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ABSTRACT

This paper diséusses the role of_finelyldivided
carbon (soot) pérticiés in the cataiytib‘okidatidn pf sulfur
dioxide to sulfate in polluted étmospheres, >Experimenta1
evidence iS'presented'which shows that carbon particles'may
play a major role in 802 oxidation. The eiperiments deél
with oxidation of SQ2 on graphite partitlés and combustion
produced soot particles. The chemical pfoperties of sul-
.fété producedAby 802—-sootbintération'were ?lso studied.

Tﬁe results obtained with laboratory produced sulfates are
compared'with properties and beha&ior of ambientisulfates.
The ﬁroposgd 802

sistent with field observations. Most experiment reported

oxidation mechanism is qualitatively con-

in this work'Wére>pe?formed with the aid of x-ray photo-

electron spectroscopy (ESCA).
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. Because of adverse‘effects of‘sulfate particles in polluted‘

atmosphere the study of oxidation of sulfur d10x1de to sulfate is occupying
one of the central places in air pollutlon research Mostvattent1on in the -
past -has been devoted to the'photochemlcal and750lut10n chemical oxldationr
of Séé.‘ There is, nowerer, increasing‘evldence that these two kinds of
processes.alone ¢annot adequateIY'account forfthe observations, meaning
that perhaps some catalytic reaction on Suspended particulates is involved.
: Thevpossible role of suspended metal_oxides, for eXample,:waS‘examined by
, some workers(lj. Such oxides are found in small concentrations, however.
This paper addresses itself to the role that a common pollutant and a cat-
alyst abundantly present'in»the atmosphereiin form:of‘finely divided carbon
‘tsoot)_partlcles,/plays in the oXidation of Sdz. Even though the surface.

(2,3)

chemical and catalytic.properties of carbon are known the-relevance
ofvsoot catalyZed reactions to air pollution_chemistry has not been appre-
ciated. We will show that soot,catalyzéd_oxidation.of SOtho sulfate is an
important process'in qualitative:agreement’with the field observations/ The
~experiments reported.here were performed with the aid of X-ray photoelectron
spectroscopy, ESCA.

Carbon is the most abundant element assoc1ated w1th pollut1on
particulates. Actually carbon constltutes about 50% of the total partlcu;"

@)

.late emissions in urban atmospheres such'as'those in California From
~our ESCA studies of amblent‘particulates, me find that, perhaps as high-as‘
80%, of particulate‘carbon is in the form of soot. ISoot 1s basically carbon
w1th graphlte like structure, w1th some small soot partlcles con51st1ng of

[O)

only a few elemental cells and thus possessing extremely high surface area;
We will first demonstrate the feasibility of SO2 oxidation on

graphite and soot particles. This will be followed by a discussion of
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evidence which suggests the_relevance ef the proposed process to atmespheric
pellution. | | B

The interaetion of SOé with graphite particles_was studied withv
‘the setup shown'in Figure la, which'produces'small fresh surface graphite
partiéles (diameters = 20 um). ESCA spectrum of graphite particles exposed
to 802 reveals two sulfur (2p) peaks corresponding to sulfate and to sulflde( )
Blank filters without graphite particles, under 1dent1cal SO exposure condi-
tions, do not produce meaSureable amounts of .sulfate (or sulfide) These
experiments show that even_graphite particles in air are Qx1dizipg SO2 to,.
sulfate.‘

Thevsinilarity of soot particles.te grapnite.with-resPect to SO_2
to oxidation is demonstrated bylthe following‘experiments. Soot specimens
from_a premiXed propane-oxygenbflame collected on (silver membrane) filters
were used for experiments with'different SOz.expesure conditions; in_thev
apparatus shown in Figure 1b. Dry and prehumidified particle free air or
nitrogen was-used.with SOz'concentration of about 300ppm and an exposure

time of § minutes ESCA spectra of SO, eXposed soot are shown in Figure 1b.

2
Sulfate peaks were always more intense in the case of prehumidified a1r - than

in the case of:dry air. -Blank filters exposed to SO and prehumidified air‘

2
"showed at most ‘only low, background level sulfate peaks. Dry and prehumidi-
" fied nitrogen, when used_instead of air, produced identical but very low

levels 6f sulfate. "This indicates that in_addition.to soot partieles the

' exygen in air is important forlSOZ oxidation.-‘Although water_molecules en-

- hance the Observed sulfatevconcentration in thepair_+'802 + $oot system, the

contribution of sulfate‘produqed by SOz'exidation ria dissolved molecular

oxygen inlwater droplets is not'significant. ;This alternative is ruled‘out

by the experiment with blank filter and prehumidified air, which does not



‘~account of sulfate formation (Figure 1d); S0

periment, in ‘which combustion generated aerosol was replaced by steam. No

o .
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result in significant sulfate formation.
It is of interest to assess the role of soot catalyzed oxidation E
in or near combustion devices where both 802 and soot concentrations are

highest. Here, however, the SO2 oxidation'ma& be, at least'in priﬁciple,

7

causéd by reactions with reactive combustion’produced radical species
The experimental arrangement is. shown in Figure lc. Soot samples were pre-

pared while a constant SO flow (300 ppm, 4 minutes) was introduced through'

2
ports #1 through #4, while the flame was on. The amounts of sulfate detected

;on'filters are shown in the graph in Figure lc. Similarity of the sulfate

2.

'duced outside (downstream)'of the flame envelope indicates the relatively

concentrations produced when SO, was passed over the flame and when intro-

minor significance of the homogeneous gas phase oxidation in this system.

We have also studied the-SO2 oxidation on propane soot particles by

‘observing the decrease in the gaseous SO2 concentration A (802), occuring on -

2 concentration is adjusted to

the desired initial value (SOZ)i,"with the flame removed from its positionbin

front of the intake funnel. Decrease in SOé concentration is observed within

the instrument response time, when the flame is placed in the intake position

'so that combustion generated aerosol gets in contact with SOZ' Removal of
‘the flame will cause the concentration to rise to its initial value. Because

“gaseous species will suffer about 108 collisions on the path between the flame

and_the SO2 input,fit'can be expected that reactive radical species will be
largely neutralized,by'thé time ;he& reach the SO2 port. This and evidence
described earlier suggests that th¢ observéd deérease'in 802 concentration is
caused by the action of soot particies." The possibility that the removal iS’_

related to the formation of sulfurous acid was eliminated by .the separate ex-
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2
The plot in Figufe 1d shows the amount of 802 converted to sulfate

detectable ¢haﬁge in SO ‘cdnéentration was obserﬁed in this case.
as funbtion.of_the_oxygen to fuel ratio, for'two_initial concentrations of
,_S;S_and 9.9‘ppﬁ. For a.given combustion rggime A (SOZ) is independent on .
(802)1' This feature_is probably related tb thehsaturation ofiactive sites_(s)
‘on soot particles. A:(SOZ) increases, however, with Oz/fuel ratio; reflecting
the increase in the number of very Small, high sufface area.partiéles produced
. : . .
in oxygen rich flame.

In sﬁﬁmary, labofatory experiments show that: 1) Both graphite and
sbot particles okidize SO2 in'air;_2) soqt catalyzed 802 oxidatioﬁ_pléys'é
majdr role even in presenﬁe'of flames and combustion produéed gases; 3) soot
~.catalyzed oxidation showsva prominent'saturation effect, and 4) in separate
expériments.it was‘determined that sulfate species on cérbon ére étable in
vacuum at room temperature, they are watef'soluble and when disolved they
ihcreaée the acidity of the:solution.

That the described sulfate qumation proceés is consistent with

ambient air results in evident from the following. "Pollution particulate

sulfates are believed to exist mostly in the form of sulfuric acid and/or

%)

ammonium .sulfate Because s00t-S0, interaction leads to sﬁlfate'which is,

2
water soluble and which could conceivably be neutralized by ambient ammonia
"its chemical properties are .consistent with ambient sulfate properties in the
analytical sense. Mdre'evidenée is found from our finding that ambient and

laboratory produced sulfate exhibit the same chéracteristic desorption in

vacuum as function of sample temperaturé. Saturation effect reported for

(10)

ambient sulfates is also consistent with the proposed process. Finally,
a marked correlation between the diurnal concentration variation of ambient

carbon and sulfate should be expected. An example of such correlation is

-—r
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shown in Figufé 2. Other similar correlations have been observed more recently
| (11) -

for other sités and péllution episodes
.Catalytic sulfate formation on soot pérticles is expected to -occur
in the open atmqsphere and especiaily in Oor near cdmbustion édurces,_whereA
both"ﬁéo2 and soot éoncentrationé afe highest. Although thevdeséribéd sulfate
fofmation mechanism could occur in addition to other.reaétions-we-belieVe
-that it plays a mojor rble.in urban situations characterizéd by largé par-

“ticulate carbon concentrations.

T. Novakov, S.G. Chang and A.B. Harker+
Energy and Environment Division
Lawrence Berkeley Laboratory

University of California

Berkeley, CA 94720
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'FIGURE CAPTIONS

Figure la _ ESCA spectrum_of¢graphife particles exposed to 802 and filtered
ambient- air reveals’both,sulfﬁte and Sulfide;On those particles. Sulfate is

produced by catélftic oxidation of‘SO2 on graphite particles.f Sulfide peak is

A

2Achemisorption on parts df.particle surfaces which are "atomic-

-

ally" clean.

Figure 1b - Soot exposed to prehumidified air and SO2 produce sulfate concen-
trations higher than in the case of dry air. Blank filters, without.soot

particles, exposed to 802 and prehumidified air show only background level -

sulfate.

Figuré,lc‘— Set of four soot samples was érepared witﬁ the setup shown in

the figure. Con;tant flow of SO2 Qas introduced,_while.thé premixed propane-
oxygen flame was on, through ports located at the indiCated diStanqé from

the flame. The resulting sulfate concenfrations are'plotted;ﬁs'the SCZ intro-

duction port distances from the flame.

Figure 1d - SO2 concentration is,édjustéd to‘thé‘desired value (SOz'ji with

_‘flame_removed from its position in front of the intake funnel. Decrease S0, '

concentration, 4 (S0,) is observed when the flame is placed in the intake

'pqsition.‘ For a given tbmbustion regime A (SOZ) is independent on -(SOZ)i and

it is increasiﬁg:with_oz/fuel ratio. The former effect is related to the
saturation of active sites on soot particles, while the latter reflects the

increase in the number of ultrafine, high surface area particles.

\ .

Figure 2 - Diufnal variation of»particulate sulfate, carbon (ref. 12) and lead

(ref 13) concentratiohs. The sampling was done in downtown Los Angeles on

September 20, 1972, (réf 14). The similafity between carbon and sulfate

patterns is obvious.
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