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Summary

The photolysis of CH3CHO vapor with radiation at 3130 A in the pre-
sence of O, or O,—N, mixtures was studied at 25 °C. Absolute quantum
yields were obtained for the products CO, CO,, CH3;0OH, and CH3;CO3;H
(peracetic acid). From them and the results of Archer et al., it could be
deduced that CH; + HCO are produced directly on absorption 5% of the
time. An intermediate (I) which is a complex between triplet CH;CHO and
O, is produced 65% of the time, and it decomposes via:

1> CHg + CO + HO, (8)
I+M->A+0O,+M (7)

with kg/k; = 186 Torr for N, as a chaperone in reaction (7). O, is much
less efficient than N, as a quenching agent for I, the best fit of the data
occurring for an O, efficiency 20% that of N,. For one atmosphere of air,
the photon efficiency at 3130 A to produce CO through I is 0.15. Under
atmospheric conditions for an overhead sun the rate coefficients averaged
over all wavelengths are 2.8 X 107% and 8.7 X 107% s, respectively, for the
production of HCO and HO, in the primary process, which gives the overall
rate coefficient for free radical production to be 2.3 X 1075 571,

Introduction

The photochemical oxidation of aliphatic aldehydes has been shown
to be an important process in the chemistry of photochemical smog [1]. In
fact, the photo-oxidation of formaldehyde, acetaldehyde and propional-
dehyde In the presence of nitrogen oxides produces the same products and
biological effects as do hydrocarbon oxidations [1, 2]. Thus, understanding
the mechanism of the photo-oxidation process for aldehydes is an important
aspect of photochemical smog research.

*Present address: Eastman Kodak Co. Research Laboratories, Rochester, N.Y. (U.8.A.)
**Present address: Tennessee Valley Authority, Air Quality Branch, Muscle Shoals,
Alabama (U.S.A.)
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The first room temperature study of the photo-oxidation of acetal-
dehyde in both the vapor and liquid phases as well as in solution was made
by Bowen and Tietz [3]. They found the major products of the reaction to
be peroxides formed in a long chain. Studies on the photo-oxidation of both
formaldehyde and acetaldehyde by Carruthers and Norrish [4] produced
results that were, except for chain length, consistent with those of Bowen
and Tietz. In 1941, work by Mignolet [5] further substantiated the results
of these studies. McDowell and coworkers [6 - 8] in 1958 confirmed the
presence of peracetic acid as a product in the photo-oxidation of acetal-
dehyde and also proposed diacetylperoxide, CH; C(0O)~0—-0—-(0) CCHj4,
which was found in small amounts [8], as the product of the chain-termin-
ating step. However, in a study by Calvert and Hanst [9] of acetaldehyde
photo-oxidation at lower pressures (~42 Torr of CH;CHO) no diacetylper-
oxide was obtained, although peracetic acid was again confirmed as a pro-
duct. In 1964, Johnston and Heicklen [10] studied acetaldehyde photo-
oxidation at even lower pressures ([CH3;CHO] = 0.14 - 18 Torr, [O,] = 1.0 -
9.2 Torr) using mass spectral techniques. As principal products they reported
CH 3;0OH and presumably CO and CO,. Other products were H,O, CH,0,
HCOOH, CH;00H, CH;CO,H, CH3;00CHj; and probably CH3;CO3zH.

They also looked for, but could not find, diacetylperoxide as a product.
However, they were unable to deduce a mechanism from their product
analysis.

Since the photo-oxidation of acetaldehyde is complicated by the pos-
sible existence of long-lived excited states and by the number of different
primary photolytic processes, work has also been done on the autoxidation
of acetaldehyde in both the gas phase, in our laboratory [11}, and in the
liquid phase, by Clinton et al. [12]. In both of these studies neither CO nor
diacetyl peroxide was detected, and the self-annihilation of the acetylperoxy
radicals, CH3COg4, was shown to lead to methyl radicals, carbon dioxide and
oxygen. In our gas phase work [11], the experimental results were consis-
tent with a mechanism in which the acetyl radical, CH3;CO, oxidizes entirely
by the addition reaction with O, to form the acetyl peroxy radical. Also,
the main termination reactions were shown to be those involving the self-
annihilation of the methylperoxy radicals (CH3O,).

On the basis of these past studies on the autoxidation of acetaldehyde,
this work was undertaken to investigate the role of excited states and the
photolytic primary processes in the photo-oxidation of acetaldehyde.

Experimental

Experiments were performed in a 100 em? quartz infra-red gas cell with
sodium chloride windows. Reaction mixtures were photolyzed through the
windows with radiation at 3130 A using an Illumination Industries Inc.
medium pressure mercury arc lamp, type I1I 202, fitted with an appropriate
filtering system. The filter system consisted of two Corning glass filters,
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0-53 and 7-54, and a chemical filter of 1.25 X 107% M aqueous K,CrO,
solution in a 5 em path length quartz cell. A conventional high vacuum
line equipped with Vitron “0O’’ rings was used for gas handling.

Photolysis was interrupted at various time intervals during an experi-
ment to allow for infra-red analysis of two of the reaction products, metha-
nol and peracetic acid, using a Beckman IR-10 infra-red spectrophotometer.
Peracetic acid calibrations were performed by allowing the peracetic acid in
some of the experiments to convert to acetic acid in the infra-red gas cell
[13]. Thus, by measuring the acetic acid it was possible to deduce the
amount of peracetic acid produced. Calibrations for methanol and acetic
acid were performed using standard samples with consideration given to the
acetic acid dimer-monomer equilibrium (X, = 0.577 Torr at 25 °C) [14].

After the irradiation was completed, carbon dioxide and carbon mono-
xide were analyzed on a Gow-Mac gas chromatograph employing a thermis-
tor detector at 0 °C. The CO, was separated from other reaction components
on an 11 ft. X 1/4 in. o.d. copper column packed with Porapak QS and
operated at room temperature with a helium carrier gas flow rate of 45.5
cm?3/min. The CO was separated from the other reaction components on an
8 ft. X 1/4 in. o.d. copper column packed with 13X molecular sieves operated
at room temperature with a helium carrier gas flow rate of 50 cm?®/min. Both
CO, and CO calibration were performed using standard samples.

The azomethane was prepared from a procedure by Renaud and Leitch
[15]. It was purified by trap-to-trap distillation from —90 ° to —130 °C. The
acetaldehyde, acetic acid and methanol were obtained from Fisher Scientific
Company. The acetaldehyde was purified by distillation from —79 ° to
—130 °C. Gas chromatographic analysis showed < 0.01% of any chemical
impurity in either the purified acetaldehyde or azomethane. The O, N3, CO,,
and CO were Matheson extra dry, prepurified, bone dry and chemically
pure grades respectively.

The air was Matheson CO, free air which contained less than 5 p.p.m.
CO,. Before use, the azomethane and acetaldehyde were degassed at —130 °
and —196 °C respectively, and O,, N, and air were passed over Drierite.

The production rates for peracetic acid and methanol were determined
from the growth plots of the infra-red absorbances at 8.1 um and 9.68 ym
respectively. CO and CO, production rates were obtained by measuring the
amount of CO and CO, in the reaction cell after photolysis. The absorbed
light intensity was measured in separate actinometer experiments in which
azomethane was photolyzed under the same experimental conditions but in
the absence of acetaldehyde, Oy and N,. The pressure of azomethane used
for the actinometry was determined by matching absorbances with the
pressure of acetaldehyde used in an experimental run.

Results

The photolysis of acetaldehyde, with radiation at 3130 A in the pre-
sence of air and oxygen—nitrogen mixtures was studied at 25 °C. The pressure
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of acetaldehyde was varied from 3 to 30 Torr while the pressures of oxygen
and nitrogen ranged from 5 to 620 Torr, and O to 680 Torr respectively.

Absolute quantum yields were obtained for the products CO, CO,,
methanol and peracetic acid. The quantum yields for methanol and peracetic
acid were obtained by infra-red analysis while those for CO and CO4, were
obtained by gas chromatography. Although acetic acid is also a product of
the reaction, infra-red analysis confirmed that all the acetic acid came from
the decomposition of the peracetic acid. Also, we looked for but could find
no evidence of CH,, and thus this compound must have a quantum yield
less than 0.01 in this system.

In Table 1 are given the product quantum yields for the case of con-
stant acetaldehyde pressure, total pressure and absorbed light intensity with
the oxygen pressure varying between 5 and 620 Torr. As was found in our
previous work on the oxidation of acetyl radicals [11], the quantum yields
of peracetic acid, CO, and methanol were observed to decrease as the ratio
[CH;CHO]/[O,] decreased. However, the quantum yield for CO did not
exhibit this behavior and, in fact, had a slightly opposite dependence on
this ratio. It should be noted that at values of [CH3CHO]/[O;] less than
about 0.03 the product quantum yields for CO,, CH3;OH and CHzgCOzH
level off and become constant.

Table 2 contains the product quantum yields for experiments performed
at constant acetaldehyde pressure, light intensity and O, pressure but with
the total pressure varying between 20 and 660 Torr. Two sets of data are
given: the first for a value of the [CH3CHO]/{O.] ratio of 0.32 and the
second for which this ratio is 1.0. For both data sets the quantum yields of
CO, methanol and peracetic acid decrease as the total pressure increases.
For the CO, quantum yields the trend is much less discernible and may be
said to have little or no correlation with total pressure. A plot is shown in
Fig. 1 of the reciprocal of the CO quantum yield against the effective total
pressure [M] for both sets of data in Table 2. The major quenching gas is
N,, but we have defined [M] = [O,] + [N;] + 3[CH3CHO] in order to
account for the more efficient quenching ability of acetaldehyde with res-
pect to oxygen and nitrogen [16]. Later we will show that a best fit to the
data in Table 1 is obtained by letting O, be only 0.20 as efficient as N,.
However, for the data in Fig. 1 the quenching by O, is negligible. The plot
of Fig. 1 is a straight line accommodating the CO data at both [CH3CHO]/[O:]
ratios indicating that the reactions producing CO do not involve species
also involved in the acetaldehyde—oxygen competition. The intercept of the
plot is 1.5 and the half-quenching pressure is 188 Torr.

The product quantum yields for the case of constant acetaldehyde and
air pressure, but with varying absorbed light intensity are given in Table 3.
Figure 2 shows a log—log plot of the product quantum yields against the
reciprocal of the absorbed light intensity. The data for peracetic acid can be
fitted to a straight line of slope 1/2 indicating that ® {CH3COzH} is inversely
proportional to I1/2; a result also observed in the work on the oxidation of
acetyl radicals [11]. The scatter in the data for the other product quantum
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Fig. 1. Plot of & {CO }—'1 vs. the effective total pressure [M] = [N3y] + [O2] + 3[CH3CHO]
for the data in Table 2.

yields (CO, CO,; and CH3;OH) is of the same order of magnitude as the
trends in their variation with 7,, and thus there is little or no intensity depen-
dence of the quantum yields for these products.

Table 4 gives the product quantum yields for the case of constant air
pressure but with the acetaldehyde pressure varying from 3 to 30 Torr.
Since acetaldehyde is the light absorbing species, changing the acetaldehyde
pressure at constant air pressure causes both the absorbed light intensity
and the [CH3CHO]/[O;] ratio to change. Thus, although the quantum
vields for CO,, methanol and peracetic acid increased with increasing acetal-
dehyde pressure, these trends are probably due to both acetaldehyde pres-
sure and [CH3CHO]/[O,] ratio effects. The quantum yield of CO, however,
did not change, within experimental scatter, over the range that the acetal-
dehyde pressure was varied indicating that ® {CO} is independent of light
intensity, the [CH;CHO] /[O.] ratio, and acetaldehyde pressure.

Discussion

The primary process in CH;CHO photolysis has been established from
emission studies [17] and the triplet state induced cis—trans isomerization
of butene-2 [18]. Parmenter and Noyes [17] found that with irradiation at
3130 A, 16% of the excited CH3CHO was non-quenchable, but that the re-
mainder was quenched to the triplet state through low-lying vibrational
levels of the electronically excited singlet state. Furthermore triplet CH;CHO
was not quenched by CH3;CHO. The mechanism becomes:
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A+hv-> 1A, (1a)
> 1A (1b)

1A' > CHg + HCO (2a)
- A (Zb)
IAL+M- 1A, +M (3)
1A, - A (4)

where A is CH;CHO, 1A is the quenchable part of the electronically and

vibrationally excited singlet state, 1A' is the non-quenchable part of the

electronically excited singlet state, ! A, is the vibrationally equilibrated elec-
tronically excited singlet state, and 3A is the triplet state of CH;CHO. At

3130 A there was no CH, produced in the presence of NO, so that the

molecular decomposition path is negligible, a result confirmed in our work
here in the presence of O,. At 3130 A Parmenter and Noyes [17] found
reactions (1la) and (1b) to proceed with efficiencies of 0.84 and 0.16, res-

pectively.

Parmenter and Noyes [17] assumed that all the * A’ was removed via
reaction (2a), but the butene-2 quenching experiments of Archer et al. [18],
also working with 3130 A radiation, showed high-pressure limiting values
for & {CO} and ®{CH, } to be 0.05; thus k,,/k, = 0.05/0.16. In addition the
work of Archer et al. [18] showed that 2 A was produced with a quantum

efficiency between 0.79 and 0.85 in conformance with the conclusions
from the emission experiments [17].

Triplet CH3CHO is efficiently scavenged by even 1 Torr of O, {17]
and must lead to the precursor to CO formation, since there is no other
source of CO in this system except for the very minor amount from HCO
oxidation. Furthermore CO production follows Stern—Volmer quenching
as shown in Fig. 1. Thus the oxidation of triplet CH3CHO proceeds via:
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SA+0,-1 (5a)

- A+0, (5b)
I1- CH; + CO + HO, (6)
I+M-> A+0,+M 7)

where I is the intermediate to CO formation. At first thought, one might
identify 1 as vibrationally excited CH3CO (+HO,) which could decompose to
CHj; + CO if not deactivated by collision. However, if this were the case,
then CH3CO would become increasingly important and ® {CO, } should
rise to a large value as the pressure increased, contrary to the observations.
Thus I must be some CH3; CHO-0O, complex which can be deactivated to
give A + O, or non-observed products. From Fig. 1, ky,k5,/k1ks = 0.65 and
kg¢/k7 = 186 Torr can be deduced from the intercept and slope respectively,
once the very minor correction to ® {CO} from HCO oxidation is made.
Further fitting of the CO quantum yields, & {CO}, in Table 1 at high O,
pressure shows that O, is a less efficient quencher than N,; the best fit occurs
with an O, efficiency a {05} = 0.2 compared to that for N,.

The free radical processes for CH; and CH3;CO oxidation have been
worked out in our laboratory previously [11, 19]:

CH, + O, > CH,0, (8)
2CH,0, + 2CH,0 + O, (9a)

 CH,OH + CH,O + O, (9b)

= (CH30), + O, (9¢)
CH,CO + O, > CH;CO54 (10)
2CH,CO; - 2CH;CO, + O, (11)
CH;0, + CH;CO3 -~ CH40 + CH3CO, + O, (12)
CH;CO, - CHj + CO, (13)
CH,O + CH;CHO - CH,OH + CH;CO (14)
CH,O + O, ~ CH,O + HO, (15)
CH,CO; + CH;CHO - CH,CO;H + CH,CO (16)

The pertinent rate coefficient ratios are listed in Table 5. Only an estimate
for ky14/k15 between 10 and 20 was obtained previously (11) and we adopt
the average value of 15.

The HCO oxidation has also been worked out in our laboratory. The
mechanism is:

HCO + O, = HCO; (17a)
- HO, + CO (17b)
HCO3; + M~ HCO; + M (18)

with k37./k17, = 5 [20] and the half-quenching pressure for HCOj3; being
~63 Torr of O, [21]. We assume [M] =[0O,] + [N;] + 3[CH;CHO], though
the efficiency for N, is immaterial since when N, is added there is always
sufficient pressure to make quenching complete.
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TABLE 5

Rate coefficient ratios.

Ratio Value Units Source

kia/Rq 0.84 None Parmenter and Noyes [17];
Archer et al. [18]

kip/kq 0.16 None Parmenter and Noyes [17]

klbk2a/k 1k2 0.05 None Archer et al. [18]

kgalksg 0.77 None Fig. 1

kglkq 186 Torr Fig. 1

a{0g Ha{Ns}? 0.2 in reaction (7) Table 1

a{OZ He {N, 2 1.0 in reaction (18) Assumed

a{CH 3CHOi/a {Ny,}* 3 None Assumed

kgalkg 0.43 None Weaver et al. [11, 19]

kgplkg 0.50 None Weaver et al. [11, 19]

kgelkg 0.07 None Weaver et al. [11, 19]

ky2/(kgk11) Y2 2.8 None Weaver et al. [11]

kia/k1s 15 None Weaver et al. {11]

kRig/k111/2 6.0 X 1073 (Torr sec) 112 Weaver et al. [11]

ki7a/R17b 5 None Osif and Heicklen [20]

k_17a/k18 ~63 Torr Osif [21]

kog/(ky1ka22)V/2 2.0 None Assumed

Rog/(Rgk 29)1/2 negligible None Assumed

« is the chaperone efficiency.

It is still necessary to decide on the fate of HCOj;. If it behaves like
CH3CO3 then most of the time it will react with CH;CHO:

HCO3 + CH3CHO —» HCO3H + CH3CO (192)
If HCOj reacts with any other RO, (CH30,, CH3;CO4, HCO4, but not HO,),
CH;CO will still be produced via:

HCO3z + RO, - HCO, + RO + O, (20)

HCO, + CH3CHO -» HCOOH + CH3;CO (21)

Thus almost all the time HCOj3 produces CH3CO. For simplicity we assume
the sole fate of HCOj; is reaction (19). Since the HCO; production yields are
small, this simplification introduces almost no error.

There are still three other reactions and two rate coefficient ratios that
must be considered. The reactions are:

2HO, - H,0, + O, (22)
CH,CO, + HO, —~ CH;CO H + O, (23)
CH;0, + HO, » CH3;0,H + O, (24)

There is no known measurement of ky3, s0 we assume kq3/(ky1ka2)1/? is the
statistical value of 2.0. The ratio k,,/(kgkss)'? should be similar. However,
we cannot fit the data, particularly for ¢ { CH3OH]}, if reaction (24) plays any
significant role, so for calculational purposes we have arbitrarily (and un-
justifiably) omitted reaction (24).
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With the above mechanism and the rate coefficient ratios listed in
Table 5, all the quantum yields have been computed and they are listed in
Tables 1 - 4 next to the observed values. For & {CO}, ${CO, }, and
& {CH3CO;H}, the fits are generally within the experimental uncertainty
(about +20%). However, for ® {CH3;OH }, the computed values, while giving
the proper trends, are almost always too low by 20 - 30%. This is in spite of
the fact that we neglected reaction (24) to boost the computed values for
®{CH3;OH}. Either our experimental data are systematically high for some
unknown reason, or there must be another process, not accounted for in the
mechanism, which gives additional CH3OH, but not CO,. However, it is
difficult to envisage what this process could be.

Application to the atmosphere

A problem of great practical importance is the rate of radical produc-
tion in urban atmospheres during CH3CHO photo-oxidation. The rate coef-
ficient for each of the primary processes is given by:

ksf Ioed {X}da

all A

where I is the incident photon flux at any wavelength A, € is the extinction
coefficient (to base e) at that wavelength, and ¢ {X} is the primary process
quantum yield at that wavelength.

From the data in the literature, the quantum yields of the various
primary processes can be estimated at several wavelengths, and they are
given in Table 6 and plotted in Fig. 3. By drawing smooth curves through
the data points, we estimate the primary quantum yields at all wavelengths.
The average values ¢ for 50 A intervals are listed in Table 7 along with the
incident photon fluxes for 50 A intervals at the surface of the earth for an
overhead sun. (For ¢ {CO + CH; + HO, } we take 18% of ¢ {triplet} as found
here at 3130 A. We have measured the extinction coefficients for CH3;CHO,
and the 50 A average values ¢ are also listed in Table 7. The product 5 ¢ {X}
gives the rate coefficient for each process for the 50 A interval, and the sum
of these products gives the overall rate coefficient at the earth’s surface for
an overhead sun. The values are:

k(s™Y) process

4.1 % 1077 CH, + CO

2.8 X 1076 CH, + HCO

8.7 X 1076 CH, + CO + HO,

The overall rate coefficient for the production of all free radicals is 2.3 X
107851,



124

TABLE 6

Quantum yields of the primary processes in acetaldehyde photo-oxidation as a function
of excitation wavelength.

A (A) ® {CO + CH4} ¢ {CHz + HCO} ¢ {Triplet}
3340 0 0 1.0¢

3130 0 0.05° 0.84°
2967 — — 0.599
2804 0.15% £0.30° 0.489
2654 0.28% 0.36% —

2537 0.64% 0.36% -

aFrom Calvert and Pitts [22}.

YThis work and Archer et al. [18].
®Calculated from the total quantum yield of the free radical processes
(¢.{CH3 + HCO} = 0.39, Calvert and Pitts [22]); the fraction of that
from the triplet, 0.18; and ¢ {triplet } at 2804 A = 0.48.

4From Parmenter and Noyes [17].
®From Parmenter and Noyes [17] and Archer et al. [18].

¢{TRIPLET}
osl

[oX -]

¢{co+cH,}

[oX -] o

o5

0.4

03

0.2+

0%, &7

Fig. 3. Quantum yields for the various primary processes in CH3CHO photolysis vs. the
reciprocal excitation wavelength.
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