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ABSTRACT 

This paper addresses itself to the application of X-ray photoelectron 

spectroscopy (also known as ESCA or XPS) to the chemical characterization 

of pollution particulates, in particular to the determination of concentra-

tions and chemical states of sulfur, nitrogen, and carbon. In addition to 

the discussion of the capabilities of ESCA as an analytical tool, a short 

summary of the application of the method to a more comprehensive study 

of the formation and behavior of urban sulfates will be presented. 

*This work was done with support from the U.S. Energy Research and 
Development Administration. 
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INTRODUCTION 

The method has been shown to be a convenient and useful technique 

for the determination of chemical states of atoms in molecules.
1 

It has 

also been demonstrated that this method has a potentially significant 

application to the chemical characterization of pollution aerosols. For 

. 2 
example, Novakov et al. have applied this method for the determination 

of lead and the determination of the chemical states of sulfur and nitrogen 

in smog particles as a function of particle size and time of day. Two 

oxidized states of sulfur were identified in their work; the more oxidized 

form was assigned to the sulfate species, while it was suggested that the 

other corresponds to an oxidation state of 4+, i.e., sulfite or adsorbed 

sulfur dioxide. 

3 
Hulett et al. used ESCA to study sulfur compounds in fly ash and 

smoke particles. They reported three chemical states of sulfur present 

on coal smoke particles. These included a single reduced state which was 

assigned to hydrogen sulfide or a mercaptan, and two species in higher 

oxidation states corresponding to sulfate and sulfite. The sulfur in the 

fly ash was tentatively identified as a sulfate. 

In the course of our work on the photoelectron spectroscopy of 

ambient aerosols we have carefully examined the spectra of about four 

hundred samples, containing different particle size classes, collected 

. . . c l.f . 4 
at var~ous s~tes ~n a ~ orn~a. We have also made extensive use of this 

technique in our studies of source emission and laboratory produced 

particles. 
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Photoelectron Spectroscopy 

Extensive reviews of X-ray photoelectron spectroscopy have been 

given i~ the literature
1 

and therefore only a brief description of the 

method will be given here. ESCA or XPS consists of the measurementof 

kinetic energies of photoelectrons expelled from a sample irradiated with 

monoenergetic X-rays. The kinetic energy of a photoelectron Ekin' expelled 

from a sub shell i, is given by Ek. = 
1n 

hv - E. where 
1 

hv is the X-ray 

photon energy and E. .is the binding energy of an electron in that s'l.ibshell. 1 

If the photon energy is known, the determination of the kinetic en~rgy of 

the photoelectron peak provides a direct measurement of the electron binding 

energy, which is the main observable in this type of spectroscopy. 

Because of the low energy of photoelectrons produced byMgor Al Ka 

X-rays, which are most comm:only used as photon sources, the effective 

escape depth for their emission without suffering inelastic scattering is 

small. Recent studies5 have given an electron escape depth of 15 to 40 A 
for electron kinetic energies between 1000 and 2000 eV .. This renders the 

ESCA method especially sensitive to the surface conditions. of solids. 

The electron binding energies are char~cteristic for each element, 

which enables the method to be used for elemental analysis. The binding 

energies are not, however, absolutely constant, but they are modified by 

the valence electron distributioni 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 the 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 of the 
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element studied. Subsequent studies have shown that the electron binding 

energy shifts are correlated 'to a high degree with the effective charge 

which the atom possesses in the molecules. Therein lies the usefulness 

of chemical shifts in the analysis of unknown molecular structures. The 

chemical shift can be adequately described by using a simple electrostatic 

model in which the charges are idealized as point charges on atoms in a 

molecule and the electron binding energy shift relative to the p.eutral 

atom is equal to the change in the electrostatic potential, as experienced 

by the atomic core under consideration, resulting from all charges in the 

molecule. This model predicts a practically linear relationship between 

the binding energy shift and the. effective charge. In short, the binding 

energies will be greater than the ones for the neutral configuration for 

positive effective charges, L e., for oxidized species. Similarly the 

binding energies will show a negative shift for reduced species. 

Good correlations between the estimated charges, based on the 

electrostatic model, and measured binding energy shifts have been obtained 

for a large number of compounds. The existence of this type of theoretical 

and experimental background facilitates our task in identifying the species 

in aerosols. 

The ESCA technique can therefore be used for both elemental analysis 

and for determination of chemical states. We describe here the factors 

that govern the sensitivity of the method, for analysis of both homogeneous 

and heterogeneous solid samples. 

The number of photoelectrons emitted per unit time from a homogeneous 

solid sample is 
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where ·'N -3 
the ·volume concentration of the given element (em ) 

2 S = the sample area irradiated by the X-ray beam (em ) 

average thickness from which photoelectrons are emitted (em) 

-2 '· -1 
- X-ray flux (em sec ) . 

,. 2 
s =photoelectric cross section for given element and shell (em). 

The number of electrons detected, nd, is less than· n; by the fraction f: 

and f 

where t = transmission (solid-angle) factor of spectrometer 

w factor describing the nonisotropic (energy dependent) ·angular· ' . ' 

distribution of photoelectrons with respect to. the X-ray 'beam 

d.irection. 

Some of these factors (S, <f>, t) are constants. of the app~ratus and others 

(s, w, £.) are functions of energy and Z, and thus depend on the details 

of the particular experiment. 

Grouping these we write 

n = K•F 
d . 

where K = constant of the apparatus 

F elemental sensitivity. 

Elemental sensitivities for all elements of interest can be deter

mined with use of compounds of known stoichiometry. 6 In this way relative 

atomic concentrations of various ~lements in the sample are easily obtained. 

For practical purposes in the analysis of ambient samples the relative 

' ) ' 

atomic concentrations ~re combined with actual (absolute) Pb concentration 
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determined by, for example, X-ray fluorescence (XRF), gravimetric factors 

for the elements involved, flow ra,tes, etc., yielding the concentrations 

of elements and chemical species in usual units of mass/volume of air. 

The assumption was made in the preceding discussion that the sample is 

reasonably homogeneous, i.e., that the atomic concentrations of species 

being analyzed are the same throughout the active sample .volume. If, 

however, there is a preferential concentration of an element on the sample 

surface, then the concentration of this element determined by the described 

procedure will be higher than the total (bulk) concentration (if lead to 

which the results are normalized is preferentially a bulk species). We 

will be returning to this question later in the text. 

Let us illustrate the surface sensitivity of ESCA using a simple 

system consisting of a flat aluminum metal surface covered with a thin 

e 10 A.> layer of aluminum oxide. The sample can be rotated about an 

axis changing thus the electron escape angle 0 (insert in Figure 1). A 

consideration of this arrangement shows that the effective sampling thick-

ness, determined by the mean escape depth of electrons in the sample 

material,· decreases with 0. Therefore low escape angle measurements should 

yield much enhanced· surface sensitivity, with perhaps only a few monolayers 

. 7 8 
contributing essentially all of the photoelectron signal. ' 

In Figure 1 we show the Al (2p) spectra from the aluminum specimen 

with a surface oxide layer measured at different angles 0. 8 The chemically 

shifted oxide and metal peaks are clearly resolved. It is clear that the 

metal peak (representing the "bulk" species in this case) essentially dis-

appears at low angles, with a corresponding increase in the relative 

intensity of the peak originating in the surface oxide. 
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Clearly, in the case of a nonhomogeneous sample, the ESCA results 

will reflect the concentrations in the surface region. Advantage can be 

taken of this property by combining ESCA determinations with those made by 

bulksensitive methods such as XRF or a microchemical analysis; so as to 

obtain information about surface species. 

ANALYTICAL APPLICATIONS 

Chemical States of Sulfur in Ambient Particulates 

The sulfur ESCA spectra of ambient samples, collected during the 

California ARB-sponsored Aerosol Characterization Study (summer 1972), were 

of varying degrees of complexity, sometimes covering the entire range of 

9 known sulfur binding energy shifts. Individual binding energies, charac-

teristic of definitive sulfur species,were determined by a comparative 

study of a large number of specimens.. These binding energies are assigned 

to characteristic chemical states, with the help of ESCA results obtained 

with a number of simple sulfur compounds and with so2 and H
2
S adsorbed 

on various solids. It is shown that the ambient particulate-sulfur 

spectra can be explained in terms of so4 ' so3 ' arid s-- ions, neutral 

sulfur, and surface bonded so
2 

and so3. Thanks to the measurable differ

ences in binding energies between the bulk-type ions and the surface 

species, these can be distinguished in favorable cases. 

In Figure 2 some representative sulfur 2p ESCA spectra are displayed 

in order of increasing complexity. Let us examine these spectra in more 

·detaiL Spectrum I consists of a single, well-defined peak occurring at 

a binding energy of 169.2 eV. This peak is easily recognizable in all 

spectra (I through VII). This peak is denoted by A in Figure 2 and is 
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assigned to the sulfate ion (see below). Spectrum II reveals an addi-

tional peak at a binding energy higher than that of the sulfate, which we 

denote as B. This peak must correspond to a sulfur species with a higher 

positive effective charge than that in the so
4 

ion. Peak B is also apparent 

in spectra VI and VII. An indication of the presence of a co~ponent (D) 

at a binding energy of about 167 eV is found in spectrum VII: namely, if 

the high binding energy group consisted only of peaks A, B, and C, then 

one would expect a much more pronounced valley between this group and the 

low binding energy group, centered around 162 eV. We tentatively place 

component D at 1.6 7 eV. 

Components A, B, C, and D represent various oxidized forms of sulfur 

seen in ambient aerosol samples. In addition the occurrence of reduced 

sulfur species is seen in spectra V, VI, and VII. By way of contrast we 

refer to spectrum IV, in which no trace of reduced sulfur is visible. Peak 

E with a binding energy of 164.2 eV is clearly seen in spectra V and VII. 

The same peak is only partially resolved in spectrum VII, where in addi

tion two states, even more reduced, are evident. These are marked by F 

and G. 

In order to assign these individual sulfur (2p) binding energies 

we have determined the sulfur binding energies of several common sulfur 

compounds; by using the same spectrometer and the same experimental pro

cedure used for the ambient samples. These values are indicated in Figure 

2 together with the value of elemental sulfur. Peaks A, D, E, and F of 

ambient spectra are therefore assigned to so4 'so3' S0
, and s-- respec-

10 
tively. As a result of our measurements of so 2 sorption on metal oxides, 

peaks C and B are assigned to so
2
- and so

3
-type surface species respectively. 
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. In some ambient spectra, like the orie in Figure 2-VII, an indication 

is found for the existence of a sulfur form (peak C) possessing a more 

negative charge than that of the common metal sulfides such as.ZnS. ·shifts 

between different sulfides can be expected because of the corresponding 

differences in electronegativities. We therefore assign peak G of the 

ambient spectra to an extremely .negative sulfidic sulfur involving cations 

with lowest electronegativity. 

Naturally not all of these seven species occur generally at ~11 

times and at all locations. In most instances, sulfates are found to be 

the dominant species, although concentrations of reduced forms of.sulfur 

were at some locations comparable to the.sulfate concentrations. 

From these results stem implications of significance to aerosol 

chemistry. For example, finding that sulfur species other than sulfates 

are oftet1 present in significant quantities makes it necessary to .reexamine 

certain .analytical methods for sulfate· determination. Some of these 

methods implicitly presume that the sulfates are the only sulfur compounds 

present in the aerosol samples. Methods based on the reduction of sulfates 

to H
2

s are in this category. 

It is therefore desirable to. account separately for sulfates a:nd 

non-sulfates. Our experiments indicate that ESCA provides a practical 

way to accomplish this objectiv~. Care has to be taken, however, in 

interpreting the relative concentrations determined by ESCA because of 

the semisurface nature of the method, and therefore it is important to 

perform bu~k analysis in addition to examining the surface, as a check on 

the method. 

11 Recently Appel et al. reported on the results of an interlaboratory 
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comparison of sulfate analysis by ESCA and by wet and microchemical methods 

performed on the same samples. Comparison of routinely obtained ESCA 

results with other (bulk) analytical techniques has demonstrated an agree

ment within a factor of two or better for sulfates. In selected individual 

samples the agreement was within about 20%. 

As an illustration Figure 3 shows the diurnal variation of sulfates, 

obtained by ESCA and by a microchemical procedure (SRI), covering a 24-hour 

period at Pomona, California, during a moderate smo~ episode. The ESCA 

spectra reveal practically only sulfates (and possibly small amounts of 

other oxidized forms of sulfur) withnegligible amounts of reduced sulfur 

species. The int!=rcomparison is therefore valid because of the nonselective 

nature of the inicrochemical·procedure. The similarity between the two sets 

of data is obvious. 

An additional comparison was made using 24-hour Hi-Vol filter sulfate 

data (barium chloride turbidimetric procedure) with the integrated ESCA 

results on 2-hour low-volume filters, collected through the same 24~hour 

period. Table I summarizes the results. The ratio of means of 1.0 

supports the equivalency of ESCA to the barium chloride procedure. 

This agreement exists in spite of the surface nature of ESCA. It 

is therefore tempting to conclude that sulfates and lead, to which·· all 

ESCA measurements are normalized, are homogeneously distributed through 

the particle volume. To draw any definitive conclusions about the origin 

and causes of this apparent homogeneity would be, however, premature at 

this stage. 
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Chemical States of Nitrogen in Ambient Particulates 

A representative set of nitrogen (ls) ESCA spectra of ambient 

particulates is seen in Figure 4 I-III. Nitrate and anunonium peaks are 

recogniz~ble in addition to a group appearing at lower binding energy; and 

therefore possessing a more negative net charge on nitrogen, than 

anunonium. This group appears to consist of at least two distinct peaks 

as evidenced by the spectrum in Figure 4-III. These negative nitrogen 

species are consistently observed in all ambient spectra and actual,ly 

comprise the major fraction of the total nitrogen content. 

The nature and origin of these nitrogen species remains unfortu-

nately unclear. 2 In otir early work we have tentatively assign~d them to 

two "organic" species such as amines and a heterocyclic compound similar 

to pyridine. This assignment was based on the correspondence between 

chemical shifts of the unknown species and those compounds. Our recent 

. . 12 
ESCA measurements made as a function of the sample temperature show · 

that they are quite nonvolatile in vacuum up to about 350°C, and that 

therefore they are possibly not organic at all. 

Our preliminary ;results on the exhaust particulates indicate that 

these nitrogen compounds might be produced in combustion. ··For example, 

in Figure 4-IV the nitrogen (ls) spectrum of particulates from an iso-

. 13 
octane burning experimental internal combustion engine exhaust is shown. 

The binding energy of this peak corresponds to the "strange" nitrogen in 

ambient samples. 

11 In the previously mentioned.interlaboratory comparison total 

reduced nitrogen as determined by ESCA was compared with ammonium deter-

mined with wet chemistry. Lacking a suitable microchemical )llethod .f.or 
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ammonium ion, integrated ESCA data on 2-hour filters were compared to the 

corresponding 24-hour Hi-Vol filter analysis by the indophenol blue method. 

While the data are limited, the results indicated relatively good agree-

ment between the two sets of determinations. However, ESCA results show 

that the total reduced nitrogen cannot be equated with ammonium; we have 

therefore reasons to suspect the selectivity of the indriphenol blue method. 

The only serious disagreement between the results of ESCA and wet 

chemical analysis was found for nitrate. The ESCA results are low by 

about a factrir of 5 with respect to the results obtained by xylenol pro~ 

cedure on the same samples. A likely source of the disagreement is the 

loss of volatile nitrate due to the spectrometer vacuum. 

APPLICATION TO so
2 

CHEMISORPTION ON CARBON PARTICLES 

In this section an outline is given of a proposed mechanism of 

h . . f . f h . lf 14 c em1sorpt1ve ormat1on o atmosp er1c su ates. This hypothesis is 

based on: (a) ESCA measurements of ambient pollution aerosols; (b) ESCA 

studies of so2 chemisorption on graphite, activated charcoal, and propan~ 

smoke particles; and (c) measurement of the changes in light scattering 

induced by so2 chemisorption on propane smoke particles. 

Ambient Measurements 

The measurements on ambient aerosols discussed here were made on 

samples collected on September 19 and 20, 1972, near the Harbor Freeway 

in downtown Los Angeles, California. Our results and conclusions there-

fore apply to an urban atmosphere characterized by a~tomotive and other 

anthropogenic pollutants, with reduced local visibility, but with low 

oxidant and low relative humidity levels. ESCA measurements were made on 
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2-hour total filters (TF) without particle size segregation, and on 2-hour 

afterfilters of a Lundgren impactor (AF), containing mainly submicron 

particles. Pb concentrations_, to which the ESCA measurements. were nor

malized, were obtained by R. D. Giauque using XRF. 1S Carbon concentra-

tions are the averages of determinations by ESCA and by a combustion 

h 
. 16 

tee n1que. 

The sulfur spectra showed that sulfates were dominant in all cases, 

although in some samples reduced forms of sulfur-~neutral and sulfides--

9 were found in concentrations comparable to the sulfates. In this discus-

sion, however, we will be concerned only with sulfates. 

The diurnal variations of sulfate concentrations in total. and after-

filters obtained from a set of 2 x 12 filters covering a 24-ho~r period 

are shown in Figure Sa. Also shown are the variations of total carbon (TF) 

and lead (TF and AF) concentrations. The wind directions at sampling 

intervals are shown schematically in the same figure. An examination of 

Figure Sa shows that (a) there is a similarity between the patterns of 

sulfate and of carbon, while the lead pattern shows a different trend; 

(b) changes in both sulfate and carbon concentrations are related to the 

wind direction, indicating sulfate and carbon sources that are both to· 

some. extent spatially localized; (c) the difference between TF and AF 

sulfate trends can be explained by the influx of predominantly larger 

particles carried by the changed wind direction; and (d) because of the 

changing wind direction the contribution of the Harbor Freeway is not the 

only significant factor in this episode. The early morning rise (0600 PST) 

in sulfate concentration, in addition to evidence just mentioned, and low 

oxidant levels, suggests that this sulfate is not produced by photochemical 

reactions. 



14 LBL-5232 

Two alternative mechanisms can be invoked to explain the similarity 

between the diurnal patterns of sulfates and carbon, and our data allow a 

choice to be made between them. Either there exists a "chemical link" 

between sulfates and carbon particles, or the carbon and sulfate particles 

were carried separately and noninteractively in the same air mass. In the 

latter case the sulfates, produced by photochemical and solution chemical 

processes, would be in the form of either H
2
so

4 
or (NH

4
)

2
so

4 
or both. 

ESCA measuremen_ts of ambient sulfates at elevated temperature suggest 

a chemical form much less volatile than liquid sulfuric acid. A detailed 

ESCA analysis shows that the sulfates, in the samples studied, do not 

occur primarily as (NH
4

)
2
so

4
. 

The ESCA analysis procedure is illustrated in Figures Sb, c, and d. 

Figure lb shows the nitrogen (ls) and sulfur (2p) ESCA spectrum of a sample 

of pure (NH
4

)
2
so

4
. The photoelectron peak positions (i.e., their binding 

energies) correspond to the ammonium and sulfate ions, respectively. The 

nitrogen/sulfur peak intensity ratio of about 1.4 reflects the atomic ratio 

of 2N/1S for this compound. Figure Sc.shows the same spectral region for. 

an ambient filter (TF 1200 PST). If all of the sulfate were present as 

ammonium sulfate, the corresponding nitrogen peak would appear as indicated 

by the dashed line in Figure Sc. In fact, the ammonium content in this and 

other samples of the episode is too low to account for the entire sulfate 

content. Rather, the dominant nitrogen peak corresponds to the mentioned 

species possessing a more negative charge than that of ammonium nitrogen. 

Chemisorption Studies 

The results outlined thus far seem to indicate that there could be 

a genetic relation between carbon particles, which in the considered case 
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are probably combustion produced, and sulfates. The question obviously is. 

whether sulfate could be produced by chemisorption of so
2 

on carbon par

ticles. Since our ESCA measurements on ambient samples at elevated tern-

peratures (up to 450°C) have shown that up to 80% of the ambient particu-

late carbon is nonvolatile, probably in bulk elemental form, we have 

performed so2 adsorption measurements with anhydrous grade so2 on activated 

charcoal, propane smoke particles, and graphite, representing different 

forms of elemental carbon. 

In Figure 5f, a representative sulfur (2p) ESCA spectrum is shown· 

of activated charcoal degassed in vacuum at 400°C and exposed to so
2 

(at 

STP).. These data show that most of the sulfur remaining on the charcoal 

surface after gaseous S02 has been pumped away is in sulfate form. In 

some experiments, 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
2 

concentrations of 100 to 800 ppm. 

The apparatus, shown in Figure 6, was used both for sample preparation 

and for light scattering experiments. 

Intense sulfate·peaks were observed when so
2 

was introduced in the 

system upstream from the flame. A sulfur (2p) spectrum of a sample produced 

in this manner is shown in Figure 5g. 

When so
2 

was introduced downstream from the flame, six to eight 

times lower sulfate intensities were obtained for a given so2 concentration. 

An insight into the mechanism of this surface-catalyzed conversion 

of so
2 

to so
4 

was obtained by an ESCA study of so
2 

adsorption on.single 

crystal graphite surfaces in UHV. Clean graphite (that is, showing no 

. -6 
trace of oxygen) when exposed to about 10 torr-s.ec so2' revealed only 
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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 so
2 

under conditions otherwise similar to the 

oxygen-free graphite, sulfate formation occurred. The oxidation (or 

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 

carbon becomes efficient in converting so
2 

to sulfate when its surface 

is covered with oxygen, probably from surface OH groups. Evidence against 

consideration of liquid water as the cause of this conversion is provided 

by the flame experiments. Water condensation on the carbon particles is 

expected to occur rapidly downstream from the flame, where no sulfate con-

version was obtained. 

In addition to ESCA measurements on samples produced by the flow 

system, light scattering experiments were performed.with an integrating 

nephelometer. Large increases in the scattering coefficient b were 
scat 

observed between bare smoke particles and particles produced in the f1ow 

system when so
2 

entered the system upstream from the flame. Virtually no 

effect on light scattering was visible when so2 was introduced downstream 

from the flame. The interaction of so
2 

with particles before water con:-

densation occurs appears to be essential for both efficient oxidation and 

for an increase in light scattering. 

Scanning electron micrographs of the particulates formed in these 

experiments indicate that the increase in light scattering (visibility 

reduction) is caused by coagulation and agglomeration of primary submicron 
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smoke particles (diameters < 0.1 11) induced by surface sulfate format:i.on. 

Because of the availability of reactive carbon particles in com,-

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

emitted into the atmosphere from primary sources, if the fuels contain 

trace amounts of sulfur. This was indeed verified by ESCA measurements 

of particulates produced by combustion of natural gas usi~g a Bunsen: 

burner. .Intense sulfate peaks were detected for short periods of sampling 

(~ 10 min). The work on the determination of the ratio of sulfates to the 

total particulate mass is in progress. 

Sulfate emission should occur in competition with th~ emission of 

gaseous so2 . The SO~-/so2 ratio at a particular source would depend on 

the C()mbustion 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
2 

chemi

sorption on light scattering indicated that sulfate-coated carbon particles 

are, at least in part, responsible for visibility reduction in the polluted 

urban atmosphere. The proposed sulfate formation mechanism could occur 

in addition to other reactions, such as photochemical. We believe, however, 

that the chemisorptive mechanismoutlined here may play a dominant role 

in urban: situations that are characterized. by l·arge particulate carbon 

concentration. This implies that reductions of gaseous pollutants, such 

as NO and hydrocarbons in the case of automobiles, alone may not have 
X 

the desired effect in improving visibility if fuels with sulfur content, 

as at present, are used and if no efficient primary submicron patticulate 

reduction is achieved. 

In the last paragraphs we have attempted to show, with a concrete 
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example, how ESCA combined with other methods may help in establishing the 

relation between chemical and physical properties (such as light scattering) 

of aerosols. 
) 

It is recognized that only ~tud~es involving different 

physical and chemical methods may help in gaining a better understanding 

of the complex phenomena involved in air pollution. The purpose of this 

paper is to show that ESCA can be used to help achieve. this goal. 
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Table I. Comparison of sulfate data, ESCA vs. wet chemistry.* 

11g/m3 suifate 

ESCA 
Cellulose ester filters vs 
E 2-hour low volume 

Wet chemistry 
Whatman 41 
24-hour hi volume 

Hi val. I 2-hr low val. Hi val./ 
Site Date wet chemistry ESCA 

San Jose 8-17-72 

San Jose 8-21-72 

Fresno 8-31-72 

Riverside 9-19-72 

Ratio of means 
Spearmans p 

Linear regression slope 
(intercept = 0) 

*From Ref. 11. 

1. 6±0 .4 

1.0±0. 2 

4. 2±1.0 

5.9±1.5 

1.0 
0.80 
1.0 

1.1±0. 2 

1.4±0. 3 

4. 0±1.1 

6.4±4.6 

E 2-hr low val. 

1. 5±0.5 

0.7±0.2 

1.1±0.4 

0.9±0.7 
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Figure 1. Al (2p) spectra from an Al specimert ~ith a 
surface oxide layer at different angles 8. The chemi
cally shifted oxide and metal peaks are indicated (from 
Ref. 8). 
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Figure 2. Sulfur (2p) photoelectron spectra of ambient 
pollution-aerosol samples. Sulfur (2p) biriding ener
gies derived from ambient spectra are indicated together 
with sulfur (2p) binding energies of some simple com
pounds and sulfur species produced by adsorption of so2 
on MgO and H2S on CaO. The binding energies of ambient 
samples are assigned to S03, SO"ij:-, S02, S03-, S0

, and 
two kinds of s-- ions (from Ref. 9). 
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Figure 3. Sulfate diurnal variation as obtained by 
ESCA and by SRI microchemical procedure (from Ref. 11) .. 
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Figure 4. Nitrogen (ls) photoelectron spectra of· 
ambient pollution-aerosol sampler. Positions of 
N03 and NHt peaks are indicated, together with the 
other negative nitrogen species (Nx). 
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Figure 5. (a) Diurnal variations of sulfate, carbon, 
and lead. Sampling was done in Los Angeles, at the 
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Harbor Freeway on Sept. i9-20, 1972. (b) ESCA spectrum 
of nitrogen (ls) and sulfur (2p) of ammonium sulfate. 
(c) Same region of an ambient sample (1200 PST). (d) 
Nitrogen spectrum of arrunonium nitrate. (f) Sulfur spectrum 
of sulfate produced by so2 chemisorption on activated 
charcoal. (g) Sulfur spectrum of sulfate produced by 
so2 chemisorption on prqpane smoke particles (generated 
by flow system,. Fig. 6) . 
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Figure 6. Flow system used for SOz chemisorption 
studies on propane smoke particles. The same appa
ratus was used for both sample preparation for ESCA 
measurements and for the study of the effects of SOz 
chemisorption on light scattering • 
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