitrogen (+N?) de- 
creases while the yields of the other observed products relative to RN?, i.e., to 
the rate of introduction of oxygen atoms into the process, increase. (With 
larger amoul~ts  of acetaldehycle used in this series of experiments no attempt 
was made to analyze for such less volatile products as water, biacetJ.1, or 
acetone.) The trend in +N2 is due to the competition by the two reactants for 
the Hg 6(3P1) atoms and the plot of I/+,? against the acetaldehyde to nitrous 
oxide ratio can be used in the manner described in an earlier publication (8) 
to determine the relative over-all quenching efficiency of the two compounds. 
The plot is given in Fig. 1 and the ratio of the slope to the intercept, i.e., the 
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TABLE I 
MERCCRT PHOTOSENSITIZED DECOMPOSITION OF MIXTURES OF 100 MY. 01: SITROUS OXIDE 

AND VARYIXG AMOUNTS O F  ACET,ZLDEHYDE 
-- -- 

Relative yields of ~ r o d u c t s  ( R N ,  = 1) 
Run CHICHO. NzO, +N, ---- 

mtn. mm.  -a 
CO H:: CI-I4 G H G  r.t.* Hz0 (CHKO):: CH.ICOCHJ CHJCHO 

Series A.  Esfios~irc 90 iirirr.. i,rcnrr I ,  = 3.18 X10I5 q~raiclo scr-'. 23 f  l°C.  

30 127.R 98.9 0.202 1.50 0.321 1.03 0.223 
34 101 . O  100.9 0.238 1.21 0.26-4 0,775 0.203 
37 (is. 1 100.4 0,311 0.803 0.180 0.422 0.140 
33 42.5 99.9 0.397 0.509 0.121 0.229 
35 20.5 101.3 0.539 0.254 0.0-10 0.07.1 0.019 

Series B. Erposlirc 110 irriir.. i~reatr I, = 2.59 XIO1j qiiarrla see.-l. 25+l°C.  

50 13.7 100.3 0.572 0.201 0.0.1.4 0.050 1.39 1.0 0 .4  0 .  1.4 3 . 3  
58 4.93 100.4 O.(iriO 0.110 0.019 0.014 0.0101.42 0 .8  0.7 0.  I 0  2 .1  
60 3.67 100.2 0.667 0.107 0.017 0.010 1.39 1.7 
59 3.01; 1OO.fi 0.063 0.109 0.012 0,010 1.20 
57 2.52 100.5 0.728 0.141 0.018 0.011 h'one 1.03 0.6 0 .4  0.07 1 .4 

ratio of the over-all quenching efficiency of acetaldehyde to that of nitrous 
oxide, is 2.28. This value leads to the previously reported (8) relative quenching 
cross section of acetaldehyde. 

FIG. 1. Plot of the reciprocal quantum yield of nitrogen against (CHnCHO)/(N?O) ratio. 
(100 mm. of NrO, 23f l°C., mean I, 3.18X1OLS quanta/sec., irradiat~or~ $10 n1i11.) 

Reaction of Oxygen Atoms with Acetaldehyde 
The large quenching efficiency of acetaldehyde necessitates small acetalde- 

hyde to nitrous oxide ratios in the stud)- of the reaction of oxygen atoms. At 
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the same time a t  too small acetaldehyde pressures there is possibility of 
secondary reactions of 0x1-gen atoms with the products formed. Fig. 2 shows 

FIG. 2. Iielative yields in the mercury photosensitized decomposition of 100 mln. of N?O 
and varying amounts of CHsCHO. Open circles refer to Series A and crosses to Series B, 
Table I .  

a plot of the relative rates of formation of the more volatile products per 
oxygen atom introduced into the process against the CH3CHO to N2O ratio. 
For Series A the rates of formation of CO, CHI, He, and CPHr, extrapolate to 
zero as the CH3CH0 to N 2 0  ratio approaches zero, indicating that  these 

I 
0 50 100 

PRESSURE OF CH3CH0 (mm) 

FIG. 3. Qirantum ~ i e l d s  of gaseous products irl the mercury photosensitized decompositio~~ 
of CH3CHO alone (broken lilies) and of its mist~lres with N20 (continuous lines) as a functio~i 
of the partial pressure of CHsCHO. 
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compounds are due to quenching by acetalclehyde and not to the reaction of 
oxygen atoms. A few experiments with acetaldehyde alone showed that the 
same products were formed in the direct mercury sensitized decon~position 
of this compound. The results are given in Fig. 3 and it is seen that the quantum 
yields of these products approach a t  high acetaldehyde pressure those obtained 
from the mixtures of acetaldehyde and nitrous oxide.* The reasons for the 
differences a t  lower acetaldehyde pressures will be discussed after the primary 
reaction of oxygen atoms with acetaldehyde has been considered. 

The results of a number of experiments with lower initial acetaldehyde 
pressures are given il l  Table I ,  Series B. In these experiments it was possible 
to  isolate on the Le Roy still the acetaldehyde fraction (at -80' C.) and 
subsequently the residual "room temperature" fraction. Both these fractions 
were analyzed by gas-liquid partition chromatography and by mass-spectro- 
metric methods. The former was found to  contain in addition to the unreacted 
acetaldehyde appreciable amounts of acetone, and the latter large amounts of 
biacetyl and water. These compounds were not found in the mercury sensitized 
decomposition of acetaldehyde alone. No other compouilds were detected and, 
in particular, mass spectrometer analysis of the "room temperature" fraction 
showed absence of acetic acid and alcohols. 

The formation of biacetyl and water as the major products under the con- 
ditions of the series B of experiments indicates that the following reactioils 
occur: 

CH3CH0 + 0 - CH,CO + OH, [I] 

CHaCHO + OH + CHaCO + HaO, [2] 

CH JCO + CH3CO + (CH?CO)a. [3 I 

I n  the absence of ally other reactions, the relative rates per oxygen atom 
would be for water and biacetyl unity and for the consumption of acetaldehyde 
two. Several other reactions involving CH3CO radicals must, however, be also 
considered. Since a certain amount of direct quenching by acetaldehyde occurs 
even in the experimeilts where quite small quantities of this con~pound are 
used, methyl radicals are also present ancl their combination with CHyCO 
explains the formation of some acetone. Ausloos and Steacie (1) have sug- 
gested also abstractioil of hydrogen from CH3CO by CH3 radicals and dispro- 
portionation of two CH3C0 radicals to form ketene and acetaldehyde. In 
view of this, the relative yield of biacetyl will be lower than unity as a result 
of the reactions 

CH,CO + CH, - CH,COCH,, 1 

and possibly to a small extent also 

C H X O  + CH3 + CO. 

At very small acetald\ehyde pressures, on the other hand, there is also the 
possibility of incomplete utilization of 0-atoms in reaction [I] and of OH 

* T h e  latter q ~ r a n t u m  yields were calclilated relative t o  the fraction of the inc idez t  radiation 
qzicnclted by  acetaldehyde. 
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radicals in reaction [2] because of their reactions with the compounds or free 
radicals formed.* As the acetaldehyde pressure becomes larger the relative 
1.ield of biacetyl would be expected to increase and, after reaching a maximum 
value smaller than unity, to  start  to  decrease again because of the increasing 
importance of reactions [6] and [7]. The  trends in the yields of biacetyl, water, 
and acetone, and in the consumption of acetaldehyde in the series B of experi- 
ments, Table I ,  are in agreement with these interpretations, although lack of 
knowledge of the rate constants of the reactions involved ancl the considerable 
difficulty of accurately analyziilg for these products preclude a detailed 
quantitative treatment. With the huge amounts of nitrous oxide used no 
attempt was made to  analyze for ketene. 

The  deviations in Fig. 3 a t  lower acetaldehyde pressures of the quantum 
j.ields of the products resulting from direct quenching by acetaldehyde alone 
and in the presence of nitrous oxide are understandable in view of the occur- 
rerice of reactions [GI  to [9]. Methyl radicals are undoubtedly a primary 
product of the mercury sensitized decomposition of acetaldehyde. Acetyl 
radicals, on the other hand, appear to be produced in the studied process only 
by the action of oxygen atoms and then, as a result of reactions [GI  and [7], 
lead to a decrease in CH3 radical concentration and, therefore, also to a smaller 
procluctioil of methane and ethane (by abstraction and recombination, re- 
spectively). The  somewhat increased formation of carbon monoxide in the 
presence of oxygen atoms may be clue to  some occurrence of reaction [9] and 
to secondary processes. An evidence for the latter is found in the results given 
in Table I1 for a series of experiments with 100 mm. N20 and 3.6 mm. CH,CHO 

TABLE I1 
THE EFFECT OF REACTION TIME ON THE RELATIVE YIELDS 01; GASEOUS PRODUCT PER OXYGEN 

ATOM CONSUMED 

(Mean I, 1.76X1015 quanta/sec., 100 mm. N2O and 3.6 mm. CH,CHO) 

Relative vields (RN. = 1) 
~ . ' X  ' 

Run Temp., Irradn., hi? - 
"C. mln. CO H 2 CH4 

irradiated for different lengths of time. There is a distinct increase in the 
relative yield of carbon monoxide with increasing reaction time. The  extra- - 

polated initial yields, after allowing for the direct quenching by acetaldehyde, 
are quite small. 

* Varioz~s reactions of lhis type could be sz~ggested, for example those of 0-atoms or O H  radicals 
between theniselves or will2 acetyl radicals, leading perhaps i n  the latter case to the formalion of 
acetic acid. No  acetic acid, however, ,is detected i n  the product. Although it co~rld be argued that this 
compound might undergo fz~rther attacks once it i s  formed, postz~lates of this kind would be very 
speczrlative i n  the absence of a n y  supporting evidence. A t  present it  would seem better not to allenzpt 
to specify these processes i n  a n y  detail. Their net effect, as well as  of possible analogozcs reactions 
involving the prodzccls, mzlst be a decrease i n  the yields of biacetyl and water at very snlall acetalde- 
hyde presszcres. 
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CVET.I\SOVI~: RI3ACTION OF OXYGEX ATOMS '781 

The present experiments indicate that the only mode of reaction of oxygen 
atoms with acetaldehyde is the abstraction of the aldehydic h\.drogen atom to 
give an  OH and a CH3C0 radical. This result is in disagreement with the 
post~llates of Xvramenko and Lorentso (2, 3),  who consider the abstraction of 
the hydrogen atom to be the least probable of the assumed several distinct 
modes of primary reaction. I t  ought to be pointed out, however, that the 
experiments of these authors were conducted a t  a higher temperature where 
CHBCO radicals are known to clecon~pose readily. A further complicating 
feature might have been the presence of relatively large concentrations of 
hydrogen atoms and possibly also of some molecular oxygen even in the H2O 
discharge. 

Estimate of tlze Activation Energy of the Reaction 
In order to obtain information on the rate of the reaction of oxygen atoms 

with acetaldehyde, several experiments were conducted a t  25' C. with mixtures 
of 300 mm. of N20  and varying ratios of smaller amounts of CH3CH0 and 
C?H4. T o  minimize any depletions of the reactants in the course of the reaction 
a circulating s\.stem of total volume 500 ml. was employed. The results are 
given in Table 111. Direct q~lenchi~lg by C2H4 resulted, a t  the high total 

EXPERIMESTS WITH MIXTCRES OF 300 Mhl. 01: N?O .1KD V.1RYlNG .AMOUNTS OF CH3CHO .%?ill 
C?H4 (25&1°C., C ~ R C U L A T ~ N G  SYSTEM) 

Run  CHJCI-10. CIHI. CHlCHO Irradn. ,  R x 2 '  
Relative rates ( R N ?  = 1) 

111 ni. 
In in ,  m o l e ~ . c c . - ~  '"'". CrH4 set.-' CO CHI H2 -ACzH, 

NOTE: the RN, valzies are not strictly coniparable betwt-t-n thentsehes si?tcc the reaction cell was 
occasionally $anted and the lrnnsparency of the front wsndow $zictuated to some extent. dfeon I ,  
reninined about 2.3 X 1015 quanto/sec. 

pressures used, in essentially coillplete collisional deactivation. The processes 
to be considered in addition to reactions [ I ]  and [2] are 

and 
CZHA + 0 --. Products 

CzH, + OH --, Products. 

The products of reaction [lo] are known (6, 9), while no information on re- 
action [ l l ]  appears to be available. I t  will be assumed, subject to subsequent 
justification, that reaction [I1 ] cannot compete successfully with reaction [2] 
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for OH radicals under the co~lditioils of the experime~lts performed. I t  is then 
possible to evaluate kl/k10 by comparing the relative rates of formatioil of 
different products or of the consumption of the reactants as CHICHO to CzH4 
ratio is varied., since it was found that this ratio remained virtually unaltered 
in the course of reaction with the amounts and conversion levels used. Thus, 
in the reaction of oxygen atoms with about 1 mm. ethylene in the presence of 
300 mm. Nz0 the relative rate of over-all consumption of ethylene per oxygen 
atom is about 1.2. If in the mixtures of C2H4 and CHjCHO the latter com- 
pound does not interfere with the reaction of 0-atoms with ethylene except by 
using some of the available 0-atoms, the following relationship would be 
expected to hold 

- -  

The plot of RN2/RC2H4 VS. (CH3CHO)/(C?H4) is given in Fig. 4 and the value 
of kl/klo obtained from the slope to intercept ratio is 0.68. In a similar manner, 

I I I I I I I 1 
0 1 2 3 4 5 6 7 8 9  

(CH,CHOI /(%H, 

FIG. 4. Plot of the reciprocal rate of C2HI consumption per oxygen atom vs. (CH,CHO)/ 
(CzH4) ratio. 

if ally one of the relative rates per oxygen atom ({ = R/RN,) has a value a 
with C?H4 alone and /!I wi,th CH3CH0 alone, then 

In Fig. 5 are given the plots of c against (CH3CHO)/(C?H4) for CO and CHa 
with the respective CY and /!I values as found experimentally in runs 73 and 74 
(Table 111). There is a coilsiderable scatter of points, which is readily explain- 
able by limitations in analytical accuracy. A corresponding plot for the relatively 
small H? prod~ctioil  is for the same reason much too uncertain, although the 
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trend is qualitatively the same. The results for CO and CH4 are mutually in 
reasonably good agreement and the slope of what appears to be the best line 
through the points gives 0.64 as the value of k l / k l o .  

FIG. 5 .  Plots of e C H ,  (open circlcs) and e c o  (filled circles) vs. (CH3CHO)/(C2H4) ratio. 

The value of kl /k lo  can also be estimated by comparing the rates of con- 
sumption of the two reactants. I f  the over-all consumption of C2H4 per oxygen 
atom is about 1.2 and that of CH:%CHO is presumably 2, the following relation- 
ship would be expected to  hold 

I t  is difficult to determine accurately the rate of CHBCHO consumption, in 
particular since some aldehydes are a product of the reaction of 0-atoms with 
C2HI (6). However, by applying reasonable corrections the values of RCHJCHo 
in addition to  the corresponding R C 2 H 4  were obtained for two runs. In both 
cases k l / k l o  was thus found to be somewhat larger than 0.6 with probable un- 
certainty not greater than about 20%. 

The values of k l / k l o  obtained in different ways are therefore mutually 
consistent and it appears reasonably certain that  a t  room temperature 
k l / k l o  = 0 . 7 f  0.1. In view of this it is likely that El is close to 3 kcal./mole, 
the value recentll- estimated (6) for reaction [lo]. The work now in progress 
with a number of olefinic hydrocarbons with the use of improved analytical 
techniques (5) may provide means for additional verification of these values 
and for eventual determination of the activation enerfi differences for a 
number of reactions of oxygen a to~ns  with common organic compounds. 
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The consistency of the k l / k l o  values obtained in different 1vaI.s provides 
justification for the earlier made assumption that OH ratlicals react prefer- 
entially with acetaldeh) de. The alternative assumption that in the performed 
experiments oxygen atoms reacted exclusively with CHRCHO and that the 
observed trencls were due to a competition for OH radicals rather than for 
0-atoms is highly ~inliltely. This assumption would require that  OH radicals 
form with ethylene the same type of products and moreover i r l  the same ratio 
as are formed in the interaction of oxj.gen atoms with ethylene. The  results i l l  

Table I11 show that  the yields of CO, CH4, and H? approach those obtained 
with C2H4 alone as the (CH3CHO)/(C2H4) ratio approaches zero .md in the 
reaction of 0-atoms with C?H4 no OH radicals are formed. 
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