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ABSTRACT

Pyrolysis/gas chromatography/mass spectrometric analysis 
techniques were employed for the identification of the individual 
components of the insoluble carbonaceous fraction of atmospheric par
ticulate matter. Samples were collected from seven stations repre
senting widely different environments„ This first attempt to employ 
the techniques mentioned for this hitherto undefined polymer-like 
portion of atmospheric particles resulted in the identification of 
over 175 compounds. Some of the individual components making up the 
polymer-like'matter are known toxic substances and/or cocarcinogens.
It was shown that this method can be successfully applied towards the 
clarification of the structure of the insoluble organic matter. This 
fraction represents the, most stable organic portion of the atmospheric 
particulates, since it most likely does not undergo chemical changes 
from the point of origin to its collection and arrival in the lab
oratory; for this reason it is highly suitable for source identifica
tion purposes.



CHAPTER 1

INTRODUCTION

1.1 Atmospheric Particulate Pollutants 
Atmospheric particulate matter encompasses a broad spectrum of 

solid and liquid particles, generally ranging in size from several hundred 
angstroms to several hundred microns. These particles originate from a 
large number of sources such as soil erosion, sea spray, gas-to-particle 
reactions, plant emanations and debris, and various anthropogenic pro
cesses (1). Their chemical and physical make-up depend upon the source, 
atmospheric conditions, longevity of residence in the atmosphere, and 
upon such physical, chemical, and photochemical reactions which occur 
during the transit from their source up to the time of their removal 
from the atmosphere.

The main chemical constituents of atmospheric particulates are 
usually characterized by elemental abundances, as well as by functional 
group, or compound identification, especially when toxic species and/or 
source determination are studied. A number of excellent papers, reviews, 
and books on analytical methodologies and the characterization of par
ticulate constituents have recently been published (2,3,4,5,6).

Carbon compounds can be classified as either inorganic (such as 
the various carbonates, metallic carbides, carbon monoxide and carbon 
dioxide) or organic. Inorganic particulate matter is not considered in 
this study. Due to the analytical techniques employed, organic

1



constituents can be readily divided into "soluble" carbon compounds 
and "insoluble" carbonaceous material. For example, smaller non- 
polymer ized compounds such as hydrocarbons (aromatics, olefins, alkanes 
etc.), and various heteroatomic carbon moieties containing other atoms 
(nitrogen, oxygen, sulfur, etc.) can be extracted from particulates 
by use of common solvents such as hexane, benzene, carbon tetrachloride 
chloroform, methanol, or toluene. Soluble carbon compounds are not dis 
cussed in this dissertation. The insoluble carbon components remaining 
after the application of various solvent extraction techniques were 
investigated by the advanced polymer degradation methods described in 
section 3.3. These components include the larger macromolecular, 
polymer-like chemically bonded complexes which result from combustion, 
pyrolysis, photochemical reactions, and other chemical processes.

Carbon in various forms constitutes a sizeable percentage of 
atmospheric particulate matter. For example, in urban areas carbon com 
pounds can account for as much as 50 percent of the total particulate 
emissions originating from man-made.sources (7). The solvent-soluble 
carbon compounds in particulate matter have been extensively studied 
(4), and further research on these moieties is being conducted by in
vestigators from a variety of disciplines. On the other hand, the 
insoluble carbonaceous material (ICM) in urban and rural particulate 
matter has not yet been studied in depth. There are several reasons 
for the paucity of research on ICM. By its nature, this material is 
extremely resistant to chemical degradation, and its structural com
plexity does not permit the application of standard analytical tech
niques. New methodologies had to be worked out, and instrumental



procedures used in other fields of research had to be modified and 
utilized in order to identify the constituents of ICM. Finally, it has 
only recently been recognized that ICM may represent a substantial and 
important portion of atmospheric particulates. Its importance in the 
general pollutional load of the atmosphere9 its potential effects on 
human health, and its possible use for definitive emission source 
identification are only in the initial stages of exploration.

The present study is concerned with an investigation of the 
chemical analysis and composition of the insoluble polymer-like matter 
of atmospheric particulates.

1.2 Insoluble Carbonaceous Material 
in Atmospheric Particles

Several studies in the literature indicate that the highly con
densed structures variously named as soot, elemental carbon, tar, 
insoluble carbonaceous material, or coke, which are commonly found in 
atmospheric particulate matter, require further research for their 
characterization (8,9,10). Kopczynski (11), using infrared techniques, 
reported that polymeric organic constituents of condensed-phase products 
from artificially generated particulate material contain hydroxyl, 
carbonyl, nitrate, and nitro functional groups, and that this polymeric 
matter makes up a sizeable portion of the particles. Ciaccio and his 
co-workers (12, p . 935) stated that there is spectroscopic evidence for 
"the presence of aldehydes, ketones, acids, hydroxylie groups, and 
possibly oximes, organic nitrogen substances, and aza heterocyclic 
compounds in an oxidized polymerized hydrocarbon matrix in particulate 
matter." Ketseridis and associates (1) and Junge (8) discussed the



carbonaceous material left after solvent extractions and speculated 
about its possible importance in defining worldwide atmospheric con
centrations of hydrocarbons. Another group of investigators (13) found 
in one sample that, although the bensene-extfactable carbon content was 
2.9 percent9 the total carbon amounted to 42.6 percent. They suggested 
that much of the total carbon is probably in the form of completely 
non-extractable carbonaceous material.

In other studies, the soluble and insoluble carbonaceous 
materials have been analyzed together, using infrared (14) and mass 
spectral (15) techniques, without prior separation. Photoelectron 
spectroscopic investigations (ESCA) have been conducted on soot par
ticulates, placing special emphasis on this insoluble material's sur
face characteristics and on its importance, both as a catalyst and a 
direct participant in reactions with sulfur and nitrogen-containing 
gaseous pollutants (7,16,17). Recently, this investigator and his 
co-workers have studied the chemical composition of ICM fragments with 
the use of pyrolysis and gas chromatography/mass spectrometry tech
niques (18,19).

1.3 Composition of Insoluble 
Carbonaceous Materia,!

There are three broad physical and/or chemical categories of 
that particulate material which cannot be solubilized either by sonica- 
tion or by soxhlet extraction with polar and nonpolar solvents: (a)
certain adsorbed compounds; (b) absorbed compounds, or those trapped 
within the insoluble mineral or organic matrix; and (c) monomers or 
pyrolysis fragments of the polymer-like organic matrix.



The physisorbed compounds, held to the particulate matrix by
such weak forces as dispersion, induction or dipole forces, hydrogen
or weak covalent bonds (often referred to as polar, nonpolar, acidic

1 3or basic adsorption forces) require approximately 10 to 10 calories 
per mole for desorption (20). They are easily removed by solvent ex
traction, except when the organic molecules are adsorbed on a surface 
such as soot, which contains fine pores or capillaries. In such 
cases, the energy required for desorption can rise by one or two 
orders of magnitude. This follows from a basic rule that convex 
surfaces (droplets) have higher vapor pressures than concave surfaces. 
This observation is mathematically expressed by the Kelvin equation, 
which describes surface force energy as a function of vapor pressure 
(21).

Chemisorbed compounds are held by forces comparable in strength
4 5to covalent bonds. Thus, energies on the order of 10 to 10 calories 

per mole are required for desorption (22). These chemicals form a 
monolayer, whereas physisorbed materials form several monolayers; 
thus, when compared to other compounds, they contribute only a small 
proportion of the insoluble carbonaceous material found in atmospheric 
particulates. This appears to be the case in spite of the fact that 
soot (defined below), which makes up the major portion of the insoluble
particle matrix, has a fine pore structure with a surface area of about

2 ‘800 to 1000 m per gram (20). This number is comparable to the surface
area of a charcoal intermediate in type between activated, nonpolar
charcoal and low temperature, oxidized polar charcoal. It is the
opinion of this investigator that the soot resulting from most



pyrosynthetic combustion reactions would be somewhat similar in surface 
area to activated carbon (charcoal).

The second category of compounds which make up the ICM are 
organics which became absorbed within the insoluble mineral or organic 
matrix during particulate formation. These entrapments can be random, 
or they may be as highly ordered as a clathrate. Clathrate compounds 
are those which are enclosed by a crystalline lattice, or in which the
guest component is entrapped in a sandwich or open pore within the
crystalline lattices (23). As an example, graphite contains sandwich- 
type inclusion compounds such as alkali metals and certain gaseous 
materials. Clays also almost always contain organic molecules within 
their pores or sandwich structures. It is possible to extract some 
small absorbed molecules, especially with sonication; however, depend
ing on solvent, molecule, and carbon matrix polarity, many of the low 
molecular weight species will not be extractable. The low molecular 
weight trapped species may, therefore, only be liberated through 
breaking down the matrix, as, for instance, with pyrolysis.

The third category of material contributing to the insoluble 
organic species is the polymer-like carbonaceous matrix, which is gen
erally referred to as soot, tar, or bituminous matter. Soot, in its 
general usage, covers graphite at one extreme, and organic complexes 
or polymer-like associations with inclusions or clathrates of organic
material at the other extreme. Depending on fuel type, combustion
temperatures, oxidation potential of the flame, and other factors, 
soot consists of organic structures showing differing degrees of con
densation. Soot particles contain about 82 to 94 percent carbon.



5 to 15 percent oxygen and 1 to 3 percent hydrogen by weight (16). In 
the literature, there are several excellent descriptions of the chemistry 
and physics of soot composition (16,24,25). This polymeric matrix, 
including soot, represents the major portion of the insoluble carbon
aceous material in atmospheric particulates.



CHAPTER 2

SIGNIFICANCE OF ORGANIC ANALYSIS OF '
INSOLUBLE CARBONACEOUS MATERIAL

The following sections contain evidence to support the claim 
that much useful information of potential value to several areas of 
current research may be gained through the analysis of the structural 
and chemical composition of insoluble carbonaceous material found in 
atmospheric particles or in soot derived from flames.

2.1 Atmospheric Particulate Formation,
Growth, and Reactions

Atmospheric particulate sources are generally classified as 
either primary or secondary. Primary particulates are those which are 
directly introduced into the atmosphere from natural sources such as 
wind-blown dust, sea spray, volcanic or plant emissions, and forest 
fires or from such technological processes such as handling of petro
leum products (resulting in formation of atmospheric droplets), auto
motive combustion and pyrosynthesis; coal combustion at steam generated 
power plants; muncipal incinceration of waste; industrial activities 
(e.g., mine smelters) and so forth. Secondary particulates are formed 
in the atmosphere itself, usually from vapors or gaseous materials, by 
nucleation, condensation, chemical and photochemical reactions, or by 
growth on existing particulates (26).

Considerable progress has been made in understanding the 
physical, chemical, and photochemical processes occurring both in pri
mary and secondary particulate production which can result in polluted

8



atmospheres. However, due to the extreme complexity of the large number 
of reactions that occur even in the simplest systems, chemical mecha
nisms and reaction rates are not yet well established (27). Much of 
the work in this area relies on detailed knowledge of the organic species 
constituting the particulates, which has largely been acquired through 
investigations conducted on the solvent soluble organic molecules ex
tracted from atmospheric particulate material (28), combustion generated 
particles (29), and artificially synthesized "atmospheric particulates" 
(30).

Chu and Orr (14) generated organic aerosols with hydrocarbons,
r

air, and ultraviolet radiation. They analyzed the resulting particulates 
using low-temperature pyrolysis followed by mass spectrometric and also 
by infrared identifications. By determining functional groups, degree 
of saturation, and molecular fragments of the particulates, they came 
to the conclusion that they could propose free-radical reaction mechan
isms for this synthetic particulate formation process based upon the 
organic structure. What the authors neglected to consider in their work 
was whether the various components of the particulates (i.e., the mol- 
ecular fragments arising in the mass spectrometer) were originally part 
of the soluble (distinct molecules) or insoluble (polymer-like) organic 
material. This could be of considerable importance as free-radical 
reaction mechanisms are hypothesized to result in polymeric products.

Studies of the insoluble portion of atmospheric particulates 
could contribute to air pollution research through the determination of 
the carbon balance in model systems, as well as in actual atmospheric 
situations. Altshuller and Bufalini state (31, p. 61) "The carbon balance



10
in many model systems is poor. To our knowledge, no one engaged in air 
pollution studies is currently conducting research along this line. The 
Undefined products may well have significant importance in terms of bio
logical activity or contribution to aerosol formation." Their "undefined 
products" include the insoluble organic constituents being considered 
here.
' Friedlander (10) was the first to carry out an approximate Carbon
balance study in order to estimate the contribution of organic vapors in 
secondary particulate production. For lack of more complete data, he 
made several assumptions which included the composition of the insoluble 
"tarry" part of the particulates collected from the Los Angeles atmos
phere. The author also called for a carbon balance study on the basis 
of particulate size to provide information on the sources of the carbon 
constituents.

Soot particles released into the atmosphere can play a signifi
cant role in atmospheric chemistry. It is not only important to analyze 
these soot particles in order to help elucidate formation mechanisms, 
but it also should be realised that these particles serve frequently as 
the nuclei for further formation and growth of secondary particles in 
the atmosphere. Such processes as condensation, adsorption, and photo
chemical reactions occurring on the primary particles depend on existing 
atmospheric vapors and gases, yet they are mainly determined by the sur
face chemical composition versus size distribution of the primary 
particles (32,33). Examples of types of soot which might preferentially 
adsorb certain classes of compounds are as follows. A highly condensed 
nonpolar charcoal formed in a high temperature source would adsorb and
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retain aromatics over aliphatics, high molecular weight materials 
over smaller organic compounds 3 and compounds having -Br, -I, -S-. The 
more polarizable chemicals (greater refractive index) preferentially 
bind on this type of soot, since only dispersion interactions are impor
tant in determining adsorption characteristics (20). In contrast, a 
less condensed polar charcoal (covered with various oxygenated groups), 
formed at lower temperatures, would adsorb the more polar compounds and 
the lower molecular weight organics. Thus, the predominance of high or 
low temperature sources can affect the entire atmospheric chemistry.

Extensive research on particle formation from gases involving 
photochemical reactions, in controlled laboratory experiments (14,34), 
in large outdoor chambers filled with ambient air and exposed to sun
light (30), and on ambient air itself (35) is currently being conducted.
In many of these studies, carbonaceous condensation nuclei composed 
largely of ICM are present. Thus, knowledge of the chemistry of the 
condensation nuclei would add much-needed information to these investi
gations (36).

2.2 Flame and Combustion Studies
Incinerators, power plants, and domestic and industrial furnaces 

all employ combustion and, therefore, add particles to the atmosphere.
These processes utilize stationary flames of two types: (a) premixed 
flames like the Bunsen burner, which involves combustion of the already- 
mixed oxidant and fuel; and (b) diffusion flames which are controlled 
mostly by the rate at which the fuel and oxidant interdiffuse. Simple 
gas jets or candles are examples of diffusion flames. Internal combustion
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engines, the other main combustion source of atmospheric particulates9 
utilize flames variously referred to as explosion, propagation, or 
high-pressure droplet flames.

Soot formation in flames has been extensively studied. Feugier 
(37, p. 249) writes: "In recent years the problem of soot in flames
has been the subject of numerous research projects which have undeniably 
contributed to a better understanding of this phenomenon." On the other 
hand, Kadota, et al,, (38, p. 67) mention that, "Considering the volume 
of literature on soot formation and the mechanism leading to it, there 
is a surprising lack of information on soot formation from a drop flame, 
especially at high pressures, where such information is greatly needed 
in view of the present day air pollution problems, most of which are 
due to the high pressure combustion of fuel sprays in engines." For a 
full review of soot formation, read Palmer and Cullis (24). More 
recently, Crittendon and Long (39) discussed the theory of soot 
formation.

Several investigations indicated that both polycyclic aromatic 
and heavy aliphatic hydrocarbons play a role in soot formation, although 
the relative contributions of these species and their importance as to 
the physical parameters of the flame environment are controversial (39, 
40,41). With mass spectrometric techniques, heavy hydrocarbons up to 
a mass of 550 have been found in the soot nueleation zone (40). This 
value, however, reflected the upper limit of the mass spectrometer used. 
With pyrolysis to fragment, the high molecular compounds followed by 
high resolution mass spectrometer identification of these fragments, 
one could investigate chemically the entities in soot formed in
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different types of flames and in varying locations within a particular 
flame or shock tube. Hopefully, this could aid studies involved with 
limiting soot production in various combustion processes.

2.3 Health Implications of Insoluble 
Carbonaceous Material

Insoluble carbonacoues particulate matter9 as well as some of the 
extractable fractionss may represent a human health hazard. Several pa
pers in the literature deal with polycyclic aromatic hydrocarbons extract
ed from soots (39942g43). Although most of these are not carcinogenic 
(44945), some polycyclic aromatic hydrocarbons have been described as weak 
to highly potent carcinogens (46). Prado and associates (47, p. 655) 
state: "Because of this fact, recent emphasis has been placed on the de
termination of the exact identities and concentrations of these potential 
carcinogens in exhausts representative of those that may be of environ
mental importance." Lewis and Coushlin (489 p. 1249) conclude: "The in
halation of suspended insoluble particulate matter contained in atmos 
atmospheric air is recognized as the most common cause of pigmentation in 
human lungs, Because of this, the blackness of lung tissue at autopsy may 
reflect exposure to atmospheric soot during life." On account of the 
long-term presence of soot in the lung and the associated carcinogenic 
polycyclic aromatic hydrocarbons, these small atmospheric particles "may 
be one of the types of particulates most hazardous to human health" (47, 
p. 655).

The above-mentioned studies discuss only solvent extractable 
polycyclic aromatic hydrocarbons; little is known about those hydro
carbons that are not extractable. In an exception to the above, Shultz



14
and his co-workers (49) used direct source inlet mass spectrometry 
(300°C9 10 ® torr) on unextracted particulates and found a series of 
three to five ring polycyelic aromatic hydrocarbons. However, had prior 
extraction been performed as in most other studies of this nature, these 
might not have appeared in the concentrations reported. It is also 
possible that the carcinogens among them, which would not ordinarily 
be determined by extraction techniques, may be slowly released into 
the lung by the solvating action of lung lipids. Those studies which 
are currently in progress usually deal with polycyclie aromatic hydro
carbon concentrations (extractable) in the environment and/or follow 
their path through the biosphere, but they are not seeking to determine 
concentrations of the solvent insoluble hydrocarbons (50,51). It is 
interesting to note that organic material in general and the polycyclic 
aromatics In particular are found in higher concentrations in the 
smaller respifable particles than in the larger particulates (52,53).

2.4 Natural Haze, Control Strategies,
‘ ’ and Climatic Studies

Photooxidation of terpenes emitted through the aerial organs of
plants (e.g., conifers, sagebrush) produces particulate material on the

d. 3 16order of 10 to 10 grams per year on a worldwide basis (54,55).
These are responsible, for example, for the blue haze over the Great 
Smokey Mountains (56). These aerosols may contain the same types of 
products observed following the photooxidation of auto exhaust, as well 
as polymerization products of the terpene pinene (57). A study of such 
polymerized material, sampled in a forested area, is therefore quite 
relevant. -
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In connection with certain - types of control strategies, such as 

those introduced to decrease oxides of nitrogen in industrial effluents, 
the staged combustion and lower temperatures being used can actually 
increase the concentrations of insoluble carbonaceous material and asso
ciated polyeyclic aromatic: hydrocarbons (47). Furthermore, it has been 
pointed out that the utilization of "highly aromatic fuels made from 
coal would focus increased attention on emissions of particulate organic 
matter" (47, p. 655).

The partial effect of aerosols on global climate depends on the 
physical and chemical nature of the particles (58). Silicate dust par
ticles, HgSO^, or (NH^^SO^ have a high ratio of backscatter to adsorp
tion, reflect more solar energy, and produce a cooling effect; whereas 
carbon particles, having a small ratio, lead to global heating.

A knowledge of the structural and chemical composition of particu
late insoluble carbonaceous material could be of importance in introducing 
more thorough determinations and in increasing understanding of the pro
cesses involved in all three of the areas of investigation mentioned 
above.

2.5 Particulate Pollutant Source Identification

2.5.1 Source Determination Methods
Air pollution investigators face two main problems when deter

mining source areas and the relative contribution of any source to the 
atmospheric pollutant particulate burden. One is the transport by 
synoptic air flow of these pollutants from industrial and/or urban areas 
to clean environments. In this case, one has to first determine the
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background level of particulates in the non-polluted area in order to 
describe the types and quantities of the non-locally derived particulates. 
The other problem is encountered in the study of large urban areas, which 
are usually highly polluted with particulate matter. The difficulty is, 
then, not so much one of tracing pollutant transport, but one of evaluat
ing the relative contributions from various sources in any particular 
urban region.

The following discussion is not meant to be a comprehensive re
view of all source determination techniques. In a paper concerning dif
ferent sources of urban aerosols, Gatz (59, p. 12) states: "No discussion
of atmospheric pollution observations is complete without a presentation 
of the pertinent weather conditions during sample collection." For the 
problem mentioned first, the most obvious method for predicting transport 
of particulate pollutants into pristine or sparsely settled areas is the 
use of meteorological dispersion models containing parameters which take 
into consideration terrain effects and sorbtion by vegetation. These 
models are theoretically valid up to several hundred kilometers from a 
contributing point source (e.g., industrial), line source (e.g., highway), 
or large area source (e.g., urban) and become less reliable as distances 
increase. Many new applications of meteorological techniques appear in 
the literature on determination of particulate sources„ For example.
White and co-workers (60) discuss the use of air trajectory analysis 
for determination of the relative contributions of automotive and indus
trial emissions. Graedel (61) examines wind flow and pollutant concen
tration data, utilizing numerical techniques to delineate major source 
strengths for particular pollutants. This type of application is "a
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good example of the ability of combined air quality and meteorological 
measurements to detect sources of emission” (61, p. 318).

Many other schemes are applied which solve, in part, the problem 
. of source identification. Various tracer methods are useful, such as the 
release and measurement of Freon-11 in and downwind from urban plumes, 
or the introduction of SFg and other tracers in power plant effluents 
(62,63). Ratios of elements originating from specific sources (e.g.,
Pb to Br ratio) and concentrations of inorganic particulate constituents 
such as SO”, NO™, and NH*, may yield information as to possible sources 
Of particles (64). A number of investigators (10,59,65,66) have employed 
size distributions, chemical element balances, source coefficients, and 
particulate growth characteristics to localize sources. Draftz (67) 
Utilized polarized light microscopy Supplemented with mass spectrometry 
and scanning electron microscopy, while Ursenbach and associates (68) 
used scanning electron microscopy with energy dispersive x-ray analysis 
to trace sources of atmospheric particulates. Both microscopic tech
niques compared particles sampled in the field with reference samples.

There are a number of approaches to source identification which 
examine organic compounds. Lee and Hein (69) determine the carbon, 
hydrogen, and nitrogen composition of the particles, while Schultz and 
his co-workers (70) use mass spectral methods. Mayrsohn and Crabtree 
(71) have developed source reconciliation algorithms to determine the 
relative concentrations of hydrocarbons from various sources, whereas 
Schwartz (72) and Gordon (73) measure indicative organic molecules and 
selected polycyclic aromatic hydrocarbons, respectively, for this pur
pose .
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For the second type of source determination problem (urban areas), 

some of the same forms of analyses already discussed are applicable. In 
addition, it is useful to collect diurnal or short-time samples, which 
then can be analyzed to define photochemical processes. If any of the 
aforementioned techniques are conducted on size-sorted particulates, much 
more information emerges, since aged and fresh aerosols are distinctly 
size-dependent and some anthropogenic aerosols can be distinguished from 
natural ones on the basis of size.

2.5.2 Trace Element Concentrations and 
Pattern Recognition Techniques

In the past few years, increasingly sophisticated statistical and 
mathematical methods applied to atmospheric particle elemental abundances, 
have led to far more meaningful results than simple concentration compari
sons of various particulate species from different areas. For example, 
cluster analysis and pattern recognition techniques substantiate and sup
plement the results obtained from standard linear regression analysis. 
Gordon and associates (74) discussed trace element abundances, and Heisler 
and co-workers (75) and Gladney (76) studied elemental composition in asso
ciation with size distribution for the determination of particle sources. 
Correlation of elemental concentrations in the particulates with wind 
direction proved to be quite useful (77,78). Winchester (79) investigated 
trace metal composition fingerprinting techniques for natural terrestrial, 
marine, and anthropogenic sources. Perone and his co-workers (80) and 
Moyer and associates (81) applied hierarchical clustering techniques to 
the concentrations of trace elements and selected inorganic ionic species 
in the southwestern desert areas, which resulted in distinctions between
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anthropogenic and natural crustal contributions to the atmospheric par
ticulate load. Hopke and his associates (82) used multivariate factor 
analysis for source determination of selected elements in urban aerosols. 
They differentiated crustal weathering dust, sea salt, residuals from 
fuel burning, motor vehicle exhaust, and refuse incineration particles 
by these methods. In another study (83), the authors compared the 
strengths and weaknesses of the following techniques for source resolu
tion : common factor analysis, principal component analysis, and cluster 
analysis. They examined 36 atmospheric particulate elements from 
samples obtained downwind from an electric power plant in a rural area.

2.5.3 Limitations of Use of 
Extractable Organic Matter 
for Source Determination

Studies of Organic compounds extracted from atmospheric particles 
(84,85) to indicate possible sources have certain inherent limitations. 
Organics extracted from rural particulate samples have helped to deter
mine background levels when compared to urban organic compound concentra
tions (86). However, a considerable portion of low molecular weight 
hydrocarbons and other organics sublimate and evaporate due to high flow 
rates in the standard high-volume sampling apparatus. Rondia and asso
ciates (87) showed, furthermore, that when using infrared, ultraviolet, 
and gas chromatographic techniques there is a certain homogeneity of 
the solvent-extractable organics which is independent of the season or 
location of sampling. They ascribed this to the fact that all compounds 
with a boiling point less than 300oC are volatilized to a large degree 
during the sampling process. Another group of investigators (88)
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demonstrated that the composition of aliphatic hydrocarbons in particles 
collected on glass fiber filters with a Hi-Vol sampler varies consider
ably as a function of the flow rate and the sampling duration„ They 
concluded that the compounds with boiling temperatures less than 300°C9 
which includes many hydrocarbons below are progressively eliminated
from the sample„ Dong and associates (89), while studying bicyclic com
pounds in the extracted organic portion of atmospheric particulates, 
found that the majority of these compounds were lost during Hi-Vol 
sampling; thus, they were forced to explore other trapping devices.
Hauser and Pattison (90) also mention the loss of low-molecular weight 
alkanes due to high volume flow rates during sampling. Despite this, 
Ketseridis and his group (1, p. 610) wrote; "It is surprising, however, 
that the ratios of the major groups of organic constituents into which 
we separate our samples, remain uniform throughout all areas sampled."

Another difficulty with current approaches stems from the chemi
cal reactivity of the volatile solvent-soluble organic molecules which 
are sampled, extracted, and measured„ These compounds can undergo sub
stantial changes between the time of emission or that of their sorption 
onto existing atmospheric particles and the time they are analyzed in the 
laboratory. The catalytic activity of the metals and soot-active sites 
in the particulates, the presence of other reactive molecules, and photo
chemical reactions all contribute to these transformations occurring in 
the atmosphere. Thus, both sampling methods and in situ reactions 
taking place within or on the particulates can introduce bias. Barofsky 
and Baum (91) demonstrated in a laboratory study that many polycyclic 
aromatic hydrocarbons adsorbed on soot-type substrates or matrix



material can either quickly or more slowly oxidize. Anthracene9 
benz a anthracene 3 pyrene, dibenz | a 9 c | anthracene«, benzo | a | pyrene 3 
benzojghi|perylene9 and coronene all underwent chemical modification 
when exposed to light. Even the relatively inert naphthalene9 when ab
sorbed on silica gel or alumina9 slowly oxidized to naphthoquinone in the 
laboratory when exposed to ultraviolet (which penetrate the atmosphere) 
wavelengths of radiation. When irridated, anthracene rapidly oxidized 
to anthraquinone and more slowly to 134-dihydroxy-93 10-anthraquinone. 
These findings are especially important when considering the health haz
ard implications of these compounds.

The last problem associated with study of the soluble organics 
occurs during concentration of the solvent extract for sample prepara
tion. During this process, many of the low molecular weight compounds 
can be lost, a fact commonly recognized by geochemists. Thus measuring 
various solvent-soluble organic compounds extracted from atmospheric par
ticulates and comparing their concentrations to those of particulates 
emanating from a known source is not a precise method for tracing their 
origin.

2.6 Rationale and Goals of the 
Present Investigation

In the previous sections several techniques have been discussed 
which were recently introduced for the analysis of atmospheric particu
late matter„ The different methodologies developed represent attempts 
to answer specific questions in connection with these types of air 
pollutants. High on the list of priorities would be the ability to 
define which components of the particulates may represent human health
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hazards. The issue of next importance is precise determination of the 
sources of these particulates, especially in connection with the 
question as to whether they are the results of man's activities or of 
natural emanations. In this context, it is of further interest to 
define the proportion between man-made and natural sources, and the 
way in which both contribute to the buildup of particulates in the 
atmosphere.

It is relatively easy to separate the inorganic from the organic 
constituents of the particulate matter occurring in ambient air. Today 
it is recognized that in many cases more than 50 percent of this 
material is composed of organic moieties. The solvent-extractable 
portion of this organic matter has been relatively well characterized. 
However, evaporative losses occur during collection and extraction, 
and chemical transformations take place during the residence time of 
the particles in the atmosphere; thus, this fraction cannot be reliably 
utilized either for the assessment of the health hazards, which may be 
represented by the compounds in the unaltered particles, or for precise 
source determinations.

The insoluble carbonaceous matter (1CM)— this complex polymer
like material— has not yet been thoroughly investigated, mainly on 
account of the lack of adequate analytical techniques, and also because 
of its extreme structural and chemical complexity. A new method, high 
vacuum pyrolysis/gas-chromatography/mass-spectrometry (HVP/GC/MS) was 
developed in the Laboratory of Organic Geochemistry at the University 
of Arizona to study various forms of insoluble organic matrices, The 
method was utilized in order to gain some understanding of the individual
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chemical make-up of this particulate complex. Although the characteriza
tion of ICM should have obvious advantages over the determination of any 
other organic components of air pollutant particles because of its high 
resistance to degradation, this very characteristic has hampered investi
gations focusing on the ICM fraction, since its breakdown presented seri
ous technical problems.

Small soot particles can penetrate deep into the lung and remain 
there for the lifetime of an individual. Many polycyclic compounds—  

some of them carcinogenic— seem to be part of the organic fraction of 
these particulates. It is possible that these may gradually solubilize 
and could indeed play a role in the increasing incidence of lung cancer.

Since ICM is formed or arises at the site of emission, its 
composition may reflect combustion or formation characteristics, and 
might thus serve as a better source-identifying component that the 
soluble organic or other fractions of the particulates. The formation 
of polycyclic aromatic hydrocarbons associated with soot particles is 
dependent on such parameters as fuel type, temperature, and fuel-to- 
air ratios. Lee and his associates (92) showed that different insoluble 
components and different polycyclic aromatic hydrocarbons result from 
different combustion sources, such as the burning of kerosenes, wood, 
or coal. They indicated that there is a greater concentration of 
alkylated polycyclic aromatic hydrocarbons produced from coal combus
tion than from the burning of wood or kerosene. They also demonstrated 
that coal soot polycyclic aromatic hydrocarbons include significant 
amounts of sulfur-containing compounds, whereas these are mostly absent 
in the other combustion products. In addition, relatively greater
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concentrations of high molecular weight species are generated by wood 
or kerosene combustion than.from the burning of coal„

Taking the above considerations into account, an investigation 
was conducted on the composition of the insoluble organic material of 
atmospheric particulates, collected from seven environments 9 as widely 
different as possible. (See description of sample locations under 
section 3.) The pyrolysis/gas chromatography/mass spectrometry tech
niques used in this study did not result in quantitative determinations 
of the individual compounds; therefore, those sophisticated statistical 
techniques developed in connection with elemental abundance distribu
tions or extractable organic moieties 9 which have been used in attempts 
at source determinations9 could not be applied to the present findings.

The primary goals of the present investigation were threefold„ 
First 9 an exploration of the viability of the technique for separation 
and characterization of the individual components of this hitherto 
neglected portion of airborne particulates was undertaken. Secondly9 
once the individual chemicals present had been characterized, an attempt 
was made to evaluate their possible significance as human health hazards„ 
Lastly, the usefulness of the technique for source determination was 
investigated.



CHAPTER 3

EXPERIMENTAL METHODS

3.1 Sample Collection Procedures 
All sampling procedures in this research followed the Environ

mental Protection Agency (EPA) guidelines (93). Atmospheric particulate 
samples were collected with a Sierra Hi-Vol sampling unit with an auto-

3matic flow controller maintained at 1.2 m of air per minute (corrected 
to standard temperature and pressure). Sampling periods were of 24 hows 
duration. To prevent sampling large amounts of re-entrained surface 
dust, collections were carried out when the wind speed was less than 
16 km/hr. Samples were obtained in urban and residential Tucson, Salt 
Lake City, and Los Angeles, at a medium-sized airport in Pennsylvania, 
downwind of a coking operation in Wyoming, and inside a Tucson building 
housing several laboratories (Table 1).

For collection surfaces of particulates, Gelman type A glass 
fiber filters were employed. Before use, the filters were cleaned with 
distilled spectral grade benzene heated at 100°C for 12 hours in order 
to drive off the solvent, and wrapped in solvent-cleaned aluminum foil. 
xThereafter, the filters were touched only with forceps. All filters were 
checked for holes and tears before use, and were returned to the lab
oratory for analysis in their original aluminum foil wrappers.

3.2 Solvent Extraction Procedures 
Grossjean determined the solvent extraction efficiencies for a 

series of polar and nonpolar solvents (94). His main conclusions were:
25



Table 1. Sample Collection Locations and Conditions„

Sample Location
Date of 

Collection
Weather

Conditions

Particulate
Sample
Size

(vig/m)

Size of 
Sample 

Analyzed 
(mg)

Obvious Nearby 
Pollutant Sources

1o Tucson, 
Arizona

1/3 mile NE of 
center of downtown

June, 1974 Wind from SE, 
^10 km/hr 
RH <35%

36 Internal combustion and 
diesel engines

2. Tucson, 
Arizona

7 miles N of down
town, 1/4 mile W 
of major thorough
fare, in residen
tial area

June, 1974 Wind from SE 
M O  km/hr 
RH <35%

24 Internal combustion and 
diesel engines, vegeta
tive emissions, soil 
dust

3. Salt Lake 
City, Utah

4. Allegheny Cty. 
Airport, 
Pennsylvania

5. North Braddock 
Coke Plant, 
Wyoming

6. Tucson,
Arizona

3 miles E of down
town district

June* 1975

1/2 mile NW of 
airport

1/2 mile S of 
plant

In office of Space 
Sciences Bldgo, 
Univ. of Arizona

Sept., 1975

Oct., 1975

Wind from SW 
MO-16 km/hr 
RH <50%

63

Wind from E 
M O  km/hr 
RH <60%

Wind from N 
M O -16 km/hr

May, 1974 RH <35%

40

46

52

5

20

Internal combustion and 
diesel engines, oil 
refineries, copper 
smelting plant, soil 
dust, vegetative emis
sions, gas fired power 
plant

Internal combustion 
engines, vegetative 
emissions

Coke plant, coal fired 
power plant, soil dust

Chemical 6 optics lab
oratories, machine shops

7, Riverside, 
California

Downtown district July, 1975 Wind from W 
M O  km/hr 
RH <50%

114 0.5 Internal combustion and 
diesel engines, 
industrial emissions
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(1) combining a nonpolar and a polar solvent for extraction of organics 
and inorganics is almost always more efficient than using just one 
solvent; and (2) for extracting organics alone a binary mixture of 
polar and nonpolar solvents is effective, (3) but for most efficient 
extraction of all chemical species, it is best to use the solvents in 
series. To insure exhaustive extraction, four solvent systems were 
utilized in this study. These were (1) chloroform/hexane, 78/22, v/v, 
three times; (2) benzene/methanol, 60/40, v/v, three times; (3) methanol, 
three times; and (4) hot water (90°C), followed by 10 percent HC1, again 
followed by three hot water extractions. This sequence was designed to 
remove each solvent of the preceding extraction from the insoluble 
sample as the procedure continued. Treatment with HC1 rids the sample 
of carbonates, thus preventing COg evolution during pyrolysis, as well 
as releasing any organics which might have been trapped in carbonate 
inclusions. Extraction was facilitated by repeated ultrasonication.
In this manner, all possible extractable organic molecules were removed 
so that the remaining organic material consisted almost entirely of 
polymer-like or mechanically entrapped carbonaceous matter. After sol
vent treatment, the remaining ICM was dried and then degassed in a 
10 torr vacuum at 100°C for one-half hour to desorb any remaining 
solvent prior to pyrolysis.

3,3 Pyrolysis, Gas Chromatography,
Mass Spectrometry

3.3.1 Contribution of Methods
Several types of degradation reactions followed by appropriate 

analysis of the obtained products have contributed to the analysis of
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various insoluble or nonvolatile carbonaceous materials such as 
polymers, kerogen, meteorite, matrix carbonaceous material, proteins, 
and bacterial cell walls. Thermal degradations in vacuum or in 
specific gases (e.g., N̂ , He), permanganate oxidation9 base and acid 
treatments, and ozonolysis procedures are among those Utilized. The 
relative usefulness of these types of methods is strongly dependent 
on the specificity of bond breakage, which then permits the reaching 
of useful conclusions about the structure of the carbonaceous material 
in question through the identification of the degradation products 
(95).

Pyrolysis, the thermal degradation of organic material in the 
absence of oxygen, is the method of choice for informative fragmenta
tion. This statement is partially based upon the number of published 
studies utilizing pyrolysis, as opposed to alternative methods of 
sample degradation. When followed by infrared analysis, gas chroma
tography and/or mass spectrometry pyrolysis becomes a powerful tool for 
identifying the composition and relative quantities of the organic com
ponents present in the parent material.

When the thermal energy applied to a carbonaceous structure 
during pyrolysis surpasses the energy of specific bonds, the molecules 
fracture into smaller organic species. In addition to this energy 
needed for a specific bond rupture, additional energy is required. How 
much depends on the environment of the remainder of the molecule and 
also of the surrounding molecules (matrix effect) due to the overlap 
of the electron clouds of the surrounding bonds. At higher temperatures 
(1000°C), small molecules such as hydrogen, methane, ethane, carbon
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monoxide, and water can result from pyrolytic fragmentation, while at 
lower temperatures quite large molecules can be generated during 
fragmentation. The fragmentation pattern is also dependent on the 
physical parameters of the pyrolysis apparatus.

Adequately controlled pyrolysis is not a random phenomenon and, 
therefore, can be statistically predicted, A carefully selected set of 
conditions of thermal energy input induces specific molecular bond 
breakage (96). The reconstruction of the carbonaceous material can be 
achieved if the fragmentation mechanisms are known. Merrit and co- 
workers (97) utilized the small molecule (CH^, COg, CO, C^H^, ,
NHg, Hg, HgS, CgHg) pyrogram and Boss and Hazlett (98) used the large- 
molecule pyrogram ( C^Hg) to identify functional group concentrations 
and extend knowledge of pyrolysis mechanisms, respectively. Tibbitt 
and his associates (99) studied functional group concentrations and 
crosslink density, and constructed hypothetical molecular structures 
for polymerized hydrocarbon films.

The pyrolysis of macromolecules (similar to the insoluble car
bonaceous material) has been used extensively to generate volatile low 
molecular weight compounds for analysis by either gas chromatography or 
mass spectrometry. Pyrolysis/gas chromatography (P/GC) has been used 
for some time and has been the method of choice as an analytical tech
nique for polymer and macromolecular studies (100). The nature and 
abundance of the volatile compounds generated during pyrolysis are 
often used as parameters to classify the macromolecule. As a case in 
point, the Federal Bureau of Investigation has established a file of 
pyrolysis/gas chromatograms of automobile paints. This library helps
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pinpoint the automobile manufacturer and model year, by paint type, for 
an automobile involved in a hit and run accident.

Madorsky and Strauss (101) and Wall (102) pioneered the use of 
pyrolysis/mass spectrometry (P/MS) for the analysis of synthetic poly
mers. In 1952, Zemany (103) first used P/MS for the study of other 
macromolecules, such as proteins. Meuzelaar and his colleagues have 
extended this technique by demonstrating in a large series of papers 
(Table 2) that it provides a means for uniquely characterizing several 
biopolymers’— in particular the cell walls of bacteria such as Strepto
coccus , Klebsiella, and Mycobacterium. Bacterial strains differing by 
only one antigen have distinctive P/MS patterns.

P/GC, P/MS, and other pyrolysis configurations have been applied 
to a wide variety of materials. Table 2 lists some of the major areas 
where pyrolysis has proved useful and includes a selection, of recent 
references dealing with such studies.

Although, to the author's knowledge, no studies focus exclusively 
on the chemistry of insoluble carbonaceous material in atmospheric par
ticles, several classes of carbonaceous materials are similar to ICM, 
and thus, suggest useful analogies to its chemical structure. The 
studies referenced in Table 2 under geopolymers have provided informa
tion about fossil fuel, soil, and biochemical components found in par
ticulate ICM (19) (See sections 5.1 and 5.2.)



Table 2. Representative Pyrolysis Studies

Category Specific Materials Purposes References
Geopolymers
extraterrestrial

ancient terrestrial

recent terrestrial

fossil fuels and 
precursors

carbonaceous meteorites 

Lunar fines

Mars soil
early precambrian 
sediment
kerogen
soil (whole)
humic acids
soil horizons
fulvic acids
kerogen

study indigeneous organic 
compounds
study indigeneous organic 
compounds
detect life

□study 2 x 10 yr. old 
carbon compounds
characterization
discriminate soil types
characterization
discriminate soil types
characteri zat ion
characterize petroleum 
producing sediment

104,105,106*107
108,109,110,111
112,113

114,115,116
117,118

94,119
120
121,122,123
124,125,126
127,128
129,130,131

coal characterize coal materials 132



Table 2. Representative Pyrolysis Studies, Continued.

Category Specific Materials Purposes References
Chemistry
synthetic polymers

organic compounds

porous cross-linked styrenes
poly-olefins
fluorine polymers

plasma-polymerized 
hydrocarbon films
anthracene, penanthrene, 
3 $4-benzopyrene, indene 
isoprene
4-phenylbutanoic acid 
naphthalene derivitives, 
phenols, carbonyl com
pounds

Biological molecules and macromolecules 
animal products muscle tissue

proteins

quality determination
mechanism of decomposition
identification and 
differentiation
structural character
ization
mechanisms of formation

mechanisms of fragmenta
tion

discern diseased tissue
identification and 
quantification

133
134
135,136

99

137,138,139,140

141,142,143

144
145

porphyrin identification 146



Table 2: Representative Pyrolysis Studies, Continued,

Category Specific Materials Purposes References

plant products 

drugs
Chemotaxonomy
bacteria

fungi

atmospheric
particulates

Other applications 
P/GC methods

amino acids 
DNA, RNA 
wood, lignin 
rubber
sulphonamides 

bacteria

fungi

total particle sample

insoluble carbonaceous 
portion

naphthalene, oil shale, 
coal

identification 
character!zat ion 
character!zat ion 
determine degree of cure 
identification in urine

identification and 
classification

identification and 
classification
identification of 
organics and elements
identification of 
insoluble organics

laser induced P/GC

100, 147
148,149
150,151
152
153

154,155,156,157
158,159,160,161
162
163

15,70,164,165

18,19,166,167

168

naphthalene, oil shale vapor phase P/GC 129



Table 2. Representative Pyrolysis Studies, Continued.

Category Specific Materials Purposes References

P/MS

new MS methods

computerized numer
ical analysis

naphthalene's oil Shale’

naphthalene, oil shale 
synthetic polymers

bacteria
biomacromolecules

DMA

bacteria

bacteria

bacteria
soil

measuring very fast 169
temperature rise times
improvement of pyrolyzer 170
simultaneous determination 96
of large and small pyroly
sis fragments
fingerprinting 156,171
pyrolysis field ioniza- 172
tion and field desorption 
mS
comparison of collisional 173
activation and low energy 
electron MS
high resolution field 174,175
ionization MS
low voltage electron impact 176
ionization MS
field desorption MS 177
discriminate soil types 178,179



Table 2. Representative Pyrolysis Studies, Continued.

Category Specific Materials Purposes References
bacteria improvement of differen

tiation between pyrograms
180

automatic P/GC bacteria identification and 
classification

181,182

Miscellaneous
antiques antique glue verification of 

authenticity
183'

Forensic investigation
textiles nylons, cottons textile characterization 184
car paint car paint identifying vehicle 185,186
adhesives adhesives identifying adhesives 187
Reviews
P/GC bacteria, chit in, DM, 

RNA
P/GC review 188, 189

analytical pyrolysis bacteria, chitin, DM, 
RNA

all phases of P/GC, P/MS 190

analytical and 
industrial pyrolysis

hydrocarbons, petroleum 
products, oil shale, coal

/
chemistry of pyrolysis, 
industrial pyrolysis design

191

COOl
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3.3.2 High Vacuum Pyrolysis/Gas 
Chromatography/Mass Spectrometry 
(HVP/GC/MS)

The high vacuum pyrolysis system was developed and built in the 
Laboratory of Organic Geochemistry of the Geosciences Department of The 
University of Arizona9 specifically for thermal fragmentation of insol
uble organic material. The resulting products are subsequently injected 
into a combined gas chromatograph/mass spectrometer for separation and 
identification. The pyrolyzer unit consists of a Vycor furnace con
nected to a stainless steel assembly for trapping and trasferring 
pyrolysis products to the gas chromatograph (Figure 1). During pyrol
ysis (150-600oC), the Vycor furnace and liquid N^-cooled trap are 
evacuated to 10 ® torr. The system is then pressurized with one 
atmosphere helium and the trap heated to 250°C so that the pyrolysis 
products are transferred to a liquid N^-cooled capillary loop for sub
sequent rapid injection onto the gas chromatographic column. Injection 
may be accomplished either by connection of the pyrolyzer directly to 
the gas chromatograph column or by introduction through the septum of 
the gas chromatograph inlet. For a more complete description of the 
design and operating procedures of the HVP/GC/MS system, see Bandurski 
and Nagy (111) and Bandurski (192).

The HVP/GC/MS system offers advantages over the two commonly' 
used methods for the analysis of polymers: (1) helium pyrolysis/gas
chromatography/mass spectrometry, and (2) vacuum pyrolysis/mass 
spectrometry. In the former, the pyrolysis occurs under pressure, 
and breakdown products with low volatility are either not released or 
are released only at higher temperatures. In the HVP/GC/MS system,
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organic fragments released from the polymer at 10 ® torr very rapidly 
move from the high-temperature furnace to the cold trap, thus minimizing 
further secondary product formation by fragmentation and collision with 
other fragments (192).

The advantage over vacuum pyrolysis/mass spectrometry is that 
pyrolysis products released from a polymer type matter, such as those 
in certain rocks (e.g., kerogen), form a complex mixture which is diffi
cult, if not impossible, to analyze by mass spectrometry alone. The 
combination of vacuum pyrolysis with GC/MS allows separation of the 
mixture into individual compounds prior to analysis by the mass spectrom
eter. Although high resolution mass spectrometry (HRMS) can resolve 
complex mixtures of compounds without prior gas chromatographic 
separation, it cannot resolve isomers due to their identical molecular 
weights. Prior gas chromatographic separation makes possible the 
production of a fragmentation pattern for each individual component 
and greatly simplifies identification. HRMS must be connected to a 
computer to enable data reduction and compound identifications. A 
disadvantage of the HVP/GC/MS system is that nonvolatile and decompos
able organic compounds (e.g., carboxylic acids and peroxy acids, 
respectively) can be trapped or even decomposed in the chromatographic 
column. The application of both of these systems to identification of 
ICM fragments would yield the greatest amount of information.

Identification of individual components in the sample is accom
plished through the use of a Perkin-Elmer 226 capillary column gas 
chromatograph directly connected to an Hitachi RMU-6E mass spectrom
eter through a Biemann molecular separator. An OS 138 (polyphenyl ether)



45.7 m long, 0.5 mm ID capillary column was used in this system. This 
column is useful for separating aromatic hydrocarbons and polar com
pounds. The column was held at 40°C for ten minutes, programmed at a 
rate of 2.5°C per minute from 40 to 190°C, and then run isothermally at 
190°C. Approximately 5, mg of sample gave the best results in this 
system. Mass spectra taken during minimum ion current and during maxi
mum ion current allowed subtraction of background, carried out manually, 
from each eluted compound. The spectra were then counted to determine 
the molecular weight of each fragment ion (m/e) and each m/e peak was 
measured as a percent of the parent (highest) peak. The normalized 
Spectra were used for compound identification with the assistance of an 
index of mass spectral data (193). Over 500 mass spectra were analyzed 
in this manner.

3.3.3 Pyrolysis/Gas Chromatography/
Mass Spectrometry/Data System 
(P/GC/MS/DS)

The pyrolysis unit used in this system is a Chemical Data System 
Pyroprobe 120. This is not a vacuum unit, and pyrolyses are conducted 
under helium. The pyrolyzer is designed for reproducible settings and 
fast temperature rises. It consists of a control module and a 1/4 x 4" 
stainless-steel probe containing a small platinum heating coil which 
holds a thin-walled 2.5 ran x 2 cm quartz tube. Samples to be pyrolyzed 
are packed within the tube. For pyrolysis, the entire probe assembly 
fits into a special injection port of the gas chromatograph. It has an 
upper temperature limit of 1200OC with reproducibility of ±2°C between 
pyrolysis runs. Temperature rise times may vary from 0.1 to 20OC/msec.



The duration of the final pyrolysis temperature ranges from 20 msec 
to 20 sec. For analysis of atmospheric particulates, the final pyrol
ysis time was 20 seconds. Helium sweeps the pyrolysate from the 
stainless steel probe into a 0.5 mm ID stainless steel capillary tube 
precooled to -10°G by thermostatically controlled liquid nitrogen.
A cooling jacket constructed of a 1/4” x 2" piece of T-shaped stain
less steel tubing directs the liquid nitrogen onto a small area. A 
nichrome heater incorporated into the cooling jacket produces fast 
heating and quick transportation (vaporization) of the trapped samples 
into a 0.5 mm ID x 10 m SE-52 glass capillary column. Directly coupled 
to the gas chromatograph is a Hewlett-Packard 5930A mass spectrometer 
(quadropole). Gas chromatography work reported here was done with a 
column flow velocity of 18 cm/sec and a temperature program of 40- 
2l0OC at 2° per minute. This system operated with only 0.5 mg samples, 
one-tenth the normal size used in the HVP/GC/MS unit. A 5933A computer 
system interfaced to the mass spectrometer facilitated rapid data 
acquisition.

Pyrolyses in both systems were initially conducted at 150, 300, 
450, and 600°C. The 300 and 450°C runs were the most informative. Al
though, different types of geological and chemical samples have different 
temperatures for maximum compound release (113,192), all atmospheric 
particulate samples studied had fairly similar thermal properties for 
breakdown and release of polymer fragments and trapped compounds.

Table 3 details the differences in operating conditions between 
the HVP/GC/MS and the P/GC/MS/DS systems.



Table 3. Pyrolysis/Gas Chromatography Conditions
Parameters HVP/GC/MS P/GC/MS/DS

Pyrolysis temperature 150°, 300°, 450°, 600°C 450°C
Temperature rise 25°C to above -10°C to above
Pyrolysis type high vacuum (10  ̂torr) Chemical Data System 120, 

pyroprobe (pyrolyzed 
in helium gas)

Pyrolysis time 30 minutes 30 seconds
Injector (GC) temperature 25°C

i.

-10°C (thermostatically 
controlled)

Column measurements 45.7 m x 0.5 mm ID 10 m x 0.5 mm ID
Column coating polyphenylethht* (OS-138) polyphenyl ether 

(SE - 52)
Oven temperature (GC) 40° - 190° -i> isothermal 40° - 210°C —> isothermal
Program rate 2.5°C/minute 2.0°C/minute
Rise time 30 seconds 3 seconds
Carrier Gas He He
Flow velocity 12 cm/second 18 cm/second



CHAPTER 4

RESULTS

4.1 Interpretation of Data 
The figures and accompanying lists which follow represent organic 

compounds identified by gas chromatography/mass spectrometry derived from 
atmospheric samples 9 both ambient and indoor9 collected from various 
urban9 rural and industrial environments. Some of the aims of this work 
were:

(1) to employ the pyrolys is/GC/MS methods to identify compounds 
comprising atmospheric particulate insoluble material, and

(2) to study their range of variability in widely different 
types of atmospheres, since the possibility existed that 
this method might be practically employed to identify par
ticulate pollutant sources, both natural (or background) 
and anthropogenic.

In order to correctly interpret the gas chromatographic traces 
and accompanying lists of chemicals, first certain points should be noted. 
Question marks after a compound mean one of four possibilities:

(1) two or more compounds elute into the mass spectrometer at 
the same time, thus making compound assignment by mass 
spectrometry difficult;

(2) quantitatively, the difference between the tentatively 
identified compound and background (mass spectrometer oil, 
etc,) is very small;
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(3) mass spectral relative peak heights compared favorably to 
those listed in the ASTM index (193), yet were not as close 
as desired, thus indicating ambiguity in compound assignment 
(e.g., when dealing with small peaks it is difficult to 
distinguish styrene and indane derivatives or to differen
tiate between certain hydrocarbon isomers with the same 
molecular weight); and

(4) gas chromatographic retention times indicated possibly 
faulty compound assignment by mass spectral identification.

If any of these considerations makes identification of a compound too un
certain, the mass spectral peak is listed as ’’unidentified."

Often, a question arises as to where a functional group might be 
placed on a hydrocarbon skeleton, e.g., placement of methyl groups. In 
this case, the compound will be named in a more general sense, e.g., 
dimethylstyrene rather than 1,3-dimethylstyrene.

Although the gas chromatograph elutes compounds in a specific 
sequence because one particular polyphenyl ether column (OS-138) was 
used for all the samples (except for that collected at Riverside), 
similar compounds on two different gas chromatographic traces may elute 
at slightly different temperatures. This can result from small differ
ences in timing of the initial isothermal portion of the run (ten 
minutes), possible slight day-to-day internal differences of the Perkin- 
Elmer 226 gas chromatograph, and small changes in the column due to 
aging. All conditions for each run were kept as close to identical 
as feasible. Thus, the slit opening was kept constant, allowing the
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transfer of the same ratio of material to the flame ionization detector 
and the mass Spectrometer; the column was always programmed at 2.5°C 
per minute with a 10 minute isothermal preceding the programmed run 
(started at 40°C); isothermal conditions were maintained after reaching 
190°C, etc. Therefore, it is permissible to compare various runs of 
different particulate samples, allowing for slight differences. If 
any one condition was changed during the experiment, it is noted in 
the ensuing discussion.

Pyrolyses were conducted at 150, 300, 450 and 600°C initially,
until it was observed that the amount of information gained during the
150 and 600°C runs was not commensurate with the time spent on the
experiment and analyzing the resultant mass spectra. At that point,

othe remaining samples were pyrolyzed at 150 C to keep conditions con
stant, but the pyrolysis products were outgassed and not put through 
the gas chromatograph. Only the 300 and the 450°C pyrolyses were 
analyzed by gas chromatography/mass spectrometry.

4.2 High Vacuum Pyrolysis/
Gas Chromatography/

Mass Spectrometry Analyses
Before discussing the results of the pyrolysis of various atmos

pheric samples at different temperatures it should be mentioned that the 
blank fiber glass filters (Gelman Type-A) did yield some limited quanti
ties of several organic compounds and inorganic gases during the 600°C 
pyrolysis treatment, as indicated in Figures 2 and 3. These represent 
contaminations from two different batches of filters. In order to 
prevent the occurrence of such artifacts, all filters were sonicated
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oin distilled spectral grade benzene and dried at 100 C for 12 hours prior 
to their use in the particulate collections. Filters pyrolyzed at 600oC 
after this treatment evolved trace amounts of benzene and low molecular 
weight alkanes, usually ethane or propane (Figure 4). Interference from 
these contaminants9 however, does not present a problem since identical 
compounds of the particulate samples yield at least an order of magnitude 
higher quantities of these alkanes and benzene than found on the pre
cleaned filters.

Preceding the pyrolyses of the atmospheric particulate samples, 
a procedure blank run insured that the pyrolysis apparatus and the gas 
chromatographic Column were clean and free from previous contaminations. 
Figure 5 is a gas chromatographic trace taken after acid (H^SO^) cleaning 
the furnace, baking it in an oven, and then connecting it to the pyrolysis 
train. After degassing at 100°C for one-half hour, the pyrolysis was 
conducted at 600°C. At the level of detection of the gas chromatograph 
(<1 nanogram) there was no trace of organic compounds.

The above-described procedure blank was conducted only twice; 
however, gas chromatographic blank runs preceded each set of pyrolysis 
runs. Careful washing with acids and meticulous handling of the furnace 
prior to each set of pyrolysis runs should have introduced no spurious 
compounds. The second procedure blank run after the first ten pyrolyses 
of the atmospheric samples was also clean.

The first atmospheric sample was a 24-hour collection from down
town Tucson during a midweek day in June, 1974 (Table 1). Each set of 
pyrolyses started with 5 mg of particulate matter (after extraction) 
and the pyrolyses released 20 to 50 percent (by weight) of the insoluble
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products, The use of an internal standard along with the filter sample 
for quantification is not applicable to this procedure, since insoluble 
products behave quite differently from soluble ones. Previous tests 
with C^g, C^g, and alkanes have indicated that about 95 percent of 
the soluble compounds will transfer from the pyrolysis oven to the gas 
chromatograph, but for the determination of the amounts (e.g., dependent 
on molecular weight) of each compound released from the insoluble par
ticulate matrix, another rather complicated study would be necessary.

O 'Figure 6 is the 150 C pyrolysis/gas chromatographic trace of the 
Tucson urban sample. As indicated, this temperature released only a 
small amount of a few compounds which had not been removed by the pre
vious extraction procedures and by the volatilization at 100°C. These 
compounds were probably bound by adsorbtion forces to the particulate 
matter and also might have included some weakly absorbed or trapped 
compounds within the bulk of this material. Four of the eight compounds 
listed contain sulfur. The hump eluting after 70 minutes on Figure 6 
also appeared in the subsequent 300, 450, and 600°C pyrolyses with this 
same sample and is probably the result of overloading the column with 
sample. This type of GC "hump" was never seen in subsequent runs.

Figure 7 is the gas chromatographic trace of the 300°C pyrolysis 
run of the same Tucson urban sample. At 300°C, limited amounts of low 
molecular weight alkanes and alkenes are released from the particulate 
matrix along with one- and two-ring hydrocarbons. These chemicals may 
evolve from pore channels in the ICM or possibly from loosely accreted 
mineral grains (soil dust) surrounding organic material. Three hundred 
degrees centigrade is too low for breaking any C-C bonds, although
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polymerized structures containing peroxide or other easily broken bonds
could possibly release compounds at this temperature. A terpene, 
a-pinene, is released at this temperature along with furan and a small 
amount of benzonitrile. Section 5.2 discusses sources of these com
pounds , along with temperature of release.

The QC trace shown in Figure 8 shows evidence leading to the 
first actual identification of discrete compounds forming a polymer-like 
insoluble material within atmospheric particulates - Sixty-eight chem
icals were identified, mostly representing fossil fuel constituents 
(see discussion in section 5.2). A homologous series of n-alkanes and
alkenes up to C, were found along with many alkyl-substituted one- and 13
two-ring aromatic compounds. As in the preceding 300°C pyrolysis, 
a-pinene was also identified. Four cyclic hydrocarbons— cyelopentene, 
cyclohexene, cyelohexadiene, and dimethylcyclohexsne— appeared in this 
sample. A unique molecule, 3,3-dimethyl-5-t-butylindanone, was also 
found. At 600°C (Figure 9) only small quantities of several compounds 
appeared. Apparently,most of the organic fragments escape from the 
particulate matrix already at 450°C. The rest of the matrix may be 
too condensed (e.g., graphitic) to fragment, even at 600°C. Several 
atmospheric particulate samples, including an aliquot of the Tucson 
urban sample, were weighed before and after a series of 150, 300, 450, 
and 600°G pyrolysis runs. The particulate residue was then combusted 
in an oxygen atmosphere at 550°C for 30 minutes, and the weight loss 
was recorded. Realizing that insoluble inorganic compounds and elements 
could have contributed to weight losses, it was found that an average 
of 5 to 15 percent (9.2 percent for the Tucson urban sample) of the



Figure B. 450°C Pyrolysis Products of Tucson Urban Atmospheric Particulates. 

Compounds identified by mass spectrometry from gas chromatograph: 
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5. hexene 28. .E_-methylstyrene 57. biphenyl 
6. cs2 29. o-methylstyrene 58. n-heptadecane 

propanethiol 30. n-dodecane 59. heptadecene 
7. hexyne 31. indane 60. in dan one 

branched hexa- 32. dodecene 61. 3,3-dimethyl-5-
' diene{?) 33. indene tertbutylindanone 

B. cyclohexene 34. 1-pentylbenzene 62. diphenylmethane 
9. cyclohexadiene 35. n-tridecane 63. n-octadecane 
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total particulate sample was pyrolyzable and that 1 to 3 percent of the 
samples (1.9 percent for the Tucson urban sample) was combusted follow
ing extensive extraction, degassing, and pyrolysis treatments. Thus, 
in the Tucson urban sample about 20 percent of the ICM was too condensed 
to by pyrolyzed, yet was subsequently combusted. Therefore, approxi
mately one-fifth of the ICM is in a highly condensed, perhaps graphitic 
form. Subsequent investigations by the author and co-workers have 
substantiated this assumption (194).

The next set of pyrolysis runs were conducted on an atmospheric 
sample collected in June, 1974, in the residential Casas Adobes area of 
Tucson, about one-fourth mile from Route 89 and 7 miles north of down
town (Table 1). This region is well vegetated, compared to the nearby 
rural deserts. Figures 10, 11, 12, and 13 show that pyrolysis products 
appear fairly similar to those in the downtown sample, yet their rela
tive concentrations vary significantly. Although both the urban and 
residential Tucson samples contained 5 mg of extracted particulates, 
the quantities of compounds released from the ICM during the 150 and 
300°C runs were significantly less for the residehtial sample. On the 
other hand, the relative quantities of ICM fragments seen in both of 
the 450°C pyrolyses were comparable. This observation suggests that 
the urban sample had a significantly higher proportion of gaseous pol
lutants than the residential one which were sorbed to the particulate 
ICM. Also, the number and complexity of the hydrocarbons in the 450°C 
pyrolysis of the urban sample, as compared to the residential sample, 
indicate the combustion products contributed more to the urban sample.
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Figure 11. 300°C Pyrolysis Products of Tucson Residential Atmospheric Particulates
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450°C Pyrolysis Products of Tucson Residential 
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Figure 12. Atmospheric Particulates. 

Compounds identified by mass spectrometry from gas chromatograph trace: 

1. methane 11. benzene 34. c5-alkylbenzene(?) 
C02 12. n-octane 35. me thy lindane 
ethane 13. octene 36. n-tridecane 
ethene 14. dimethylcyclo- 37. tridecene 
so2 hexane(?) 38. me thy lindane 

2. butane 15. toluene 39. tetralin(?) 
butene 16. n-nonane 40. methylindene 
C02 17. nonene 41. methylindene 
so2 18. p-xylene 42. n-tetradecane 

3. pentane 19. n-decane 43. tetradecene 
so2 20. m-xylene 44. dimethylindane 

4. pentene decene 45. naphthalene 
so2 21. styrene 46. dimethylindene 

5. pentadiene or 22. C3-alkylbenzene 47. !!_-pentadecane 
methylbutadiene 23. c3-alkylbenzene dimethylindene 
hexane 24. n-undecane 48. pentadecene 
S02 25. undecene 49. phenylcyclohexene 

6. hexene 26. trimethylbenzene(?) so. 2-methylnaphthalene 
so2 27. m-methylstyrene 51. n-hexadecane 

7. methylcyclopentene 28. - isobutylbenzene 52. 1-methylnaphthalene 
8. branched heptane 29. o-methylstyrene 53. hexadecene 

branched hexadiene 30. n-dodecane 54. ethylnaphthalene 
9. branched heptadiene 31. indane(?) 55. diphenyl 

2-ethyl-1,3-butadiene 32. dodecene 56. dimethylnaphthalene 
10. cyclohexene 33. indene 57. dimethylnaphthalene 

58. diphenylmethane(?) 
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For reasons previously mentioned9 subsequent pyrolysis runs in 
this study employed gas chromatography with mass spectral analysis only 
at the 300 and the 450°C temperatures.

Atmospheric samples from Salt Lake City were collected in June, 
1975, at the University of Utah, which is in a residential area about 
3 miles east of downtown (Table 1). More compounds were evident in the 
300°C run (Figure 14) than in the 300°C pyrolysis of the Tucson resi
dential sample (Figure 11). The Salt Lake City collection did not show 
comparable compound concentrations to the Tucson urban sample (Figure 7), 
which is to be expected, considering the greater population and pollution 
levels of Salt Lake City.

Figures 15 and 16 are gas chromatograms of the Salt Lake City 
sample resulting from pyrolyses at 450°C. For Figure 15, the slit was 
at the same width as in all of the other runs. To more easily identify 
trace compounds, a different aliquot of the same Salt Lake City sample 
was pyrolyzed at 150, 300, and 450°C, but this time the slit was opened, 
allowing greater quantities of material to reach the mass spectrometer 
(less passed to the gas chromatograph detector). Thus, Figure 16, 
although indicating smaller quantities of compounds, allowed the identi
fication' of more components. The legend for Figure 16 lists species 
numbered on both Figures 15 and 16.

In this sample the material was similar to that identified from 
the two Tucson areas, although the Salt Lake City sample was more com
plex, possibly an indication of more varied sources. An interesting 
molecule, methyIchloroindane, was found in this sample, along with the 
largest hydrocarbon moieties identified in this study: diphenyl.
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Figure 14. 300OC Pyrolysis Products of Salt Lake City Urban Atmospheric Particulates.
Compounds identified by mass spectrometry from gas chromatograph trace:

methane 3. methylpropene 11. decene 18. pentadecene
ethane 4. cyclohexene 12. styrene 19. hexadecene
butene 5. benzene 13. undecene(?) 20. diphenyl
butadiene 6. octene(?) 14. branched Cq-benzene
SOg 7. octene alkylbenzene(?)
pentadiene 8. toluene 15. unidentified
cyclopentadiene 9. nonene 16. benzonitrile
hexene 10. ethylbenzene 17. naphthalene
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Figure 16. 450°C Pyrolysis Products of Salt Lake City Urban Atmospheric Particulates 

Compounds identified by mass spectrometry from gas chromatograph traces 15 and 16: 

1. N20 16. . 1,3,5-trimethyl- 45. c3-alkylstyrene 
co2 cyclohexane(?) 46. methylindene 
so2 17. toluene 47. methylindene 
methane 18. methoxybenzene(?) 48. phenylhexane 
ethane 19. n-nonane 49. n-tetradecane 
ethene 20. nonene 50. phenylcyclohexane(?) 
sco 21. ethylbenzene c3-alkylindane 
propane 22. xylene 51. naphthalene 
propene 23. n-decane 52. ethylindene 

n-butane 24. xylene 53. dimethylindene 
butene 25. decene 54. n-pentadecane 
butadiene 26. styrene 55. pentadecene 

n-pentane 27. 1-propylbenzene 56. 2-methylnaphthalene 
pentene 28. ~methylstyrene 57. n-hexadecane 
pentadiene 29. isopropylbenzene 1-methylnaphthalene 

2. unidentified 36. n-undecane 58. ethylphenylcyclohexane 
3. n-hexane 31. undecane 59. hexadecene 

hexene 32. E_-methylstyrene 60. ethylnaphthalene 
4. branched hexene(?) 33. methylpropylbenzene diphenyl 

or cyclohexane(?) o-methylstyrene 61. n-heptadecane 
5. hexadiene(?) 34. c4-alkylbenzene 1-nonylbenzene 
6. hexadiene(?) 35. n-dodecane 62. dimethylnaphthalene 

n-heptane 36. in dane 63. heptadecene 
7. heptene 37. dodecene dimethylnaphthalene 
8. cyclohexene (?) 38, 1-butenylbenzene 64. dimethylnaphthalene 
9. heptadiene 39. indene 65. methylphenylbenzene 

10. benzene 40. c4-alkylbenzene 66. 1-decylbenzene 
11. branched heptadiene 41. C2-alkylstyrene 67. n-octadecane 
12. n-octane 1-pentylbenzene 68. octadecene 
13. octene 42. C3-alkylstyrene 69. ethylphenylbenzene 
14. branched octene 43. n-tridecane 70. methylchloroindane 
15. octadiene(?) 44. tridecene 71. alkylbenzene 

72. long chain alkene 
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ethylphenylbenzene 9 methylphenylbenzene, three isomers of dimethy1- 
naphthalene, ethylphenylcyclohexane, and possibly phenylcyclohexane. 
Several of these chemicals were also detected in both of the Tucson 
ICM samples.

Figures 17 and 18 are gas chromatographic traces of pyrolyses 
at 300 and 450°C9 with samples collected at a small county airport in 
Pennsylvania located in a residential environment (Table 1). Due to 
the fact that only 2 mg of sample was available 3 it was somewhat 
difficult to identify several compounds9 although the complexity of 
the released pyrolysis products seen in Figure 18 is similar to that 
of the previous 450°C pyrolysis runs. The 300°C pyrolysis run (Figure 
17) has large methylstyrene and 1,4-pentadiene peaks in comparison with 
the other peaks. The 450°C gas chromatogram also shows an unusually 
large styrene peak. (See section 5.2 for a discussion of the possible 
sources of these chemicals.)

Figures 19 and 20 show the results of pyrolyses at 300 and 450°C, 
respectively,of a sample taken five miles downwind of a coke plant in 
rural Wyoming (Table 1). The 300°C run yielded small amounts of a 
limited variety of chemicals, indicating a paucity of sorbed organic 
compounds on the particulate ICM. The 450°C run also yielded lower 
concentrations of the identified compounds than was evident in the 
other 450°C pyrolyses. This suggests that particulate emanations from 
coking operations consist of highly condensed, possibly graphitic in
soluble carbonaceous material. Since the coking process takes place 
at temperatures above 700°C, coke is, in fact, largely made up of a 
graphite-like material.
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Figure 17. 300°C Pyrolysis Products of Pennsylvania Residential Airport Atmospheric Particulates.
Compounds identified by mass spectrometry from gas chromatograph trace:

methane 3. butadiene 6. hexane
C02 S02 7. hexene
ethene 4. pentene 8. cyclohexene
co2 5. 1,4-pentadiene 9. benzene
butene
S°2 CS2 10. methylstyrene



Figur~ 18. 450°C Pyrolysis Products of Pennsylvania Residential Airport Atmospheric Particulates. 

Compounds identified by mass spectrometry from gas chromatograph trace: 

1. C02 4. n-hexane 12. xylene 
ethane 5. hexene 13. styrene 
ethene 6. cyclohexadiene 14. naphthalene 

2. C02 7. benzene 15. methylnaphthalene 
propane a. octene 16. diphenyl 
propene 9. toluene 

n-butane 10. ethylbenzene 
3. butene 11. p-xylene 

butadiene 
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Figure 18. 450°C Pyrolysis Products of Pennsylvania Residential Atmospheric Particulates. 
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Figure 19. 300°C Pyrolysis Products of Wyoming Coke Plant Atmospheric Particulates.
Compounds identified by mass spectrometry from gas chromatograph trace:
1. ethane 3. hexene

co2 4. unidentified
2. COo 5. benzene

NO
ethene



Figure 20. 450° Pyrolysis Products of Wyoming Coke Plant Atmospheric Particulates. 

Compounds identified by mass spectrometry from gas chromatograph trace: 

1. NO 13. benzene 34. dodecene 
N2o 14. n-octane 35. indene 

2. ethane 15. octene ethylstyrene 
ethene 16. branched octene 36. c5-alkylbenzene 

3. co2 17. octyne 37. n-tridecane 
NO 18. toluene 38. tridecene 

4. propane 19. n-nonane 39 •' branched hexylbenzene 
propene 20. nonene 40. n-tetradecane 

5. n-butane 21. ethylbenzene 41. tetradecene 
butene 22. p-xylene 42. naphthalene 
butadiene(?) 23. in-xylene 43. alkylbenzene 

n-pentane 24. o-xylene 44. ~-pentadecane 
pentene n-decane (trace) 45. pentadecene 
so2 25. decene 46. methylnaphthalene 

6. so2 26. styrene 47. n-hexadecane 
unidentified 27. C3-alkylbenzene 48. hexadecene 

7. n-hexane 28. .· n-undecane 49. diphenyl 
B. hexene 29. undecene 50. n-heptadecane 
9. branched hexene 30. p-methylstyrene dimethylnaphthalene 

10. cs1 31. 1-butylbenzene dimethylnaphthalene 
11. un1dentified 32. unidentified 51. dimethylnaphthalene 
12. cyclohexene m-methylstyrene 5:L n-octadecane 

heptene n-dodecane (trace) methylphenylbenzene 
ethanal(?) 33. o-methylstyrene 53. n-nonadecane 
so2 
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Figure 20. 450°C Pyrolysis Products of Wyoming Coke Plant Atmospheric Particulates.



70

Figure 21 is the result of a 450°C pyrolysis of an indoor sample.
It was collected in an office in the Space Sciences Building at The
University of Arizona in September of 1974. This building houses
chemistry laboratories, machine, and other shops using a variety of
materials. To increase sensitivity and maximize the number of identi-

ofiable compounds, the 150 and 300 C pyfolyses were omitted on this 
sample« In addition to finding a more extensive series of alkanes, 
alkehes, alkyl-substituted benzenes, and alkyl-substituted styrenes than 
seen in previous pyrolysis runs, moleeules appeared which were not pre
viously seen. These included four alkyl-substituted pyrazoles, 
ethylimidazole, methylmethacrylate, and allyltigalte (allylester of 
crotonic acid).

4.3 Pyrolysis/Gas Chromatography/
Mass Spectrometry/
Data System Analysis

As mentioned in the experimental section 3.3.3, the pyrolysis 
configuration used in this portion of the study differs from the high 
vacuum system in two important ways. One is that it uses helium during 
pyrolysis. Thus, it is possible that this could increase the amount of 
secondarily formed products during the process. On the other hand, 
since the Pyroprobe pyrolysis unit can handle an order of magnitude 
smaller sample than the high vacuum pyrolysis system, the quantity of 
secondary products formed while the pyrolysis fragments pass through 
the sample may be less.

Figure 22 depicts the gas chromatogram and the identified 
pyrolysis fragments of a sample taken at Riverside, California, during



Figure 21. 450° Pyrolysis Products of Indoor Laboratory Atmospheric 
Particulates. 

Compounds identified by mass spectrometry from gas chromatograph trace: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
a. 
9. 

10. 
11. 
12. 
13. 
1~. 

15. 
16. 
17. 
18. 
19. 
20. 
21. 

22. 
23. 

2~. 

25. 

ethane 
ethene 
methylsulfide 
propane 
propene 

n-butane 
butene 

n-pentane 
- pentene 

branched pentene 
diacetylene 
pentadiene 
n-hexane 
hexene 
furan(?) 
dimethylbutane 
ethylsulfide 
unidentified 
ethylaldehyde 
methylethylketone 

n-heptane 
- methylfuran 

heptene 
unidentified 
unidentified 
pyrrole 
benzene 

n-octane 
dimethylfuran 
octene 
1,2.~-trimethyl
cyclopentane 
methylmethacrylate 
toluene 
ethyldisulfide 
allyltiglate 

n-nonane 

26. 
27. 
28. 
29. 
30, 
31. 
32. 
33. 
3~. 

35. 
36. 
37. 
38. 
39. 
~0. 

~1. 

~2. 

'~3. 
j ~~. 

'~5. 

~6. 

~7. 

~B. 

~9. 

50. 
51. 

52. 

e 
53. 
5~. 

55. 

nonene 
branched nonene 
branched nonene 
unidentified 
ethylbenzene 

~xylene 
m-xylene 
n-decane 

decene 
o-xylene 
-styrene 

butylbenzene 
c3-alkylbenzene 

£-methylstyrene 
n-un de cane 

C3-alkylbenzene 
undecene 
c3-alkylbenzene 
C3-alkylbenzene 
ethylpyrazole 

m-methylstyrene 
-butylbenzene 

dimethylpyrazole 
dimethylpyrazole 

o-methylstyrene 
- dimethylpyrazole 

branched butylbenzene 
n-dodecane 

c~-alkylbenzene 
in dane 
dodecene 
c~-alkylbenzene 

unidentified 
c~-alkylbenzene 
C~-alkenylbenzene 
C2-alkylstyrene 

56. 

57. 
58. 

59. 
60. 
61. 
62. 
63. 
6~. 

65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 
73. 
7~. 

75. 
76. 
77. 
78. 
79. 
80. 
81. 
82. 
83. 
8~. 

85. 
86. 
87. 
88. 

indene 
c~-alkylbenzene 
pentylbenzene 
benzonitrile 
C3-alkylstyrene 
methylindane 
branched pentylbenzene 
tridecene 
tmidentified 
hexylbenzene 
methylindene 
branched hexylbenzene 
tetradecene 
ethylimidazale 
unidentified 
maphthalene 

n-pentadecane 
- unidentified 
2-methylnaphthalene 

unidentified 
1-methylnaphthalene 

tmidentified 
tmidentified 
branched tridecane 
unidentified 
branched undecane 
tmidentified 
unidentified 
unidentified 
unidentified 
diphenylethane 

n-nonadecane 
unidentified 
tmidentified 
unidentified 
unidentified 
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Figure 21. 450°C Pyrolysis Products of Indoor Laboratory Atmospheric Particulates. 



Figure 22. 450°C Pyrolysis Products of Riverside Atmospheric Particulates. 

Compounds identified by mass spectrometry from gas chromatograph trace: 

1. C02, NO 21. styrene 41. undecene 
2. butadiene 22. octene 42. naphthalene 

C3 and c4 alkanes 23. n-propylbenzene undecane 
alkenes and dienes 24. methylethylbenzene .43. dodecane 

4. pentene 25. methylethylbenzene 44. dodecene 
5. cyclopentene 26. methylstyrene 45. methylnaphthalene 
6. hexene trimethylbenzene 46. methylnaphthalene 
7. methylfuran 27. phenol 47. tridecene 
8. hexane 28. nonene 48. biphenyl 
9. methylcyclopentene 29. benzonitrile 49. tridecane 

10. benzene 30. nonane so. tetradecene 
11. cyclohexene 31. methylstyrene 51. tetradecane· 

heptene trimethylbenzene 52. aminotetralin 
12. heptane 32. in dane 53. methylbiphenyl 
13. furfural 33. indene 54. methylbiphenyl 
14. methylcrotonate(?) 34. o-cresol 55. pentadecane 
15. pyrrole 35. tolunitrile 56. alkylphthalate 
16. toluene 36. decene 57. hexadecene 
17. methylpyrrole 37. cresol ' 58. hexadecane 
18. methylpyrrole 38. unidentified 59. heptadecene 
19. xylene 39. tolunitrile 60. heptadecane 
20. xylene 40. ethylpyridine 61. phenanthracene(?) 

; 
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Figure 22. Pyrolysis Products (450°C) of Extracted Riverside Atmospheric
Particulates.
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a smoggy day (Table 1)„ It is interesting to note that relatively high 
concentrations of several nitrogen-containing compounds9 including 
benzonitrile j tolunitrile, aminotetralin 9 and inethylpyrrole«, were 
found in the California smog, which were not definitively identified 
in previous samples collected in Arizona, Utah, Wyoming, or Pennsylvania.I
The tentative identification of phenanthracene at the end of the run 
indicates that polycyclic aromatic hydrocarbons (PAH) are present in 
the insoluble fraction of the particulates„ The gas chromatographic 
column used in the P/BC/MS/DS work allowed a temperature rise to 210°C, 
which permitted the phenanthracene to elute to the mass spectrometer 
(Table 3). With the use of higher temperature columns currently avail
able, more PAH compounds will probably be found in atmospheric 
particulate insoluble material.



5. DISCUSSION

5.1 Pyrolysis Products of 
Natural Organic Compounds

The technique of HVP/GC/MS analysis and P/GC/MS/DS on one sample 
has revealed a wide range of hydrocarbons and nitrogen^, oxygen-, and 
sulfur-containing heteroatomic molecules as constituents of the insoluble 
portion of atmospheric particulates mainly collected in western urban, 
rural, and industrial regions. These compounds may arise from three 
broad physical categories of this insoluble material. They are (1) 
heterogeneous or homogeneous polymers (or polymer-like material),
(2) sorbed or partially bound discrete, organic molecules, and (3) such 
structures (e.g., clathrates) which trap or enclose organic compounds. 
Before discussing the results of the HVP/GC/MS analyses, it will be use
ful to elaborate upon analogous pyrolysis studies conducted on various 
types of natural organic compounds in order to facilitate comparison with 
the possible structures and origins of the_chemicals identified in this 
investigation. Any or all of these natural organic materials may occur 
as atmospheric particulate matter: petroleum products, fulvie acids
and humus compounds originating in soils, amino acids, proteins, 
carbohydrates and other biochemicals found in plant and animal parts 
and products, such as fertilizers. Various synthetic organic chemicals 
and polymers are also found in particulates.

Crude oil or petroleum contains straight and branched alkanes,
cycloalkanes (naphthenes), aromatics, heteroatomic chemicals,

■
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naptheno-aromatics, petrolenes 9 and asphaltenes. The solid components 
of petroleum are asphaltenes and resins which are high molecular weight 
(around 900 to 4000) organic particles suspended in the fluid phase. 
Asphaltenes are not concrete organic particles with definite boundaries, 
but rather they are loose aggregates of a variety of organic compounds9 
increasing in aromaticity and condensation9 as well as in heterocyclic 
content towards their center.

It is interesting to note that approximately 400 compounds com
prise 50 percent by weight of petroleum. Almost all of the compounds 
listed in Figures 6 through 22 occur in crude oil. The most prevalent 
compounds resulting from pyrolysis fragmentation (in this investigation) 
are those most commonly found in petroleum. Petroleum usage is the main 
source of the ICM samples used for this study.

Kerogen9 a component of certain sedimentary rocks 9 represents 
the largest aggregation of organic carbon on the earth. It is known to 
exist as four general types:

(1) highly condensed aromatic coal-like of "coaly" type kerogen;
(2) noncoaly type kerogen9 which is basically aliphatic and con

tains many eycloalkane components;
(3) coaly oil shale type kerogen9 which falls between (1) and 

(2);
(4) Lacustrine Green River shale 9 a special type of kerogen 

quite unlike types (1), (2), and (3).

The organics are disseminated in the mineral matrix of the rock structure 
containing the kerogen9 and can coat individual grains such as in clays.
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In the latter9 organics can be firmly bound to the hydroxyl and other 
clay functional groups. This may be analogous to the insoluble organic 
material of atmospheric particulate matter, which is intermixed with 
inorganic matrix material.

As sedimentary rocks are eroded by wind, water, ice, cycles of 
heat and cold, and by biological processes such as microbial action 
(e.g., the dicarboxylic acids released by lichen) or tree root growth, 
they mix with organic debris to form soil. A rather high percentage 
of rural atmospheric particulate matter can originate from wind-blown 
pedogenic dust. Scanning electron microscopic/energy dispersive x-ray 
analysis studies indicate that in the rural regions of the western 
United States, from 90 to 99 percent of the particulate matter consists 
of soil dust (195). Recently, several studies involving pyrolysis/gas 
chromatography, pyrolysis/mass spectrometry, or pyrolysis/gas chroma
tography/mass spectrometry have focused on various soil types and on 
the humus and fulvic acids found within them (121,124,127).

Bracewell and Robertson (124) pyrolyzed soils with different 
humus contents and found that most of the identified compounds appeared 
repeatedly, regardless of soil type. The presence or absence of some 
chemicals was specific for the soil type, however; e.g., pyrrole was 
not found in desert soils. In this case, this was due to the scarcity 
of soil microorganisms, since pyrrole is a pyrolysis product (750 - 
1000°C) of the amino acid proline, as well as of porphyrins. The com
pounds comprising a substantial portion of the pyrolysis products were: 
phenol, cresol, and 2-methoxyphenol (guaiaeol). They were, therefore.
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thought to result from, the fragmentation of the lignin polymer or from 
the hydroxyphenol groups in humic acid molecules.

Martin (128) also employed pyrolysis/gas chromatography to
analyze humic substances of various origins. He found a homologous
series of alkanes and alkenes 9 most of which were low-boiling point
compounds. The author states (p» 411) that these "arise principally 

/ - , 
from aliphatic and/or alicyclic chains, more or less long, present in
the molecule, either directly or by breakdown and also from free 
radical reactions." Martin also found that the structure of fulvic 
acids, consisting of benzettecarbojcylie and phenolic acids, adsorbs up 
to 1.6 percent by weight of molecules such as alkanes and olefins.
Only about 3 percent of these sorbed compounds are released by solvent 
extraction, since they are firmly bound to the organic acid structure.
A similar adsorption process in atmospheric particulates probably 
accounts for a considerable portion of the pyrolysis fragments identi
fied in this study. This can explain the presence of the series of 
alkanes identified in the low temperature pyrolyses. These compounds 
are seen in the 150°C and especially in the 300°C gas chromatograph 
traces, yet at these temperatures ICM polymers do not begin fragmen
tation, and absorbed or trapped compounds would not be released in large 
quantities,

In a subsequent paper, Martin (127) used pyrolysis/gas chroma
tography at 700°C and identified a series of alkanes and alkenes rang
ing from 1 to 6 carbons, along with CO, CO^, H^O, benzene, toluene, 
phenol, furan, acetone, and acetic acid. He Stated that not all of 
these compounds were derived from the fulvic acid by thermal fission.



78

radical or chain reactions, isomerization, or dehydrogenation; instead, 
catalysis at 700°C by Some of the ash constituents might have accounted 
for the presence of some of these products. The pyrolysis temperature 
used in this study (450°c) which yielded the highest concentrations of 
fragmentation products is too low to produce any significant catalytic 
effect (129,137).

Several studies have attempted to determine the pyrolysis pro
ducts of amino acids. Some of the main compounds identified by gas 
chromatography after pyrolysis at 700°C are pyrrole from proline or 
hydroxyproline, propene and butene from valine or leucine, pyrazene 
from serine and isopropylbenzene, and toluene and ethylbenzene from 
phenylalanine (100,196).

Numerous other studies (145,146,148,149,151,197) indicate that 
pyrolysis (450-750°C) of various biogenic substances such as the follow
ing yield the following compound types:

Biogenic substance Pyrolysis product
porphyrins pyrrole and substituted pyrroles
fats and waxes unbranched aUcanes and alkenes
carbohydrates ketones, aliphatic aldehydes, furan

(and derivatives)

The lack of appreciable amounts of furan and pyrrole seen in the gas 
chromatographic traces indicates that these samples do not contain a 
considerable concentration of animal and plant debris particulates. 
Indicator molecules resulting from pyrolysis of soils, are in evidence 
in most of the runs, yet these molecules also result from pyrosynthes is 
of petroleum products.



It is noteworthy that at 700°C9 pyrolysis of a typical hydrocar
bon 3 isoprene, gave rise to the chemicals enumerated below (140): .

methane toluene indene
ethylene ethylbenzene tetralin
propylene p,m,o-xylenes naphthalene
acetylene styrene 1-,2-methyInaphthalenes
butadiene m- ,p-methylstyrenes diphenyl
isoprene m-,p-cymettes 4,4-dimethylbiphenyl
cyclopentene

Badger and his associates (137, p. 1151) have commented: ". , . 
indeed, it now seems likely that the incomplete combustion of almost any 
organic compound would give tars containing such compounds." It is inter
esting to note that in 1913 Staudinger and his co-workers found that the 
pyrolysis (700-800OC) of isoprene yielded an aromatic tar (140). Although 
pyrolysis can break up a polymer by thermal fission to yield molecular 
fragments indicative of the structure of the original polymer, it is also 
possible to produce synthesized compounds in this process which bear 
little relationship to the starting material, especially when high temper
atures are used. In order to begin fragmenting a given polymer, a certain 
minimum temperature must be maintained during pyrolysis, and yet, with 
increasing temperatures the yield of synthesis products will increase. 
During pyrolysis the types of reactions which yield products or fragments 
indicative of the original polymer structure are: 

molecular eliminations
lower energy required

free radical pseudo-eliminations
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free radical fissions
enhancement reactions higher energy required

general fragmentations

Sarner and his co-authors (129) gave a detailed explanation and 

description of reactions occuring during pyrolysis. Generally, 

temperatures in excess of 650-700°C will yield a wide variety of 

pyrolysis compounds, no matter what the original organic material 

consists of, as seen in the list of compounds resulting from the 700°C 

pyrolysis of isoprene. Although many chemicals may be synthetically 

produced between 550-600°C, their quantitative yield is small. As an 

example, a pyrolysis of benzene (conducted in the Organic Geochemistry 

Laboratory, University of Arizona) at 600°C yielded a gas chromatograph 

trace which has the following relative concentrations (peak width) of 

benzene, naphthalene, and diphenyl.

Carbohydrates and other oxygenated ring organics are an excep

tion, as they will undergo chemical modification at lower temperatures.



at 450°C it is not expected that synthesized hydrocarbon pyrolysis 
products will present a problem in masking the actual polymer fragment 
compounds, nor will amino acids complicate the readings. However, if 
large amounts of carbohydrates are present, furan, derivatives of furan, 
and other compounds will be produced and would be indistinguishable from 
furan and furan derivatives present in the incomplete combustion products 
of petroleum, except by considering relative concentrations. Since the 
concentration of these compounds is relatively small in most samples, it 
is not thought they are a main source of particulate material.

5.2 Pyrolysis Products of Insoluble 
Carbonaceous Material

During many of the pyrolysis runs, sulfur dioxide appeared on 
the chromatograms. Since this gas was not entirely driven off during 
the one-half hour treatment in vacuum at 100°C, and was seen in several

O 'samples during the 150 C pyrolysis, it is probable that the SO^ was 
trapped within the matrix and released upon heating, although any 
trapped sulfate and bisulfate salts and organic-SO^ adducts could also 
give off SO at 150°C and higher temperatures. Sulfur dioxide is not a 
known pyrolysis fragment of larger molecules (except for sulfoxides), 
and considering the lack of oxygen and free sulfur during pyrolysis, it 
is not likely that SO^ is synthesized during the process. If free sul
fur had been present, it would have reacted with hydrocarbons starting 
at around 200°C to produce thiophenes, or other cyclic sulfur-containing 
organic compounds, Hydrogen sulfide gas would also have been given off.
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Neither of these sulfur compounds was observed. Moreover, the series 
of solvent extractions preceding pyrolysis should almost completely 
remove elemental sulfur. Thus, the presence of substantial amounts 
of SO2 indicates that compounds contained in clathrates and trapped 
in ICM pores constitutes a measurable portion of atmospheric particulate 
components. This would most probably include a significant portion of 
adsorbed hydrocarbons (e.g., alkane), as discussed previously.

Other gaseous compounds, including nitric oxide, nitrogen 
dioxide, nitrous oxide, carbon monoxide, carbon dioxide, carbon di
sulfide , carbonyl sulfide, ethane, methane, ethene, propane, propene, 
butane, and butene appeared during many of the pyrolysis runs. The 
oxygenated gases such as nitrogen dioxide and carbon dioxide, if trapped 
like the sulfur dioxide, could have been released from the carbonaceous 
matrix. However, any carboxylic acids would yield carbon dioxide at 
the pyrolysis temperatures used, and entrapped photochemical oxidants 
could have been responsible for the release of NO^ and NO in fairly 
large amounts. The hydrocarbon gases probably largely resulted from 
the fragmentation process taking place during thermal fission. This is 
supported by the rather large yield of these gases, despite extensive 
extraction procedures and heating in vacuum at 100°C prior to pyrolysis.

To determine whether a particular compound or class of com
pounds , before pyrolysis, is initially an integral part of the polymer 
matrix (a monomer resulting from fragmentation) or.if it is absorbed 
(or adsorbed) within the pore structures of the polymeric matrix as a 
discrete molecule, its relative concentration in each stepwise pyrolysis 
(increasing temperature) can be measured. Studies have been conducted
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to discern relative quantities of release of specific compounds at in
creasing pyrolysis temperatures (192). Relative concentrations (or a 
comparison of concentrations of several compounds at each pyrolysis 
temperature) of various trapped compounds would not vary much as tem
perature increased, since release would he highly dependent on the 
collapse of mechanical restraints within the polymer matrix. On the 
other hand, polymer fragments would release as a function of tempera
ture due to the ease or difficulty of bond breakage, and relative 
concentrations of polymeric fragments (monomers) could vary consider
ably as temperature increased. It is also thought that sorbed compounds 
will yield higher relative concentrations during the low temperature 
pyrolyses (e.g., 150 and 300°C), whereas those fragments resulting 
from polymer breakdown will have higher relative concentrations in the 
450 and 600°C runs (192). Since air pollution particulates derive 
from a wide variety of low temperature and high temperature sources 
entailing differing formation mechanisms, this heterogeneous type of 
ICM did not allow significant conclusions to result from this type of 
comparison of relative concentrations.

The homologous series of alkanes and alkenes, identified in 
this study up to C^g, can all derive from fossil fuel sources, although 
a certain percentage of these compounds could result from the pyrolysis 
of soil biochemicals and even from fatty acids present in biological 
material collected on the filter. It is possible that a small unknown 
percent of the alkenes were produced by disproportionation reactions. 
Aliphatic hydrocarbons with carbon numbers higher than nineteen were 
also tentatively identified in several runs. (See unlabeled or
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unidentified peaks at end of chromatograms in Figures 8, 15, 16, and 21.)
Previous to this study the author conducted a gas chromatography/mass
spectrometry study at The University of Arizona on particulate and
gaseous matter collected by solvation and freeze—out procedures,
identifying alkanes up to C , using a Dexsil 300 column. Aliphaticdb

compounds and other hydrocarbons with molecular weights in this range 
probably would have shown up in the present study if (1) the transfer 
line between the pyrolysis furnace and the gas chromatograph was heated 
above 300oC, and (2) a similar high temperature column had been employed.

Branched lower molecular weight alkanes and alkenes up to CD 
were found in several of the 300OG and even more in the 450°C pyrolysis 
runs. Traces of higher molecular weight branched aliphatics were tenta
tively identified in the indoor sample (Figure 21). It should be 
realized that the indoor sample was only pyrolyzed at 450°C without 
previous 150 and 300°C runs, thus, more compounds could be detected.
If instruments capable of greater sensitivity had been utilized, these 
branched hydrocarbons would probably have appeared in all of the 450°C 
pyrolysis runs, although in subnanogram quantities.

Several aromatic compounds, including substituted benzenes and 
naphthalenes were identified. Like the alkanes and alkenes, these are 
products principally of fossil fuel combustion (pyrosynthesis). Phen- 
anthracene, tentatively identified in the Riverside sample, was the 
only three-ring aromatic compound found in this study. It is suspected 
that gas chromatograph column and transfer line limitations with the 
HVP/GC/MS system prevented the identification of these larger aromatic
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molecules. Most of the identified indane and indene derivatives also 
point to pyrosynthetic sources.

Saturated and unsaturated five- and six-membered ring compounds 
were found during the 300s 4509 and 600°C pyrolysis runs. They are 
listed in Table 4, parallel with the cyclic olefins and saturated cyclic 
hydrocarbons commonly found in automotive exhaust fumes (198). It is 
noteworthy that several of the cyclic compounds (methylcyclopentene, 
cyclohexadiene$ 1,2,4-trimethyleyclopentane, 1,3,5-trimethylcyclohexane) 
identified in the insoluble carbonaceous material have not yet been 
found in the solvent extraetable portion, although they are original 
constituents of gasoline. There is a possibility that these compounds 
are mainly produced during pyrosynthes is as an integral part of the 
particulate ICM or soot, and that they may retain their structural 
identity more readily within the ICM than in gaseous form. These cyclic 
hydrocarbons have relative concentrations in the 300°C runs equal to or 
greater than in the 450 and 600°C runs, leading to the hypothesis that 
they are sorbed on and within the ICM, rather than being an actual part 
of the insoluble carbonaceous polymeric matrix. This is supported by 
the difficulty of obtaining intact nonaromatic cyclic structures from 
the ICM during the bond rupturing process induced by pyrolysis. In 
several of the gas chromatograms these cyclic hydrocarbons have a 
higher relative concentration than found in petroleum or gasoline, 
thus indicating pyrosynthes is during combustion as their likely source.

Heteroatoffiic cyclic molecules found by HVP/GC/MS include furan, 
methyIfuran, dimethyIfuran, pyrrole, ethylpyrazole, dimethyIpyrazole, 
and ethylimidazole. Although furan could result from oxidation of
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Table 4. Cyclic Compounds Identified in Auto Exhaust and by 
HVP/GC/MS of Atmospheric Particulates.

Identified in Auto Exhaust^ Identified by HVP/GC/MS of ICM
cyclopentane
cyclopentene
methylcyclopentane

cyclopentene

methylcyclohexane
methylcyclohexenes
dimethylcyclopentenes
cyclohexane
cyclohexene
dimethylcyclohexenes

methyIcyclopentene

cyclohexadiene cyclohexadiene(?)
cyclopentadiene 
dimethyIcyclopentene 
cyclohexadiene

cyclopentadiene

dimethyIcyclohexanes dimethyIcyclohexane(?)
1.2.4-trimethyl cyclopentane
1.3.5-trimethylcyelohexane

1. Reference 198.
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terpenes and carbohydrate molecules (burning of com cobs) or from 
industrial emanations in production of Saran Wrap®, its most likely 
source is automobile exhaust, since this Contains several tenths of 
a percent of furan and its derivatives (198). The pyrrole, pyrazoles 
and ethylimidazole possibly originate from pyrosynthesis of gasoline, 
although, as mentioned earlier, pyrrole is a pyrolysis product of both 
amino acids and porphyrins. The imidazole derivation could, however, 
also be a pyrolysis product of pyrimidines (i.e., derived from insects), 
while the pyrazole derivatives could result from plant debris. (See 
Figure 21.) Concentrations of these derivatives are not high enough 
to definitively support this possibility.

Several dienes (up to Cg) were identified. A likely source 
for these hydrocarbons is styrenebutadiene rubber (SBR), although they 
may also originate in fossil fuels. In several samples, their relative 
concentrations were high. Therefore, fossil fuel use was not their only 
source. It is interesting that the Pennsylvania airport sample and the 
Tucson and Salt Lake City samples had relatively high concentrations 
of the dienes9 yet this was not the case for the Wyoming coke plant 
sample. This points to SBR as a source of the dienes. Also, a consider
able amount of the dienes was present in the 600°C runs, thus implicating 
a polymeric source.

A substantial amount of hexyne was found in the Tucson urban 
ICM sample and a small amount of octyne was identified in the Wyoming 
coke plant sample. No other triple-bonded hydrocarbons were found.
These probably can result from high temperature combustion processes 
such as the cbking operation in Wyoming. The source in Tucson is not



known. The large quantity of styrene and its derivatives could have 
several explanations. Automotive exhaust produces a certain amount 
of these compounds, although the quantities shown in the gas chromato
graphic traces are too large for this source to completely account for 
their presence. It is possible that synthetic styrene products yield 
some atmospheric matter, although it is more likely that tire styrene- 
butadiene rubber (SBR) particles give rise to a portion of the styrene. 
SBR seems to be an especially significant source for the Pennsylvania 
airport sample (Figures 17 and 18). Airplane tires upon landing are 
known to wear extremely rapidly.

The a-pinene, identified in the 300 and 450°C pyrolyses of the 
Tucson urban sample could originate from fossil fuel use, although the 
concentration in the 300°C run is too high for this to be the only 
source. Other probable sources are emanations from sagebrush and pine 
forests (54,55). It has been claimed that a-pinene can polymerize 
phdtochemically over forested areas through the action of ozone (57). 
Since this terpene is probably sorbed within the pore structure of the 
ICM, as indicated by its high relative concentration in the 300°C run, 
it is very likely that it may polymerize during formation of ICM over 
forested or sagebrush covered areas like those surrounding Tucson.

Two interesting molecules not previously found in airborne 
gaseous or particulate samples were identified in this study. These 
oxygenated or chlorinated hydrocarbons could conceivably originate from 
photochemical reactions occurring in the atmosphere, but their concen
trations are too high for such a source (Figures 8 and 15). The 
methylehloroindanane and the 3,3-dimethyl-5-t-butylindanone might be
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products of some common chlorinated hydrocarbon pesticides or 
herbicides (199).

Figure 21 lists several compounds not yet identified in indoor 
or outdoor ambient samples. A large peak on the gas chromatographic 
trace corresponds to me thyIme tha crylate3 which is a monomer of resins 
and plastics such as Perspex®, Plexiglass®, and Lucite®. A smaller 
peak (less than l/50th of the peak area of methylmethacrylate) corres
ponds to allyltiglate, which is the allyl ester of methylcrotonic acid, 
a substance used in the manufacture of copolymers for certain lacquers 
and paper sizing and in softening agents for synthetic rubber. Methy1- 
crotonic acid was also tentatively identified in the Riverside sample 
(Figure 22), which represents a highly polluted ambient atmosphere.

Some of the above discussed compounds, including the 
imidazole and pyrazole derivatives and the allyltiglate and methyl
methacrylate found mainly in the indoor sample (Figure 21), would 
probably have shown up in the Outdoor air samples, if these had been 
pyrolized in a single step, instead of by the multiple step procedure 
used. This single step indoor sample was large and multiple steps were 
deliberately not employed so that the smaller peaks could be identified 
by mass spectrometry. In this manner, certain highly source specific 
trace compounds such as allyltiglate can be discerned.

In the HVP/GC/MS investigations the possibility exists that 
small amounts of the adsorbed compounds were not fully removed during 
the extraction and vacuum procedures preceding the pyrolyses. Thus, at 
the 300°C pyrolysis, it is feasible that the identified compounds were 
not trapped, but were those not fully extracted or removed by the 150 C
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pyrolysis degassing treatment. It is generally accepted that most 
adsorbed organic species will be removed at 300°C in a 10  ̂torr vacuum3 
and that all chemicals identified from the 450°C pyrolysis of the sev
eral samples must, therefore, be polymer fragments or tightly bound 
absorbed compounds released from the particulate carbonaceous and 
mineral matrix. ,

The RVP/GC/MS and P/GG/MS/DS samples, as indicated earlier, 
were extracted in various solvents before pyrolysis. Soxhlet extrac
tion was used for the Riverside sample and sonieation, a more efficient 
method, for all of the other samples.

In Table 5, the 69 compounds are listed which were identified 
in this study, and which have not been found in ambient atmospheric 
particulates prior to this investigation, An extensive literature sur
vey by Graedel (200) prior to 1975 on atmospheric constituents verifies 
the above statement. It should be realized that a small portion of 
some of the compounds listed may result from secondary reactions occur* 
fring during pyrolysis, e.g., alkenes and alkynes can result from dis- 
propoftionation reactions. Also, several of the hydrocarbons (e.g., 
the branched alkylbenzenes and branched aliphatics) may have selectively 
cleaved as a result of the differing bond strengths and the ICM struc
tural configuration and, therefore, may not be found in as discrete 
molecules in sizable concentrations in atmospheric particulates.

There are several clues to the structural composition of ICM 
resulting from the relative quantities of the identified organic com
pounds. It is useful to realize that the gas chromatographic columns 
utilized in this study introduce bias against identifying highly polar
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1Table 5. Species Not Previously Found in Ambient Samples.

Species
pentadiene 
diacetylene 
dimethylbutene 
ethylene oxide 
hexyne
methylcyclopentene 
hexadiene 
branched heptene 
branched hexadiene 
pyrrole
cyclohexadiene 
branched heptadiene 
octene
branched octene 
octyne
1.2.4-trimethylcyclopentane 
methylmethacrylate 
octadiene
1.3.5-trimethylcyclohexane 
anisole
allyl tiglate 
branched nonene 
decene
branched decene
o-,m-,p-methylstyrene
branched undecene
ethylpyrazole
dimethyIpyrazole
butenylbenzene
Cg-alkylstyrene
nonadecene
branched nonadecene
ethyIphenyIben zene
diphenylethane

Species
Cg-alkylbenzene
branched dodecene
Cg-alkyls tyrene
methylindene
branched tridecene
hexylbenzene
ethylindene
tetradecene
tetralin
ethylimi dazole
Cg-alkylindane
dimethylindane
dimethylindene
pentadecene
phenylcyclohexane
phenylcyclohexene
branched pentadecane
branched pentadecene
ethyIphenyIcyclohexane
hexadecene
branched hexadecane
heptadecene
branched heptadecane
branched heptadecene
indanone
3,3-dimethyl-5-t-butylindanone
decylbenzene 
branched octadecane 
branched octadecene 
diphenylmethane 
branched nonadecane 
nonylbenZene 
methylchloroindanone

1. Reference 200.

(



compounds and high molecular weight compounds. Although this bias would 
exclude many hydroxyl, carbonyl, peroxide, nitrate and other functional 
groups, it may not exclude oxygen, nitrogen, and sulfur containing ali
phatic and aromatic hydrocarbon moieties. Thus, functional groups which 
are usually found on surfaces or are not an integral part of the ICM 
skeleton would be mostly excluded, whereas hydrocarbon structures con
taining N, 0, and S would not be descriminated against, since these 
heteroatomic hydrocarbons (e.g., furan, pyrrole) are nonpolar enough to 
pass through the gas chromatograph columns used.

There seems to be a fairly equal proportion of alkyl substituted 
one- and two-ring aromatic hydrocarbons and aliphatic hydrocarbons. Due 
to the length of the alkane and alkene chains along with the fairly large 
alkyl constituents on the aromatic hydrocarbon, the polymeric ICM is most 
probably a fairly open or porous structure, thereby allowing a consider
able quantity of trapped material to exist in the interstitial spaces.
It is thought by this investigator that the ICM material pyrolyzed 
approximates the structural Complexity and appearance of many of the 
natural polymers previously discussed (e.g., humus and kerogen) and is 
much less condensed than the graphitic structure commonly ascribed to 
soot. It is also useful to realize the graphitic carbon or polymeric 
carbon that is highly condensed may not fragment at the pyrolysis temper
atures used. Further investigations by. the author and his colleagues 
seem to prove this contention (194).
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5 .3 Significance of the Result's 

of This Investigation
Pyrolysis/gas chromatography/mass spectrometry analysis tech

niques have only recently been brought to bear on the characterization 
of the insoluble carbonaceous portion of natural organic substances.
The present investigation represented the•first attempt to utilize this 
technique for the identification of the individual components making up 
the ICM in atmospheric particles. The results of this study showed 
that this material can be analyzed by means of the mentioned methodology. 
The procedure employed yielded over 175 compounds in varying concentra
tions in the samples studied. Among.the interesting assemblage of 
organic chemicals found, 69 had not been previously described from 
atmospheric particulates.

When this study was undertaken, computerized techniques for auto
matic identification and quantification of the individual peaks appearing 
in the traces were not yet available, except for Sample 7. Nevertheless, 
these "manually" derived compound identifications opened the way for the 
application of further refinements of the method in analysis of atmo
spheric particulate ICM. Since in this study only qualitative determina
tions were made, and the concentrations of the individual compounds were 
defined only relative to each other, a quantitative assessment of the 
components of particulate ICMs still needs to be carried out. However, 
the tools for less time-consuming and more precise quantitative work are 
now available, and because the present study firmly established the 
applicability of the methodology to atmospheric particulate ICMs, it can 
serve as the foundation for a whole new area of research endeavors.
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In previous investigations dealing with health hazard impli
cations and source determinations of atmospheric particulate matter, 
emphasis has been on the analysis of either the inorganic constituents 
or the solvent extractable organic material. It has been shown earlier 
that the soluble organic fractions are not sufficiently stable (during 
transport, sample collection and analysis) to enable them to be satis
factorily utilized for these purposes. These analyses of the ICM 
portion of the particulates yielded information adequate to draw at 
least some tentative conclusions as to the health hazards these ma
terials may represent. Out of the 175 compounds identified in this 
study, the following are regarded as toxic (possible cocarcinogens) to 
humans: benzene, butane, 1,3-butadiene, cyclohexane, cyclohexene,
cyclopentadiene, furfural, heptane, hexane, methyImethacrylate, methyl- 
styrene, naphthalene, octane, pentane, phenol, pyridine, and toluene 
(201). It is possible that several of the polycyclic aromatic hydro
carbons identified are pyrolysis fragments of human carcinogens (202). 
Lifetime exposure to such chemicals, even though these are not easily 
released from the polymer-like matrix, may lead to solubilization in 
the lungs over a long course of time, and thus accede into the human 
system. In an unhealthy lung, a greater quantity of lipids is present, 
which may accelerate solubilization. It has been stated that ’’The 
physiochemical nature of the carcinogen is important. The effect of a 
readily soluble material such as urethane, which diffuses through the 
body, is different from that of a relatively insoluble material such 
as benzpyrene, which remains for some time at the site of application’’ 
(203, p. 563). Although the precise quantities of these chemicals are
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not known, they would add to the existing carcinogenic burden originating 
from other environmental sources.

It was pointed out earlier that several of the chemicals identi
fied in this study might have originated from more than one source. In 
spite of this ambiguity, certain conclusions can be reached as to the ;• 
origin of at least those compounds which are either rarely encountered 
or are present in relatively large amounts. Thus, in Sample 1 (Table 1), 
collected in downtown Tucson, the terpene a-pinene was found in rela
tively high concentrations. Since Tucson is surrounded by sagebrush- 
covered deserts, and this plant emanates a-pinene into the surrounding 
atmosphere, a natural source for this chemical would seem to be indicated. 
The large quantities of 3,3-dimethyl-5-tert-butylindanone in the Tucson 
samples may originate from pesticides used in cotton growing.

In all of the urban samples, the quantities of styrene, buta
diene, and other dienes are too large to be accounted for exclusively by 
automotive emissions; thus, they most probably arise from the styrene- 
butadiene rubber (SBR) coming from the wear off of vehicle tires On 
the other hand, in the indoor sample (Sample 6), which was collected in 
an office, relatively large quantities of allyltiglate (allylester of 
methylerotanic acid) and methylmefhacrylate were found. These chemicals 
are pyrolysis products of synthetic rubbers and lacquers on the one 
hand and Lucite®, Plexiglass®, and Perspex® on the other hand (199).
Many of the original polymers are routinely utilized in shops where 
instrument parts are built. These shops are in the same building where 
this sample was collected. The methyIcrotonic acid tentatively
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identified in the Riverside sample, if confirmed, would be the first 
known finding of a synthetic polymer fragment in an outdoor ambient air 
sample.

As the last example. Sample 7 should be mentioned, as it was 
collected in Riverside, California, where aged Los Angeles smog accumu
lates . The ICM here contained a high proportion of nitrogenous organics, 
such as pyrrole, methylpyrrole, benzonitrile, all three isomers of 
tolunitrile, and ethylpyridine. It is known that photochemical smog 
abounds in nitrogen-containing hydrocarbons, and the above findings 
not only confirm their presence in smog, but also provide precise infor
mation as to their form in the polymeric portion of the atmospheric 
particulates. In research subsequent to this dissertation, the author 
and co-workers have suocessfully applied advanced statistical techniques 
to pyrolysis/mass spectrometric analysis of atmospheric particulates 
(167). The differences between summed spectra were determined by multi
variate analysis. The procedure applies a Fisher ratio procedure to 
weight reproducibility and differentiation properties of the mass 
spectral peaks, followed by the calculation in n-dimension space of 
distances between the sample points. The data were represented on a 
nonlinear map in order to easily visualize source differences. In order 
to further differentiate natural from anthropogenic sources, low-level 
radiocarbon analysis is currently being applied to atmospheric parti
culate ICM (194).

A point of major significance in relation to atmospheric 
investigations is the finding of an insoluble carbonaceous portion of 
atmospheric particulates that is not in a highly condensed or graphitic



form. Even in the most recent literature the insoluble carbon in soot 
and/or atmospheric particulates is referred to as graphitic or elemental 
carbon (3,9). This study and a subsequent one (194) have established 
that ICM consists not only of graphite, but also contains a large frac
tion of noncondensed polymeric organic carbon.

The goals of the investigation set forth earlier have been 
met. It was not only demonstrated that the P/GC/MS systems can be 
applied to the identification of the constituents of ICM, but infor
mation was also obtained concerning the presence of a large number of 
hitherto unidentified chemicals in this fraction. Several of the 
components of ICMs turned out to be toxic chemicals or cocarcinogens 
or fractions thereof, pointing to the need for their further investi
gation. Finally, by utilizing rarely occurring compounds or those which 
were present in relatively large quantities, it was possible to arrive 
at some conclusions as to their specific sources.



CHAPTER 6

SUMMARY

Seven Hi-Vol air samples were collected from widely different 
environments, representing both the rural and urban milieux. The solvent- 
insoluble portions of the organic material in the -atmospheric particulates 
were analyzed by the newly developed technique of high vacuum pyrolysis/ 
gas chromatography/mass spectrometry. Evidence was presented which 
indicates that atmospheric particulate insoluble carbonaceous material 
(ICM) includes heteropolymers or polymer-like material. Organic molecules 
entrapped within the ICM matrix, and organic compounds absorbed and 
adsorbed on and in the ICM surface and pore structures. During the 
investigations it was shown that this highly complex insoluble material 
can be successfully broken down into its individual components, and a 
total of over 175 chemicals were identified in the samples. Out of the 
approximately 175 compounds Identified, 69 have not been reported earlier 
from ambient air samples. In addition to this fact, several toxic and/or 
cocarcinogenic chemicals were found which could represent human health 
hazards. It is conceivable that a lifetime exposure to this particulate 
carbonaceous matter would permit the slow solubilization in the lung of 
compounds sorbed within the polymer-like structure, which then might 
reach the systemic circulation.

In view of the fact that the insoluble carbonaceous matter 
represents the most stable organic portion of the atmospheric particu
lates , it seems important to gain an understanding of the building

98
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materials of these structures, a knowledge of which would permit the 
pinpointing of defined sources, both man-made and natural.

Insoluble carbonaceous matter originates at the emitting source 
and does not undergo significant transformations during its transport 
through the atmosphere, due to its condensed, stable structure. Further
more, it is not collected by sampling or analysis procedures. In 
contrast, the solvent-extractable organic fraction is subject to varying 
chemical reactions after accession into the environment and during sub
sequent collection and chemical investigation. Therefore, earlier 
investigations focusing attention on this fraction are necessarily 
ambiguous with respect to precise localization of emitting sources, 
on account of the difficulties presented by instability. Several very 
specific compounds occurred in the 1CM samples, as well as some which 
were present in large enough quantities to preclude-their derivation 
from fossil fuel combustion or from photochemical reactions alone.
Thuss although this study was not specifically quantitative in design, 
the findings permitted relatively good localization of some particulate 
sources. Possible sources of atmospheric particulate pollutants included 
use of petroleum products, pyrosyhthesis products of gasoline and diesel 
fuel, wind-blown soil dust contained organics, tire rubber wear, 
vegetative emanations, smog photochemicals, and possibly insect and/or 
plant debris, and insecticides. In addition, the fragmentation and 
identification of ICM contained organic molecules has facilitated the 
subsequent application of multivariate analysis and low-level radio
carbon analysis to this particulate fraction for the first time. Thus,
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source identification of natural and anthropogenic organic compounds 
in atmospheric particulates can now proceed on a new, state-of-the-art 
level.



REFERENCES

1. Ketseridis, G., Hahn, J., Jaenicke, R., and Junge, C., "The organic 
constituents of atmospheric particulate matter," Atm, Env., 10,
603 (1976).

2. Hidy, G. M., Appel, B., CharIson, R. J., Clark, W. E., Covert, D,, 
Friedlander, S. K., Glauque, R., Heisler, R., Ho, W. W., Huntzieker, 
J. J., Novakov, T., Richards $ L. W., Ragaini, R., Smith, T. B., 
Sverdrup, G., Twiss, S., Waggoner, A., Wang, H. H., Wesolowski,
J. J., Whitby, K. T., and White, W., "Characterization of aerosols 
in California; Final report," submitted to the Air Resources Board, 
State of California (1974).

3. Appel, B. R., Hof f er, E. M., Haik, M., Wall, S. M„, Kothny, E. I*., 
Knights, R. L., and Wesolowski, J. J., "Characterization of 
organic particulate matter; Final report," submitted to the Air 
Resources Board, State of California (1977).

4. Saltzman, B. E„, and Berg, W. R., "Air pollution," Anal. Chem.,
49, 1R (1977).

5. Katz, M„, Methods of Ajr Sampling and Analysis, 2nd ed., APHA 
Intersociety Committee, American Public Health Association, 
Washington, D. C. (1977).

6. Stem, A. C., Air Pollution, 3rd ed., Vol. I: "Air Pollutants, 
Their Transformation and Transport," Vol. Ill: "Measuring, 
Monitoring and Surveillance of Air Pollution," Academic Press,
New York, N. Y. (1976).

7: Novakov, T., Chang, S. G., and Barker, A. B., "Sulfates as
pollution particles: Catalytic formation on carbon (soot)
particles," Science, 186, 259 (1974).

8. Junge, C., "The organic constituents of atmospheric particulate 
matter, Author's reply," Atm. Env., 10, 1036 (1976).

9. Rosen, H., ed., "Atmospheric Aerosol Research," Lawrence Berkeley 
Laboratory, Energy and Environment Division, Atmospheric Aerosol 
Research, Annual Report to the Department of Energy under contract 
W-7405-ENG-48 (1977).

101



102
10. Friedlander, S. K,, ”Chemical element balances and identification 

of air pollution sources3" Env. Sci. Tech., 7_, 235 (1973).
11. Kopczynski, S. L., "Photooxidation of alkylbenzene-nitrogen 

dioxide mixtures in air," Int. Air Water Poll., 8_, 107 (1964).
12. Ciaccio, L. L., Rubino, R. L., and Flores, J., "Composition of 

organic constituents in breathable airborne particulate matter 
near a highway," Env. Sci. Tech., E, 935 (1974).

13. Dams, R., Billiet, J., Block, C., Demuynck, M., and Janssens, J., 
"Complete chemical analysis or airborne particulates," Atm. Env.,
9, 1099 (1975).

14. Chu, R. R., and Orr, C., Jr., "Particulate products from photo
chemical oxidation of organic vapors in air," Proceedings of 
67th Annual Meeting of the Air Poll. Cont. Assoc., Denver,
Colorado (June 1974).

15. Schuetzle, D. D., Cronn, A. S., Critten, A. S., and CharIson, R. J., 
"Molecular composition of secondary aerosol and its possible 
origin," Env. Sci. Tech., 9_, 838 (1975).

16. Novakov, T., Chang, S. G., Dod, R. L., and Rosen, H., "Chemical 
characterization of species produced in heterogeneous gas- 
particle reactions," Proc. of 69th Annual Meeting of the Air 
Poll. Cont. Assoc., Portland, Oregon (June 1976).

17. Chang, S. G., and Novakov, T., "Formation of pollution particulate 
nitrogen compounds by NO-soot and NHg-soot gas-particle surface 
reactions," Atm. Env., 9_, 495 (1975).

18. Kunen, S. M., Burke, M. F., Bandurski, E. L., and Nagy, B., "Pre
liminary investigations of the pyrolysis products of insoluble 
polymer-like components of atmospheric particulates," Atm. Env., 
10/913 (1976).

19. Kunen, S. M., Voorhees, K. I., Hill, A. C., Hileman, F. D., and 
Osborne, D. H., "Chemical analysis of the insoluble carbonaceous 
components of atmospheric particulates with pyrolysis/gas chroma
tography/mass spectrometry techniques," Proc. of 70th Annual 
Meeting of the Air Poll. Cont. Assoc., Toronto, Canada (June 1977).

20. Snyder, L. R., "Adsorption," in Chromatography, Heftmann, E. (ed.), 
Van Nostrand Reinhold Co., New York, N. Y. (1975), pp. 46-76.

21. Moore, W. J., Physical Chemistry, 3rd ed., Prentice Hall, Inc., 
Englewood, New Jersey (1962), P* 734.



103
22. Emmett, P. H., "Adsorption3" in Encyclopedia of Chemistry, 3rd ed., 

Hampel, C. A., and Hawley, G. G. (eds.). Van Nostrand Reinhold 
Co., New York, N. Y. (1973), p. 22.

23. de Radzitsky, P., "Galthrate compounds," in Encyclopedia of 
Chemistry, 3rd ed., Hampel, C. A., and Hawley, G. G. (eds.),
Van Nostrand Reinhold Co., New York, N. Y. (1973), pp. 271-272.

24. Palmer, H. B., and Cullis, D. P., "Soot Formation," Ch. V. in
Chemistry and Physics of Carbon, Vol. I., Walker, P. L., Jr. (ed.),
Arnold, IiOndon, and Dekkef, New York (1965), p. 265.

25. Edwards, J. B., Combustion, Formation and Emission of Trace 
Species, Ann Arbor Science Pub., Ann Arbor, Michigan (1974).

26. Heisler, S. L., and Friedlander, S. K., "Gas to particle conver
sion in photochemical smog: Aerosol growth laws and mechanisms 
for organics," Atm. Env., 11_ 157 (1977).

27. Judeikis, H. S., and Siegal, S., "Particle-catalyzed oxidation of 
atmospheric pollutants," Atm. Env., 7̂, 619 (1973).

28. Lonneman, W. A., Copczynski, S. L., Barley, P. E., Butterfield,
F. D., Hydrocarbon composition of urban air pollution," Env. Sci. 
Tech., 8_, 229, 1974.

29. Heicklen, J., Atmospheric Chemistry, Ch. V., "Hydrocarbon oxida
tion," Academic Press, New York (1976), p. 239.

30. Fox, D. L., Kuhlman, J., and Reist, P. C., "Design and operating
parameters of a large ambient aerosol chamber," Proc. of 67th
Annual Air Poll. Cont. Assoc. Meeting (June 1974).

3,1. Altshuller, A. P. and Bufalini, J. J., "Photochemical aspects of
air pollution: A review," Env. Sci. Tech., 5_, 39 (1971).

32. Friedlander, S. K., Smoke, Dust, and Haze, Ch. 9, "Gas to particle 
conversion," John Wiley 6 Sons, New York (1977), p. 234.

33. Husar, R, B., and Whitby, K. T., "Growth mechanisms and size 
spectra of photochemical aerosols," Env. Sci. Tech., _7, 241 (1973).

34. Wood, W, P., Castleman, A. W., Jr., and Tang, I, N., "Mechanisms 
of aerosol formation from SOg," Proc. of 67th Annual Air Poll.
Cont. Assoc. Meeting, Denver, Colorado (June 1974).

35. Grosjean, D., and Friedlander, S. K., "Gas-particle factors for 
organic and other pollutants in the Los Angeles atmosphere,"
J. Air Poll. Cont. Assoc., 25, 1039 (1975).



104
36. Stauffer, P., "Current work oil nucleation," J. Aerosol Sci., 7,

279 (1976).
37. Feugier, A., "Soot oxidation in laminar hydrocarbon flames," 

Combustion and Flame, 19, 249 (1972).
38. Kadota, T., Hiroyasu, H., and Friedlander, A., "Soot formation by

combustion of a fuel droplet in high pressure gaseous environ
ments ," Combustion and Flame, 29_ 67 (1977) .

39. Crittenden, B. D., and Long, R., "Formation of polycyclic aromatics 
in rich premixed acetylene and ethylene flames," Combustion and 
Flame, 20, 359 (1973).

40. Wersburg, B. L., Fox, L. K., and Howard, J. B., "Soot concentration 
and absorption coefficient in lower pressure flame," Combustion 
and Flame, 24, 1 (1975).

41. Jones, D. M., and Rosenfeld, J. L. J., "A model for sooting in 
diffusion flames," Combustion and Flame, 19, 427 (1972).

42. Chakraborty, B. B., and Lung, R., "Gas chromatographic anaylsis of
polycyclic aromatic hydrocarbons in soot samplesj" Env. Sci. Tech.,
1, 829 (1967).

43. Lee, M. L. Novotny, M., and Bartle, K. D., "Gas chromatographic 
mass spectrometric, and nuclear magnetic resonance determination 
of polynuclear aromatic hydrocarbons in airborne particulates,"
Anal. Chem., 48, 1566 (1976).

44. Sehoental, R., "Carcinogensis by polycyclic aromatic hydrocarbons 
and by certain other carcinogens," in Polycyclic Hydrocarbons,
Clar, E., (ed.), Academic Press, New York (1964), p. 133.

45. Fishbein, L., Flamm, W. G,, and Falk, H. L., Chemical Mutagens, 
Academic Press, New York (1970), p. 275.

46. National Academy of Sciences, "Particulate polycyclic organic
matter5 biological effects of atmospheric pollutants," Report No. 
PB-212, 910/1 (1972), p. 375.

47. Prado, G. P., Lee, M. L., Hites, R. A., Hoult, D. P., and Howard,
J. B., "Soot and hydrocarbon formation in a turbulent diffusion 
flame," Proc. of 16th Int. Symp. on Combustion, Combustion Institute, 
Pittsburgh, Pennsylvania (1977).

48. Lewis, G. P., and Coughlin, L., "Lung ’soot1 accumulation in man," 
Atm. Env., 7, 1249 (1973).



105
49. Shultz, J. L.j Friedel, R. A., and Sharkey, A. G., Jr., "Detection 

of organic compounds in respirable dust," Pittsburgh Energy 
Research Center, ERDA (1975).

50. Radding, S. B., Mill, T., Gould, C. W., Liv, D. H., Johnson, H. L., 
Bomberger, D. C., and Fojo, C. V., "The environmental fate of 
selected polynuclear aromatic hydrocarbons," prepared by Stanford 
Research Institute for ERA, NTIS, Springfield, Virginia (1976).

51. Suess, M, J., "The environmental load and cycle of polycyclic 
aromatic hydrocarbons," Proc. of Int. Conf. on Env. Sensing and 
Assessment, Las Vegas, Nevada (September 1975).

52. O’Brien, R. J., Holmes, J. R., Reynolds, R. J,, Remoy, J. W., and
Bockian, A. H., "Analysis of photochemical aerosols in the Los
Angeles basic according to particle size," Proc. 67th Annual Air 
Poll. Cont. Assoc. Meetings Denver, Colorado (June 1974).

53. Loh, A., Miguel, A. H., Natusch, D. F. S., and Wallace, J. R., 
"Preferential concentration of toxic species on small airborne 
particulates," Proc. of 67th Annual Air Poll. Cont. Assoc.
Meeting, Denver, Colorado (June 1974).

54. Rasmussen, R. A., and Went, F. W., "Volatile organic material of 
plant origin in the atmosphere," Proc. Nat. Acad. Sci., 53, 215 
(1965).

55. Rasmussen, R, A., "What do the hydrocarbons from trees contribute
to air pollution?" J. Air Poll. Cont. Assoc., 22, 537 (1972).

56. Went, F. W., "Blue hazes in the atmosphere," Nature, 187 641 
(1960).

57. Rasmussen, R. A., Ph.D. Thesis, Washington University, St. Louis, 
Missouri (1964).

58. Batten, E. S., "Atmospheric response to a stratospheric dust cloud 
as simulated by a general circulation model," in Report R-1324- 
APPA, Rand corporation, Santa Monica, California (1974).

59. Gatz, D. F., "Relative contributions of different sources of urban 
aerosols and1 application of a new estimation method to multiple 
sites in Chicago," Atm. Env., 9_, 1 (1975).

60. White, W. H., Husar, R. B., and Friedlander, S. K., "A study of
Los Angeles: Smog aerosol dynamics by air trajectory analysis,"
Proc. of 66th Annual Meeting of the Air Poll. Cont. Assoc., 
Chicago, Illinois (June 1973).



106
61. Graedel, T. E., "Distant source setting by statistical treatment 

of air quality data,” Atm. Env., 11, 313 (1977).
62. Newman, L., Forrest, J., and Manowitz, B., "The application of an 

isotopic ratio technique to a study of the atmospheric oxidation 
of sulfur dioxide in the plume from a coal-fired power plant,"
Atm. Env., 9_, 969 (1975).

63. Dennis, R., Billings, C. E., Record, F. A., Warneck, F., and Arin, 
M. L., "Measurements of sulfur dioxide losses from stack plumes," 
Proc. of 62nd Meeting of the Air Poll. Cont. Assoc., New York,
N. Y. (June 1969).

64. Keesee, R. G., Hopf, S. B., and Moyers, J. L., "The distribution 
and characteristics of particulate sulfates in the southwest 
desert atmosphere," Proc, of Int. Conf. on Env. Sensing and Assess
ment, Las Vegas, Nevada (September 1975).

65. Miller, M. S., Friedlander, S. K., and Hidy, G. M., "A chemical
element balance for the Pasadena aerosol," J. Colloid. Inter.
Sci., 39, 165 (1972).

66. Gatrell, G., and Friedlander, S. K., "Relating particulate pollu
tion to sources: The 1972 California aerosol characterization
study," Atm. Env., 9_, 279 (1975).

67. Draftz, F. G., "Study of the identity and sources of atmospheric
aerosols," Federal Inventory of Energy Related Biomedical and 
Environmental Research for FY 1974 and FY 1975, Vol. Ill, Environ
mental Protection Agency, Division of Biomedical and Evnironmental 
Research, ERDA (1975).

68. Ursenback, W. 0., Hill, A, C., Edwards, W. H., Kunen, S. M., and
Taylor, J. A., "Conversion rates of SOg to submicron sulfate in
the plume of a coal-fired power plant in the western United States," 
Proc. of 70th Annual Meeting of the Air Poll. Cont. Assoc., Toronto, 
Canada (June 1977).

69. Lee, R. E.» Jr., and Hein, J., "CHN composition," Anal. Chem., 46, 
931 (1974).

70. Shultz, J. L., Sharkey, A. G., Jr., Friedel, R. A., and Nathanson,
B., "Mass spectrometry of airborne particulate material," Biomed. 
Mass Spectrosc., 1̂, 137 (1974).

71. Mayrsohn, J. T., and Crabtree, J. H., "Source reconciliation of
atmospheric hydrocarbons," Atm. Env., 10, 137 (1976).



1 0 7

72. Schwartz, W. E., "Organic chemical characterization of atmospheric, 
automotive and model aerosol," Federal Inventory of Energy Related 
Biomedical and Environmental Research for FY 1974 and FY 1975, Vol. 
Ill, Environmental Protection Agency, Division of Biomedical and 
Environmental Research, ERDA (1975).

73. Gordon, R. J., "Distribution of airborne polycyclic aromatic hydro
carbons throughout Los Angeles," Env. Sci. Tech., 10, 371 (1976).

74. Gordon, G. £., Zoller, W. H., and Gladney, E. S., "Abnormally 
enriched trace elements in the atmosphere," in Trace Substances 
in Environmental Health VII, Hemphill, D. D. (ed.). University 
of Missouri, Columbia, Mo. (1974), pp. 161-166.

75.. Heisler, S. L., Friedlander, S. K., and Husar, R. B., "The relation
ship of. smog aerosol size and chemical element distributions to 
source characteristics," Atm. Env., 1_, 633 (1973).

76. Gladney, E. S., Zoller, W. H., Jones, A. G., and Gordon, G. E.,
"Composition and size distribution of atmospheric particulate 
matter in the Boston area," Env. Sci. Tech., _8, 551 (1974).

77. King, R. B., Fordyce, J. S., Antoine, A. C., Leibecki, H. F.,
Neustadter, H. E,, and Sidik, S. M., "Elemental composition of 
airborne particulate and source identification: An extensive
one year survey," J. Air Poll. Cont. Assoc., 26, 1073 (1976).

78. Neustadter, H. E., Fordyce, J. S., and King, R. B., "Elemental
composition of airborne particulates and source identification:
Data analysis techniques," J. Air Poll. Cont. Assoc., 26, 1079
(1976).

79. Winchester, J., "Sources and transport of trace metals in urban 
aerosols," Federal Inventory of Energy Related Biomedical and 
Environmental Research for FY 1974 and FY 1975, Vol. Ill, Environ
mental Protection Agency, Division of Biomedical and Environmental 
Research, ERDA (1975).

80. Perone, S. P., Pichler, M.$ Gaarenstroom, P., and Moyers, J. L»,
"The application of pattern recognition techniques to the charac
terization of atmospheric aerosols," Proc. of Int. Conf. Env. on 
Sensing and Assessment, Las Vegas, Nevada (September 1975).

81. Moyers, J. L., Ranweiler, L. E., Hopf, S. B., and Korte, N., 
"Evaluation of particulate trace species in the Southwestern 
desert atmosphere," Env. Sci. Tech., 11, 789 (1977).

82. Hopke, P. K., Gladney, E. S., Gordon, G. E., Zoller, W. H., and 
Jones, A. G., "The use of multivariate analysis to identify 
sources of selected elements in the Boston urban aerosol," Atm.
Env., 10, 1015 (1976).



108
83. Hopke, P. K., Gordon, G. E., Zoller, M. W., and Gladney, E. S., 

"Comparison of source identification techniques for trace elements 
in ambient air particulates," Proc. of 172nd Am. Chem. Soc. Natl. 
Meeting, San Francisco, California (August 1976).

84. King, R. B., Antoine, A. C., Fordyce, J. S., Neustadter, H. E., and 
Leibecki, H. F., "Compounds in airborne particulates: Salts and
hydrocarbons," J. Air Poll. Cont. Assoc., 27, 867 (1977).

85. Ketseridis, G., and Hahn, J., "The organic constituents of atmo
spheric particulate matter in different regions," Bull. Am. Meteor. 
Soc., 55, 1405 (1975).

86. Cautreels, W. K., van Cauwenberghe, K., and Guzman, L. A., "Com
parison between the organic traction of suspended matter at a 
background and an urban station,” Sci. Total Env., 8_, 79 (1977).

87. Rondia, D., Dewiest, F., and Della Florentine, N., "Organics in 
atmospheric aerosols in Belgium," Proc. Of Int. Conf. Env. on 
Sensing and Assessment, Las Vegas, New Mexico (September 1975).

88. Fiorentina, H. D., Dewiest, F., and de Graeve, J., "Determination
par spectrometric infrarange de la matiere organique non volatile 
associee aux particules en suspension dans I'air. II: Facteurs
influencant 1'indice aliphatic," Atm. Env., 9_, 517 (1975).

89. Dong, M. W., Locke, D. C., and Hoffman, D., "Characterization of 
aza-arenes in basic organic portion of suspended particulate 
matter," Env. Sci. Tech., 11, 612 (1977).

90. Hauser, T. R., and Pattison, J. N., "Analysis of aliphatic fraction 
of air particulate matter," Env. Sci. Tech., 6_, 549 (1972).

91. Barofsky, D. F., and Baum, E. J., "Field desorption mass spectral 
analysis of the photooxidation products of absorbed polycyclie 
aromatic hydrocarbons," Proc. of 69th Annual Air Poll, Cont.
Assoc. Meeting, Portland, Oregon (June 1976).

92. Lee, M. L., Prado, G. P., Howard, J. B., and Hites, R. A., "Source 
identification of urban airborne polycyclie aromatic hydrocarbons 
by GC/MS and HRMS," In-house study, Massachusetts Institute of 
Technology, Cambridge, Massachusetts (1975).

93. "National primary and secondary ambient air standards, Appendix
B-Reference method for the determination of suspended particulates 
in the atmosphere," Federal Register, 36_ (84), Part II (April 30, 
1971).



109
94.

95.

96.

97.

98.

99.

100.

101. 

102.

103.

104.

105.

106.

Grosjean, D., "Solvent extraction and organic carbon determination . 
in atmospheric particulate matter: The organic extraction-organic
carbon analyzer (OE-OCA) Technique," Anal. Chern., 47.797 (1975).
Maters, W. L., Meent, D. V. D., Schuyl, P. J. W., de Leeuw, J. W., 
and Meuzelaar, H. L. C., "Curie-point pyrolysis in organic 
geochemistry," in Analytical Pyrolysis, Jones, C. E. R., and 
Cramers, C. A. (eds.), Elsevier Scientific Publ. Co., Amsterdam
(1977), p. 203.
Iglaver, N., and Bentley, F. P., "Pyrolysis GLC for rapid identi
fication of organic pdlymers," J. Chrom. Sci„, 12, 23 (1974).
Merrit, C., Jr., and De Pietro, C., "Small molecule pyrograms," 
Anal. Chern., 44, 57 (1972).
Boss, B. D., and Hazlett, R. N., "Application of pyrolysis gas 
chromatography and mass spectrometry for identification of alchol 
and carbonyl isomers," Anal. Chern., 48, 417 (1976).
Tibbitt, J. M., Bell, A. T., and Shen, M., "Analysis of plasma- 
polymerized hydrocarbons by pyrolysis/gas chromatography," J. 
Macromol. Sci., 10, 1623 (1976).
Merritt, C., Jr., and Robertson, D. H., "The analysis of proteins, 
peptides and amino acids by pyrolysis-gas chromatography and mass 
spectrometry," J. Gas Chrom., 7, 96 (1967).
Madorsky, S. L«, and Strauss, S., "High vacuum pyrolysis fraction 
of polystyrene," Ind. Eng. Chern., 40_ 848 (1948).
Wall, L. A., "Pyrolysis-mass Spectrometry for the analysis of 
polymers," J. Res. Nat. Bur. Std., 41, 315 (1948).
Zemany, P. D., "Identification of complex organic materials,"
Anal. Chern., 24, 1709 (1952).
Levy, R. L., Wolf, C. J., Grayson, M. A., Gilbert, J., Gelpi, E., 
Updegrove, W. S., Zlatkis, A., and Oro, J., "Organic analysis of 
the pueblito de Allende meteorite," Nature, 227, 148 (1970).
Levy, R. L., Grayson, M. A., and Wolf, C. J., "The organic analysis 
of the Murchison meteorite," Geochim. Cosmochim. Acta, 37, 467 
(1972).
Gelpi, E., and Oro, J., "Organic compounds in meteorites: IV. Gas 
chromatographic-mass spectrometric studies on the isoprenoids and 
other isomeric alkanes in carbonaceous chondrites," Geochim. 
Cosmochim. Acta, 34, 981 (1970).



110
107. Bauman9 A,', and Devancy, J., "Allende meteorite carbonaceous phase: 

intractable nature and scanning electron microscope morphology," 
Nature, 241, 264 (1973).

108. Hayes, J'.,. and Biemann, K., "High resolution mass spectrometric 
investigations of the organic constituents of the Murray and 
Holbrook chondrites," Geochim. Cosmochim. Acta,, 32, 239 (1968).

109. Studief, M. H., Hayatsu, R., and Anders, E., "Origin or organic 
matter in early solar system: V. Further studies of meteoritic
hydrocarbons and a discussion of their origin," Geochim. Cosmochim.
Acta, 36, 189 (1972).

110. Simmonds, P., Bauman, A., Bolin, E., Gelpi, E., and Oro, J., "The
unextractable organic fraction of the pueblito de Allende meteor
ite: Evidence for its indigenous nature," Proc. Nat. Acad. Sci.,
64, 1027 (1969).

111. Bandurski, E. L., and Nagy, B., "The polymer-like organic material 
in the Orgueil meteorite," Geochim. Cosmochim. Acta, 40, 1397
(1976).

112. Modzeleski, V. E., Modzeleski, J. E., Mohammed, M. A. J., Nagy,
L. A., Nagy, B., McEwan, W. S., Urey, H. C., and Hamilton, P. B., 
"Carbon compounds in pyrolysates and amino acids in extracts of 
Apollo 14 lunar samples," Nature, 242, 50 (1973).

113. Nagy, B., Mohammed, M. A. J., and Modzeleski, V. E., "An evaluation 
of pyrolytic techniques with regard to the Apollo 11, 12, and 14
lunar sample analyses," Space Life Sci., 3., 323 (1972).

114. Simmonds, P. G., "Whole microorganisms studied by pyrolysis gas
chromatography mass spectrometry: Significance for extra
terrestrial life detection experiments," Appl. Microbiol., 20,
567 (1970).

115. Biemann, K., Oro, J., Toulmin, P., ill, Orgel, L. E., Nier, A. 0.,
Anderson, D. N., Simmonds, P. G., Flory, D., Diaz, A. V., Rushneck,
D. R., and Biller, J. A., "Search for organic and volatile inor
ganic compounds in two surface samples from the Chryse Planitia 
region Of Mars," Science, 194, 72 (1976).

116. Kelin, H. P., Horowitz, N. H., Levin, G„ V., Oyama, V. I., 
Lederberg, J., Rich, A., Hubbard, J. S., Hobby, G. L., Straat,
P. A., Berdahl, B. J., Carle, G. C., Brown, F. S., and Johnson,
R. D., "The Viking biological investigation: Preliminary results," 
Science, 194, 99 (1976).



Ill
117. Scot, W. M., Modzeleski, V. E., and Nagy, B., "Pyrolysis of early 

precambrian onverwacht organic matter (2.3 x 10® yr. old),"
Nature, 225, 1129 (1970).

118. Zumberge, J. E., Bandurski, E. L., and Nagy, B., "Analysis of the 
polymeric structure of kerogen in a Transvaal stromatolite approx
imately 2.3 x 10® years old," Proc. of Annual Meeting of Geol.
Soc. Amer., Salt Lake City, Utah (October 1975).

119. Gallegos, E., "Terpane-sterane release from kerogen by pyrolysis 
gas chromatography mass spectrometry," Anal. Chem., 47, 1524 
(1975).

120. Bracewell, J. M., "Characterization of soils by pyrolysis com
bined with mass spectrometry," Geoderma, 6_, 163 (1971).

121. Meuzelaar, H. L. C., Haider, K., Nagar, B. R., and Martin, J. P., 
"Comparative studies of pyrolysis-mass spectra of melanihs, model 
phenolic polymers, and humic acids," Geoderma, 17, 239 (1977).

122. Nagar, B. R., Waight, E. S., Meuzelaar, H. L. C., and Kistemaker,
P. G., "Studies on the structure and origin of soil humic acids 
by Curie point pyrolysis in direct combination with low-voltage 
mass spectrometry," Plant and Soil, 43, 651 (1975).

123. Haider, K., Nagar, B. R., Saiz, C., Meuzelaar, H. L. C., and
Martin, J. P., "Studies on soil humic compounds, fungal melanins 
and model polymers by pyrolysis mass spectrometry," Proc. of FAO 
Conference, Braunschweig, Germany (1976).

124. Bracewell, J. M., and Robertson, G. W., "A pyrolysis gas chroma
tography method for discrimination of soil humus types," J. Soil
Sci., 27, 196 (1976).

125. Bracewell, J. M., Robertson, G, W., and Tate, K. A., "Pyrolysis 
gas chromatography on a climosequenee of soils in tussock grass
land," New Zealand Geoderma, 15, 209 (1976).

126. Bracewell, J. M., and Robertson, G. W., "Pyrolysis studies on 
humus in freely drained Scottish soils," in Analytical Pyrolysis, 
Jones, C. E. R., and Cramers, C. A. (eds„), Elsevier Sci. Pub'l. 
Co., Amsterdam (1977), p. 167.

127. Martin, P., "Effects of extractants on analytical characteristics
and pyrolysis gas chromatographs of podzol fulvic acids," .
Geoderma, 15, 253 (1976).

128. Martin, P., "Pyrolysis gas chromatography of humic substances from 
different origin," Z. Pflanzenem. Bodenkunde, 4, 407 (1975).



112
129. Sarner9 S. F., Pruder, G. D., and Levy3 E- J., "Vapor-phase

pyrolysis," In-house study. Chemical Data Systems, Inc., Oxford, 
Pentisylvania (1971).

130. Barker, C., "Pyrolysis techniques for source-rock evaluation,"
Bull. Am. Ass. Petrol. Geol., SB, 2348 (1974).

131. Leventhal, J. S., "Stepwise pyrolysis gas chromatography Of
kerogen in sedimentary rocks," Chem. Geol., 18_ 5 (1976).

132. Barter, S. B., Horsfield, B., and Douglas, A. G., "Pyrolysis as
a possible means of determining the petroleum generating potential 
of sedimentary organic matter," in Analytical Pyrolysis, Jones,
G. E. R., and Cramers, C. A. (eds.), Elsevier Sci. Publ. Co., 
Amsterdam (1977), p. 189.

133. Sellier, N., Jones, C. E. R., and Guiochen, G., "Pyrolysis gas 
chromatography as a means of determining the quality of porous 
polymers of styrene cross-linked with divinyl benzene," in 
Analytical Pyrolysis, Jones, C. E. R., and Cramers, C. A. (eds.), 
Elsevier Sci. Publ. Co., Amsterdam (1977), p. 309.

134. Seeger, M., and Gritter, R. J., "Thermal decomposition and 
volatization of polyolefins," In-house study, IBM Research, San 
Jose, California (1976).

135. Kretzchmar, H. J.«, Gross, D., and Kelm, J. , "Pyrolysis gas 
chromatography and spectroscopic identification of fluorine 
polymers," in Analytical Pyrolysis, Jones, C. £. R., and Cramers,
C. A. (eds.), Elsevier Sci. Publ. Co., Amsterdam (1977), p. 373.

136. Blackwell, J. T., "Quantitative determination of the monomer 
composition in hexafluoropropylene/vinylidene fluoride copolymers 
by pyrolysis gas chromatography," Anal. Chem., 48, 1883 (1976).

137. Badger, G. M., Donnelly, J. K., and SpotswOod, T. M., "The forma
tion of aromatic hydrocarbons at high temperatures; the pyrolysis 
of phenanthrene," Aust. J. Chem., 17, 1138 (1964).

138. Badger, G. M., Donnelly, J. K,, and Spotswood, T. M., "The forma- - 
tion of aromatic hydrocarbons at high temperatures; the pyrolysis 
of anthracene," Aust. J. Chem., 17, 1147 (1964).

139. Badger, G. M., and Novotny, J., "Mode of formation of 3-4- 
benzopyrene at high temperature," Nature, 198, 1086 (1963).

140. Badger, G. M., Donnelly, J. K., and Spotswood, T, M., "The forma
tion of aromatic hydrocarbons at high temperatures. XXVII: The 
pyrolysis of isoprene," Aust. J. Chem., 19, 1023 (1966).



113
141. Posthumus3 M. A.9 Nibbering, N. M. M.s and Boerboom, A. J. H.,

"A comparative study of the pyrolytic and electron impact induced 
fragmentation of 4-phenylbutanoic acid and some analogues," Org. 
Mass Spectrom.g 119 907 (1976).

142. Schaden, G., ’'Curie-point pyrolysis as a guide to new synthesis," 
in Analytical Pyrolysis, Jones, 0. E. R., and Cramers, C. A. (eds.), 
Elsevier Sci. Publ. Co., Amsterdam (1977), p. 289.

143. de Jongh, D. C., "Pyrolytic reaction mechanisms," in Analytical 
Pyrolysis, Jones, C. E. R., and Cramers, C. Q. (eds.), Elsevier 
Sci. Publ. Co., Amsterdam (1977), p. 261.

144. Hileman, F. D,, Futrell, J. H., Petajan, J. H., "Investigations 
of diseased muscle by pyrolysis gas chromatography," in prepara
tion (1977).

145. Bayer, F. L., Hopkins, J. J., and Menger, F. M., "Pyrolysis GLC 
of biomedically interesting molecules," in Analytical Pyrolysis, 
Jones, C. E. R., and Cramers, C. A. (eds.), Elsevier Sci. Publ.
Co., Amsterdam (1977), p. 217.

146. Levy, R. L., Gesser, H., Halevi, E. A., and Saidman, S., "Pyrolysis 
gas chromatography of porphyrins," J. Gas Chrom., 4_, 254 (1964).

147. Merritt, C., Jr., Di Pietro, C., Robertson, D. H., and Levy, E. J., 
"Characterization of amino acids by pyrolysis gas chromatography 
mass spectrometry of their phenylthiohydanton derivatives,” J. 
Chrom, Sci., 12, 668 (1974).

148. Schulten, H. R., Beckey, H. D., Boerboom, A. J. H., and Meuzelaar,
H. L. C., "Pyrolysis field desorption mass spectrometry of deoxy
ribonucleic acid," Anal, Chem., 45, 2358 (1973).

149. Posthumus, M. A., Nibbering, N. M. M., Boerboom, A. J. H., and 
Schulten, H. R., "Pyrolysis mass spectrometric studies on nucleic 
acids," Biomed. Mass. Spectrom., 1, 352 (1974).

150. Chemical Data Systems, Inc., "Pyrolysis gas chromatography of wood 
and bark," In-house study, Application Note 081973, Oxford, 
Pennsylvania (1974).

151. Hileman, F. D., Wojcik, L. H., Futrell, J. H., and Einhorn, I. N., 
"Comparison of the thermal degradation products of -cellulose 
and Douglas fir under inert and oxidative environments," in 
Thermal Uses and Properties of Carbohydrates and Lignin,
Shifizadeh, F., (ed.). Academic Press, New York (1976), pp. 49-71.



114
152. Chemical Data Systems„ Inc., "Application of pyrolysis gas chroma

tography to the determination of degree of care of rubber," 
In-house study. Application Note 081673, Oxford, Pennsylvania
(1974).

153. Irwin, W. J., and Slack, J. A., "the identification of formu
lated drugs by Py-GC-MS," in Analytical Pyrolysis, Jones, C. E. R., 
and Cramers, C. A., (eds.), Elsevier Sci. Publ. Co., Amsterdam
(1977),

154. Meuzelaar, H. L. C., and in’t Veld, R. A., "A technique for Curie 
point pyrolysis gas chromatography of complex biological samples," 
J. Chrom. Sci., 10, 218 (1972).

155. Meuzelaar, H. L. C., and Kistemaker, P. G., "A technique for fast 
and reproducible fingerprinting of bacteria by pyrolysis mass 
spectrometry," Anal. Chem., 45, 587 (1973).

156. Reiner, E., "Identification of bacterial strains by pyrolysis gas 
liquid chromatography," Nature, 200, 1058 (1963).

157. Reiner, E., "Studies on differentiation of micro-organisms by 
pyrolysis gas liquid chromatography," J. Gas Chrom., 5_, 65 (1967).

158. Reiner, E., and Ewing, W. H., "Chemotaxonomic studies of some 
gramnegative bacteria by means of pyrolysis gas liquid chroma
tography," Nature, 211, 194 (1968).

159. Kistemaker, P. G., Meuzelaar, H. L. C., and Posthumus, M. A.,
"Fast identification of microbiological samples by Curie-point 
pyrolysis mass spectrometry," in New Approaches to the Identifi
cation of Microorganisms, Heden, C. G., and Illeni, T., (eds.), 
John Wiley & Sons, New York (1975), Chapter 11, p. 179.

160. Quinn, P., and Meuzelaar, H. L. C., "Differentiation and classifi
cation of microorganisms by pyrolysis mass spectrometry," Proc.
of Illrd Int. Sytnp. Anal. Pyrol., Amsterdam (September, 1976).

161. Reiner, E., Hicks, J. J., Beam, R. E., and David, H. L,, "Recent 
studies on Mycobacterial differentiation by means of pyrolysis 
gas liquid chromatography," Am. Rev. Resp. Dis,, 104, 656 (1971).

162. Kistemaker, P. G., Meuzelaar, H. L. C., and Meindersma, T. E., 
"Pyrolysis mass spectrometry; characterization of Klebsiella 
strains as a model," in Instrumental Approaches to the Detection 
and Characterization of Bacteria, Amsterdam, D., (ed.>, Marcel 
Dekker, New York (1977).



115
163. Weijman, A. C. M., "The application of Curie point pyrolysis mass 

spectrometry in fungal taxonomy," in Analytical Pyrolysis, Jones, 
C. E. R., and Cramers, C. A. (eds.), Elsevier Sci. Puhl. Co., 
Amsterdam (1977), p. 225.

164. Sehulten, H. R., "Aerosol analysis by field desorption mass 
spectrometry combined with a new sampling technique," Atm. Env,,
9_, 1107 (1975).

165. Davis, W. D., "Continuous mass spectrometric determination of 
concentration of particulate impurities in air by use of surface 
ionization," Env. Sci. Tech., 11, 593 (1977).

166. Currie, L. A., Kunen, S. M., and Voorhees, K. J., "Low-level 
radiocarbon counting and pyrolysis/gas chromatography/mass 
spectrometry: Methods of analysis of carbonaceous particulates 
and characterization of their sources," Pres, at Conf. on 
Carbonaceous Particles in the Atmosphere, Berkeley, California
(1978).

167. Voorhees, K. J., Hileman, P. D., and Kunen, S. M,, "Pyrolysis/ 
mass spectrometry studies of atmospheric particulates," Proc. 
of 26th Annual Conf. on Mass Spectrometry and Allied Topics,
St. Louis, Missouri (1978).

168. Vanderborgh, N. E., "Laser induced pyrolysis techniques," in
Analytical Pyrolysis, Jones, C. E. R., and Cramers, C. A. (eds.),
Elsevier Sci. Fubl. Co., Amsterdam (1977), p. 235.

169. Levy, R. L., and Fanter, D. L., "Measurement of temperature rise 
times in pyrolysis gas chromatography," Anal. Chem., 41 1465 
(1969).

170. Tyden-Ericsson, I., "A new pyrolyzer with improved control of 
pyrolysis conditions," Chromatographia, 6_, 353 (1973).

171. Meuzelaar, H. L. C., Kistemaker, P. G., and Posthumus, M. A.,
"Recent advances in pyrolysis mass spectrometry of eomple 
biological materials," Biomed. Mass Spectrom., 1_, 312 (1974).

172. Sehulten, H. R., "Pyrolysis field ionization and field desorption 
mass spectrometry of biomaeromolecules, microorganisms, and tissue 
material," in Analytical Pyrolysis, Jones, C. E. R., and Cramers, 
C. A. (eds.), Elsevier Sci. Publ. Co., Amsterdam (1977), p. 17.

173. Levsen, K., and Sehulten, H. R., "Analysis of mixtures by
collisional activation spectrometry: Pyrolysis products of
deoxyribonucleic acid," Biomed, Mass Spectrom., _3, 137 (1976).



116
174. Schulten, H. R., Beckey, H. D., Meuzelaar9 H. L. C.s and Boerboom, 

A. J. H.j "High resolution field ionization mass spectrometry of 
bacterial pyrolysis products," Anal. Chem., 45_ 191 (1973).

175. Hummel, D. 0., "Structure and degradation behavior of synthetic 
polymers using pyrolysis in combination with field ion-mass 
spectrometry," in Analytical Pyrolysis, Jones, C. E. R., and 
Cramer, C. A. (eds.), Elsevier Sci. Publ. Co., Amsterdam (1977), 
p. 117.

176. Meuzelaar, H. L. C., Posthumus, M. A., Kistemaker, P. G., and 
Kistemaket1, J., "Curie-point pyrolysis in direct combination 
with low voltage electron impact ionization mass spectrometry," 
Anal. Chem., 45, 1546 (1973).

177. Schulten, H. R., and Beckey, B. D., "Field desorption mass 
spectrometry of microorganisms," Org. Mass Spectrom., 6_ 882 (1972).

178. Bracewell, J. M., and Robertson, G. W., "Humus type discrimination
using pattern recognition of the mass spectra of volatile pyrolysis
products," J. Soil Sci., 24, 422 (1973).

179. Bracewell, J. M., Robertson, G. W., and Stephen, J. M., "Humus
type discrimination from mass spectra by a simplified statistical 
treatment," J. Soil Sci., 26, 63 (1975).

180. McLafferty, F. W., "An automated analytical system for complex 
mixtures utilizing separation by high-resolution mass spectrom
etry and identification by collisional activation mass spectrom
etry," in Analytical Pyrolysis, Jones, C. E. R., and Cramers,
C. A. (eds.), Elsevier Sci. Publ. Co., Amsterdam (1977), p. 30.

181. Eshvis, W ., Kistemaker, P. G., and Meuzelaar, H. L. C., "Some 
numerical aspects of reproducibility and specificity," in 
Analytical Pyrolysis, Jones, C. E. R., and Cramers, C. A. (eds.), 
Elsevier Sci. Publ. Co., Amsterdam (1977), p. 151.

182. Meuzelaar, H. L. C., Ficke, H. G., and Den Harink, H. C., "Fully 
automated Curie-point pyrolysis gas liquid chromatography," J. 
Chrom. Sci., 13, 12 (1975).

183. Chemical Data Systems, Inc., "Verification of antique glues by 
Solids pyrolysis," In-house study, Application Note 100873,
Osford, Pennsylvania (1974).

184. Crighton, J. S., "Characterization of textile materials by thermal 
degradation: A critique of pyrolysis GC and thermogravimetry,"
in Analytical Pyrolysis, Jones, C. E. R., and Cramers, C. A.
(eds.), Elsevier Sci. Publ. Co., Amsterdam (1977), p. 337.



117
185. Wheals9 B. B., and Noble9 W., "The pyrolysis gas chromatographic 

examination of car paint flakes as an aid to vehicle character
ization," J. Forensic Sci. Soc., 14_, 23 (1973).

186. Chemical Data Systems, Inc., "Application of pyrolysis gas 
chromatography to the identification of automobile paint," In- 
house study. Application Note 091373, Oxford, Pennsylvania (1974).

187. Noble, W., Wheals, B. B., and Whitehouse, M. J., "The character
ization of adhesives by pyrolysis gas chromatography and infrared 
spectroscopy," j. Forensic Sci., 3, 163 (1974).

188. Levy, R. L., "Pyrolysis gas chromatography: A review of the
technique," Chrom. Rev., 8̂, 48 (1966).

189. Levy, R. L., "Trends and advances in design of pyrolysis units 
for gas chromatography," J. Gas Chrom., 7̂, 107 (1967).

190. Jones, C. E. R., and Cramers, C. A. (eds.), Analytical Pyrolysis, 
Proc. 3rd Int. Symp. Anal. Pyr, Amsterdam, September 1976,
Elsevier Sci. Publ. Co.', Amsterdam (1977).

191. Albright, L. F., and Crynes, B. L. (eds.). Industrial and 
Laboratory Pyrolysis, ACS Symp. Ser. 32, Amer. Chem. Soc., 
Washington, D. C. (1976).

192. Bandurski, E. L., "Analysis of insoluble organic material in 
carbonaceous meteorites by combined vacuum pyrolysis-gas 
chromatography-mass spectrometry," Ph.D. Dissertation, University 
of Arizona (1975).

193. American Society for Testing and Materials, Index of Mass Spectral 
Data, AMD 11, ASTM, Philadelphia, Pennsylvania (1969).

194. Currie, L. A., Kunen, S. M., Voorhees, J. J., Murphy, R. B., and 
Koch, W. F., "Analysis of carbonaceous particulates and character
ization of their sources by low-level radiocarbon counting and 
pyrolysis/gas chromatography/mass spectrometry," Proceedings of the 
Conference on Carbonaceous Particles in the ̂ Atmosphere, Novakov, T., 
and Rosen, H. (eds.), Ann Arbor Press (1978).

195. Hill, A. C., Edwards, W. H., Saugg, N., Ursenbach, W. 0., and
Kunen, S. M., "Air quality environmental studies in the vicinity 
of the Huntington Canyon power plant," Progress report 1973-74, 
submitted to Utah Power and Light Co., Salt Lake City, Utah
(1975). i

196. Shulman, G., and Simmonds, P., "Thermal decomposition of aromatic 
and heteroaromatic amino acids," Chem. Commun., 17, 1040 (1968).



118
197. Iglauer, N., and Bentley, S. F., "Pyrolysis GLC for the rapid 

identification of organic polymers," J. Chrom. Sci., 12, 23 
(1974).

198. Graedel, T., "Chemical compounds in the atmosphere," Academic 
Press, New York, in press (1978).

199. The Merck Index, Eighth Edition, Stecher, P. G. (ed.), Merck S 
Co., Inc., Rahway, New Jersey (1968), pp. 233-250.

200. Graedel, T., personal communication. Atmospheric Research Depart
ment, Bell Laboratories, Murray Hill, New Jersey, May 1975.

201. Wirth, W., Hecht, G., Gloxhuber, C., Toxikologie Fibel, Georg 
Thieme (pub.), Verlag, Stuttgart, Germany (1971).

202. Threshhold Limit Values for Chemical Substances and Physical 
Agents in the Workroom Environment with Intended Changes for 
1977, Am. Conference of Governmental Industrial Hygienists (pub.), 
Monroe, Iowa (1977).

203. Muir's Textbook of Pathology, 10th Edition, Year Book Medical 
Publishers, Inc., Chicago, Illinois, 1976.



\u HI ■ M  |


