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Sulfates as Pollution Particulates: 

Catalytic Formation on Carbon (Soot) Particles 

Abstract. Experimental evidence (obtained by electron spectroscopy for chemi- 
cal analysis) is presented which shows that finely divided carbon (soot) particles 
may play a major role in the catalytic oxidation of sulfur dioxide to sulfate in 
polluted atmospheres. The results obtained with sulfates produced in the labora- 
tory by the oxidation of sulfur dioxide on graphite particles and combustion-pro- 
duced soot particles are compared with the properties and behavior of ambient 
sulfates. The proposed sulfur dioxide oxidation mechanism is qualitatively con- 
sistent with field observations. 
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Because of the adverse effects of sul- 
fate particles as atmospheric pollutants, 
the study of the oxidation of SO2 to 
sulfate is of prime importance in air 
pollution research. In the past most 
attention has been devoted to the study 
of the photochemical and solution 
chemical mechanisms for the oxidation 
of SO2. There is, however, increasing 
evidence that these two kinds of pro- 
cesses alone cannot adequately account 
for the observations, and it is now 
thought that perhaps some catalytic re- 
action on suspended particulates is in- 
volved. The possible role of suspended 
metal oxides, for example, has been 
examined by some workers (1). How- 
ever the concentrations of such oxides 
in the atmosphere are small. This re- 
port concerns the role that finely di- 
vided carbon (soot) particles, a com- 
mon pollutant and a catalyst abundantly 
present in the atmosphere, play in the 
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oxidation of SO,. Even though the sur- 
face chemical and catalytic properties 
of carbon are known (2, 3), the rele- 
vance of soot-catalyzed reactions to air 
pollution chemistry has not been ap- 
preciated. We show here that the soot- 
catalyzed oxidation of SO, to sulfate 
is an important process and that the 
proposed oxidation mechanism is in 
qualitative agreement with the field ob- 
servations. The experiments reported 
here were obtained by the technique of 
electron spectroscopy for chemical 
analysis (ESCA). 

Carbon is the most abundant ele- 
ment associated with pollution particu- 
lates; actually, carbon constitutes about 
50 percent of the total particulate 
emissions in urban atmospheres such 
as those in California (4). From our 
ESCA studies of ambient particulates, 
we find that perhaps as much as 80 
percent of the particulate carbon is in 
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the form of soot. Soot is basically car- 
bon with a graphite-like structure, with 
some small soot particles consisting of 
only a few unit cells (5) and thus pos- 
sessing extremely high surface area. 

We studied the interaction of SO2 
with graphite particles with the experi- 
mental setup shown in Fig. la, which 
produces small graphite particles with 
a fresh (reactive) surface (diameter 
20 f)m). The ESCA spectrum of 
graphite particles exposed to SO2 re- 
veals two sulfur (2p) peaks correspond- 
ing to sulfate and to sulfide (6). Blank 
filters without graphite particles, under 
identical SO2 exposure conditions, do 
not collect measurable amounts of sul- 
fate (or sulfide). These experiments 
show that even fresh graphite particles 
in air may bring about the oxidation of 
SO., to sulfate. 

The similarity of soot particles to 
graphite with respect to the oxidation 
of SO2 is demonstrated by the follow- 
ing experiments. Soot specimens from 
a premixed C3H8-O2 flame collected on 
(silver membrane) filters were used for 
experiments with different SO2 expo- 
sure conditions, in the apparatus shown 
in Fig. lb. Dry air or prehumidified 
particle-free air or N2 was used with 
an SO2 concentration of about 300 
parts per million (ppm) and an expo- 
sure time of 5 minutes. The ESCA 
spectra of soot exposed to SO2 are 
shown in Fig. lb. The sulfate peaks 
were always more intense in the case 
of prehumidified air than in the case of 
dry air. However, both dry and pre- 
humidified N2, when used instead of 
air, produced only very low, back- 
ground level sulfate peaks. This result 
indicates that, in addition to soot par- 
ticles, the 02 in air is important for 
SO, oxidation. Although water mole- 
cules enhance the observed sulfate con- 
centration in the air-SO2-soot system, 
the contribution of sulfate produced by 
SO., oxidation via dissolved molecular 
oxygen in water droplets is not signifi- 
cant; that is, blank filters exposed to 
SO., and prehumidified air showed at 
most only low, background level sul- 
fate peaks. 

It is of interest to assess the role of 
soot-catalyzed oxidation in or near 
combustion devices where both SO2 
and soot concentrations are highest. 
Here, however, the SO2 oxidation may 
be, at least in principle, caused by 
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Fig. 1. (a) The ESCA spectrum of graphite particles exposed to S02 and filtered 
ambient air reveals both sulfate and sulfide on those particles. Sulfate is produced by 
the catalytic oxidation of SO2 on graphite particles. The sulfide peak is the result of 
SO0 chemisorption on those parts of the particle surfaces that are "atomically" clean. 
(b) Soot exposed to prehumidified air and SO0 produces sulfate concentrations higher 
than in the case of dry air. Blank filters (without soot particles), exposed to SO2 and 
prehumidified air, show only background level sulfate. (c) Four soot samples were 
prepared with the apparatus shown. A constant flow of SO2 was introduced while 
the premixed CSH8-02 flame was on, at ports 1 through 4 located at the indicated 
distance from the flame. The resulting sulfate concentrations are plotted as a func- 
tion of the distance of the port from the flame. (d) The SO, concentration is 
adjusted to the desired initial value, (SO2)i, with the flame removed from its position 
in front of the intake funnel. A decrease in the SO2 concentration, A(SO2), is ob- 
served when the flame is placed in the intake position. For a given combustion regime 
a(SOa) is independent of (SO.)i and increases with the 02/C3Hs ratio. The former 
effect is related to the saturation of active sites on the soot particles, whereas the 
latter reflects the increase in the number of ultrafine, high-surface-area particles. 
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The plot in Fig. Id shows the amount 
of SO2 converted to sulfate as a function 
of the 02/C3H8 ratio, for initial con- 
centrations of 5.5 and 9.9 ppm. For a 

given combustion regime A(SO2) is in- 

dependent of (SO2)i. This feature is 

probably related to the saturation of 
active sites (8) on soot particles. The 

xA(SO2) value increases, however, with 
the 2/ C3H8 ratio, reflecting the in- 
crease in the number of very small, 
high-surface-area particles produced in 

oxygen-rich flames. 
In summary, laboratory experiments 

show that: (i) both graphite and soot 

p'articles oxidize SO2 in air; (ii) soot- 

catalyzed SO2 oxidation plays a major 
role even in the presence of flames and 

combustion-produced gases; and (iii) 
soot-catalyzed oxidation shows a promi- 
nent saturation effect. 

That the sulfate formation process 
described here is consistent with field 
observations is evident from the follow- 

ing. Pollution particulate sulfates are 
believed to exist primarily in the form 
of H,SO4 or (NH4)2SO4, or both (9). 
Because the sulfate produced by the 

laboratory soot-SO2 interaction is 
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was introduced at ports 1 through 4, 
with the C3H8-02 flame on. The 
amounts of sulfate detected on filters 
are shown in the graph in Fig. c. The 
similarity of the sulfate concentrations 
produced when SO2 was passed over 

r- 
0 

C.) 

cn 

C) 

0 
C) 
'A 
.1 r- 
:3 =f 
u 

C: 

a 

I,? I I I I I II I -II 
3 

1L 
18( 

nI . I 



22 02 06 10 14 18 22 

Time (hours, P.S.T.) 

22 02 06 10 14 18 22 

Time (hours, P.S.T.) 

References and Notes 

1. P. Urone, H. Lutsep, C. M. Noyes, J. F. 
Parcher, Environ. Sci. Technol. 2, 611 (1968). 

2. The adsorption of SO., on activated charcoal 
has been studied by M. Corn and R. T. Chang 
[J. Air Pollut. Control Assoc. 22, 870 (1972)]. 

3. The oxidation of SO,, between room tempera- 
ture and 200?C is strongly catalyzed by 
carbon [R. N. Smith, Q. Rev. 13, 287 (1959)]. 

4. Air Pollution Engineering Manual (Publication 
AP-40, Environmental Protection Agency, Re- 
search Triangle Park, North Carolina, ed. 2, 
May 1973), p. 17. 

5. F. A. Cotton and G. Wilkinson, Advanced 
Inorganic Chemistry (Interscience, New York, 
ed. 2, 1966), p. 298. 

6. Sulfide can be produced by SO,, chemi- 
sorption on atomically clean graphite. 

7. R. B. Engdahl, in Air Pollution, A. C. Stern, 
Ed. (Academic Press, New York, ed. 2, 1968), 
vol. 3, p. 7. 

8. The SO, adsorbs at active sites of oxygen 
complexes on carbon (3). 

9. The amounts of metals in the particulates are 
too small to act as major sulfate cations: 
data for California particulates, R. D. 

References and Notes 

1. P. Urone, H. Lutsep, C. M. Noyes, J. F. 
Parcher, Environ. Sci. Technol. 2, 611 (1968). 

2. The adsorption of SO., on activated charcoal 
has been studied by M. Corn and R. T. Chang 
[J. Air Pollut. Control Assoc. 22, 870 (1972)]. 

3. The oxidation of SO,, between room tempera- 
ture and 200?C is strongly catalyzed by 
carbon [R. N. Smith, Q. Rev. 13, 287 (1959)]. 

4. Air Pollution Engineering Manual (Publication 
AP-40, Environmental Protection Agency, Re- 
search Triangle Park, North Carolina, ed. 2, 
May 1973), p. 17. 

5. F. A. Cotton and G. Wilkinson, Advanced 
Inorganic Chemistry (Interscience, New York, 
ed. 2, 1966), p. 298. 

6. Sulfide can be produced by SO,, chemi- 
sorption on atomically clean graphite. 

7. R. B. Engdahl, in Air Pollution, A. C. Stern, 
Ed. (Academic Press, New York, ed. 2, 1968), 
vol. 3, p. 7. 

8. The SO, adsorbs at active sites of oxygen 
complexes on carbon (3). 

9. The amounts of metals in the particulates are 
too small to act as major sulfate cations: 
data for California particulates, R. D. 

Giauque, private communication; data for 
the St. Louis region, T. G. Dzubay and R. K. 
Stevens, paper presented at the 2nd Joint 
Conference on the Sensing of Environmental 
Pollutants, 10-12 December 1973, Washington, 
D.C. 

10. A. P. Altshuller, Environ. Sci. Technol. 7, 
709 (1973). 

11. G. M. Hidy, B. Appel, W. E. Clark, S. K. 
Friedlander, J; Holmes, T. Novakov, P. 
Roberts, J. J. Wesolowski, paper presented at 
the Division of Environmental Chemistry, 
American Chemical Society Meeting, Los 
Angeles, 31 March to 5 April 1974. 

12. P. Colodny and B. R. Appel, unpublished 
data. 

13. R. D. Giauque, unpublished data. 
14. Aerosol Characterization Experiment (ACHEX) 

program of the California Air Resources 
Board. 

15. Work supported under grants from the 
National Science Foundation-RANN and the 
U.S. Atomic Energy Commission. 

* Present address: Science Center, Rockwell 
International, Thousand Oaks, California 
91360. 

3 May 1974; revised 15 July 1974 [ 

Giauque, private communication; data for 
the St. Louis region, T. G. Dzubay and R. K. 
Stevens, paper presented at the 2nd Joint 
Conference on the Sensing of Environmental 
Pollutants, 10-12 December 1973, Washington, 
D.C. 

10. A. P. Altshuller, Environ. Sci. Technol. 7, 
709 (1973). 

11. G. M. Hidy, B. Appel, W. E. Clark, S. K. 
Friedlander, J; Holmes, T. Novakov, P. 
Roberts, J. J. Wesolowski, paper presented at 
the Division of Environmental Chemistry, 
American Chemical Society Meeting, Los 
Angeles, 31 March to 5 April 1974. 

12. P. Colodny and B. R. Appel, unpublished 
data. 

13. R. D. Giauque, unpublished data. 
14. Aerosol Characterization Experiment (ACHEX) 

program of the California Air Resources 
Board. 

15. Work supported under grants from the 
National Science Foundation-RANN and the 
U.S. Atomic Energy Commission. 

* Present address: Science Center, Rockwell 
International, Thousand Oaks, California 
91360. 

3 May 1974; revised 15 July 1974 [ 

Fig. 2. Diurnal variation of particulate 
sulfate, carbon (12), and lead (13) con- 
centrations. The sampling was done in 
downtown Los Angeles on 20 September 
1972 (14). The similarity between the 
carbon and sulfate patterns is obvious. 

water-soluble and could conceivably be 
neutralized by ambient NH3, its chemi- 
cal properties are consistent with those 
of ambient sulfate in the analytical 
sense. Moreover, ambient and labora- 

tory-produced sulfate exhibit the same 
characteristic desorption in a vacuum 
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Alkanes at the Air-Sea Interface from Offshore Louisiana 

and Florida 

Abstract. Alkanes at the air-sea interface were analyzed in 118 surface samples 
collected at five different intervals over a 12-month period from Timbalier Bay 
(Louisiana), offshore Louisiana, and offshore Florida. The alkanes were charac- 
terized by gas chromatography and mass spectrometry. Unexpectedly, methyl 
branched alkanes ranging in chain length from C15 to C35 and cycloalkanes were 

frequently the predominant components. This suggests that the alkanes are pro- 
duced by natural biological sources as well as human activities. 
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In recent years there has developed 
considerable interest in the distribution 
and impact of hydrocarbon residues 
introduced into the marine environ- 
ment by petroleum production and 
maritime activities. Studies of the C1 
to C, hydrocarbons dissolved in the 
surface waters of the Gulf of Mexico 
show that the highest concentrations 
are apparently associated with shipping 
and petroleum activities (1). The pres- 
ence of dissolved paraffins of higher 
molecular weights has also been re- 

ported in the Gulf of Mexico (2). 
Koons and Monaghan (3) concluded 
that the hydrocarbon content of the 
water in the northern Gulf of Mexico 
is probably less than 7 ,tg/liter. Con- 
centrations of total dissolved hydrocar- 
bons in the area of the east central 
Atlantic vary from 10 to 140 1tg/liter 
(4), and 2 to 13 /ug/liter is reported 
for the Nova Scotia vicinity (5). In 
the last case alkanes from C14 to C37 
were present, and there was no prefer- 
ence for odd or even carbon numbers. 

Garrett (6), using both a screen 
technique to sample the air-sea inter- 
face and a bucket sample, found that a 
variety of organics were present at a 
number of locations. More recently, 
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samples collected at the air-sea inter- 
face in the area of the Sargasso Sea 

by use of a stainless steel screen were 
found to contain a variety of chlori- 
nated hydrocarbons, and the highest 
concentrations were associated with the 
surface microlayer (150 /m) (7). Duce 
et. al. (8), using similar techniques, 
showed that hydrocarbons and fatty 
acids, as well as pesticides, are more 
concentrated in the surface microlayer 
of Narragansett Bay than in water as 

deep as 20 cm below the surface. 
It has been established that organics 

affect the physical properties of the 
ocean surface and many important ex- 
change processes between the ocean 
and the atmosphere (9). For example, 
they reduce the capillary wave spec- 
trum and thereby contribute to the pro- 
duction of sea slicks. Also, during any 
type of petroleum-related accident or 
oil spill it is the surface layer that is 
initially disrupted. Because of the im- 
portance of this microlayer and the 
general lack of qualitative and quanti- 
tative data it is important to character- 
ize the indigenous chemical components 
found at the air-sea interface. This re- 
port deals with the nature and distribu- 
tion of alkanes at the air-sea interface 
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