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STUDY OF AIR POLLUTION PARTICULATES BY X-RAY PHOTOELECTRON SPECTROSCOPY* 

T. Novakov, R. L. Dod, and S. G. Chang 

Energy and Environment Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

June 1976 

ABSTRACT 

This paper discusses the application .of X-ray photoelectron spec-

troscopy to the determination of the chemical composition of sulfur and 

nitrogen species in air pollution particulates. Core electron chemical 

shift measurements are augmented by the determination of relative con-

centrations and volatility of particulate species. 

* This work was done with support from the u.s. Energy Research and 
Development Administration and the National Science Foundation. 
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Introduction 

Sulfur, nitrogen, and carbon compounds constitute up to 80% of 

the dry mass of air pollution particulates. It is important to exactly 

determine the chemical forms in which these elements occur because many 

of their environmental effects will depend on their specific chemical and 

physical state. Furthermore, it is important to determine the chemical 

compounds and species as they actually exist in the aerosol form and not 

as they may appear in aqueous solutions. Most analyses of pollution 

particulates, however, have employed wet chemical methods which only 

reflect the chemical composition in solution. Primarily on the basis of 

these measurements, different workers have concluded that the principal 

sulfur and nitrogen species are.sulfate (SO~-), nitrate (No;), and ammo

nium.(NH:) ions (Junge, 1973), and have suggested that the most likely 

combinations of these ions are ammonium nitrate, NH
4

No
3

, and ammonium 

sulfate, (NH4) 2so
4 

(Hidy and Burton, 1975). In addition to these, nitric 

acid (Miller and Spicer, 1975) and sulfuric acid (Charlson et al., 1974; 

Cunningham et al., 1975) are also suspected to exist under certain cir-

cumstances. Wet chemical methods, of course, are of no use for insoluble 

aerosol species. Nondestructive physical methods are therefore preferred 

as means for chemical characterization of collected particles. X-ray 

photoelectron spectroscopy (ESCA) is one such method. For example, the 

application of this method has helped to uncover the presence of signifi-

cant concentrations of reduced nitrogen species other than ammonium. 

These were tentatively assigned as species of the amino and pyridino type 

(Novakov et al., 1972). For simplicity we shall refer to them as amino-

type (-NH
2

) species although other species, such as heterocyclic nitrogen 
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compounds, nitriles, etc., may also.be present. These species are not 

soluble in water or solvents such as benzene, and therefore could not be 

detected by wet chemical methods. 

ESCA analysis enables not only the possibility of detection of 

specific ions and functional groups, but also their mutual relationship. 

This is achieved by the measurements of the ESCA chemical shift augmented 

by the determination of relative concentrations and study of the volatility 

properties (Chang and Novakov, 1975) of particulate species. 

Before proceeding to outline the recent results and their implica

tions, we shall first briefly review some of the conclusions reached 

earlier on the chemical characterization of airborne particles by means 

of ESCA. 

Detailed ESCA studies of some 400 ambient air samples, collected 

at various places in California have provided valuable information about 

the chemical states of carbon, nitrogen, and sulfur associated with partic

ulate matter. The results of these measurements show that on the average: 

a) Nitrate (as nitrogen) is usually a relatively minor fraction of the 

total particulate nitrogen (Novakov et al., 1972; Chang and Novakov, 1975); 

b) ammonium, which may account for about one-half of .the total particulate 

nitrogen, is not necessarily in the form of common salts, such as ammonium

nitrate or ammonium-sulfate, but may also occur in a previously unrecog

nized form characterized by its relatively high volatility (Chang and 

Novakov, 1975); c) occurring in concentrations similar to ammonium is a 

group of reduced nitrogen species of the amine, amide, and nitrile type 

(Novakov et al., 1972); d) the principal chemical form of sulfur is 

sulfate, which we find exists primarily as sulfuric acid adsorbed on 
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particles; e) in addition to sulfate, sulfides are observed at some loca-

tions in concentrations ·comparable to, although always less than, sulfate 

(Craig et al., 1974); and f) most of the particulate carbon appears in a 

neutral chemical state (i.e., non-oxygenated) (Chang and Novakov, 1975) 

compatible with both condensed hydrocarbons and with primary combustion-

generated carbonaceous material. 

The details of the ESCA method and examples of its applica.tion to 

the analysis of airborne particles have been described elsewhere and 

therefore will not be repeated here (Novakov et al., 1972; Chang and 

Novakov, 1975; Craig et al., 1974; Harker et.al., 1975). 

Results and Discussion 

The capability of ESCA for a straightforward differentiation of 

different forms of atmospheric sulfates is illustrated in Figure 1, where 

the nitrogen (ls) and sulfur (2p) spectral regions of two ambient samples 

are shown. (One was collected in West Covina, California, in the sunnner 

of 1973, courtesy of C. W. Spicer, Battelle Memorial Institute, Columbus, 

Ohio; and the other was collected in St. Louis, Missouri, in the sunnner 

of 1975, courtesy of T. Dzubay, EPA--National Environmental Research 

Center, Research Triangle Park, North Carolina.) The peak positions 

+ corresponding to NH
4

, -NH
2

, and so
4 

are indicated. The solid vertical 

bar indicates the ammonium peak intensity expected under the assumption 

that the entire sulfate is in the form of annnonium sulfate. Obviously, 

the observed annnonium content in the West Covina sample is insufficient 

to account for the sulfate by itself. This is in sharp contrast with 

the St. Louis sample where the observed ammonium intensity closely 

agrees with that expected for ammonium sulfate. 
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These results demonstrate that ammonium sulfate in the aerosols 

can easily be distinguished from other forms of sulfate such as the one 

found in the West Covina case. Wet chemical analyses, however, performed 

on West Covina samples collected simultaneously with the ESCA samples 

resulted in ammonium concentrations substantially higher than those sug

gested by the ESCA measurements (C. W. Spicer, private communication, 1974). 

This apparent discrepancy between the two methods was subsequently 

explained by the volatility of some ammonium species in the ESCA spec

trometer vacuum (Chang and Novakov, 1975). That these volatile losses 

are not caused by the volatilization of ammonium sulfate is evidenced by 

the St. Louis case, where no volatile losses were observed. Similarly, 

ammonium nitrate (negligible in these samples) and ammonium bisulfate were 

found to be stable in vacuum during the time periods usually required to 

complete the analysis. Therefore, species other than these have to be 

responsible for the apparent loss of ammonium in va·cuum. 

That the volatile ammonium is not necessarily associated with 

sulfate or nitrate ions is illustrated by means of results represented 

in Figure 2. Here the changes in the nitrogen (ls) spectrum of a sample 

collected in a highway tunnel (Hollowell et al., 1976) are shown as a 

function of the sample vacuum exposure time. Obviously, the ammonium 

peak intensity decreases with the vacuum expo~ure time of the sample. 

The amino-type nitrogen species intensity remains constant, however. 

The amount of nitrate in this sample was negligible compared to ammonium. 

The maximum ammonium peak expected under the assumption that the entire 

sulfate is ammonium sulfate is indicate.d by the solid vertical bar in 

Figure 2 •. It is obvious, therefore, that the counterions for this 
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ammonium are neither nitrate nor sulfate. 

Figure 3 summarizes the findings about ammonium volatility in 

the three samples discussed above. The shaded bars at the far left of 

the figure indicate the expected ammonium intensity based on the assump-

tion that all of the sulfate in the sample is in the form of ammonium 

sulfate. It is evident from the figure that only the St. Louis sample 

contains ammonium sulfate, while the West Covina and the tunnel samples 

contain a different kind of ammonium which volatilizes in the spectrometer 

vacuum. 

We have applied this procedure routinely to analyze a number of 

ambient samples. Results of such measurements for six St. Louis samples 

are shown in Figure 4, where the ratio of the observed ammonium peak 

intensity to the peak intensity expected of the ammonium in the form of 

ammonium sulfate is plotted as a function of the sample vacuum exposure 

time. From inspection of this figure, it is evident that in addition to 

the cases of practically stoichiometric ammonium sulfate (samples 913 

and 914), there are those where the observed ammonium is found in excess 

of ammonium sulfate. The excess ammonium consists of volatile ammonium 

species which decay away until ammonium sulfate is the only ammonium 

species left (sample 917). 

The anions corresponding to the volatile ammonium species cannot 

be identified with certainty at this time. One possibility is that these 

species are produced by the adsorption of ammonia on fine soot particles 

to form carboxyl- and hydroxyl-ammonium complexes which have been shown 

to have similar volatility properties to ambient particulates (Chang and 

Novakov, 1975). Another possibility is that these species could be due 
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to ammonium halides which are also volatile in vacuum. More experimental 

work is necessary in order to evaluate these as well as other possibilities

for explaining these volatile anunonium species. 

Conclusions 

ESCA analysis on ambient s~uii.ptes allows for -a straight-forward dif

ferentiation of different forms of atmospheric sulfate and anunonium con

taining species. The following distinctly different cases have been 

identified. 

o Ammonium sulfate accounts for the entire anunonium and sulfate 

content of the sample. 

o Anunonium appears in concentrations above those expected for 

anunonium sulfate (and nitrate). The "excess" anunonium is volatile 

in vacuum. 

o Ammonium appears mostly in a volatile form independent of sulfate 

and nitrate. 

The anions corresponding to the volatile anunonium species cannot be iden

tified with certainty at this time, however. 
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Figure Captions 

Figure 1. Nitrogen (ls) and sulfur (2p) regions in X-ray photoelectron 

spectra of two ambient samples. The peak positions corresponding 

+ to NH4 , -NH2 , and so
4 

are indicated. The solid vertical bar rep-

resents the ammoni_um intensity exp~(!ted under the aSf?t!mption _J:hat 

the entire sulfate is in the form of ammonium sulfate. The dif-

ferences in the relative ammonium content of.the two samples is 

obvious. The sulfate and ammonium intensities in the St. Louis 

sample are compatible with ammonium sulf~te. The ammonium content 

in the West Covina sample is insufficient to be compatible with 

ammonium sulfate. Both samples were exposed to the spectrom~ter 

vacuum for about one hour. 

Figure 2. The variation in the observed ammonium peak intensity with 

vacuum exposure for a sample collected in a highway tunnel. The 

decrease in the peak intensity is caused by the volatilization of 

the ammonia species present in the sample. The solid vertical 

bar represents the ammonium intensity expected under the assumption 

that the sulfate in this sample is in the form of ammonium sulfate. 

The nitrate in this sample is also small as compared to ammonium. 

The ammonium in this sample is considerably in excess of that 

expected for ammonium sulfate or ammonium nitrate. 

Figure 3. Volatility properties of West Covina, St. Louis, and automotive 

ammonium aerosol. The shaded bars on the far left of the figure 

indicate the expected ammonium intensity if the entire sulfate 

were ammonium sulfate. 
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Figure 4. Volatility property of ammonium in six St. Louis samples. The 

ratio of the observed ammonium peak to the one expected under the 

assumption that the entire sulfate in these samples is ammonium 

sulfate vs. vacuum exposure time is shown. Note the cases of 

apparently stoichiometric ammonium sulfate (samples 913 and 914) 

and the cases where the volatile ammonium component is found in 

excess of that required for ammonium sulfate. 
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