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HETEROGENEOUS S0, OXIDATION AND INCOMPLETE COMBUSTION*

By

T. Novakov
Lawrence Berkeley Laboratory, Univ. of California, Berkeley, CA 94720

- Most previous work on sulfate aerosols was devoted either to S0, conver-

2
sion during long-range transport Qf to sulfate formation in urban atmospheres
where, because of the high degree of environmental regulations and controls,

the pollutant concentrations are relat;vely low. Much less is known about sul-
fate chemistry in highly polleted source-dominated urban atmospheres, where
scattered; uncontrolled, and usualiy inefficient small combustion furnaces are.
major sourcee of pollutants. ~s§¢h atmdsﬁheres, because of high concenﬁrations
of both particies and gases, are,mefe likely to provide conditiohe for hetero-
geneous reactions and therefore a greater probability for demonstrating their
occurrence and inferring the contributions of local sources to aerosol sulfates.,
However, source-dominated atmospheres exhibit large spatlal and temporal varia-
tions in pollutant concentrations. Such, atmospheres cannot be represented as

well-mixed reactors and are therefore not amenable to-tonventional modeling

techniques. A first step toward eventual understanding of heterogeneous pro-

cesses in source-dominated regions is an empirical characterization of

pollutant behavior.
In this paper empirical evidence for heterogeneo‘us.-SO2 oxidation in
several heavily polluted urban atmospheres is presented. This evidence, com-

plemented by laboratory experiments, points to a link between sulfate production

*This work is supported by the Office of Eﬁergy Research, Office of Health and

Environmental Research, Physical and Technological Research Division of the U.S.
Department of Energy under contract DE-AC03-76SF00098. This material is also
based on activities supported by the National Science Foundation under Agree-
ment ATM-8315442.



artd products of incomplete combugtion. The amount of SOZ oxidized depends
éricicallf on the physical properties of the atmospheré; being highest when
tﬁé atmoépherié conditions favor the fqrmation of liquid dropiéts.

Two sites were selected for fiela.studieé-—-one in Ljubljana, Yugoslévia (15),
and the other in Beijing, China-(Z). These locétions are wéll suited for such »
a study becaﬁse of high pollutént concenératiqns, especially during winter. ‘/
Space héating, in a large number of dispefsgd individual furnaces and a few
larger central.heéting plants, is ﬁhe.pfincipallsource of 802 during the winter.
Because relatively low-grade coal is burned in inefficientvcombustors, large
soot cdncentrations are observed in ;he wintér. Ljubljana in the winter is
characterized'byfrelatively cold-témperatures and high’ relative humiditieé.'
Because of the humidity, lo& wind speeds and temperafureiinversions, charac-
teristic pollution-induced urban fogs occur almost daily. In.contrast, the
Beijing winters are generally dry with averége relative humidities below
approximately 507Z.

In Ljubljana, two kinds of 24-hr grodnd;levelAaerosol filter samples
were collected. Total samples, i;e;,.without'sizé segregation, were collected
during the l98i/82.sampling périod.v Size-segregated 24-hr filter samples
corresponding to cutoffs of < 0.3 um and 2.0 um were collected during the
1983784 sampling period. The filter subétrate materials uéed were quartz
fiber (Pallflex type 2500 QAO) and cellulose fiber (Millipore type RATF).

Daily 24~hr filter samples of ambient aérosbl particles were also collected

s,

in a densely popuiated part of Beijing, using a sampler designed for the simul- -
taneous collection of two low~v01ume'samples on 47-mm diameter filters. One ’“
filter was Pallflex 2500 QAO quartz fiber; the other was Millipore cellulose
ester. The samplihg program in Beijing was arranged to cover approximately

three seasons — spring, summer, and winter. The spring samples were collected

from March through the beginning of May, 1983. Summer samples were gathered
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&éfiﬁg July 1983; and the winter samples, from the end of October 1983 through
Febrdary'1984;

Thé quartz filteré were'uséd for combustion analyses for C and S, and the
cellulose filters were used for XRF anélyses. Meteorological data consisting

of wind speed and direction, temperature, and relative humidity were collected

at the sites, as well as 24-hr average SO2 concentrations. Most samples were

also analyzed by thermal evolved gas analysis (EGA)(3,4) to determine their
primary carbon or soot content. Results from these analyses, together with
meteorological information and SO2 concentrations, constitute the data base.

An evaluation of this data base has enabled us to draw descriptive conclusions

4

In the analysis of the data, we make extensive use of the particulate

about the 502 to SO conversion processes.

sulfur to particulate carbon ratio, Sp/Cp. Begause at these locations total
particulate carbon is equivalent.to priﬁary combustiop—generated soot, the
Sp/Cp ratio can be used to infér the relationship betwegnvsecohdafy sulfates
and primary source emissions. The ratios of particulaﬁe to gaseous sulfur,
Sp/Sg,'yere also used in the interpretation of tﬁe data.

At the Ljubljana site (1), these ratios during the winter period are
approximately coﬁstant during periods with similar meteoroiogical conditionég
The highest Sp/Cp ratios, i.e., the highest sulfate formétion, were observed
during periods of high»relativé humidit& and persistent subzero temperatures.
Such conditions are conducive to formation of liquid water droplets. The
existence of an aqueous mechaﬂism is corroborated bj the observed aerosol
chloride loss during high sulfate episodes and by the fact that most aerosol
sulfate is confined to a particle size range between 0.3 and 2 um. Soot parti-
cles are found in the same size range, indicating the association of aerosol

sulfate with combustion prdducts. ‘Under favorable meteorological conditionms,

o



ub to 20Z of the SO2 may be oxidized to sulfate by heterogeneous mechanisms.

In Beijing (2),'similar to'Ljubljana, the total particulate carbon concen-

trations are relatively low and approximately constant during spring and summer.

Starting in Octobe:, however, much larger carbon concentrations are seen. The
maximum carbon concentration reached about 400 ug/m3 in the beginning of
December. Particulate sulfur (sulfate) concentrations, like the carbon concen-
trations, are relatiﬁely constant during Apfil, May, and July. However, during
cold periods, large.sulféte conéentration peaks arebobserved on many days. |
When the daily Sp/Sc rétios are computed, different seasonal patterns are
. observed. During July, large scatter is séen; in the winter,vSp/Cp ratios are
nearly constant but lower than in the summer. The summer aerosol (and to a
lesser degree the spring aeroéol) is therefore enriched in sulfate with respect
to the soot traéer; The winter aerosol, however, seems to be diréﬁtly related.
to the eﬁissions from, most likely, lbéal sources.

The summertime sulfate.formaflon mechanism is aiso more efficient, as
evidenced by higher particulate to gaseous‘sulfu; rétibé.' These differences

could be interpreted as a result of a photochemical SO2 oxidation mechanism
that pfedominates during the summer, pdssibly occurring during leong-range
transport, while a less efficient meéhanism'predominates during the winter. =
An examinafion ofvsupplementary me;eorological information indicates that
there may be a substantial.inérease iﬁ the SP/CP ratio during the summer when
relative hum;dity exceeds 60%, suggesting that an aqueous process is involvéd

in the oxidation of SO, during the summer. Similar 'behavior has been observed

2
.in some United Stdtes data by McMurry and Wilson (5). During winter the rela-
tive humidity was conéistencly low (below 60%), a fact that is reflected in

relatively low but constant Sp/Cp ratios.

Several generalizationsvcould be made from these observations. An

Lt
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ékémination of the average temperatures suggests that at both sites the
wintertime increase in soot concentrations is related to Space heating. (Both
sites rely heavily on coal as the principal fuel for space heating.) The high
concentrations of ambient soot suggest'that its sources are local. Because of
the excellent sulfate-soot cofrelations,.én inference could be made that the
sulfates are ‘also derived from local sources in the winter. Further e#aminatibn
of the data also suggeststhatwintertime sulfate is formed rapidly. This con-
clusion is reached by examining periods of air stagnation that can last for
several days. It is plausible, therefore, that during such episodes the

average residence of pollutants in the air differs from day to day, allowing
more sulfate to be formed during stagﬁént periods. This should result in sys- -
tematically increasing Sp/Sg and Sp/cp ;atios,:which were not observed, however.
These remainad approximately constant for periods of simiiér meteorology.

During winter periods, the only factor identified as influencing the Sp/Sg'and

" § /C_ ratios is the meteorology. These ratios are highest when the relative

humidity is high and especially when ambient temperatures are low.

Several oxidation processes pofenﬁially capable of explaining wintertime
observations can be identified: (1) primary sulfate emissions, (2) oxidation
by primary oxidants in the liquid phase, and (3) catalytic oxidation by carbon
particles or metals within droplets,. There could be other mechanisms as well as
synergistic effécts; not yet identified, that involve several oxidants and
catalysts.

The first possibility is that local sulfates are pfimary, that is, produced
by high-temperature SO2 oxidation to SO

3 3

water vapor and ammonia to form suspended sulféte. This explanation may be

in flames. Such SO, will react with

in qualitative agreement with the observed correlations between sulfate and

primary combustion-generated species during dry periods, but not with the



dﬁ;efved inverse temperature dependenge. Furthermore, the sulfate, even on
days with low S/C ratios, composes about 10% of the total airborne su1fur (gas
and aerosol). This value is too high to_be accounted for by primary sulfates
because it is believed that only aboﬁt 17 of the fuel sulfur is converted to
SO3 in the combustion process (6,7). |

All other candidate mechanisms are heterogeneous processes involving
aqueous systems in the form of liquid water droplets and/or wétted particle
surfaceé. These processes wiil be limited by the available liquid water,
surfaceé, catalysts, and/or oxidants and could result in approximately constant
sulfate to soot ratios. Sulfates formed by such mechanisms will behave like
"quasi-primary" species. | |

Primary oxidants ;nd their rolé in 802 ox%dation were recently demonstrated -
(8) with the help oan simple fog chamber connected to a.burner in which gas—
eous fuels could be combusted under different air/fuel ratios. Fog droplets
produced by nucleation of combustion water on combustion nuclei were formed
by cooling the effluent below the dew point of the incoming combustion gas.
Either fog droplets or residual paf{iclés obtained after drying the fog dropiets
were collected for chemical analyses.

These experiments haﬁe also qléérly=demonstrated'the role of liquid water
in aerosol sulfate formation.. Thé:highest concentrations of particulate sul-
fate were produced when conditioﬁS;fbr.aqueous reactions were present. Sulfate
production was greatest wheq{visible fog was observed; however, even in the
absence of visible fog, sulfate was formed while the temperature was at or
below the dew point. At these temperatures, a relatively thin layer of water
could condense on combustion parficles, which was sufficient to enable the

aqueous SO2 oxidation reactions to occur. However, essentially no sulfate was

detected when sampled directly from the éhimney, i.e., when the temperature was

—y
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above the dew point.
The primary oxidant mechanism may help to explain the observed systematic

sulfate-soot correlation, especially under winter conditions, because soot is

also a product of incomplete combustion and is co-emitted with primary oxidants.

Soot, besides being a fracer,‘is also a catalyst for SO2 oxidaﬁiqn; and sulfate
may be produced in paft by its catalytic action. It is thus possible that both
gaseous and particulate producté of incomplete combustion play a role in atmos-
pheric SO2 oxidation.

A recent study by Eatough et al. (9)bhas demonstrated oxidation of SO2 by

primary combustion products under field conditions. These authors have studied

the conversion of SO2 to sulfate in the plume of an oil-fired power plant
- "located on the Pacific Coast. The plume-of this power plant was frequently

~in a marine fog for the first 30-60 min of plume transport. The conversion

process during daylight hours when the plume was not in the fog bank was first

ofder"in SO, with a rate of 2-4% SOz(g)/h. However, during plume passage

2
through a fog bank, the conversion rate was determined to be about 307% SOz(g)/h,
i;e.,'an order of magnitude faster; These authors conclﬁded that the conver-
sion érocess occurring in the fog bank probably involvés qkidation of SO2 by
co-e@itted primary oxidants. |

Af this time, we cannot rule out other mechanisms%ﬁotehtially capable of
e#piaining the field evidence discﬁssed in this seétioﬁ;' However, we feel
that £here are sufficienﬁ indicatiéns that combusgion pfoductS'play a possibly.

significént role in SO. oxidation in source-dominated regioné, particularly

2
during winter.
References

1. M. Bizjak, V. Hudnik, A.D.A. Hansen, and T. Novakov, Lawrence Berkeley

Laboratory report LBL-20263a (1985).



“R.L. Dod, R.D. Giauque, T. Novakov, Su Weihan, Zhang Qiupeng, and Song:

Wenzhi, Lawrence Berkeley Laboratory report LBL-20265a (1985).

R.L. Dod and T. Novakov, in Industrial Applications of Surface Analysis,

eds. L.A. Casper and C.J. Powell (American Chemical Society, Washington,
D.C., 1982), p. 397.

L.A. Gundel, R.L. Dod, H. Rosen, and T. Novakov, Sci. Total Environ. 36,
197.(1984).

P.H. McMurry and J.C; Wilson, J. Geophys. Res. 88, 5101 (1983).

J.B. Homolya and J.L. Chenoy, J. Air Poll. Contr. Assoc. 29, 1000 (1979).
J.L.'Chenoy, J. Chehaske, and S. Greenberg, J. Air Poll. Contr. Assoc.

33, 588 (1983).

W.H. Benner, P.M. McKinnéy; and T. Novakov, Atmos. Environ. 19, 1377 (1985).
D.J. Eatough, R.L. Authur, N.L. Eatough, M.W. Hill, N.F. Mangelson, B.E. -

Richter, and L.D. Hansen, Environ. Sci. Technol. 18, 855 (1984).

TN



T
N

This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents‘of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S. |
Department of Energy to the exclusion of others that
may be suitable.




_é@&_a SN

LAWRENCE BERKELEY-LABORATORY
TECHNICAL INFORMATION DEPARTMENT
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

Vgt il



