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ABSTRACT

A non-photochemical mechanism of chemisorptive'formation of polluLion
sulfates on oxidized carbon particles is proposed. The proposed hypothesis
is based on: a) photoelectron spectroscopic (ESCA) measurements of ambient

pollution aerosols; b) ESCA studies of SO

5 chemisorption on graphite, acti-

vated charcoal and propane-smoke particles; and c¢) light-scattering measure-
ments on propane-smoke particles coated with sulfates produced by SO -

2
chemisorption.
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One of theimosk objeétionable manifesfatiohs ofiaif poliution is the re-

~duction of'visibiiity, caused by the scattering ofivisib;e light by suspeﬁded
atmospheric pérticles (aerosols);i Thelrole.of sulfur cbmpounds in the forma-
tion of these aerosols has been the subject'éf c¢onsiderable interest, since
urban sulfates are associated with the particleé that are most effective in
scattering vi;ible'light. (1)

Much of the past research hasvceqteréd on the formation of sulfuric acid
SO4) aerosplé yia secondary prqceéses from,géseOUS SO2 (2). Twé‘kinds'of

2
-~

sulfate-formation mechahisms have received most attention: photochemical

(H

reactions (3) and reactions in aQﬁeous\solutions (4). H2504 aerosols produced
by these mechanisms can react with ambient ammonia to produce dispersed

ammonium sulfate, (NH4)ZSO4. There is little information about heterogeneous

-reactions, in sources and in the open atmosphere,finvblving Soz—solid particle
reactions. It.is known, ﬁowever;‘ﬁhat even in the absence of\sunlight, SO2 is
readilysoxidized in the presence‘éf finely divided metal-oxide particles (5).
Iﬁ is also known that photochemica; reactions taking place in the presence of
particles occur»largeiy’Qﬁ their surfaces k6).

Ouf studies of ambient aerosol samples from.sevefal urban locations in
California have shown that (NH4)2504, while prgsent, is not in fact the déminant
sulfate form.in thesé‘gero§qls. on the other hand, work of other.investigatqrsA
(14) has\failed:to.provide a conclusive proof fof'the preseﬁce of H23$O4 aerosols

1

in polluted California air. In our ampient studies we have also ‘observed cor-
relations between the diurnal concentration patterns of sulfate and of carbon.
These observations indicated to us the need for further investigations of non-

photochemical sulfate-forming reactions involving solid particles, particularly

carbon particles, which are so abundantly present in urban air.
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. This pépervsummafizes the results of a number of_experiments dealing with
(a) chemical characterization of ambient urban aerosols, (b) chemisorptive
formation ofvsulfates'oh surfaces of oxidized carbon particlesland (c)" the

. effect of SO

z'chemisorption on the light scattering (visibilityfreduction)

properties of these carbon particles. The chemical characterizations of both

ambient and laboratory aerosols were made with the use of photoelectron/ spec-

i
B \

troscopy (ESCA) {7); the light scattering measurements)(s) were performed with

.an integrating nephelometer.'

.Ambient Studies. Thé'measuréments on ambient aerosols discussed here

wefe;méde on samples collected oh September.l9 and 20, 1972, near ;he-Harbor
Freeway in’downtbwn Los Angeles, CA. (9). ‘Our reépits.éhd éopciusions there-.
fore apply to an urban atmosphere charactefized.By'autoﬁo£ive and. other anthro-
pogenic pollutanfs, with reducédvlocal*yisibility, bﬁ% with low oxidant and
low relatiye hﬁmidity le§eis.
The dominan£ elements in these ééroéols are carbon, leéd, nitrogen and
- sulfur, appearing withﬁmaximum coﬁcenfratioﬁs of about 80; é2,_12 and 7ﬂg/ﬁ3,
respéc£;vé1y; ESCA measdrements\were made on 2hr.- total fingfs (TF), withoﬁt
particle-size segregation, and on 2hr.‘after-fi1ters 6f a Lundgren impactor
(AF), containing mainly submicron'parf;cles. \Absoluté‘concentfa%ionsuwere
derived by noﬁmalization of ESCA measurements to the lead:concentrations dete:—»
mined by X-Ray:f'luorescence'(lO).*L Carbon concengrations are thé averages of
detefmiﬁéﬁioﬁs by ESCA and by}a‘combustion technique (11).-

The sulfqrvspéctré showed that shlfaﬁes were dominan£ in all cases, al-
-though in somebsampies réduced forms of sulfur -neutrél and sulfidesj we?e
found in.concent;ations comparable tp_the sulfateé (12). ig‘this papef, however,

we will be concerned only with.sulfatés_

!
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‘The diurhalvvariations of sulfate concentrations-in total and after
filters obtained from.a set of 2 x 12>filteré éoverinq>a 24 hour period are
shown in Figare la. Also shown are the variations of total carbon (TF) and
lead (fF and AF) aoncentrations. The wind directions at Sampling ihtervals are
shown‘schematicaily,in the same figura. An examination af Figure la shows thaté
a) there is a aimilarity between the patterns of sulfaté.and of carbon, while
the lead pattern shows a different trend; b) changes in both sulfate and carbon
conceﬁtrations'are relatéd to thg wind direction, indicating sulfate and carbon
sources that -are both to some extent spatially localized; c) the difference bef
tween TF and AF sulfate trends can be explained by the influx of predominantly
lafger particles carried byithe changed wind direction; d) moat»of
the sulfates are found in larger particle sizes (TF) ; and e) because of the
changing wind direction the contribution of the Harbor Freeway is not the only
significant factor in this eéisode. The early morning rise (0600 PST)vin sﬁl-
fate concentration, in addition to evidence just mentioned, the:essential
absence of (NH4)2SQ4 ‘see below) and low oxidant levels, suggests‘thatvthis
sulfate is not produced by photochemical reactions.

Two alternative meéhanisms_can be invoked to explain the similarity be-
tween the diufnal patters of sulfates and carbon, and our data allow a choice
to be made between fhem. Either tﬁere exists a “ahemical lipk" between sulfates
and carpon_particles, or the carbon &nd suifaté particles. were carried separaﬁely o
and nonintéractivéiy in the same air mass. In the latter case the sulfates,
prodaced by éhotochemical and solution chemical processes, would be in the farm'
of either H_ SO, or (NH ) ,S0

2 4

indicate that in the cases studied the majority of sulfates were in neither of

4 or both. Contrary to this expectation our data

these forms. The sulfate content diq not decrease significanily when the

sample was haated to 450° C in vacuun, indicating a sulfate form less volatile
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than liquid HZSO Also, attempts to identi’fy‘characteristic'HZSO4 droplets in

4

California aerosols by electron microscopy have failed (14). Our ESCA measure-

ments indicate that the sulfates do not occur primarily as (NH4)2SO4.

The ESCA analysis procedure is illustrated in Figures 1lb, c and d.
Figure lb shows the nitrogen (ls) and sulfur (2p) ESCA spectrum of a sample of

pure (NH,) SO The photoelectron peak positions (i.e. their binding energies)

4°
corresbond'to the ?mmonium and sulfate ions, respectively. The nitrogen/

" sulfur peak intensity ratio‘ of about 1.4 reflects the étomic ratio of 2N/1S
for this compound. Figure lc shows the same spectral region for an ambient
filter (TF 1200 PST);‘ If all of the sulfate were present‘as ammonium sulféte,

the cofresponding nitrogen peak would appéar as indicated'by the dashed line

in Figure 1lc. In fact, the ammonium content in this, and other samples of the

’

episode, - is tco low ;6 account for the entire su;fate content. Rather, ﬁhe
dominaﬁt nitfogeﬁ peak co;résponds to a species, seen in;all the spectra of
ambient samples, thch possesses a mére negétive qhérge than that of ammonium
nitrogen (13).. It is possible that these nitrogen species could be mistaken
for ammonium by conventional.wgtt chemical techniques.

A similar analysis of an overnight TF éample collected in Berkeley during.
the summer fog season 1s seen in Figure 1d. Nitrate énd ammonium are recogniz— 
able in addition to other reduced nitrogen species. Even in this isituation of

!

(4), there is

high humidity,thich should enhance the formation of (NH,) ;SO ,

not sufficient ammonium present to account for all the sulfate. It appears
instead that the ammonium is associatcd with nitrate in the ratio 1:1, as in

NH4NQ3 (Fig. le).

SO., Chemisorption Studies. The results outlined thus far indicate the

possibility of heterogeneous chemisorptive sulfate formation on carbon particles.
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Since our ESCA measurements on ambient samples at elevated temperatures (up

to 450°C) have shown that up to 80% of the ambient particulate carbon is non-

volatile, probably in bulk.élémeﬁtal form, we have ﬁerfqrmed 502 adsorption
measurements with anhydrogs grade‘SO2 on activé#ed cha?coal, propane smoke
particles and‘gfaphite; representing different formsvof elemental carbon..

In Fiéure 1f, a representétive sulfur (2p) ESCA'Spectrum is shown of
activated charcoal degassed in vacuum at 400° C and expoged to 502 (at STP). "
These déta show .that most of thé sulfur remaining on the .charcoal surface,

after gaseous SO, has been pumped away,'is in sulfate form. In some experiments,

2

a small amount of reduced sulfur was also seen.

! .
Similar experiments with smoke particles generated from propane were made

with a flow system and SO, concentrations of 100 - 800 ppm. The apparatus,

AN

. shown in Figure 2a was used both for sample preparation and for light scatter-

2

ing experimentsg.

Intense sulfate peaks were observed when SO2'was introduced in the system
_ ugstream from the flame. A sulfur (2p) spectrum 6f a sample produced in this
manner is shown in Figﬁre 1g.

When the SO_ was introduced downstream from the flame, 6 to 8 times lower

2

sulfate intensities were obtained for a given 502 concentration.
An insight into the mechanism of this surface—catalyzed conversion of

SO, to SO, was obtained by a study of SO, adsorption on single crystal graphite

2 4

I

surfaces in UHV. Clean graphite (that is, showing no trace of oxygen) was

2

. -6 : _ . _
exposed to about 10 torr-sec SOz, and the ESCA spectrum after this treatment
revealed only sulfur, analogous to the reduced sulfur seen on some ambient and
charcoal samples. On the other hand, if the graphite surface was initially

oxygenated and subsequently exposed to SOZ’ under conditions otherwise similar

to the oxygen-free graphite, sulfate formation occurred. The oxidation (or
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oxygenation) was achieved by in situ exposure of a hot graphite surface to

water vapor or by cutting the crystal in air to expose the fresh surface to

oxygen and moisture.

.

Both propane-smoke and graphite experiments indicate that elemental car-
bon becomes efficieht in converting $o, to sulfate when its sﬁrface is covered
with oxygen, probably from surface OH groups. Evideﬂce against consideration
of liquid water as the cause of this conversion is provided by the flame experi-
ments. Water cqndensation on the carbon particles is expected to occur rapidly

downstream from the flame, where no sulfate conversion was obtained. A rough

2 was obtained

by monitoring the gaseous 502 concentration by infrared spectroscopy. This

estimate of the efficiency of the propane smoke for removing SO

indicated (under one set of conditions where the initial SO, concentration in-

troduced upstream from the flame was 244 ppm) that the propane flame reduced

the 802 concentration to one-third of its original value.
"Light-scattering experimenﬁs were performed with an integrating nebhelo—

meter. Large increases in the scattering coefficient bs'

were observed be-
cat ) :

tween bare smoke particles and particles produced in the flow system when 302

entered the system upstream from the flame. Virtually no effect on light

scattering was visible when 802 was introduced downstream from the flame.

Figure 2b showns the nephelometer response to the introduction of about 150
ppm of 502 upsﬂréam from the flame. The value of bs' is about twenty times

cat

that of bare smoke particles.

The effect of preferential chemisorption on fresh particles is illustrated

in Figure 2c. A constant flow of SO2 was periodically switched from the upstream

to the downstream input. The upstream introduction occurred at points I, III

and V, while the downstream introdqction was at points II, IV and VI. The 502
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‘flow was- discontinued at point VII. The downstream input had very little, if
any,,effect'oh the value of bécat' The interactionrqf SOz with particles be-

fore water condensation occurs, appears to be essential for both efficient

o#idat;on and for an increase in light-scattering. '

Scanning eléctorn micrographs: of the particulates formed in these expefi—
ments indicate that the incréase in‘light'scattexing (visibility reduction) is
'éaused by coagulation';nd agglomeration of primary submicrbn smoke particleé
‘(diahéters <.O.lu)‘induced by surfécé sulfate formafion,;_

Our experimental results are summarized as follows:

N

1. Most of the ambient particulate sulfate (downtown Los- Angeles, 19?20
- September, 1972) is present in a form other than the usually assumed

ammon ium sulfatg,((NH4)2SO4.

2. Diurnal variation of ambient sulfate concentration resembles the

\ : . )
diurnal variation of particulate carbon, which was found to be largely non-"~

volatile.

3. hLaboratqryfprodﬁced carbon‘particles with_oxidi%édv(oxyéenatea)
surfaces are efficient catalysts for SO2 tq SO;— » cdnversibq._

4. Chgmiéorption ofVSO2 on reactive submicron carbon particles pfoduces
large incfeases in the light scattering coeffigient, Bséét" This‘increése
ig caused‘by'agglomeration of sulféte—céated smoke‘paftiélés.

5. The éhemisérptive fqrﬁatibn 6f‘sulfate and relatea increases in
bséat occﬁrrqn oxidizea carbon particies and cahnot be é*plainea by condéhsa;'

tion 6f liquid water on the particles.
‘ - éecause of the availability of reactive c&rboh pérticlés in combustion

processes, it can be expected that sulfate-bearing particles are emitted into

the atmosphere from primary sourcés, if the fuels contain trace amounts of
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sulfur. This sulfate emission occurs in competition with the emission of gas-

eous SOZ' The SOZ_/SO2‘ratio at the scurce would'depend on the combustion

regime, i.e. particle size, surface area, etc. Catalytic sulfate formation
would also be expected to occur in the open atmosphere on reactive carbon

particles. The observed strong effect of SO chemisdfption on'bS is an

2 cat

’

indication that sulfétéecoated carbon.particles are, atyléast iﬁ part, responsi-
ble for visibility reduction in the bolluted urban atmosphere. The process of
sulfate formation that we propose here could occﬁr in addition to other reactions, .
such as photochlemical. We believe, however, thét tﬁe chemisorpgive mechanism:out—
lined here may play a dominant :ole in urban situations that are cﬁaracterized byA

large particplate carbon concentration.” This implies that reductions of gaseous >

1

pollutants, such as NOx and hydrocarbons in the case of automobilés, alone may
not have the desired effect in improving visibility if fuels with sulfur content,

as at present, are used and if no efficient primary submicron particulate reduc-

tion is achieved.

The proposed chemisorptive sulfate-forming mechanism is'in qualitative

agreement with the features that we have observed in our studies of ambient

sulfates and carbon.
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1
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_YFigure éaptions_

Figﬁrg l;

a) Diurnal variatiéns'of sul fate . carbon7andvlead (concentrations in ug/m3 of
’element) Total—Fiitef (TFf.data were obtgined with.;ampies collected withoﬁt-
particlé size segregaﬁion. Lundgrén_impactor afterffilter (Af) sampies con-
tain only_gubmicron particlés. .Sampling Qas done,fh"Lbs Angeles, near the
Hérbor Freeﬁay on September-l9-20, l§72. The wind direction relativé to the
freeway’and relative humidity are shown on the figure.

b) ESCA spectrum of nitrogen (N1s) ‘and sulfur (2p) of amﬁonium-sulfate.

c) ESéA spectrum of the same region gf an ambient Los Angele;'TF sample (1200 PST)}

d) ESCA spectrum of the same regidh takeﬁ with a sample ffom Berkeley, Calif.

e) Nitrogen (Nls) ESCA spectrum of ammonihm—nitraﬁe.

f) Sulfur (2p) spectrum of sulfate produced by SO2 chem;sorption on activated
charcoal._

g) Sulfur (2p).spectrﬁm of sulfate produced by 802 chem%sbrption on pfopane

7 smqke'éarticies. | |

Figure 2:\

a) Flow system used for SO, chemisorption studies -on propane smoke particles.

2

The same apparatus was -used for both sample preparatioh for ESCA measurements

~and for the study of the effects, of SO, chemisorption on light scattering

2

‘with an integrating nephelometei;' ’
b) The nephe10metervrésponse‘to the introduction of 150 ppm of SO2 upstream

from the flame.
c) A demonstration,ofithe preferential chemisorption on fresh pérticles as evi~
N . / . ’

denced by the light scattering. The dpstream introduction of 502 occurred at

points I, III, and V, while the SO,

flow was switched to the downstream input

, flow was discontinued at point VII. Down-

at points II, IV and VI. The SO

stream input had virtually no effect on the increase of bscat
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Fig. 2
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