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ABSTRACT

The body of information presented in this paper is directed
.to those interested in the oxidation of sulfur dioxide to sulfate in
polluted afmosphere. Experimental evidence is'presehtéd which demon--
strétes thét combustion generated carbon particles in form of-finely
divided soot, are efficient catalyst involvgd in SO2 oxidation. The
main conclusions are: (i) most of the ambient particuxate_carbon is
nonvolatile soot; (ii) photoelectron spectroscopic measurements sup-v_
port the view of basic similarity between soot and graphite; (iii)
both soot and graphite particles in air cétalytically oxidize 802;
(iv) soot catalyzed oxidation of 802 plays a major role even in pre-
senée of combustion produced gases; (v) soot catalyzed‘oxidatioﬁ
shows a pronounced saturation effect; (vi) sulfate speéies produced
on cérbon particles are nonvolatile in vacuum but they‘are water
soluble and when dissolved increase the acidity'of the sd}ution;'
(vii) the results of field studies are compatible with this oxidatioﬁ '
mechanism. The main experimental tool used is X-ray Phéﬁoelectron

-Spectroscopy (ESCA).
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I. INTRODUCTION

This paper addresses itself to one aspect of heterogeneous.
_anospheric chemisfry, namely to the problem of Eataiyiic oxidation of
sulfur dioxide on pollution particulate carbon. Experimental evidence
will be presented which demonstrates that carbon paffiéles, in the form
of finely divided soot, are efficient - and from the‘aif pollution
standpoint certainly realistic - ca;alyst involved in 802 oxidation.

It will be also shown that results of field studies are compatible with
this oxidation mechanism.

The proposed mechanism of 502 oxidation on cérbon particles
.has evolved from our work on X-ray photoelectron spectroscopy (ESCA)
of ambient pollutioh particulates. Since‘we haVe first applied this
téchnique to the chemical characterization of aerosqlvpérticlés we have
examined about 400 samples collected in various regions of California.
In the course of this work we have become increasingly aware of systema-
tic correlation that exists between the diurnal concentration variations
of sulfate and particulate carbon. In addition, we have also concluded
from a series of experiments performed by meané'of our newly developed
method of méasﬁring ESCA spectra as function of sample temperature, that
a large fractioh of the total particulate carbon, perhaps as high as
eighty _percént, is nonvolatile in vacuum at temperatures of about 400°C.
Because ESCA spectra reveal aneutral charge on the carbon core, we assume
that most of the_honvo}atile carbon is elemental.carbon or soot. It is
knowﬁ, however, that soot particles are of essentiaily graphitic struc-

ture, with some fine soot particles consisting of only a few elemental
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cells, thus possessing extremely high surface area. Because catalytic
properties of activated carbon are well known and because similar cata-
lytic properties can be expected of soot, we have undertaken a laboratory
study with the aim of establishing wheather soot particles are catélytic—
ally an&/or surface chemicaliy active when interacting with common pollu-
tant gases sﬁch as SOr, NOx and NHSf In this paper the results dealing
with SO2 oxidation to sulfate will be described,as well as some other
results which may help in assessing the relative importance of soot parti-
cles in the chemistry of“polluted atmosphere. Because the technique of
X-ray photoelectrén spectroscopy is relatively new as a research tool in

the field of aerosol chemistry the basic principles of the method will be

also described.

IT. EXPERIMENTAL TECHNIQUE

X-ray photoelectron spectroscopy,l also known as ESCA (Electron
Spectroscopy for Chemical Analysis), is the study of kinetic energies of
photoelectrons expelled from a sample irradiated with monoenergetic X-rays.

The kinetic energy of a photoelectron E expelled from a subshell i, is

_ kin’
given by Ekin = hy - Ei’ where hv-is the X-ray photon energy and Ei is the
binding energy of an electron in that subshell. If the photon energy is

| known the determination of the photoelectron kinetic energy provides a -
direct measurement- of thé electron binding ehergy, which is the main
observable in this type of spectroscopy.

‘The electron binding energies are characteristic for each

element, while the photoelectron intensity is related to the concentration
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of atoms of that element in the active sample volumé. .This enables the
method to be used for elemental analysis. The biﬁding,energies are not,
however, absolutely constant but they are modified bY‘the valence»electron
distribution, so that the binding energy of an electron subshell in a
given atom varies when the atom is in different chemical environments.
These differences in electron binding energies are known as the ''chemical
shift".

In/the early stages of photoelectron spectroscopy it was realized
that the chemical shifts can be related to the oxidation state. Subsequent
studies have shéwn that the binding enérgy shifts are correlated to a high.
degree with the effective charge which the atom possesses in the molecule.
Therein lies the usefulness of chemical shifts in the aﬁalysis of unknown
molecular structures. Chemical shifts can be adequately described by a
simple electrostatic model in which the charges are idealized as point
charges on atoms in a molecule. The électron binding energy shift relative
to the neutral atom is equal to the chaﬁge in the electrostatic potential,
as experienced by the atomic core under consideration, résulting.from all
- charges in the molecule. This model predictsva practiéally linear relation-
ship between the binding energy shift and the éffective charge. In short,
binding energies will be greater,than the ones- for neu£r31 configuration,
for positive effective chargés, that is for oxidizea species and similarly,‘
the binding energies will show a negative shift for reduced_s?eciesi

Becaqse of the low energy of photoelectrons induced by Mg or Al
X-rays, which are most commonly used, the -effective escépe depth for their

emission without suffering inelastic scattering is small. Recent studies
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‘ °
have given electron escape depths of 15 to 40 A for-electron kinetic
energies between 1000 and 2000 eV. This renders the ESCA method especially
surface sensitive and thus useful in the surface chemicél studies. Be-
cause of the high energy fesolution the electrons which have escaped the
solid sample without energy loss are well separated from the low energy
electfons whose energy has been degraded by the inelastic collisions.
The chemical shift measurements are performed only oﬁ electrons with no
eneigy loss. In some cases, however, the study of the energy distribution
of the inelastically scattered electrons may provide useful informétion
which is complementary to the chémical shift measurement. Namely, the
photoeleétrons will loose energy in producing collective excitation, inter-
band of intraband transitions of the iatice electrons. The energy loss
structure will thus be characteristic of the material. We have applied
this phenoﬁenon to show that.soot and graphite have similar electronic

structure.

.

III. RESULTS

Chemical States of Particulate Carbon. In this section we will

present evidence that ambient particulate carbon is to a large extent
elementai carbon, i.e., soot. We will also shéw that photoelectron spec-
" troscopy can be used to demonstrate the basic gtructural similafity of
soot and graphite.

Photoelectron spectia of ambient particulates reveal that carbon
(1s) photoelectron peak appears gssentially as a single peak with a binding
energy corresponding to a neutral charge stae, compatible with either

elemental carbon or hydfocarbons or both.: Chemically shifted carbon peaks
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due to oxygen bonding, when observed, are generally of low intensity as
compared with the main hydrocarbon + elemental carbon peak.: Suéh measure-
ments rule out carbonates as a significantvform of particulate carbon for
example. Other less positive carbon species such aé carboxyls fof example
are idéntifiable although again their proportion to nonoxidized carbon is
quite low. (Figure 1)

"Unfortunately, because of the nature of the chemical boﬁding in
'“.ﬂydrocarbqns,‘they can not be distinguished from eiemenfal carbon by core
élécfron chemical shift under realistic saﬁple‘conditions.- We had there-

. fore to employ Other.suplementary, although soméwhat indirect, méasurements_
to estimate the relative abundance of elemental cafbon. This was achiéved.
in:one series of experiments by comparing the carbon ESCA peak intensity
with the sample at normal operating temperature of 25° to the peak intensity
obtained with the same sample at 350 - 400° C.  The difference between the
low and high tempefature funs should give the fraction of the volatile
carbon compounds, under assumption that organic compdunds will have vapor
pressures above.10_6.t0rr, i,e., higher thén the spectrometer pressure,
at‘the tempefatures employed.. We have performed sucﬁ measurements on.a
number of ambient particulate samﬁles céllected on silver membrane filters,
and have found thaf in these samp1es'at.1east 80% of the total carbon is
nonvolatile, i.é., presumably elemental. The result of pné such measurement
is shown in Figure 1, where‘the carbon (Is) peak meashred at 25° C and

at 350° C is shown. A decrease in the peak area (peak érea is proporfional
to the carbon afom concentration) of 5%>is observéd in thié parficular |
sampie, collected.on 8/29/73 " in West Covina, CA. Thé decreasé in ihtensity -

is confined to the chemically shifted carbon.

.
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The conclusion about the very high nonvolatile carbon content

could be errbneous if a large fraction of the partichlate carbon volatilizes
in vacuum even at low temperatures, thus leading to the underestimation of the
vdlafile éontent. This would seem unlikely, however, because a reasonably
good agreement has been found between the total carbon‘éoncentration as
measured by ESCA and by a combustion technique.2 Actually the concentra-
tions‘determined by ESCA were in most cases hiéhér than the concentrations
obtained by combustion. Furthermore, measurements employing thermal analysis
in niirogen at atmospheric pfessure in conjunction with combustion analysis
show that on the average at least 50% of the total carbon is nonvolatile.

" In the discussion that follows we shall assume thét the nonvolatile
carbon fraction is largely in the form of soot, which we think of as a
microcrystalline form of gfaphitic'carbon, as evidenced by electron
microscopic and X-ray difraction analysis.4 That soot is indeed a form of
graphite can be also demonstrated by electron spectrosc0py,5 i.e., by ob-
serving the discrete energy losses suffered by carbon (1s) photoelectrons
in the process of escaping from the solid sample. Figure 2a shdws the
energy loss structure associated with carbon (1s)-photoe1ectrons of a
polycryétalline graphite sample with contaminated sqrfacé. As expected,
the energy loss structure becomes moré pronounced after the sample is
heated to 350° C, that is after the volatile surface contaminants have been
' reinovedT This is shown in Figure 2b. In Figures 2c and 2d we show simiiar
spectra of propéne soot as observed with an untreated,sample'and after the
soot sample was heated in vacuum at 350° C. The enefgyfloss features are

similar for both graphite and for soot suggesting the basic similarity of
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these materials.

Catalytic Oxication of 802 on Carbon Particles in Air. Carbon

_constitutes about 50% of total particulate emissions in urban situations.

This fact alone, and especially in conjunction with the foregoing discussion

about the chemical and physical properties of particulate carbon, makes'
the assessment of its chemical role in the chemistry of air pollution
imperative. In spite of the fact that catalytic properties of activated
cérbon are known fhe relevance of soot.catalyzed reactions to the atmospheric
chemistry has not been appreciated. |

In ihis section we describe expériments which under laboratory

conditions demonstrate the feasibility of SO, oxidation in air on both

2
gfaphite and soot particles.6 These will be presented‘iﬁ such an order as
to reflect the increasing complexity of the experimentai systems used. We
will first describe experiments in which the possibility of interfering and
"competing oxidation mechanisms is essentially eliminated, and after that

we wili'describe experimenfs, also involving soot particles, but this time
in ‘the presence bf possibly reactive combustion produced gases. In addi-
tion we will also describe the chemical properties of sulfate produced by
soot - SO2 interaction.

The interaction of 802 with graphite particles waé'studigd with
the apparatus shown schematically in Figure 3. The rotation of the stain-
less steel rotor against which a piece of polycrystalline graphite is placed
produces small, initially fresh surface graphite particles with diameters

of about 20 um. These particles are collected on a filter after they have

been exposed to SO2 and particle free air of low relative humidity. ‘The.
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‘ SOz-concentrations used were of the order of 100 ppm. ESCA spectrum of
these particles reveals two sulfur (2p) photoeléctrénbpeaks correspondiﬁg.
to sulfaté (binding energy 168.4 eV) and to sulfide. In a separate ex-
periment7~we were able to show that SO2 will produce sulfide by chemisorp-
tion on atomically clean trigonal plane of a graphife single crystal under
UHV conditions.; Consequently, the sulfide induced on graphite particles
in the above experiment is an indication of the presence of 'clean' surface
‘portions. On the other hand surfaces which have reacted with oiygen and
water will achieve a surface coverage with carbon-oxygen complexes, which
give rise to the catalytically aétive graphite. Actually, the main
chemical.difference between graphite and soot stems from the differences
in their surface'composition.

Blank filters, that is without graphite particles, under otherwise

identical SO, exposure conditions do not produce measureable amounts of

2
sulfate (or sulfide). This experiment shows that even relatively clean
graphite particles in air are to some extent oxidizing 502'

The equivalency of soot particles to graphite with respect to
SO2 oxidation is demonstrated by the fqllowing set of expériments.> Soot
specimens from a premixed propane-oxygen flame were prebared on (silfer
membrane) filters. In order to assure the equiQalenCy of soot substrates
to be used for experiments with different SO2 exposure conditions, small
sections of each filter were cut and used in the apparatus shown in Figure
4. Dry and prehumidified particle free air or nitrogen was used with SO2

‘concentration of about 300 ppm and an exposure time of 5 minutes. The

entire chamber was kept at about 150° C to prevent water condensation.
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Typical ESCA spectra of SO, exposed soot samples are shown in Figure 4.

2
Sulfate peaks were found to Be more intense in the case of prehumidified
air, than in the case of dry air (Table 1A). Blank filters without soot
particles exposed to 502 and prehumidified air showed at most only low,
background level sulfate peaks. Dry and prehumidified nitrogen, when

used instead of air, produced identical but very low levels of sulfate.

This indicates that in addition to soot particles the oxygen in air 1is

important for SO, oxidation. Water molecules enhance the observed sulfate

2

cqncentration in the air + 802 + soot system. The only poSsible competing
mechanism of relevance to the described experiment is SO2 oxidatién via
dissolved molecular oxygen in water droplets. This alternative is ruled
out by the experiment with blank filter and prehumidified air, which does
not result in significant sulfate formation. Furthermqre, the elevated
temperature prevents the formation of liquid water droﬁlets.

For a constant rélative humidity and 802 exposure the sulfate
yield (measured as the sulfate S to C ra;io) is within the experimental
error proportional to the inherent 0:C ratio (determined by the oxygen

to fuel ratio of the flame) of the soot substrate before SO, exposure

2
(Table 1B). Evidently, the efficiency of the sulfate formation 1s
related to the active surface area (which is reflectéd in the 0:C ratio)
of the unexposed.soot.

It is of interest to assegs the role.of soot catalyzed oxidation
in or near combustion devices where both SO2 and soot concentrations are

always the highest. Here, however, the SO2 oxidation may be, at least in

principle, caused by reactions with reactive combustion produced radical
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species. The experimental arrangement is shown in Figure 5. Soot samples
were prepared by introducing a constant SO2 flow (300 ppm, 4 minutes)
through ports #1 through #4, while the propane flame was on. The amounts
of sulfate dFtected on filters are sﬁown in the graph in Figure 5 and in
Table 1C. Similarity of the sulfate éoncentrations produced when 802 was
passed over‘the flamé and when introduced outside (dowﬁstream) of the flame
envelope indicates the relatively minor singificance of.theAhomogéneous
gas phase oxidation. The somewhat higher sulfate formation efficiency
achieved when SO2 was introduced through inputs #1 and #2 as compared
with inputs #3 and #4 can probably be attributed to the higher particlé
surface area in their growth stage and to temperature éffects.

We have also studied the SO, oxidation on propane soot particles

2
by observing the.decrease in the gaseous SO2 concentration A (SOZ), occuring '
6n account qf sulfate formation (Figure 6). SO2 concentration is adjusted>
to the desired initial value (SOz)i, with the flame removed from its posi-
tion in front of the intake funnel. Decrease in 502 concentration A (SOZ)
is observed within the instrument response time, when the flame is placed
in the intake position so that combuétion generated aerosol gets in con-
tact with SOZ' Removal of the flame will cause the concentration to rise
to its initial value. Because gaseous speciés will suffer about 10°
collisions on the path between the flame and the 802 input, it can be ex-
pected thatAreactive radical species will be largely neutralized by the
time they reach the SOz-pOrt. This aﬁd other evidence described;earlier

suggests that the observed decrease in SO2 concentration is caused by

the action of soot particles. The possibility that the removal is related
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to the formation of sulfurous acid was eliminated by a separate experiment,
in which combustion generated aerosol was replaced by steam. No detectable

change in 802 concentration was observed in this case.

The plot in Figure 6 shows the amount of SO, converted to sulfate

2
as function of the oxygen to fuel ratio, for two initial con;entrations
of 5.5 and 9.9 ppm. For a given combustion regime A (SOZ) is independent
on (SOz)i. This feature 1is probably related to the saturation of active
si£e§ on soot particles. A (802) lncréases; however, with Oz/fuel ratio,
reflecting the increase in the number of very small, high-surfacé area
particles produced in oxygen rich flame.

The results just described show, among other, that SO2 concentra-
tions used in the experiments Qith soot and graphite ﬁnder static conditioné
were well above the saturation level.

Sulfate species in samples prepared by the described procedures
are nonvolatile in vacuum at room temperature. ESCA study of these samples
as fﬁnction of sample temperature shows that sulfate.concehtration decreases
very slowly in a quite specific manner. The sulfate species are water
soluble with accompanying increase in the acidity of thé sélution. These

results indicate that the sulfate produced by soot - SO, interaction is in

2

fhe-form'of adsorbed, surface bonded, sulfuric acid.

Surface Reactions of Ammonia and Nitric Oxide with Carbon'Particles,

For the sake of completeness and because of the relevance to the better
understanding of the catalytic properties of carbon particles we will out-
line the recent results obtained by Chang and Novakov8 on the interactions

of graphite and soot with NH3 and NO. The main factor determining the

s i b e ek a a e o v asmren e
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catalytic or su}face properties'of soot is the nature and abundance of
surface carbon oxygen éomplexes. These inherently exist on soot pgrticles
and can be readily formed on graphite by exposure to oxygen and humidity.
The felative amount and the natufe of these surface complexes dépend
significantly on temperature, i.e., the history of soot formation, or as
in the case of graphite on the temperature during the pretreatment with
Ozvand/or H20. It was demonstrated, by the use of X-ray photoelectron
spectroscopy, that interaction of either NO or NH3 with soot or graphite
at room temperature in air results in the formation of volatile ammonium
like surface species. On the éther hand the same reaction at elevated
temperafure yields reduced nitrogen specieé, which manifest itself by
photoelectron peaks possessing lower binding energies that the binding
energy of ammonium, indicating a core charge more negative than the core
charge on nitrogen in ammonium ion. The same authors have also shown
that these reduced species have chemical properties identical with
nitroggn species also observed in ambieﬁt.particulates.‘ These are idehti-
fied as amines, amides and nitriles, and it is proposed that they are
producedbin a series of reactions with, for example, surface carboxyl
groups. |

In so far as the oxidation 6f 802 is cqﬁcerﬁed it is of interest
to note that carbon particles on which the amines and amides have.been
‘formeq,by one of the above mentioned reactions, seize to be catalytically

active for SO, oxidation. These species are poisoning the carbon catalyst,

2

probably by engaging the same active sites. This example illustrates

the importance of the surface conditions for the catalytic activity of
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carbon particles.

IV, DISCUSSION

Experimental results described in the preceeding section can
be summarized as follows:

(i) Mos;.of the ambient particulate carbon in nonvolatile
soot. |

(ii) Eléctron spectroscopic measurements support the view that
soot is basically of graphite structure. The chemiﬁalbeQuivélency of
ééot aﬁd graphite is further demonstrated by their reaction with 802, NH3,
and NO.

(iii) Both soot and graphite particles catalytically oxidize
SO2 in air.- Soot catalyzed oxidation of SO2 plays a major,roie even in
the presence of combustion produced gases and vapors.

(i#) Soot catalyzed SO2 oxidation shows a pronounced saturation

XX

effect. Catalytic activity of soot will seéize once the soot surface be-
comes saturated with the sulfate product.  Carbon particle catalyst can
be also poisoned by products of other surface reactions which compete for
the same éctive sites. Catalytic activity of carbdn'particleé is detéf-
mined by their surface conditioﬁs.

(vj Sulfate species broduced on carbon pérticleé are nonvolatile
in vacuum at room temperature. They desorb, however, ét elevated tempefa—_
tures monotonically in a specific manner.

{(vi) . Sulfate species on carbon are water soluble, and when

dissolved increase the acidity of the solution.
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We can not, at this time, describe the exact step-by-step
mechanism of the sulfate formation on carbon particles. From the pheno-
menological point of view, however, it is clear that the essential
ingredients for the oxidation process are oxygen and water molecules, in
addition to carbon particles. Experimental findings are consistent with
thé idea that the role of carbon particles is to catalyze 802 + 02 reactioh,
with the latter reactant being adsorbed on.active sites provided by carbon
surface. The role of water molecules is probably to prdduce surface
adsorbed sulfuric acid as the end product of cétalyzis; This.would explaiﬁ

cess
the seization of the catalytic activity after a certain sulfate concentra-

tion has been reached on particle surfaces, as well as the solubility
of sulfate 5n carbon.

As with other processes whose feasibility has been demonstrated
under laboratory conditions, the assessment of the relevance of the catalytic
-sulfate formation to the polluted atmosphere, has to be establishéd through
correlations in the field data expected from the proposed process.

The proposed process is based on abundant presence of finely
divided, high surface area, soot particles in the pollutéd atmosphere. The
éxperimental results obtained with ambient particulates support this assump-
tion, which is logical in view of the fact that most of urban air pollution
is combustion generated and that even seemingly compléte combustion under
realistic conditioﬁ; always produces significant amounts of soot. The
small particle gize of soot would naturélly prevent its visual observation.

If a significant fraction of pollution sﬁlfates is produced‘ |

catélytically on. carbon particles, there should be a high degree'of
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correlation between the diurnal concentration variatidn of ambient parti-
cuiate sulfate and carbon. An example of such correlation 1, 6 we show
the diurnai plots of sulfate, total particulate carbon:énd lead obtained
on twelve samples without particle Size segregation, ébllectéd in down-
town Los Angeles on September 20, 1972. The simiiarity between carbon
and sulfate pattern is obvious. Other similar correlations havé been
qbtained‘more recently, actually hot one exceptionvto fhis rule was found
to date. The validity of carbon Sulfate‘correlation:eXtends to submicron
particles. In Figure g we show a plot obtained.by Hidyuet al.,9 for the
summer of 1973, bf the submicron sulfate (as fractiqh of the gaseous
sul fur oxides) vs. the submicron particulate carbon. .The high degree of
correlatiqn is evident from the figure. |

That the sulfate on carbonbhypothesis is alSo_consistent with
analytical results obtained on ambient sulfate is evidént from the fol-
lowing: Namely, pollution particulate sulfates are believed to exist in
one or more of the following forms, i.e., sul furic acid, ammonium sulfate,
ammonium acid sulfate and sulfate salts with metals. Since ambieﬁt sul-
fates are fairly nonvolatile in vacuum, it is not likely that they are
actually in liquid sulfuric acid form during analysis. Ammonium sulfate
although present is not necessarily always the major sulfate form (1):
Sulfate salts with metals can be.ruled out as significant because the
amounts of metals found in particulates are small to égt'as major sulfate
cations.10 The prdperties of sulfate produced catalytically on carbon
are compatible with all of these results. For example, upon disolving in

water its acidity will increase as with sulfuric acid, but because of its
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bonding to the carbon surface. sulfate on carbon will be much less volatile
in vacuum then liquid sulfuric acid. Acturally in a series of experiments
_We have found that the ambient sulfate exhibit the samércharactgristic
desorption in vacuum as function of the sample temperature, as the sulfate:v
produced by SOZ - soot interaction. Furthermore because of the solubility
of these sulfates it is conceivable that they can be neutralized by ambient
ammonia to form ammonium sulfate. It appears, therefore, that the chemical
~properties of sulfate on carbon are consistent with'thevchemical properties

of ambient sulfates.

Finaily, the saturation effect observed fqr sulfﬁte formatidn
on carbon particles is qualitatively consistent with the saturation be-
havior reported for ambient sulfate.11

Catalytic sulfate formation on soot particles can bé expected
to occur in the open atmésphere and especigly in or near combustion soﬁrces;
where both SO2 and soot concentration are highest. Although the described
sulfate formation mechanism could occur in addition to other reactions

we believe that it plays a major role in urban situations characterized

by large particulate carbon concentrations.
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A)

B)

C)

‘ TABLE 1
SUMMARY OF RESULTS ON SULFATE FORMATION BY SOOT + SO

2

INTERACTION

Relative atomic conceéntrations (C-100)

LBL-3035

Remarks

156

0+4.0

~61-

Experimental Conditions C 0 S (sulfate) - 0:8
Soot substrate before :
502 exposure 100 18.0+2.0 - - See Figure 4 - note the
o ' sulfate 0:S stoichiometry -
.Identical soot substrate + : : , for the case of prehumidi-
dry air‘+ SO2 100 35.0+3.0 4.0+.5 8.7 fied air
Identical soot substrate + pre- - :
humidified air + 802 100 91.0+9.0 21.0+2.0 4.3
Soot substrate #1 ‘ 100 3.4+0.4 - - Resulting sulfate concen-
Soot substrate #1 + SO, + 1.h. air 100 14.0+2.2 2.0+0.4 7.0 tration is proportional
. 2 — : — to the 0:C ratio on soot
Soot substrate #2 100 17.1+2.2 - - before SO2 exposure
Soot substrate #2 + SO2 + 1.h. air 100 27.1+2.5 3.5+0.2 7.7
Soot substrate #3 100 20.4+6.0 - -
“Soot substrate #3 + S0, + 1.h. air 100 27.3+5.0 - 4.4+0.2 6.2
SOzvinput through port #1 , _
5 cm upstream from flame 100 220.+20 160.0+6.0 3.7 See Figure 5 - note that
SO, ‘input through port #2 - - 0:S ratio is about 4 for -
2715 cnm downstream from flame 100 1240.+25. 54.0+415.0 4.4 this high'humidity case
502 input through port #3
28 cm downstream from flame 100 150.+15. 31.0+3.0 4.8
S0, input through port #4
58 cm downstream from flame 100 .+15 37. 4.2
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Figure 1:

Figure 2:

Figure 3:

Figure 4:

-20- , LBL-3035
FIGURE CAPTIONS

Carbon (ls) photoelectron peak of an ambient particulate sample
as measured at 25° C and at 350° C. . The shaded area represents

the loss of volatile species.

The energy loss strucfure associated with the carbon (ls) photo-
electronvpeak for: a) graphite with a contaminated surfacé,

b) the same saﬁple heated to 350° C, c¢) propane soot sample
measured immediately after qollection and d) same soot sample
after heating in vacﬁum at 350° C. Thevsimilarity of graphite

and soot energy loss structure is evident. (Ref. 5)

ESCA spectrum of graphite particles exposed to SO2 and filtefed
ambient air reveais the presence of both sulfate and sulfide on
those particles. Sulfate is produced by catalytic oxidation of ’
SO2 on graphite particlés. Sulfide peak is the result of SOZ
chemiéorppion on parts of particle surfaces which are "atomically"
clean. Apparatus used for production of smail graphite particles

and for their exposure to SO, and filtered air is also shown. (Ref. 6)

2

Soot particles exposed.to pfehumidified particlé free air and
802 produce sulfate concentrations about five times higher than
in the case of dry air, for the same SOé‘concentfation. Blank
filters without soot particles exposed to SOzvand prehumidified
air showed only backgrdund level sulfate. The expdsure chamber
was kept at elevated temperatures to prevent condensation of

liquid water droplets. (Ref. 6)




#74-200 21 | LBL-3035

Figure 5: Set of four soot samples was prepared with the sétﬁp shown

in the figure. Constant flow of 802 was iﬁtroduced, while the
premixed propane-oxygen flame was on, through ports #1 through
#4 which are placed at the indicated dispance from the flame.
The resulting sulfate concentrations are plqttéd vs. the SOZ
introduction port distances from the flame. Thé somewhat higher
sulfate formation efficiency achieved when SO2 was introduced
through ports #1 and 2, as compared with inputs #3 and 4 can
probably be attributed to the higher particle surface area in

the particle growth stage and/or temperature effects. (Ref. 6)

Figure 6: Apparatus used to study the.decrease in SO2 concentration A (502)

| on account of sulfate formation on propane soot particles. SO2
concentration is adjusted to the desired value (SOZ)i with
flame removed from its position in front of the infake funnel.
Decrease in SO2 concentration is obserﬁed when the flame is
placed in the intake position. The plot shows A (SOZ) as
function of‘Oz/fuel ratio for two initial SO2 concentrations.
For a given combustion regime A (SOZ) is independent on (502)i
and»it is increasing with Oz/fuel ratio. The former effect is
related to the saturation of soot particle surface area, while
the latter reflects the iﬁcrease in the number of ultrafine,

high surface area particles..(Ref. 6)

Figure 7: Diurnal variation of particulate sulfate, carbon (ref. 3) and
lead (ref. 12) concentrations. The sampling was done in down-
town Los Angeles on September 20, 1972, (ref. 9). The similarity

between carbon and sulfate patterns is obvious.
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Figure 8: Scatter diagram of partiéulate sulfate Sp (as fraction ofbgaseous

sulfur Sg) and carbon in particles <0.6 um diameter (from ref. 9).
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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