
Photooxidation of Anthracene on Atmospheric 

Abstract. Anthracene that has been dispersed into atmosl 
is photooxidized to an array of products reminiscent of oxide 
the solution phase. Photooxidation is a more important deA 
ambient conditions than ozonation. Significant disappears 
occurs by pathways not involving oxygenation. 

Although the nearly ubiquitous pres- 
ence of polycyclic aromatic hydrocar- 
bons (PAH) in atmospheric particulate 
matter is well established (1), the chem- 
ical details of their fate remain unknown. 
The reported sensitivity of organics in 
particulate samples to ultraviolet light (2) 
suggests that photooxidation may pro- 
vide a significant decomposition path- 
way for such compounds. Oxygenated 
compounds have been shown, from solu- 
bility considerations, to account for ma- 
jor fractions (50 to 90 percent) of the to- 
tal organics present in particulate matter 
(3), and these fractions have been shown 
to possess significant carcinogenicity in 
biological testing (4). Thus, if photooxi- 
dation can be shown to contribute signif- 
icantly to the disappearance of PAH un- 
der conditions typically encountered by 
atmospheric particulate matter, then the 
common indices of potential danger (for 
example, the determination of PAH or 
benzo[a]pyrene concentrations in col- 
lected particulate) may seriously under- 
estimate the potential carcinogenicity of 
such matter. 

The complexity of the mixtures of 
compounds in neutral fractions (5) is 
multiplied when one analyzes the polar, 
oxygenated fractions. As a result, only a 
few oxygenated PAH derivatives have 
been identified (6). We felt that the best 
approach to characterizing possible 
photooxidation products in atmospheric 
samples would be to study the enrich- 
ment of a typical atmospheric sample 
with one or more PAH whose oxidative 
photochemistry is understood. Such en- 
richment would greatly simplify the de- 
termination of possible products formed 
under ambient photooxidative condi- 
tions. Accordingly, we have studied the 
photooxidation of anthracene (1) in en- 
riched atmospheric particulate matter 
and have found that simple photooxida- 
tion is an important, but not exclusive, 
decomposition route. 

Atmospheric particulate samples col- 
lected on glass-fiber filters from about 
1500 m3 of air from two locations in Tex- 
as were enriched with anthracene by 
subliming a small sample (about 100 ,ug) 
of anthracene onto the collected particu- 
late matter. Anthracene, in the enriched 
samples, accounted for about 5 percent 
of the total benzene-soluble fraction. 
Each sample was divided into three 
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Particulate Matter changed over the test period. A trace 
peak corresponding in relative retention 

pheric particulate matter time to anthraquinone was discernible, 
ition by singlet oxygen in but its small quantity precluded firm 
gradative pathway under identification. The samples exposed to 
ance of anthracene also sunlight were dramatically altered. The 

anthracene peak was reduced to about 10 
percent of its original (control) size. 

the first section, the con- Nonenriched PAH also disappeared; 
J in the dark at 0?C; the that is, only about 15 percent of the origi- 
ed in a secure support nal benz[a]pyrene peak remained after 
tely 3 m from ground lev- exposure to sunlight. The products in 
an location remote from highest yield identified in the photooxi- 
industry, was exposed to dation extract are shown in Eq. 1, where 
nshine for 4 days; and the the cited yields are based on the amounts 

mounted, was shielded of anthracene that disappeared. The list- 
exposed to atmospheric ed ranges indicate fair reproducibility in 
day test period. The sam- the four samples examined. In addition, 
tcted overnight with dry trace peaks corresponding in relative re- 

and analyzed by re- tention time to alizarin, anthrone, and 
igh-pressure liquid chro- bianthryl or the anthracene photodimer 

uBondapak-Cl8, as de- were detected but could not be unambig- 
ere (5, 7). The effluent uously identified. At least four addition- 
ultaneously monitored at al, unidentified (> 10 percent yield) 
n by ultraviolet detectors products were also present. 
orescence detector (ex- Identification of products 2, 3, and 4 in 
nm; emission at 390 nm). the photooxidation mixture is suggestive 
tks were identified by ob- of the participation of singlet oxygen in 
tive absorption at the two the photoconversion. Endoperoxide (2) 
litoring wavelengths, by has long been recognized as the product 
e column flow while a of solution-phase cycloaddition of 1 with 
the detector cell to quick- singlet oxygen (8), and more detailed 
uorescence spectrum or studies have shown that continued irra- 
of a standard sample of diation of 1 and 2 in solution ultimately 
compound. Duplicate in- leads to diones (3 and 4) (9). Although 3 
reproducible to ? 3 per- can also be formed by ozonation of 1 

(10), this dark reaction of anthracene is 
ison with the control presumably a minor route to 3 under our 
rples exposed to the air atmospheric conditions since only a 
remained essentially un- trace of 3 was detected in samples ex- 

posed to air but not to light. There is evi- 
dence for the formation of more highly 

hv 0 oxidized anthraquinones by photooxida- 
02 tion (11), although 5 was not isolated in 

Particulate 2 the earlier studies. Alternate photochem- 
matter 

2 to 7 percent ical routes to 2, 3, 4, and 5 are possible, 
the capture of triplet 1 by ground-state 

o oxygen being an attractive one. Other 
mechanisms that use other oxidants are 

X + ' Q, also conceivable routes to at least some 
of these photooxidized products. Pitts 
and his co-workers, for example, have 

X[D A 
D 

T 1shown that attack by NO2 on 1 can lead 
,cent to nitro derivatives (12), which can be 

0 photochemically converted to quinones 
4 (13). 
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Equation 1 
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Although mechanistic details are diffi- 
cult to sort out in such a complex sys- 
tem, the adoption of PAH as potential 
sensitizers for singlet-oxygen formation 
is precedented (14), as is the possibility 
of heterogeneous, possibly catalyzed, 
gas-phase reactions and the sufficiency 
of ambient light interception in finely di- 
vided atmospheric particulates (15). Our 
results show that photooxidation of 1 can 
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occur on atmospheric particulate matter. 
The identified products, however, ac- 
count for only about a third of the dis- 
appearance of 1. It is possible that, in 
addition to initiating oxidative paths, 
photochemical excitation can initiate po- 
lymerization pathways which lead to 
highly condensed systems (for example, 
soot), which are ultimately degraded by 
soil bacteria. We assume that, since oth- 
er PAH can be oxidized by singlet oxy- 
gen (16), photooxidative decomposition 
may possibly be general for at least some 
other PAH constituents of particulate 
matter. Since oxidation products can 
form in atmospheric samples, studies 
that evaluate carcinogenicity solely on 
the basis of PAH content will probably 
consistently underestimate carcinogenic- 
ity. 
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Abstract. On 24 January 1978 the Russian satellite Cosmos-954 reentered the at- 
mosphere over northern Canada. By use of high-altitude balloons, the atmosphere 
was sampled during 1978 up to an altitude of 39 kilometers to detect particulate 
debris from the reactor on board the satellite. Enriched uranium-bearing aerosols at 
concentrations and particle sizes compatible with partial burnup of the Cosmos-954 
reactor were detected only in the high polar stratosphere. 

Abstract. On 24 January 1978 the Russian satellite Cosmos-954 reentered the at- 
mosphere over northern Canada. By use of high-altitude balloons, the atmosphere 
was sampled during 1978 up to an altitude of 39 kilometers to detect particulate 
debris from the reactor on board the satellite. Enriched uranium-bearing aerosols at 
concentrations and particle sizes compatible with partial burnup of the Cosmos-954 
reactor were detected only in the high polar stratosphere. 

The Russian satellite Cosmos-954 re- 
entered the atmosphere at 55 to 67 km 
over northern Canada on 24 January 
1978 (1). The reactor on board was as- 
sumed to be of the Romashka design- 
that is, a 40-kW (thermal) power plant 
containing as much as 50 kg of 90 percent 
enriched 235U (2, 3). Special flights in the 
High Altitude Balloon Sampling Program 
of the U.S. Department of Energy were 
made in 1978 up to 39 km to intercept 
any Cosmos-954 debris that might have 
ablated. On these flights and on routine 
flights, samples were collected on IPC- 
1478 filter papers. The identification and 
collection parameters of the filter papers 
from the special and selected routine 
flights are shown in Table 1. 

Fractions of these filter papers with 
the scrim backing removed were ana- 
lyzed for uranium isotopes by the Knolls 
Atomic Power Laboratory (KAPL) at 
the General Electric Company, Schenec- 
tady, New York (4-7); the results are re- 
ported in Table 2. The reported errors 
are estimates of analytical precision 
equivalent to 1 standard deviation (S.D.) 
of the total number of counts for each 
mass assignment or the deviation about 
the mean of duplicate measurements of a 
single solution as indicated. In 13 of 16 
sets of duplicate isotopic measurements 
of identical solutions in this study, the 
duplicate analyses agreed with each oth- 
er within 1 S.D. of the counting errors. 
The error of an isotopic analysis, deter- 
mined with uranium standards provided 
by the National Bureau of Standards, is 
less than 1 percent. 

The analytical precision of the mea- 
surement of the total uranium in a filter 
fraction is about ?0.5 percent. In cor- 
recting the fractional data to the value 
for the whole filter, a constant weight of 
the appropriate filter size was assumed; 
this could vary by about ?5 percent. 
Therefore, a +5 percent error is applied 
to all results in the last column of Table 
2, except when the standard deviation of 
duplicate analyses is larger. 

The six blank filters in Table 2 exhibit 
an enrichment in 235U over natural urani- 
um of 0.789 + 0.070 percent (mean ? 1 
S.D.). This enrichment probably oc- 
curred during the manufacture of the pa- 
per, possibly through use of a reagent 
such as HNO3, which routinely shows 

The Russian satellite Cosmos-954 re- 
entered the atmosphere at 55 to 67 km 
over northern Canada on 24 January 
1978 (1). The reactor on board was as- 
sumed to be of the Romashka design- 
that is, a 40-kW (thermal) power plant 
containing as much as 50 kg of 90 percent 
enriched 235U (2, 3). Special flights in the 
High Altitude Balloon Sampling Program 
of the U.S. Department of Energy were 
made in 1978 up to 39 km to intercept 
any Cosmos-954 debris that might have 
ablated. On these flights and on routine 
flights, samples were collected on IPC- 
1478 filter papers. The identification and 
collection parameters of the filter papers 
from the special and selected routine 
flights are shown in Table 1. 

Fractions of these filter papers with 
the scrim backing removed were ana- 
lyzed for uranium isotopes by the Knolls 
Atomic Power Laboratory (KAPL) at 
the General Electric Company, Schenec- 
tady, New York (4-7); the results are re- 
ported in Table 2. The reported errors 
are estimates of analytical precision 
equivalent to 1 standard deviation (S.D.) 
of the total number of counts for each 
mass assignment or the deviation about 
the mean of duplicate measurements of a 
single solution as indicated. In 13 of 16 
sets of duplicate isotopic measurements 
of identical solutions in this study, the 
duplicate analyses agreed with each oth- 
er within 1 S.D. of the counting errors. 
The error of an isotopic analysis, deter- 
mined with uranium standards provided 
by the National Bureau of Standards, is 
less than 1 percent. 

The analytical precision of the mea- 
surement of the total uranium in a filter 
fraction is about ?0.5 percent. In cor- 
recting the fractional data to the value 
for the whole filter, a constant weight of 
the appropriate filter size was assumed; 
this could vary by about ?5 percent. 
Therefore, a +5 percent error is applied 
to all results in the last column of Table 
2, except when the standard deviation of 
duplicate analyses is larger. 

The six blank filters in Table 2 exhibit 
an enrichment in 235U over natural urani- 
um of 0.789 + 0.070 percent (mean ? 1 
S.D.). This enrichment probably oc- 
curred during the manufacture of the pa- 
per, possibly through use of a reagent 
such as HNO3, which routinely shows 

higher 235U atom percentages than natu- 
ral uranium. 

Considering the behavior of earlier ra- 
dioactive tracers (8, 9), we believe that 
filters 3739, 3744, and 3763 sampled re- 
gions of the stratosphere where debris 
from a Cosmos-954 burnup should not 
have been present. As expected, these 
filters have 235 U atom percentages simi- 
lar to the mean for the blank filters. 
Therefore, in examining the exposed fil- 
ters in this study for the presence of Cos- 
mos-954 debris, we had only to consider 
the departures in their isotopic composi- 
tion from that of the blank filters. Filter 
3751 also fits this description, although 
before launch we were not sure whether 
it would intercept debris from a possible 
Cosmos-954 burnup. 

Filters 3747 and 3765 were recovered 
from the region with the highest proba- 
bility of containing particulates from 
such an event, and both exhibited a 
marked increase in 235U. We believe that 
interception of ablated particles from the 
reentry of Cosmos-954 is the only plau- 
sible cause of this increase. 

To calculate the amount of Cosmos- 
954 uranium in these filters, we can write 
for each isotope an equation of the form 
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Ax + AB(N - x) AFN Ax + AB(N - x) AFN (1) (1) 
where A is the atom percentage of that 
isotope; subscripts B, C, and F refer to 
background, Cosmos-954, and filter, re- 
spectively; x is the total number of urani- 
um atoms from Cosmos-954 in the filter; 
and N is the total number of uranium 
atoms from all sources in the filter. Until 
mass isotopic data for the Cosmos-954 
uranium are available, we must assume 
its composition in order to apply Eq. 1. It 
was assumed that the Cosmos-954 reac- 
tor was of the Romashka design and was 
fueled with 90 percent enriched 235U. We 
further assume that this uranium is simi- 
lar in composition to the 90 percent en- 
riched 235U available from the National 
Bureau of Standards (10). This assumed 
composition of the Cosmos-954 uranium, 
rounded off to the nearest 0.5 percent, is 
shown at the bottom of Table 2. The 235U 
and 238U percentages should be within 5 
percent of the true values for Cosmos- 
954, but the 234U and 236U values may be 
in error by as much as a factor of 2. 

Substituting the data in Table 2 into 
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