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PREFACE 

The first Conference on Carbonaceous Particles 
in the Atmosphere was held March 20-22, 1978, at 
Lawrence Berkeley Laboratory (LBL), University of 
California at Berkeley. The 45 papers presented 
at this topical conference on carbonaceous parti
cles gave a state-of-the-art review of analysis, 
speciation, and behavior; transport, formation, 
and reactions; biological effects; and sources and 
physical properties of carbonaceous particles in 
the atmosphere. 

The idea for such a conference developed in 
a number of conversations I had with Professor 
R. J. Charlson of the University of IVashington. 
From these discussions, and from the research 
results generated in numerous laboratories, it 
became apparent that carbonaceous particulate 
matter is an extremely important component of the 
overall aerosol problem, with implications to 
atmospheric chemistry, atmospheric physics, cli
mate, and public health. It also became clear that 
in the past, carbonaceous particles have received 
far less attention than they deserve in view of 
their potential impact on air quality. Professor 
Charlson and I felt that the time •vas right to 
organize a conference devoted solely to carbona
ceous particles and their effects on the environ
ment. The National Science Foundation--through 
its program titled Chemical Threats to Man and 
Environment, with Dr. R. A. Carrigan as Program 
Manager--•vas receptive to the idea and provided 
the necessary funding for the Conference. Dr, M.O. 
Amdur joined us from the beginning and pro-
vided her extremely valuable input in organ1z1ng 
the biological and biomedical aspects of the 
conference. 

The technical program, with invited and 
contributed papers, was organized by the Program 
Committee composed of; 

T. Novakov, Lawrence Berkeley Laboratory, 
Chairman 

R. J. Charlson, University of \Vashington 
M. 0. Amdur, Hassachusetts Institute of 

Technology 
R. A. Carrigan, National Science Foundation 
D. Ballantine, U. S. Department of Energy 
J. Holmes and J. Suder, California Air 

Resources Board 
R. M. Per hac, Electric Pm.;rer Research 

Institute 
H. E. 1\filson, Jr., U. S. Environmental 

Protection Agency 

ix 

H. Rosen, Lawrence Berkeley Laboratory, served 
as the Conference Secretary. 

The organizers intended to provide as much 
discussion as possible as part of the Conference 
program. Discussion sessions were led by a dis
tinguished group of scientists: R. K. Stevens, 
U. S. Environmental Protection Agency; G. Gordon, 
University of Maryland; D. Hoffman, Naylor Dana 
Institute-American Health Foundation; and 
J. P. Lodge, Jr., consultant. 

The consensus of the participants was that 
the Conference was successful and stimulating. 
Hany individuals contributed to the success of 
the conference. Our thanks go to all the parti
cipants and speakers who made this Conference a 
scientifically important gathering. He also 
acknowledge the Conference Program Committee for 
its part in soliciting and selecting the presenta
tions. The entire Conference ran on schedule, 
thanks to the session chairmen: P. T. Cunningham, 
L. Newman, M. 0. Amdur, R. J. Charlson, and 
H. Rosen. 

Hany people at La\vrence Berkeley Laboratory 
gave their enthusiastic help in organizing the 
Conference. \Ve would like to thank A. H. Sessler, 
LBL Director, E. K. Hyde, LBL Deputy Director, and 
R. J. Budnitz, Head of LBL's Energy and Environment 
Division. Organization of the Conference would 
have been impossible •·lithout the help of 
T. H. Kirksey, L. Hillard, and S. Sanford from 
the Technical Information Division; and J. c. Baxter 
and J. Ortiz from the Travel Department. L. \\froth 
managed many of the administrative and clerical 
tasks before, during, and after the Conference. 

Finally, members of the Atmospheric Aerosol 
Research group--H. H. Benner, R. Brodzinsky, 
S. G. Chang, H. Clemenson, R. L. Dod, L. A. Gundel, 
A. D. A. Hansen, S. S. Markowitz, G. E. Nason, 
S. Oblath, H. Rosen, A. Sawaya, R. C. Schmidt, and 
R. Toossi--deserve special thanks for working long 
hours and for performing chores well beyond their 
duty. 

This work \vas performed under the auspices of 
the Division of Biomedical and Environmental 
Research of the U. S. Department of Energy under 
Contract H-7405-ENG-48, and also of the National 
Science Foundation under ENV 77-20076. 

T. Novakov 
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SOME ANALYTICAL APPROACHES TO THE CHEMICAL CHARACTERIZATION OF CARBONACEOUS PARTICULATES 

Hanns Malissa 
Institute for Analytical Chemistry and Microchemistry 

Technical University of Vienna 
Vienna, Austria 

ABSTRACT 

The concept of systematic integrated dust analysis (SIDA), developed for the overall characterization 
of aerosol particles in terms of size distribution and chemical composition, includes the analysis of car
bonaceous material. Size-segregated sampling is accomplished by a Berner ring jet impactor. Thermoanaly
tical methods (based on combustion of the sample in o2) using relative conductimetric detection of evolved 

C02 and so2 enable temperature-dependent analyses of C and S species. About SO yg of sample material is 

needed for such analyses. Flame ionization detection provides information on the volatility of carbona
ceous fractions in N2 as a function of temperature. These methods allow us to classify carbonaceous 

materials as l) organic compounds volatile in N2 and/or decomposing in 02 at low temperatures, 2) soot, 

and 3) inorganic compounds (carbonates) decomposing at high temperatures. Typical analyses are given; and 
the role of other methods of SIDA in providing additional information is described. These methods include 
electron probe microanalysis, secondary electron microscopy, atomic absorption spectroscopy, infrared 
spectroscopy, and potentiometric analysis. 

INTRODUCTION 

Like many other investigators, ,we feel that as 
long as we are unable to analyze and characterize 
the carbonaceous fractions of atmospheric aerosol 
particles, we cannot adequately assess the roles of 
specific chemical mechanisms in atmospheric chem
istry. I am very honored to be invited to report 
on our approach to this subject. This short report 
outlines only the principles and some results re
flecting the cooperation between my coworkers-
H. Puxbaum, R. Kellner, M. Grasserbauer-and me. 

Because the analysis of carbonaceous material is 
part of the general scheme of airborne particle 
analysis, we use in principle the idea of integra
ted dust analysis.l We have advanced this idea to 
account for the following facts: 

1. The total sample weight is small when size
segregated sampling is employed. 

2. The concentration of airborne particulates 
in the air is small. Therefore we have to use a 
fairly sophisticated analytical strategy to get as 
much information as possible from samples weighing 
as little as SO ~g. 

Because the quality of analytical results de
pends on the quality of the sampling procedure 
used, we have paid a great deal of attention to 
sampling, especially for the purposes described 
here. Sampling is a main part of our concept of 
systematic integrated dust analysis (SIDA). 

SAtvlPLING 

We feel that the following main points have to 
be followed to avoid or minimize unwanted reactions 
during ambient air sampling: 

1. Sampling should be as "soft" as possible, 
i.e., with the least possible chemical perturba
tions, to minimize side reactions during sampling. 
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2. The sampling methods should be compatible 
with the analytical procedures to be employed. 

3. Size fractionated sampling techniques should 
be used. 

Consideration of these points led us to choose 
cascade ring impactors of "the "Berner" type (Uni
versity of Vienna), which employ thin annular cop
per foils as the depositing surface. Copper foil 
was chosen because it is a good supporting mater
ial for electron probe microanalysis (EPMA), and it 
is convenient for our thermal-analytical methods. 
Table 1 lists some characteristics of the impactor, 
while the impactor itself is shown in Figure 1. 

Fig. 1 Four-stage cascade impactor TU-1. 

For stages 1 and 2, no treatment of the copper 
surface is required according to our experience, 
especially for soot-like materials. Stages 3 and 4 



Table l. Sampling characteristics of impactor TU-1. 
Amount of particulate matter per spot 
(~g) for ing time of 1 hour and 

of 
Size range No. of Diameter 

Stage no. A.D. 50(~rn) spots of spot(mm) Urban air Industrial air Rural air 
1 0.14-0.40 55 0.8-1.0 3 ~g 10 ~g 0.5 )Jg 

3 ~rn 10 ~m 1 ~m 

2 0.4 -1.6 33 1.2-1.5 20 )Jg 70 ~g 3 ~g 

7 )Jffi 20 ~m 1 )JITI 

3 1.6 -6.4 14 2 -3 30 ~g 90 ~g 5 ~g 

3 )JJTI 10 ~m a 

4 6.4-25 6 10 -12 50 )Jg 150 ~g 30 ~g 
a a a 

Average TSP concentrations Recommended sampling time 
Urban air 300 lJg/m3 5-10 hr 
Industrial air 1000 \Jg/rn3 1-3 hr 
Rural air 50 \Jg/m3 24-72 hr 

Average thickness of layer calculated, specific mass = 2 g cm-3. 
aThickness smaller than particle size, therefore incomplete coverage of substrate. 

are usually coated with Apiezon grease to prevent 
particle bounce-off effect. 

Figure 2 shows the hill-like spot deposits. 
The morphology of these samples. The morphology 
of these samples gives us an impression of the 
difficulties we may encounter in quantitative an
alysis via EPMA. Scanning electron beam micro
analysis of the two small size fractions sampled 
by the impactor described above gives precise and 
satisfying results (Fig. 3). The thick line-the 
average result of analyses of five different spots 
on the foil-demonstrates that any one individual 
spot is representati~e of the size fraction col
lected on one stage. 

ANALYSIS 

General Considerations 

Depending on the amount of sample and on the 
kind of information needed, we may employ one or 
more of the three characterization steps, summari
zed in Table 2. If there is enough previous infor
mation, or if only a very small sample amount is 
available(< 200 ~g), we will choose the short 
characterization and use the thermal decomposition 
technique in a stream of oxygen or nitrogen with 
relative conductimetric C and S determination, as 
described below.3,4 This type of analysis pro
vides us with a differentiation of the 

SEM -Cascade Impactor Samples. 

lOOx 

stage I 
0,11.-0,4 ~m o.d. 

st<tg~ II 
0,4- 1,6 fJffi a.d. 

Fig. 2 Aerosol deposition by cascade impactor TU-1. 

4 

stage ~v 
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Fig. 3 Precision of the analysis of airborne particulate matter 
collected by cascade impactor TU-1. 

Table 2. Characterization of atmospheric 

1. Total + + + 
2. TDC + + + + 
3. NH4+, N03-, H+ + + + 

4. EPMA (EDS, \'IDS) + + 
s. FT-IR + + 

6. AAS, AES + 
7. Morphology + single 

particle identification + 

8. Diffraction + 
9. GC-FT/IR, GC-MS + 

carbonaceous material into organic carbon, graphi
tic soot, and carbonate carbon fractions. fhe 
determination of the ammonium is also performed by 
relative conductometry,S while the nitrate is 
determined by an ion-sensitive electrode.6 The 
time needed for this set of analyses is about 1 
hour. 

The full characterization is used mostly on rel
atively unknown samples and for transport and 
chemical conversion studies. Atomic absorption 
spectroscopy (AAS) is used for the analysis of 
trace elements. 

Diffraction techniques (electron, X-ray, and 
Raman) and electron microscopic methods are now 
being developed in our laboratory and are of pri
mary concern for further investigations. We have 
already made progress in the application of thin
layer chromatography (TLC) and the evaluation of 
micro-infrared (IR) techniques. 
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The "SIDA" Scheme 

Knowing that one analytical tool alone can never 
give complete information in dust analysis, we 
introduced the concept of integrated dust analysis 
in 1974, at the Fourth Symposium on the Analytical 
Chemistry of Pollutants in Basle, Switzerland. 
This approach included (l) average analysis of all 
or individual elements, (2) identification and 
quantitative analysis of individual particles, (3) 
determination of particle mass, and (4) determina
tion of morphology. 

With the use of the impactor sampling technique, 
smaller sample amounts were obtained, so that a 
more advanced and systematic approach was necessary 
to obtain as much information as possible. This 
approach contains the following steps: 

1. Sampling with cascade impactors. 

2. Determination of the total amount of sample 
on each stage and estimation of the weight of each 
individual sample spot on the stage. 

3. Determination of the average concentration 
of elements with atomic number > 11 by EPMA in the 
scanning mode. 

4. Investigation of morphology by scanning 
electron microscopy (SEM), and single particle 
identification by SEM-energy dispersive spectros
copy (EDS). 

5. Characterization of C, S, and N compounds by 
thermal decomposition analysis. 

6. Specific compound identification by infrared 
techniques. 



7. Trace element determination by atomic 
absorption. 

8. Us~ of various other speciation methods 
(e.g., GC for organic compounds, diffraction 
techniques) if there is still sample material 
available. 

This general outline can be varied if necessary 
for different research programs. 

One approach of integrated analysis is shown 
in Figure 4. By backweighing the copper rings, 
the total amount of sampled matter is determined; 
and the weight of deposited airborne particles per 
spot is calculated simply by dividing by the number 
of spots. Because the copper foil is paper thin, 
the spots are cut out for further investigations. 
It is also possible to scrape off the deposited 
material carefully. (At the present time, we are 
investigating the use of a micro-ultrasonic device 
instead of scrapers.) Analysis by EPMA has been 
described by Grasserbauer·et al.2; theIR-technique, 
by Kellner?; the microdetermination of halogens and 
ammonia, by Puxbaum et al.5,8; and the analysis of 
carbonaceous material by thermal decomposition, by 
Malissa et al.3 and Gal et al.4 For further infor
mation, the reader should consult Analysis of 
Airborne Particles by Physical Methods,9 

Thermal Methods for the Characterization of Car
bonaceous Material 

One important step in the characterization of 
atmospheric aerosols is the temperature-programmed 
decomposition of the material, carried out either 
in a nitrogen atmosphere to obtain the volatile 
organic components or in an oxygen atmosphere to 
obtain the total carbon and total sulfur contents. 
During the temperature-programmed heating, organic 

and inorganic species are separated due to their 
different pyrolytic behavior. A schematic repre
sentation of the apparatus used is shown in Fig. 5. 

TEMPERATURE PROGRAMMED DECOMPOSITION 
OF ATMOSPHERIC PARTICULATE MATTER 

1. NITROGEN ATMOSPHERE 

2. OXYGEN ATMOSPHERE 

R 

XBL 786-9323 

Fig. 5 Schematic presentation of the apparatus for 
temperature-programmed decomposition of atmospheric 
particulate matter. 

Cascade Impactor T U ~ 1 

stage 

0,14- 0,4 IJm a. d. 
SS spots 

10- 50 IJ9 I spot 

0,4- 1,6 IJm a. d. 
II 33 spots 

20 -100 pg I spot 

1,6- 6,4 pm a. d. 
Ill 14 spots 

20 - 200 !J9 I spot 

6,4-25 1-1m a.d. 
IV 6 spots 

100 -1000 tJ9 I spot 

Organic 
Extraction 

HC,PNA 

Wet Chemicals 
Tests: NH;,No;, 
ct :er~F: w 

SEM 

PIXE 

EMP 

c~s -Speciation 
NH,: 

TLC "Total Organics", GC 

IACM TU-Wien 1025 

XBL 786-9322 

Fig. 4 Sample distribution for chemical characterization. 
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To determine the volatile organic components, 
the aerosol or dust sample is placed in a micro
furnace and heated at a linear rate of l0°C/min in 
a nitrogen atmosphere. The evolved organic com
pounds are led to a flame ionization detector (FID). 
Peak areas of the FID response are integrated, and 
the result is expressed in percent volatile organic 
carbon (VOC). A typical result is presented in 
Fig. 6. Dust from a highway tunnel (Tauerntunnel), 
collected in the exhaust tube with a dustfall 
gauge, contained 4.2% VOC, evolved in two charac
teristic peaks with maximum evolution rates at 
250°C and 400"C. To prove that the two peaks be
longed to two different groups of organic com
pounds, the dust was extracted with methanol and 
the residue examined for volatile organic carbon. 
This sample yielded a single peak at 4oo•c with 
2.0% VOC, showing that only the group of organic 
compounds volatile in the temperature range 150-
350"C was extractable in methanol (Fig. 6). 

The total carbon determination is carried out 
simultaneously with the sulfur determination. The 
sample is heated in an oxygen atmosphere, and the 
oxidation or dissociation products are absorbed in 
two detection units (Fig. 5). so2 is absorbed in 

a weak H2o2;H2so4 solution; co2 is absorbed in a 

NaOH solution. The change of conductivity of the 
solution during the sample heatirig (l0°C/min linear 
temperature rate) is shO\vn in Fig. 7. The total 
carbon evolution reveals three main peaks, which 
we interpret as organic carbon, soot carbon, and 
inorganic carbon. The dust sample from the Tauern
tunnel contained 8.1% organic carbon, 10.4% soot 
carbon, and 5.1% inorganic carbon. A comparison 
with the VOC trace in Fig. 6 shows that only 52% 
of the organic compounds was volatile. Much of 
the carbonaceous material must be present in 

THIPERATURE PiWGRAI111ED DECOI1POS IT I ON OF PARTICULATES 

COLLECTED I1J THE T,~UERNTUi·INEL ISAIIPLE 1/VII/1977) 

100 

AHIOSPIIERF 

DETECTION 

N2 AHIOSPHERE 

FID - DETECTION 

''ORGAN1C 11 

200 300 

"I NOHGAN 1 C11 

400 500 600 700 'C 

Fig. 7 Record of the carbon evolution in an oxygen 
atmosphere compared with the record of the volatile 
organic carbon determination. 

polymeric (nonvolatile) states. 
tunnel sample, 44% of the total 
in a polymeric "soot" state. 

In the highway 
carbon was present 

The thermal evolution of the sulfur compounds 
also yields three groups, due to their different 
pyrolytic behavior. In the low temperature range 
(l00-380°C), so2 from the decomposition of ammonium 

E G A F l D N2 - 1\TfVJOSPHERE 

TAUERNTUHNEL 1/Vll/1977 

100 200 300 400 

DUST: 4.2 % ORG. C 
1\1[0H-RES l DUE; 

2.0 % ORG. C 

500 oc 

Fig. 6 Record of volatile organic carbon determination. 
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sulfates or sulfuric acid is liberated. Sulfur 
from the organic fraction should also occur in 
this range, but generally very low amounts of so2 
were evolved from the organic fraction. In the 
medium temperature range (380-550°C), the sulfur 
content of the "soot" fraction is evolved as so 2. 

In the high temperature range (550-1300°C), inor
ganic sulfates, mainly Caso4 , decompose. Table 3 

demonstrates the occurrence of the three groups of 
carbon and sulfur compounds in sediment and air
borne dust samples. 

The samples from Salzburg Aigen, Salzburg City, 
and Salzburg Hellbrunn are roadway dust. Carbon 
is present mainly in the carbonate state. The 
"soot" fraction is enriched in the city sample and 
low in the suburb of Hellbrunn. The sulfur content 
is lowest in Hellbrunn and somewhat higher in 
Aigen and the city of Salzburg. Sulfur is present 
as sulfates in the low and high temperature ranges. 
The samples from the Salzburg Power Station and 
the Vienna Technical University were collected by 
dustfall gauges (sampling period, 28 days), and 
the sample from Milan, Italy, was obtained from 
filters in an air conditioning unit. These coarse 
particle samples are similar in several respects: 

1. The "soot" fraction is highly enriched. 

2. A certain amount of sulfur compounds, cor
responding to the "soot" fraction, is liberated. 

3. The inorganic carbonate content is lower 
than one might expect for such samples. Since 
inorganic sulfates are also present, the lower 
carbonate could be due to possible exchange reac-

2- 2-tions between the CO 3 and SO 4 ions. 

Small atmospheric particles ( < 1. 6 ]lm aerodynam
ic diameter [A.D.]) have a different composition 
(Table 4): 

1. The carbon is predominantly in the "soot" 
state. 

2. Sulfur is present mainly as ammonium sulfate. 

Table 4. Characterization of the carbonaceous 
matter in urban aerosols, Vienna, Getreidemarkt, 
April 10, 1978. 
Carbon fraction 

(wt.% C) 
Total carbon 

Volatile 
organic C 

Total organic C 
Soot C 
Carbonate C 

Aerosol concen-

Size fraction (Jlm A.D.) 
0.1-0.4 0.4-1.6 1.6-6.4 6.4-2~ 
40.9 26.2 20.0 4.5 

4.5 2.3 <0.2 n.d. 

4.6 4.1 8.3 n.d. 
36.3 22.1 9.6 n.d. 

2.1 n.d. 

28 5 20 

3. In the size fractions < l. 6 )lm A.D. , the 
amount of inorganic carbonate is negligible. 

4. Inorganic sulfates in the high temperature 
range are detected, but usually not to a great 
extent. 

5. Size fractions< 1.6 )lm A.D. show decreasing 
carbon and increasing "soot" carbon. 

6. High-temperature sulfur decreases while 
ammonium sulfates increase. 

To determine the ammonium content of dust sam
ples, another method involving thermal evolution 
is applied. The sample is treated with LiOH in a 
nitrogen carrier gas stream at 600°C. The ammonia 
liberated during the reaction is quickly removed 
from the hot zone of the furnace and, after passing 
a chemical filter, is absorbed in weak sulfur acid 
and determined by relative conductometry. Some 
results are given in Table 5, indicating the en
richment of ammonium salts in the fine ,particle 
range. 

CONCLUSION 

In summary, Fig. 8 shows the main components of 
an ambient aerosol sample from Vienna as determined 
by systematic integrated dust analysis. Three 

Table 3. Carbon and sulfur speciation in various dust samples. 
Low temp. "Soot" High temp. 

Weight % range fraction range 
Location Sam12ling total 380°(%) 380-550° 550°(%) 

Salzburg <50 )lm, sieved c 12.7 1 20 80 
Aigen s 0.27 40 60 

Salzburg <50 ]lm, sieved c 7.5 3 37 60 
City s 0.40 40 60 

Salzburg <50 ]lffi, sieved c 12.5 3 97 
Hellbrunn s 0.05 20 80 

Salzburg Dust jar c 60.6 20 80 1 
Power station s 10.9 5 55 40 

Milan ISPRA, air bag c 41.5 15 85 1 
s 5.25 10 30 60 

Vienna T.U. Dust jar c 8.4 1 80 20 
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Table 5. Ammonium content of urban dust. 
Dust Wt.% arnrnoniurn-N 

Vienna, roadway sediment 0.15 
Vienna, air conditioning filter 0.83 
Vienna, airborne particles 

Size fraction (vrn A.D.) 
0.1-0.4 4.3 
0.4-1.6 8.6 
1.6-6.4 1.5 
6. 4 0.1 

(5) 

(5) 

Fig. 8 Summarized result of SIDA techniques: 
aerosol fraction 0.4-1.6 ym A.D., Vienna, March 
1977, with the relative weight percent in 
parentheses. 

groups of components dominate the composition: 
mineral compounds, ammonium salts, and carbona
ceous compounds. The mineral fraction can be sepa
rated into (l) mineral components from abrasion and 
erosion processes, (2) mineral components from 
various emissions, and (3) automotive lead salts. 
The ammonium salts are mainly sulfates and nitrates. 
The carbonaceous fraction contains (1) organic 
components, (2) soot, and (3) inorganic carbonates 
(negligible in this example). The "soot" fraction 
composes the main compound of the carbonaceous 
material. This fraction is not extractable in 
organic solvents and is stable in nitrogen up to 
450°C. These are the characteristics of the 
highly pol}~eric structures present in particles 
from incomplete combustion processes. Our findings 
are consistent with the view that the major part 
of the carbonaceous matter in ambient aerosols is 
due to primary emissions. 
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ANALYSIS OF VOLATILIZABLE AND ELEMENTAL CARBON IN AMBIENT AEROSOLS 

Richard L. Johnson and James J. Huntzicker 
Oregon Graduate Center 
19600 N.W. Walker Road 

Beaverton, Oregon 97005 

ABSTRACT 

An instrument capable of measuring both the volatilizable and elemental carbon fractions of carbon
aceous aerosol on a single filter sample is described. The principle of the method is the familiar one of 
oxidation of the carbon to COz, reduction of the COz to CH4, and measurement of the CH4 in a flame ioni-

zation detector. Organic carbon and carbonates are volatilized at 580°C in a He atmosphere and oxidized 
to COz by MnOz at 850°C in the first part of the analytical cycle. Elemental carbon is measured in the 

second half of the cycle by oxidation in a He-Oz atmosphere and chromatographic separation of the 02 and 

COz. Carbonates can be separated from the organic carbon by acidification of the filter. The complete 

analytical cycle requires about 30 minutes. The lower limit of detection is determined primarily by the 
black concentration on the filter, the absolute limit being substantially less than 1 ~g. 

INTRODUCTION 

Carbon has long been recognized as an important 
constituent of atmospheric aerosols. The carbon
aceous aerosol consists of carbonates, a large 
number of organic compounds, and elemental carbon 
as soot. The chemical composition and mechanisms 
of formation of organic aerosols have been re-

viewed by Grosjean. 1 Recent studies have indicated 
that soot might also be an important component of 
carbonaceous aerosol and that soot can catalyze 

the oxidation of so2 to sulfate. 2 , 3 

Although the organic fraction can be analyzed 
in a number of ways, relatively few methods have 
been reported for the analysis of elemental carbon. 

Smith et al. 4 used an infrared method which re
quired a long term grinding of the particles prior 

to analysis. Mueller et al. 5 reported a combus
tion method for total (L e. organic plus elemental) 
carbon. No single, rapid, method has been report
ed for the analysis of both organic and elemental 
carbon in aerosol samples. This report concerns 
the development and preliminary application of 
such a method. 

EXPERIMENTAL 

The method which w·as developed is a variation 
of one used frequently for the analysis of total 

organic carbon.6,? The principle of the method is 
volatilization of organic carbon in a He atmos
phere followed by oxidation of the carbon to COz, 

reduction of the C02 to CHtf, and a.1alysis of the 

CH4 in a flame ionization detector. Elemental car

bon ls oxidized to COz in an Oz-He atmosphere fol

lowed by chromatographic separation of the Oz and 

COz. The COz is reduced to CH4 and analyzed as 

above. Analyses are performed directly on the fil
ter substrate (either glass or quartz fiber) \vhich 
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is used to collect the aerosol, and no pre-treat
ment of the sample is required, A block diagram 
of the instrument is shmvn in Figure 1 and a de
tailed flow diagram in Figure 2. An explanation 
of the speciation method, which is a two step 
process, follows. 

The filter sample, which generally consists of 

four 0.25 cm2 circles, is loaded into a quartz 
boat. After purging with He (Oz content < 1 ppm) 

for 3 minutes, the sample is moved into the 580°C 
pyrolysis zone where organic carbon is volatilized. 
At this temperature efficient volatilization of 
organic carbon could be achieved without melting 
the glass fiber filter, and no oxidation of ele
mental carbon from Oz impurities in the He was 

observed. The volatilized carbon is swept into 
the oxidation zone (MnOz at 850°C) by He and con-

verted to COz. The He-COz mixture passes through 

the methanator evaluation valve and valves D, 
A, and B (c.f. Figure 2). Column Cl between 
valves A and B is bypassed. After the He-COz 

mixture leaves valve B, it is mixed with Hz and 

enters the catalytic methanator (Ni on firebrick). 
The COz is reduced to CHtf, and the CH4 is meas-

ured in a flame ionization detector. The flame 
ionization detector signal is processed in an 
electrometer-integrator-recorder system. When the 
volatilizable carbon analysis is complete, a known 
amount of calibration gas (CH4 or COz) is injected 

into the system through valve C and analyzed as 
above. 

The loading, pyrolysis, and oxidation zones 
(i.e., the sample oven) are then isolated from 
the rest of the instrument and pressurized with 
Oz. (The sample remains in the pyrolysis zone.) 

After five minutes of isolation, during which time 
elemental carbon is oxidized to C02 in the Oz-He 



He 

1Zl Valve 

Spherocarb 
Column 

Vent 

Fig. 1. Block diagram of the carbon analyzer. The loading, pyrolysis, and oxidation zones are in a 
single quartz tube. The pyrolysis and oxidation zones are at 580°C and 850°C respectively, and oxidation 
is accomplished by Mn02. The methanator is a quartz tube containing Ni on firebrick and is at 450°C. 

FID: flame ionization detector. 

Sample Oven 

- -~ Melhonalor 
1 Evolualion 

--~-]Valve 

+--~--~1---+4-... - q=t- Purge Ou! 

0 I 

He 

Air 

Fig. 2. Flow system for carbon analyzer. Valves A, B, C, D, and the methanator evaluation valve are 
multi-port, zero dead volume valves. The methanator evaluation valve is used to remove the sample oven 
from the flow system and permits measurement of the efficiency of methanation. Cl and C2 are Spherocarb 
columns. Cl is the analytical column and is 38 em long by 0.4 em i.d. 
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atmosphere, the gases in the sample oven are swept 
through the valves and into column Cl \vhich separ
ates the C02 from the 02. The column contains 

60/80 mesh Spherocarb (Analabs, Inc.), a spherical, 
non-friable, carbon molecular sieve. Oxygen is 
eluted first from the column and is vented to the 
atmosphere by valve B to prevent damage to the 
methanator. The C02 emerges from the column after 

four minutes, is mixed with H2, and is directed 

through the methanator and into the flame ioni
zation detector. The resultant CH4 is measured 

as above. When the elemental analysis is complete, 
a known amount of calibration gas is added and the 
response measured. For both the volatilizable and 
elemental calibrations the flow paths of the cali
bration gases are the same as for the sample gases. 
This minimizes problems in the electronic inte
gration which might result from different peak 
shapes. The length of an analytical run is 25 
minutes. At the present time the analysis is par
tially automated, and a fully automated system is 
being developed. 

RESULTS 

Figure 3 shows the analyzer response for an aer
osol sample on a Gelman A/E glass fiber filter. 
The peaks correspond to volatilizable carbon, vol
atilizable mode calibration, elemental carbon, and 
elemental mode calibration. The resultant carbon 
concentrations on the filter after blank subtrac-

tion are 20 ~g/cm2 of volatilizable carbon and 

1.6 ~g/cm2 of elemental carbon. Typical blank 

concentrations on the filter are 4 ~g/cm2 of vola

tilizable carbon and 0.4 ~g/cm2 of elemental car
bon. Most of the volatilizable blank corresponds 
to organic carbon on the filter, but most of the 

Volatilizable 
xl 

Volati I izable 
Calibration 

xI 

Elemental 
X 80 

Elemen!OI 
Calibration 

x5 

_RJ 
TIME 

Fig. 3. Response of the carbon analyzer to carbon
aceous aerosol on a glass fiber filter. In both 
instances the calibration peaks correspond to 
54 vg of carbon. Note the difference in the ordi
nate scales for the four peaks. 
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elemental blank probably results from an artifact 
in the system. Further work is underway to mini
mize this artifact. The atmospheric concentrations 

of carbon for the sample of Figure 3 are 8 ~g/m3 

of volatilizable carbon and 0.6 ~g/m3 of elemental 

carbon (air volume sampled: 2.55 m3/cm2 of filter; 

total mass loading: 78 vg/m3). 

The method has been tested for a number of model 
compounds by analyzing known amounts of the 
various substances. The results are shown in 
Table 1. Coronene and glutaric acid have been 
identified in aerosol samples, and humic acid is a 
soil component. All compounds were recovered at 
90% or greater efficiency. Of particular impor
tance is the lack of cross-over between the vola
tilizable and elemental modes; i.e., the organic 
compounds gave responses only in the volatilizable 
mode and graphite only in the elemental mode. 

Table 1. Efficiency of Carbon Analyzer for 
Different Carbon Compounds. 

Compound % Recovered as 

Glutaric acid 
Mannitol 
EDTA 
Oxalic acid 
Coronene 
Humic acid 
Graphite 

Volatilizable Elemental 
105 0 

98 ± 7 0 
95 0 
91 ± 7 0 
90 ± 3 0 
93 0 

0 94 ± 3 

The response of the carbon analyzer to K2co 3, 

Na2C03, and CaC03 was found to occur only in the 

volatilizable mode. Work is currently underway to 
determine the carbonate response separately by 
acidifying the samples and measuring the evolved 
C02. When this has been accomplished, the oper-

ational term "volatilizable" can be dropped, and 
the more precise terms, carbonate, organic, and 
elemental, can be used. 

The instrument has been used to analyze a small 
number of ambient samples from the Portland, Ore
gon, metropolitan area. A total of 20 high volume 
samples on Gelman A/E glass fiber filters from 6 
sites - both urban and rural - during four days in 
August 1977 were analyzed. Carbonate analysis was 
not performed, and so the volatilizable carbon in
cluded both organic and carbonate carbon. For 
these samples the average mass loading was 

80 vg/m3. The volatilizable carbon comprised an 
average of 9.4% of the total and elemental carbon 
1.2%. The ratio of elemental to total carbon was 

0.12. The heaviest concentration (2.4 ~g/m3) of 
elemental carbon was measured in an area in which 
there was considerable diesel truck activity. 
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Analysis of Adsorbed Species of Commercial Polymeric Carbons 

W. L. Fitch and D. H. Smith 
Department of Genetics 

Stanford University 
Stanford, California 94305 

ABSTRACT 

A review of the important forms of polymeric carbon (graphitic carbon) is presented. 
Research directed toward the analysis of polymeric carbon and materials adsorbed on it is 
described. A new simple, method for measuring the adsorptivity of polymeric carbons , utilizing 
tritium labeled benzo[a]pyrene, has been developed. Benzene/methanol extraction and analysis by 
combined gas chromatography/mass spectrometry (GC/MS) indicates the presence of a series of 
oxidized polynuclear aromatic hydrocarbons (PAH) as adsorbates on corrunercial carbon black samples. 
The implications of this work for the study of environmental polymeric carbons are discussed. 

INTRODUCTION 

Polymeric carbons (also called graphitic 
or elemental carbons) are defined as those 
materials which consist structurally of fused 
polycyclic ring systems composed predominantly of 
carbon. This definition encompasses a variety of 
polymers ranging in homogeneity from coal and 
soot to graphite, but excludes diamond. Polymeric 
carbons can be of natural origin (coal, graphite, 
soots from forest fires) or man-made (carbon 
blacks, fossil fuel derived soots, activated 
carbons.) Polymeric carbons have been detected in 
all environments where they have been sought, 
including sediments 1 '2, the moon 3 and 
atmospheric particulates. In spite of its 
widespread occurrence, very little is known about 
the environmental fate and effects of polymeric 
carbon. 

The physical processes which produce 
polymeric carbons 4 ,5 will also produce the lower 
homologues, the polynuclear aromatic hydrocarbons 
~PAH). These materials have known health effects 

and are routinely monitored in a variety of 
environmental compartments. Of the commercial 
polymeric carbons, the soots such as lampblack 
and the carbon blacks used in rubber tire 
manufacture have been shown to contain adsorbed 
PAH which are extractable with benzene. However, 
the finer particle size channel blacks used for 
pigments and the activated carbons used in water 
purification have not been shown to contain 
benzene extractable PAH in appreciable 
quantities. The similarities in production 
methods for these different carbons has led to 
the suspicion that the small particle size 
channel blacks and activated carbon will contain 
adsorbed PAH, but that due to a stronger 
adsorption these PAH are not extractable by 
normal means. This paper will describe our 
methods for measuring the adsorption of PAH by 
polymeric carbon samples and the analysis of 
adsorbed species on commercial samples of carbon. 

EXPERHlENTAL 

~uipment 

The gas chromatographs, mass spectrometer 
and data analysis equipment routinely used in 
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thgs laboratory have been described elsewhere 
7, . Tritium was measured with a Packard Tri 
Carb Liquid Scintillation Counter. 3H
Benzo[a]pyrene (158 microcuries/ug in benzene) 
was purchased from the Amersham Corp. Samples of 
polymeric carbons were obtained from commercial 
sources as indicated in Table 1. Elemental 
analyses were performed by the Stanford 
Department of Chemistry Microanalytical 
Laboratory. Authentic samples of PAH and 
derivatives were obtained from Aldrich Chern. Co., 
Eastman Organic Chem. and Analabs Inc. All 
solvents were Baker "Resi-analyzed" grade. 

Measurement of f_enzqf a] pyrene Adsorption 

3H-Benzo[a]pyrene solutions of specific 
activities 0.00123, 0.0510, 1.37 and 158 
microcuries/ug in toluene were prepared from the 
purchased solution and unlabelled benzo[a]pyrene. 
These solutions are stable for several months at 
room temperature if protected from light. 
Aliquots were added to 10.0 mg of the polymeric 
carbon sample in a small glass vial along with 
toluene to a final volume of 2.0 ml. Preliminary 
experiments indicated that the adsorption was 
slow, requiring several hours to reach 
equilibrium. For data collection the adsorption 
experiments were left overnight prior to 
analysis. The solution was filtered through glass 
wool, and an aliquot of the filtrate was added to 
a scintillation vial containing Liquifluor 
scintillation fluid (New England Nuclear, 15 ml) 
for counting. The channel ratios method was used 
to correct the counts per minute for quenching. 
The equilibrium benzo[a]pyrene concentration in 
solution was then calculated from the specific 
activity. The concentration of adsorbed 
benzo[a]pyrene was calculated by subtraction 
using the kn01-m weights of carbon sample and 
benzo[a]pyrene added. 

A polymeric carbon sample (5 g) was 
extracted for 20 hr in a standard soxhlet 
apparatus with benzene/methanol (9/1). The 
residue after removal of the solvent was weighed, 
dissolved in dichloromethane and the internal 
standard, 1,2,3,4-tetrachloronaphthalene (200 
ug), was added. An aliquot of this solution was 
injected on a 6 ft. 1/8 in packed column of 



Table 1. Polymeric 

Name Source 
Channel 19 b 
Channel 18 c 
Channel 15 b 
Channel 13 b 
Channel 12 b 
Channel 10 c 
Channel 4 b 
Active 9 a 
Active 8 d 
Furnace b 

Carbons Investigated 

Trade Name 
Colour Black FW200 
Neo Spectra AG 
Colour Black FW2 
Special Black 5 
Special Black 4 
Neo Spectra Mark III 
Colour Black S160 
Darco G60 
Norit A 
Corax L 

Particle 
13 
13 
13 
20 
25 
14 
20 

23 

Size (nm) 

The raw data from the 
were analyzed by the suite of 
CLEANUP, TIMSEK and SEARCH, 
described elsewhere 7, 9. The 

GC/MS experiments 
computer programs, 

Hhich have been 

Lampblack a Lampblack 44 

CLEANUP program 
produces "clean" mass spectra of components after 
subtracting background and resolving overlapping 
peaks. The TIMSEK program assigns relative 
retention indices (RRI) to each peak by 
comparison to coinjected hydrocarbon standards, 
and calculates relative concentrations in 
comparison to the added internal standard. The 
SEARCH program attempts to identify peaks by 
comparison of mass spectra and associated RRI's 
to a library of previously identified compounds. 
This library is continuously updated and now 
contains over 100 PAH and derivatives. Table 4 is 
a listing of the contents of this library. 

Graphite a Powder Grade 38 < 4Lf ,000 

Sources: 
a. Fisher Scientific Co. 
b. Degussa Inc., Pigments Division 
c. Cities Service Co. Columbian Division 
d. Matheson Coleman and Bell. 

RESULTS AND DISCUSSION 
nexsil 300 along with a mixture of hydrocarbon 
standards Cc 16 , c20 , c28 , and c36, about 1 ug 
each). The column was programmed from 120-300°C 
a.t 4°C/min. A total of 500 mass spectra were 
recorded with a mass range of'40-450. For the 
higher molecular weight PAH present in certain 
extracts, it was necessary to record 700 spectra 
to a final temperature of 325°C. 

Adsorption of Benzo[a]oyrene liY EQJymeric ~arbons 

We have measured the adsorption of 3H
benzo[a]pyrene from toluene by the channel black 
sample 1 3 (Table I, the numbers refer to oxygen 
content) over a broad range of concentrations. 
The resulting adsorption isotherm plotted as the 

Table 2. Analytical Data on Polymeric Carbons 

Name 

Channel 18 

Channel 19 

Active 8 

Channel 15 

Channel 10 

Active 9 

Graphite 

Channel 13 

Furnace 

Channel 12 

Channel 4 

Lampblack 

Elemental analysis 
c H N S 0 

81.3 0.5 0.0 0.1 18.0 0.1 

79.2 0.7 0.4 0.4 19.LI 0.0 

88.0 0.6 0.1 0.0 7.6 3.7 

83.9 0.3 0.4 0.3 14.9 0.1 

89 . 5 0 . 7 0 . 0 0 . 0 9 . 8 0 . 0 

88.7 0.7 o.o 0.0 8.8 1.8 

97.0 0.1 0.0 0.0 1.6 1.3 

85.6 0.6 0.3 0.4 13.2 o.o 

96.9 0.3 0.0 0.7 2.1 o.o 

86.0 0.7 0.4 0.4 12.4 o.o 

94.6 0.6 0.1 0.3 4.4 o.o 

96.7 0.6 0.0 1.5 0.9 0.3 

<O .1 

1 .4 

<O .1 

1.1 

<O .1 

<O .1 

<O .1 

0.85 

<0.1 

0.48 

1 .o 

0.37 

0.030 

0.056 

0.060 

0.069 

0.072 

0.083 

0.14 

0.15 

0.23 

0.36 

3.8 

40.0 

a Weight percent of the benzene/methanol extract. 
b Distribution coefficient for 10 nanograms benzo[a]pyrene 
between toluene (2 ml) and carbon (10 mg). Results in units of 
nanograms per· ml toluene/nanograms per mg carbon. 
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logarithm of the adsorbed concentration versus 
the logarithm of the equilibrium toluene 
concentration, is shown in Figure 1. Another way 
of looking at these data is presented in Figure 
2. Here the ratio of the solution concentration 
to that adsorbed is plotted against the logarithm 
of the adsorbed concentration. It can be seen 
that the distribution of benzo[a]pyrene is 
constant up to an adsorbed concentration of about 
10 ppm. It was decided to compare the 
adsorptivities of various carbons at the 1 ppm 
level. These results are shown in Table 2 and are 
discussed below. It is felt that this simple 
method is a reliable way of measuring the 
adsorptive capacities of various polymeric carbon 
for PAH. 

Identification of ~arboQ Extractables 

Each of the carbons listed in Table 1 was 
extracted with benzene/methanol for 20 hr. The 
percent extractable material is listed in Table 
2. The extracts were analyzed by combined gas 
chromatography/mass spectrometry to determine the 
chemical nature of the adsorbed species 10 The 
total ion current traces for the extracts of the 
lampblack and three channel blacks are shown in 
Figures 3-6. The identities of individual 
components were determined by comparison of both 
mass spectra and relative retention indices to 
those of authentic samples, by comparison to 
literature spectra 11 , 12 , 13 or by analysis of 
fragmentation patterns 14,15, The quantitative 
results (Table 3) are based on the calculation of 
relative concentrations by the TIMSEK program 7 
using tetrachloronaphthalene as internal 
standard. 

Table 3 lists quantitative data on the 
extractables from five channel blacks and a 
lampblack. The data are presented only for the 
most abundant member of each compound class for 
each polymeric carbon. The actual number of 
compounds quantitated from each carbon is too 
large for tabular presentation. However Table 4 
is a listing of all of the compounds which we 
have detected in these studies, together with; 1) 
their retention indices on Dexsil; 2) molecular 
weight; and 3) the basis for the structural 
assignment. \~e have not attempted to determine 
which among many possible isomeric structures is 
present for many of the materials which occur at 
low concentrations. 

Bl Graphite. Graphite consists of large 
y~o dimensional sheets of fused aromatic rings 

The layers are held together by weak van der 
Waals forces which give the material its 
characteristic properties - lubricating ability 
and softness. It is found naturally in a variety 
of places including deep Earth deposits and 
meteorites. The majority of the graphite in 
commercial use is prepared synthetically by high 
temperature conversion from less pure carbon 

black or coke. Graphite uses ran~e from 
specialized high technology items such as 
electrodes and nuclear fission moderators to 
everyday items such as pencils. Small organic 
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molecules will not survive the high temperatures 
involved in graphite formation. Extraction of a 
commercial powdered graphite sample yielded trace 
quantities of naphthalene, but no other 
extractables. The adsorbancy of graphite for 
benzo[a]pyrene (Table 2) indicates that particle 
size (and thus surface area) is not the only 
factor regulating adsorption. Although the 
particle size of our graphite sample far exceeds 
that of other carbon samples, its adsorptivity 
for benzo[a]pyrene is intermediate to samples 
with much smaller particle sizes. 

~ Active .QarQ~ Activated carbons are 
prepared by controlled pyrolysis and subsequent 
oxidative activation of organic substrates, such 
as sugar, coconut or petroleum. Their high 
adsorptive properties are due to the highly 
porous structure formed during the oxidation 
process. A large increase in the production of 
activated carbons is anticipated over the next 
several years 17 due to EPA mandated use in water 
treatment programs. The large scale use of these 
materials will necessitate a greater 
ugderstanding of their adsorptive/desorptive 
1 ' 19 and catalytic 20 properties. As prepared 
active carbons have at most trace quantities of 
extractable organic adsorbates 21 We extracted 
two commercial active carbons and were able to 
detect only trace quantities of low molecular 
weight PAH in one of the two samples. Both of 
these carbons strongly adsorbed benzo[a]pyrene as 
expected. Active carbons tend to be 
irreproducible from batch to batch in their 
adsorbancy for water pollutants 22 , and simple 
ways of measuring this property are of value. 

Ql CarbQQ ~lac~ Carbon blacks are a 
variety of materials, composed of 
microcrystalline graphite-like particles, whose 
properties vary greatly depending on their method 
of preparation 25, 24 . The major forms are: 

1) Lampblack - historically the classic 
black pigment for use in printing , now largely 
replaced by fUrnace and channel blacks. Lampblack 
is prepared commercially by incomplete combustion 
of heavy petroleum fractions. The products have 
particle sizes ranging from 40-200 nanometers and 
normally contain large amounts of adsorbed 
polynuclear aromatics. On extraction, a 
commercial lampblack sample yielded a variety of 
PAH and sulfer-containing PAH as shown in Figure 
3. The adsorpti vi ty of lampblack for 
benzo[a]pyrene (Table 2) is very low, supporting 
the idea that any PAH present will be readily 
extractable. 

2) Furnace black - the largest volume 
black at the present time, used primarily in 
rubber products including tires. These blacl<s 
are prepared in large furnaces from petroleum 
fractions and an additional energy source such as 
natural gas. Their properties vary greatly 
depending on feedstock and process technology. 
Particle sizes range mainly from 20 to 50 
nanometers. Furnace blacks, including those of 
particle size near 30 nm, have been shown to 
contain adsorbed PAH and sulfer and oxygen 
derivatives 13,25, 26, 27, 28. However, the small 
particle size furnace black which we extracted 



yielded only traces of the smaller PAH, pyrene 
being the highest molecular weight deri va ti ve 
detected. A trace of dibenzofuran was also 
detected. 

3) Channel blacks - these fine particle 
size blacks ( 10-30 nanometers) are prepared by 
impinging natural gas or petroleum based flames 
on moving metal channels. The channel blacks are 
the most expensive of the commercial blacks and 
find their use in fine pigments. To achieve 
maximum color properties, many channel products 
receive a post-oxidative treatment. The oxygen 
content of a channel black can range up to 20 
percent. 

According to the literature, channel 
blacks do not contain extractable PAH 25,29,30. 
Indeed, it was reported that small particle size 
channel blacks are so strongly adsorptive for PAH 
that they would not be readily detected even if 
present31 . our results on the adsorption of 3H
benzo[a]pyrene by channel blacks (Table 2) 
confirm this. The small particle size, high 
oxygen content channel blacks adsorb 
benzo[a]pyrene as strongly or more strongly than 
activated carbons. We have, however detected a 
series of PAH derivatives upon extraction of 
these channel black samples. 

Figures 4 and 5 show the total ion 
current traces for the extracts of two oxidized 
channel black samples. Phenanthrene is seen in 
these extracts, but no other PAH are detectable 
at this level of sensitivity. However, a variety 
of oxidized species have been identified. These 
include ketones such as 9-fluorenone, quinones 
such as anthraquinone, nitro compounds such as 1-
nitronaphthalene, anhydrides such as 1,8-
naphthalenedicarboxylic anhydride and methyl 
esters such as dimethylphthalate. The methyl 
esters were not detected when benzene alone was 
used for extraction and are presumably formed by 
acid catalyzed (these channel blacks are highly 
acidic) esterification with the methanol solvent. 
Channel samples 19 and 13 yielded similar 
results. In general, the four oxidized channel 
blacks which we obtained from Degussa Inc. showed 
increasing extractable content with increasing 
oxygen content. 

Interestingly, the two high oxygen 
content, high benzo[a]pyrene adsorption, small 
particle size channel blacks which were obtained 
from the Cities Service Corp., Columbian Division 
(channels 18 and 10, Table 1 and 2) had no 
detectable extract at all. The only noticable 
difference in these blacks is that they have much 
lower sulfer and nitrogen contents indicating 
differences in petroleum feedstock or post
oxidation technology or both. This discrepancy 
is typical of commercial products for which the 
quality control and marketability is based on a 
nonchemical criteria, such as color. 

The lowest oxygen content channel 
(channel 4, also a Degussa product) yielded an 
extract (Figure 6) which contained both PAH and 
oxidized PAH. However it did not show either the 
methyl esters or the nitro-PAH. Among the 
channels investigated, this sample was the only 
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one which does not receive a postoxidative 
treatment during its reduction. Thus, we 
speculate that the more highly oxidized PAH acids 
and nitro derivatives are formed during this high 
temperature air-oxidation. Channel 4 is also 
anomalous in its adsorption of benzo[a]pyrene 
compared to other samples of similar particle 
size. 

As mentioned, the small particle size 
channel blacks strongly adsorb benzo[a]pyrene and 
presumably other PAH as Hell. The oxidized PAH, 
Hhich appear to be readily extracted from these 
carbons generally have molecular weights in the 
170-230 range. Whether higher molecular weight 
materials are present but not extractable is not 
known. We have detected trace quantities of oxy
PAH with molecular weights up to 270. Approaches 
to improving the extraction of PAH from carbon 
blacks are described elsewhere . 

d) Soot~. Any incomplete combustion 
process Hill produce a residue of polymeric 
carbon. The major environmental concerns here 
are soots from petrochemical energy production 
and uncontrolled fires. These soots are of 
undetermined structure and admixed with a variety 
of other air pollutants. It is likely that the 
PAH and derivatives, including ketones, quinones, 
which have been detected in atmospheric 
particulates 32 ,33 are associated with the 
polymeric carbon present. We have not 
investigated any environmental soots at this 
time. 

CONCLUSIONS 

Polymeric forms of carbon are widespread 
environmental contaminants. Very little is known 
about their fate in the air or on land. 
Furthermore, little is known about the adsorptive 
and catalytic properties of these materials with 
regards to the environmental fate of other 
pollutants such as PAH or sulfer dioxide. Our 
results on the extractable components of channel 
blacks indicate that the polar PAH derivatives 
are more prevalent and more readly solubilized 
than PAH for certain carbons. Whether these 
oxidized PAH demonstrate the same cellular 
toxicities as their parent molecules is unknown. 
The recent investigations of the mutagenic 
~4operties of nitro derivatives of benzo[a]pyrene 

certainly indicates that more work is needed 
in this area. Finally, our work has particular 
relevance to one area of health concern. In 1976, 
the FDA removed carbon black from the GRAS list 
for food and cosmetic additives 35. The primary 
rational for this delisting revolved around the 
question of the presence of extractable PAH. 
Previously, only channel blacks had been allowed 
for food uses as these supposedly contained no 
PAH. The introduction of channel blacks 
utilizing varied petrocarbon feedstocks led to 
worries about quality control. Channel black 
producers were unable to satisfy the FDA as to 
the consistent nature of their products. As our 
results demonstrate, materials of competitive 
color properties can vary tremendously in terms 
of extractable content. Very careful regulation 
will be required if carbon blacks are to be 
relisted as food and cosmetics additives. 
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Table 3. Quantitative Analysis of Carbon Black Samples, 
Concentration (ppm) of Most Abundant tviember of Each Chemical Class. 

Class 

PAH 

Lamp
black 

Pyrene 
302 

Benzo[def] 
di benzo

Heterocycles thiophene 
70 

NitroPAH 

OxyPAH 

Anhydrides 

CarboxyPAH 

Fatty acids 

Benzo[def] 
pyrene-

one 
26 

Channel 
4 

Phen
anthrene 

470 

Dibenzo
furan 

190 

9-
Fluoren

one 
218 

Channel 
12 

Ph en~ 
anthrene 

12 

1-Nitro
naphtha
lene 

15 

9-

Channel 
13 

Ph en-
anthrene 

18 

A Nitro
phenan
threne 

15 

Fluoren- Anthra-
one 
21 

quinone 
23 

Channel 
15 

Phen
anthrene 

32 

Dibenzo
furan 

11 

1-Nitro 
naphtha

lene 
46 

9-

Channel 
19 

Phen
anthrene 

12 

1-Ni tro
naphtha

lene 
24 

Fluoren- Anthra-
one 
53 

quinone 
63 

Naphthalic Naphthalic Naphthalic Naphthalic Naphthalic 
161 62 137 79 79 

Phthalic 
90 

Palmitic 
18 

Phthalic 
306 

Palmitic 
18 

Phthalic 
302 

Palmitic 
15 

Phthalic 
668 

Palmitic 
43 

Table 4. Retention Indices of PAH and Derivatives. 

R.I. M.W. Basis Name 

1208 128 a Naphthalene 
1283 129 Quinoline 
1324 186 Decanoic acid methyl ester 
1340 142 A Methylnaphthalene 
1359 142 A Methylnaphthalene 
1417 154 Biphenyl 
1424 148 b Phthalic anhydride 
1439 200 Undecanoic acid methyl ester 
1477 156 b 1 ,4-Naphthoquinone 
1480 156 A c2-Naphthalene 
1481 202 Octanedioic acid dimethyl ester 
1512 194 Dimethylphthalate 
1516 152 a Acenaphthalene 
1529 181 Methylnitrobenzoate 
1532 168 t·lethylbiphenyl 
1542 214 Dodecanoic acid methyl ester 
1555 181 Methylnitrobenzoate 
1581 168 b Dibenzofuran 
1582 216 Nonanedioic acid dimethyl ester 
1628 153 b Cyclopentaquinoline 
1645 228 Tridecanoic acid methyl ester 
1657 166 Fluorene 
1686 182 b Xanthene isomer 
1708 182 Xanthene isomer 
1720 173 a 1-Nitronaphthalene 
1725 170 1,8-Naphtholactone 
17 43 242 Myristic acid dimethyl ester 
17 46 193 b 3-Nitrophthalic anhydride 
1765 173 a 2-Nitronaphthalene 
1788 244 Undecanedioic acid 
1846 184 b Dibenzothiophene 
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1848 256 
1876 180 
1894 252 
1897 193 
1905 252 
1922 178 
1928 178 
19 35 239 
1946 270 
1951 192 
2020 198 
2035 192 
2047 284 
2053 213 
2059 208 
2071 244 
2078 218 
2112 244 
2113 196 
2140 213 
21L>3 218 
2147 298 
218 4 225 
2193 297 
2205 204 
2207 218 
2208 310 
2213 202 
2232 310 
2239 218 
2248 208 
2261 198 
2263 202 
2 264 310 
2298 218 
2357 243 
2360 216 

a 

b 

a 
a 

b 
b 

b 
a 

b 

b 
b 

b 

b 

a 

a 
a 

b 
a 

Pentadecanoic acid 
9-Fluorenone 
Benzene tricarboxylic acid trimethyl ester 
6-Nitrophthalic anhydride 
Benzene tricarboxylic acid trimethyl ester 
Phenanthrene 
Anthracene 
Nitrophthalic acid dimethyl ester 
Palmitic acid methyl ester 
Benzo(def)dibenzofuran 
A Naphthalenedicarboxylic anhydride 
Methylphenanthrene 
Heptadecanoic acid 
A Nitrodibenzofuran 
Anthraquinone 
Naphthalene dicarboxylic acid dimethyl ester 
A Dinitronaphthalene 
Naphthalene dicarboxylic acid dimethyl ester 
Xanthone 
A Nitrodibenzofuran 
A Dinitronaphthalene 
Stearic acid methyl ester 
A Nitrofluorenone 
Nitrobenzenetricarboxylic 
4-H-Cyclopenta[ def] phenanthren-4-one 
A Dinitronaphthalene 
Benzene tetracarboxylic acid tetramethyl ester 
Fluoranthene 
Benzene tetracarboxylic acid tetramethyl ester 
A Naphthobenzofuran 
Benzo[def]dibenzothiophene 
Naphthalene-1 ,8-dicarboxylic anhydride 
Pyrene 
Benzene tetracarboxylic acid tetramethyl ester 
A Dinitronaphthalene 
A Nitronaphthalene dicarboxylic anhydride 
Benzo(a)fluorene 

2376 232 Benzoxanthene 
2386 223 b A Nitrophenanthrene 
2389 216 A Benzofluorene 
2396 294 Phenanthrene dicarboxylic acid dimethyl ester 
21105 208 a 9,1 0-Phenanthrenequinone 
2430 254 a 1,1-Binaphthyl 
2431 218 A Dinitronaphthalene 
2433 216 A Benzofluorene 
2542 243 A Nitronaphthalene dicarboxylic anhydride 
2547 230 A Benzofluorenone 
2562 236 A Phenanthrenediquinone 
2563 226 Cyclopenta[cd]pyrene 
2587 234 A Naphthobenzothiophene 
2603 228 a Benz(a)anthracene 
2610 254 a 1,2'-Binaphthyl 
2627 226 Benzofl uoranthene 
2678 24 2 A Naphtho[ def] di benzofuran 
2698 230 A Benzofluorenone 
2775 254 a 2,2'-Binaphthyl 
2978 268 a A Dinaphthofuran 
2993 252 Benzo[ j or k]fluoranthene 
3036 243 A Phenanthrenedicarboxylic anhydride 
3042 252 a Eenzo(a)pyrene 
3051 258 A Naphtho[def]di benzothiophene 
3081 252 a Perylene 
3127 254 6-H-Benzo[ cd] pyren-6-one 
5312 256 A Pyrenequinone 
3393 276 Indeno[ 1,2 ,3-cd]pyrene 
3475 276 Benzo[ghi]perylene 
3 520 27 2 Pyrenedicarboxyli c anhydride 
3545 276 a Anthanthrene 
3950 300 a Coronene 

basis: a - authentic sample; b - high resolution mass spectral data 
to support assignment. 
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CYANO-ARENES PRODUCED BY 
THE COMBUSTION OF NITROGEN CONTAINING FUELS 

George R. Dubay and Ronald A. Hites* 
Department of Chemical Engineering 

~1assachusetts Institute of Technology 
Cambridge, Mass. 02139 

ABSTRACT 

Cyanonaphthalenes (both isomers) and cyanoacenaphthylenes (four isomers) have been identified in the 
soot generated by the combustion of aromatic hydrocarbon fuels doped with 6-30% pyridine. These are by 
far the most abundant nitrogen containing organic compounds in this combustion effluent; multi-ring, 
nitrogen heterocyclic compounds, such as those commonly observed in airborne particulate matter, are a 
minor component. These identifications have been made by gas chromatographic mass spectrometry following 
a preliminary separation by alumina column chromatography. The environmental significance of these 
findings is discussed. 

INTRODUCTION 

Certain organic compounds in soot cause 

cancer in man 1. Determining the structures of 
these compounds and understanding their biological 
activities have been the subjects of intense 

research over the last 50 years 2, and it is now 
known that the major class of carcinogenic 
compounds associated with soot are the polycyclic 

aromatic hydrocarbons (PAH) 3. Nitrogen containing 
aromatic compounds (aza-arenes) are also asso-
ciated with soot4 and some are known to be car

cinogenic5; but, because they are much less abun
dant than PAH, these compounds have received pro
portionately less attention. In the future, how
ever, it is likely that the environmental abun
dance of aza-arenes will increase as fuels higher 
in organic nitrogen content are burned. We have, 
therefore, undertaken the identification of the 
major aza-arenes produced by the combustion of a 
model fuel containing l-6% nitrogen. 

Several researchers have developed methods 
for the analysis of aza-arenes in atmospheric 
particulate samples based on thin-layer, gas, 
paper, high pressure liquid, and column chroma-

tography and on electrophoresis 6' 10 All of these 
techniques begin with a solvent-solvent extrac
tion utilizing strong acid to partition the basic 
aza-arenes away from the PAH. This procedure ob
viously discriminates against neutral aza-arenes 
which might be present. To avoid this problem, 
we have separated the aza-arenes from the bulk of 
the PAH by alumina chromatography using gradient 
elution. 

Once the compounds are separated from the 
PAH, the identification of the exact molecular 
structures of aza-arenes is still very difficult. 
Almost all assignments made in the literature are, 
to some degree, ambiguous. Assignments have been 
based on gas chromatographic retention informa
tion and on fluorescence, UV, or electron impact 
mass spectra6• 10 In these analyses, all the 
possible isomers of a particular molecular struc
ture have not been available; and, using these 
techniques, there is no criter·i on by which the 
unavailable isomers can be ruled out. 
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To address the problem of determining the 
precise molecular structure of compounds pro
duced by combustion, we have developed a method 
based on charge exchange-chemical ionization 
mass spectrometry (CE/CIMS). We have established 
that isomeric PAH and aza-arenes have character
istic mass spectra when 5 or 10% methane in argon 

is employed as the reagent gas for CE/CIMs 11 •12 . 
The two most prominent ions in the reacting 

+ + plasma are c2H5 and Ar A molecule reacts 
either with a strongly acidic c2H5+ ion to give 

the protonated molecular ion (M+l), or it reacts 

with an Ar+ ion to give the molecular ion (M); 
the relative rates of these two reactions deter
mine the intensity ratio of the two ions. A 
high, positive correlation was found between 

ionization potential and M+l/M ratio11 . We have 
also established that this relationship holds for 

some aza-arenes and for some methylated PAH 12 . 
Aza-arenes which have ionization potentials 
differing by more than 0.1 ev can be distinguished 
using this method. 

The great potential of this technique lies 
in its predictive ability. The relationship be
tween ionization potentials and M+l/M intensity 
ratios can be established for all available iso
mers. Calculation of ionization potentials from 
molecular orbital theory will then allow predic
tion of the M+l/M ratio for unavailable isomers. 

EXPERIMENTAL 

Combustion Conditions 

Soot was obtained in two ways: 1. A solu
tion of 32% pyridine in a-xylene (6% fuel nitro
gen) was burned in a wick-fed, alcohol-lamp 
burner. Soot was collected on the exterior of a 
pre-cleaned, water-cooled, filter flask. The 
soot was removed by scrubbing the flask with 
CH 2Cl 2-soaked glass wool. The soot, glass wool, 

and associated CH 2c1 2 were put in a pre-cleaned 
Soxhlet thimble and extracted with 200 ml CH 2c1 2 
overnight. The extract volume was reduced to 1 ml 



on a rotary evaporator operating at 30° C and 15 
torr. Samples were stored in the dark at 6° C. 

2 A Meker burner was modified by replacing 
the a r inlets with oxygen feeds; the fuel inlet 
was attached to a stainless steel tube through 
which a benzene/methane mixture was passed. The 
fuel mixture was preheated to vaporize the ben
zene, and the plumbing was heated (300°C) to pre
vent condensation. Methane and 02 flows were 

maintained by critical orifices, and the benzene 
flow was measured before vaporization by passing 
the liquid through a capillary tube in which the 
upstream and downstream pressures were carefully 
measured. The liquid flows corresponded to 
Reynold's numbers of 800-1000 through the capil
lary tube; thus, the flow was always laminar and 
proportional to the pressure drop throught the 
tube. The benzene was doped with sufficient 
pyridine (5.3%) to give a fuel containing 1% 
nitrogen. Fuel equivalence ratios of 4.0 and 4.5 
were used, the CH4;c6H6 ratio was l .5, and the 
cold gas velocity was 31.8 em/sec. Soot was 

collected by a water-cooled spray probe13 and was 
trapped in glass wool packed filters. The organ
ic compounds were extracted first with acetone 
and then with CH2Cl 2. 

Column Chromatography 

In order to eliminate interferences caused 
by PAH and to obtain an enrichment of the nitrogen 
compounds, the soot extracts were fractionated 
as follows: The sample (l ml) was added to l g 
of neutral alumina (activity grade l, ICN Pharma
ceuticals) in a 25 ml beaker, and the CH2c1 2 was 
allowed to evaporate at room temperature (15 
min.). This pre-coated alumina was added to the 
top of a column prepared from 5 g of alumina with 
hexane as the solvent. Six fractions v1ere then 
eluted (see Table I). These fractions were then 
concentrated to the necessary degree on a rotary 
evaporator for analysis. 

Instrumentation 

A Hewlett-Packard 5730A gas chromatograph 
equipped with dual nitrogen-phosphorous flame 
ionization detectors (FID) was used for GC analy
ses. A Hewlett-Packard 5982A mass spectrometer 
interfaced to a 5933A data system was utilized 
for gas chromatographic mass spectrometry. 
Charge exchange-chemical ionization mass spectro
metry was performed v1ith 5% methane in argon 
(supplied by Matheson Gas Products). The flow of 
carrier gas was 10 ml/min. and the ion source 
temperature was 195° ± 2° C. The ratios of the 
protonated molecular ion to the molecular ion 
were established by adding all spectra scanned 
within a given GC peak. 

RESULTS AND DISCUSSION 

The two different combustion systems gave 
virtually identical results; therefore, they 
will not be distinguished in the following dis
cussion. As indicated in Table I, all of the 
aza-arenes were collected in fractions 3 and 4. 
The gas chromatogram of fraction 4 was extremely 
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complex. Because this fraction contained less 
than a third of the aza-arenes and because the 
identities of most of the components in this frac-

tion corresponded to those reported elsewhere 10 , 
further analyses of this fraction have not been 
pursued. 

Fraction 3 contained most of the aza-arenes, 
and gas chromatograms of this fraction are shown 
in Figure l. The upper trace was obtained with a 
normal FID and the lower with a nitrogen specific 
FID. Comparison of these two traces show that the 
nitrogen-FID and the normal FID respond equally 
to the early eluting peaks, indicating that nitro
gen is present in all of these constituents. The 
later eluting peaks were detected only by the 
normal FID, indicating that they are probably PAH. 

The electron impact and CE/CI mass spectra 
of peaks l to 7 are given in Table II. The 
spectra of peak l were interpreted as those of 
either 1- or 2-cyanonaphtha1ene, and authentic 
samples of these two compounds were obtained (K 
and K Laboratories). The exact retention time 
(by co-injection) and the electron impact and 
CE/CI mass spectra of 1-cyanonaphtha1ene were 
identical with those of peak l. The identifica
tion of peak 2 as 2-cyanonaphthalene was proven in 
a similar fashion. 

ro 2 

CN 

CN 

Peaks 3-6 all showmolecular weights of 177 
( c13H7N) (see Table rr). Based on ana 1 ogy and on 
the abundant presence of a parent hydrocarbon, 
these peaks have been tentatively identified as 
the four isomers of cyanoacenaphthylene. 

These are not known compounds and proof of their 
structure must await their systhesis. Peak 7 has 
a molecular weight of 203 (c 15H9N) and probably 

represents several unresolved cyanophenanthrene 
isomers. 

CN 

Based on the GC data, we estimate that 80% of 
the aza-arenes in fraction 3 are cyanonaphtha-
1enes, cyanoacenaphthylenes, and cyanophenan
threnes; these compounds are the most abundant 



0 4 

1 

I 

1 

8 12 16 
TIME, min. 

r1gure l. Gas chromatograms of fraction 3, isolated from the 
organic compounds produced by the combustion of a solution of 
32% pyridine in a-xylene. GC conditions: 1.8 m X 6.3 mm O.D. 
glass column packed with 3% OV-17 on 80/100 mesh Supelcoport, 
programmed from 100° C to 310° C at 8° C/min. The upper trace 
was obtained with a normal FID and the bottom trace was ob
tained with a nitrogen specific FID. 
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class or organic nitrogen compounds in the efflu
ent from these flames. Multi-ring, nitrogen 
heterocyclic compounds (such as acridine or phen
anthridine) which have been commonly observed in 

airborneparticulate matter10 are a minor compon
ent (<7%) in these effluents. 

Cyanonaphthalenes have not been found in com
bustion effluents before. They have, however, 
been found at trace levels in cigarette smoke 

tar14 •15 , in petroleum16 , in tar from the low

temperature pyrolysis of coal 17 , and in anthra

cene oil 18 . In all of these cases, it is pre
sumed that cyanonaphthalenes are formed from the 

pyrolysis of other nitrogen compounds 19 . The 
biological activity of these compounds is not 
clear. There have been reports that cyanonaph
thalenes cause irregular mitoses and chromosomal 

aberrations 14•20 , that they have insecticidal 
. 21 22 pro pert 1 es ' , and that they are toxic to the 

eggs of body lice23 . On the other hand, testing 
by a quantitative forward mutation assay using 
8-azaguanine resistance in Salmonella typhimur-
ium24 indicates that these compounds -have les-s 
than 1% of the activity of benzo[~]pyrene on a 

molar basis25 . 

The environmental significance of our re
sults is two fold. (a) The relative amount of 
cyano-arenes being produced by the combustion of 
a nitrogen containing fuel is significant (see 
Table I), and some of these compounds may be 
biologically active. Emission of largeiamounts 
of such compounds into the environment would seem 
to be undesirable. (b) Although several cyano
arenes are being produced in flames, it is not 
known if they are environmentally persistant. 
Nitrogen functional group analysis by ESCA have 
indicated the presence of the cyano functionality 
in certain urban air particulate samples 26 , but 
specific cyano-arenes have not been found in the 
atmospheric environment. Cyano-arenes may well 
be present in air particulates but, because of 
the analytical limitations outl1ned above, they 
have not yet been detected. We suggest that the 
quantity (if any) of cyano-arenes in the ambient 
air environment should be measured using tech
niques designed for these compounds. Cyano
arenes may be more prevelant than the multi-ring, 
nitrogen heterocyclic compounds studied in the 
past, and their environmental chemistry and toxi
city may warrent at least equal attention. 
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Table I 

Fractionation of the Soot Extracts 

Volume 
Fraction Solvent _1nill_ %PAl-l* %Aza-arene* 

hexane 30 0 0 

2 30% benzene, 
70% hexane 30 64 0 

3 70% benzene, 
30% hexane 30 12 15 

4 benzene 30 2 7 

5 benzene 50 0 0 

6 CH2Cl 2 50 0 0 

TOT1~L 78 22 

*Percent of total material in the various frac
tions as measured from the normal FlO or nitro
gen-specific FID responses, respectively. 

Table II 

Mass Spectra of Peaks l to 7 in the 

EI (top) and CE/CI (bottom) Modes 

PEAK 

-~------·· 

2 3 4 5 6 7 
m/e int m/e int m/e int m/e int m/ e -----rnt m/e int m/e int 

r~ + 154 13 154 13 178 15 178 16 178 18 178 19 204 22 
M 153 l 00 153 l 00 177 100 177 100 177 100 177 100 203 100 
t·1 - H 152 7 152 8 176 15 176 8 176 11 176 11 202 13 
t~ - CN 127 5 127 5 151 9 151 6 151 4 151 4 177 6 
~1 - HCN 126 17 126 15 150 18 150 15 150 13 150 18 176 10 
Others 125 4 125 3 179 5 179 7 179 4 179 4 201 13 

175 6 175 4 175 7 175 6 175 7 
149 4 149 6 149 7 149 3 151 6 

~1 153 38 153 40 177 41 177 45 177 38 177 42 203 46 
M + 1-1 154 100 154 "100 178 100 178 100 178 100 178 100 204 100 
~1 + 2 155 15 155 14 179 25 179 18 179 17 179 16 205 17 
M + Ci-13 168 9 168 9 192 6 192 8 192 13 192 16 218 11 
~1 + C2Hs 182 35 182 37 206 34 206 40 206 45 206 44 232 41 
M + 30 183 6 183 5 207 14 207 8 207 11 207 11 233 9 
Others 156 6 156 3 180 14 180 9 180 10 180 8 206 10 

208 6 208 6 208 3 208 5 234 5 

M + 1/tlj* 2.63 2.37 2.33 2. l 0 2.49 2.27 2. 01 

*corrected for 13 C. 
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CONTRIBUTION OF HIGH-RESOLUTION MASS SPECTROMETRY TO SPECIATION OF PARTICULATE CARBON 

Dagmar Rais Cronn 
Hashington State University 

Pullman, WA 99164 

ABSTRACT 

The analytical technique to be discussed was developed as a result of interest in the molecular nature 
of atmospheric aerosols. Particular attention has been given to the organic material present in photo
chemical smog in field studies in St. Louis and Los Angeles. Quantitative molecular information is 
obtained by computer-controlled, high-resolution, mass spectrometric thermal analysis (HRMSTA). A des
criptive explanation of the techn·ique is given. Examples which demonstrate the utility of the method as 
well as the unique information available from the method are presented. 

INTRODUCTION 

The first paper to appear on the application of 
computer-controlled, high-resolution, mass spec
trometry (CCHRMS) to air pol"lution analysis, as 
developed at the University of Washington, appear
ed in 19731. The analytical technique has not yet 
been utilized by others for analysis of air pol
lutants despite the unique capabilities of the 
method. This is presumable due to the expense of 
acquiring and operating a high resolution mass spec
trometer. Quantitative molecular information 
about atmospheric aerosols is obtained using tech
niques designed to minimize sample handling. The 
sensitivity is sufficient to report results for 
real samples of urban smog aerosol in addition to 
studies of simulated atmospheres ·in smog chambers. 
The technique is especially important due to 
attainment of molecular identification as opposed 
to the ionic information available from more tra
ditional wet chemical analyses or elemental infor
mation from such methods as X-ray fluorescence 
or neutron activation. Furthermore, this method 
provides qualitative identification of specific 
organic components as well as several inorganic 
compounds rather than such information as total 
organics identified as benzene soluble material. 
And, as mentioned, the information available from 
this MS technique is quantitative, providing con
centrations of components in micrograms per cubic 
meter'. 

The CCHRMS method also has one distinct advan
tage over gas chromatography mass spectrometry 
(GCMS). The method does not require the solvent 
extraction and concentration steps necessary for 
GCMS analysis. The filter punches or impaction 
plates are inserted directly into the mass spec
trometer by a probe specially designed to temper
ature program the sample after insertion into the 
instrument. Thus, the individual compounds in the 
aerosol sample are thermally desorbed into the 
source region of the mass spectrometer according 
to their vapor pressures. Further separation of 
the multicomponent mixture can then be achieved 
due to the high resolution capability of the 
instrument. Most GCMS equipment only provides so
called unit mass resolution so that mass fragments 
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of a single nominal mass cannot be resolved from 
each other as in high resolution instruments. 

Two additional papers have been published des
cribing the results of the application of this 
analysis method to urban smog aerosols.2,3 The 
first of these papers reports the initial identi
fication in ambient urban particulate matter of a 
number of different highly oxidized secondary 
organic aerosol components. The second paper 
delineates the diurnal pattern of various organic 
aerosol components with sampling periods as short 
as two hours and shows that the temporal behavior 
of presumed primary organic constituents differs 
from that of the secondary organic components. 
Additional details about the aerosol analysis tech
nique used at the University of Washington can be 
found in the dissertations which have resulted 
from the program 4,5,6 and the final report to 
the Environmental Protection Agency.? 

EXPERIMENTAl_ 

Since atmospheric aerosol size distributions at 
the earth's surface are bimodal, the sampling 
apparati used for sample collection for CCHRMS 
analysis separate the particles into two fractions. 
Early work showed that most of the organic aerosol 
pollutants exist in the so-called accumulation 
mode between 0.1 and l-2 microns. In one sampling 
system, the coarse particles above l-2 microns are 
collected by impaction before the accumulation mode 
is collected on a glass fiber filter. In the other 
sample collection device, respirable particles are 
collected with a high volume sampler equipped with 
a cyclone to remove particles above 3.5 microns. 

The sample analysis scheme is shown in Fig. l. 
Filters are baked at 500°C for 24 h to remove 
organic impurities before sampling. After the 
samples have been collected, 7 mm discs are punch
ed from the filters and both filter and impaction 
samples are transported and stored until analysis 
at dry ice temperatures to minimize sample reac
tions or loss due to volatilization. 

After a sample is inserted into the source 
region of the mass spectrometer using the temper
ature programmable probe, the aerosol constituents 



SAMPLE AN~.LYSIS SCHEME 

TRANSPORT 8 STORAGE 
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CONCENTRATION OF COMPOUNDS 
(p.g/m3) 

Fig. l. Flow diagram of the sample analysis scheme 
used for CCHRMS analysis. 

are thermally desorbed by heating from room temper
ature to about 380°C. The probe is maintained iso
thermally until data acquisition is complete. 

As the aerosol is being vaporized, mass spectral 
scans are acquired by the computer and the raw mass 
spectral data is stored on magnetic tape. Subse
quent computer data reduction and analysis is re
quired before the final output in the form of con
centrations of various aerosol constituents in 
micrograms per cubic meter is obtained. After 
acquisition and storage of mass spectral scans, the 
computer is used to calculate peak centroid times 
and heights. Then the mass of every fragment in 
every mass scan of a sample is calculated by inter
polation from a few known mass fragments. The cal
culated masses are then compared to a mass file 
which contains mass and elemental composition of 
the fragments so far identified in air particulate 
matter samples. The computer than compiles for 
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each mass in the mass file the intensity or peak 
height as a function of time and hence temperature. 
This time-height compilation for each mass is 
referred to as a mass thermogram. An example of a 
mass thermogram for the N02+ peak is shown in 

Fig. 2. The area under the curve within the appro
priate temperature limits is proportional to the 
amount of some compound in the sample. In this 
case, the mass thermogram can give the amounts of 
both NH4No3 and NaN03 since the two compounds 

vaporize into the MS at different temperatures 
(or times). 

Compound files stored on magnetic tape contain 
the parameters for calculation of concentrations of 
aerosol components. The computer calculates the 
area under the mass thermogram of the identifying 
mass fragments. Figure 3 shows the subsequent cal
culation for concentrations of the various compo
nents in the sample. About 80 components are 
routinely identified in urban aerosol samples. 
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Fig. 2. An example of a mass thermogram for the 
mass fragment N02+ The integrated area under the 

curve within the appropriate temperature limits is 
related to the concentration of the sample compo
nents NH4No3 and NaN03. 



3 Ax X 
CONCENTRATION (119/m ) ~ A R • A • M 

s 

Ax AREA OF MASS THERMOGRAM FOR IDENTIFYING MASS 

A
5 

AREA OF MASS THERMOGRAM OF INTERNAL STANDARD 

X MICROGRAMS OF STANDARD ADDED TO SAMPLE 

R RESPONSE FACTOR 

A ALIQUOT OF SAMPLE 

M CUBIC METERS OF AIR SAMPLED 

1Fig. 3. The quantity of a given material present 
can be calculated by this formula. 

DISCUSSION 

Qualitative identification of compounds by mass 
spectral analysis is complicated by the fact that 
it is difficult to distinquish between various iso
mers which may have the same elemental composition. 
Therefore, attributing a particular identifying 
mass fragment to a particular compound is not an 
infallible process. 

Quantitatively, the largest source of error for 
a compound is likely to be the response factor used 
for the calculation. Some response factors have 
been empirically determined in the lab, which 
lowers this source of error for those compounds for 
which this has been done. Other response factors 
have been taken from the literature or guessed at 
based on similarities to other compounds. Because 
of this, absolute accuracy may be no better than 
about a factor of two or three. But the relative 
precision of the method is much better--say 20% on 
a relative comparison basis between samples. 
Therefore, although there may be an absolute bias 
in the concentrations of a particular compound, the 
relative comparison between samples is meaningful. 

The general accuracy of the method for the more 
abundant components is fairly good, as seen in 
Fig. 4 by comparing the summation of only organic 
material identified by mass spectrometry and the 
total noncarbonate carbon in each sample as ana
lyzed on a total carbon analyzer by the California 
Air and Industrial Hygiene Laboratory (AIHL). The 
mass spectrometer data would be expected to be a 
little higher to account for the weight of the 
elements other than carbon in the organic material. 
An average of 23% of the total mass loading is 
identified as organic material for this one day in 
the Los Angeles area. Figure 4 also shows what 
portion of the total respirable mass loading 
(> 3.5 JJm) was identified by CCHRMS. The total 

m;ss loading of the atmosphere in JJg/m3 is shown as 
a function of time of day. The total mass increas
ed from overnight low values to a maximum in the 
late afternoon and then decreased again during the 
evening. Also shown in Fig. 4 is the total mass 
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Fig. 4. Visual presentation of the diurnal varia
tion of suspended particulate matter ~ 3.5 microns 
(_),the mass of organic plus inorganic components 
accounted for in these samples by CCHRMS (· · ·· ·), 
the organic mass accounted for by CCHRMS (----) 
which can be compared with the total carbon defin
ed as the sum of volatile carbon determined by a 
Dupont Thermal Evolution Analyzer and non-volatile 
carbon (-.-·- ). 

accounted for in each sample by the mass spectro
metric analysis. This fiqure was obtained by 
summing the concentration of each component identi
fied in the sample, both orqanic and inorganic. An 
average of 45% of the total mass of each sample 
was accounted for by this technique. The compari
son would be even more favorable if the inorganic 
nitrate compounds' response factors had been adj
usted to agree with the total nitrate determined 
by wet chemical methods. The sulfate concentra
tion of samples from the West Covina site and the 
Washington University site in St. Louis are shown 
in Fig. 5. The West Covina samples were analyzed 
by a classical wet chemical method by AIHL as well 
as by CCHRMS. The correlation coefficient for the 
nine samples is 0.96. The Washington University 
samples were analyzed by three means: (l)CCHRMS, 
(2) a fast cyclic scanning MS method developed by 
Rich Knights at the University of \~ashington, and 
(3) a flame photometric method developed by Paul 
Roberts at the California Institute of Technology. 
Again, the accuracy of the CCHRMS method is good. 

Note that S04= dominates the submicrometer aerosol 
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Fig. 5. Visual comparison of the temporal changes 
in sulfate concentration determined by four sepa-
rate analysis techniques: = CCHRMS; for 
Washington Un·iversity, ---- = a computer controlled 
fast cyclic scan mass spectrometric thermal analy
sis technique developed specifically for inorganic 
air pollutants by R. L. Knights; for West Covina, 

wet chemical analysis by AIHL; ···-·- = flash 
varporization followed by flame photometric detec
tion, a technique developed by P. Roberts at the 
California Institute of Technology. 

at both sites. The largest single component in 
each sample is sulfate. Sulfate averaged roughly 
20% of the total aerosol at West Covina on July 24, 
1973. 

The CCHRMS method has provided several instances 
of unique information about atmospheric aerosols 
which would not have been available by any other 
means. Several groups of organic compounds have 
been identified for the first time in airborne 
particulate matter. These include presumed photo
oxidation products of cycloalkenes and/or diole
fins, toluene and plant emissions (especially 
a 1 ph a pinene). Differences in the tempora 1 behavior 
of individual primary and secondary aerosol con
stituents have been followed and explained based on 
the meteorological conditions and the different 
sources (sources of precursors for secondary con
stituents). 

Samples were collected in St. Louis in conjunc
tion with intensive sampling by other research 
groups under an EPA grant. Other samples were 
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collected in the Los Angeles area as part of the 
California Air Characterization Experiment (ACHEX) 
in cooperation with the Air and Industrial Hygiene 
Lab of the California Department of Public Health. 

The site monitored in the Los Angeles area was 
in West Covina about 30 km east of downtown 
Los Angeles. Three sites were monitored in the 
St. Louis area: One was on a soccer field on the 
Washington University campus in a residential area 
about 12 km west of the Arch. Another was on the 
roof of the Holiday Inn, much closer to the con
gested central city and nearby industry. Tyson 
Hollow was a more rural location about 35 km west
southwest of the Arch. Samples orovidina 4-h and 
2-h time resolution were obtained at St. Louis and 
West Covina, respectively, in 1973. 

Several observations could be made about com
parison between the two urban sites. First, the 
chemical species at both cities were much the same. 
Second, the amounts of materials at West Covina 
were generally greater than those in St. Louis. 
Very low concentrat·ions of most materials were 
found at the rural site at Tyson. Most materials 
at Tyson increased when there was transport from 
the St. Louis direction. Third, there were greater 
excursions of concentration in the L.A. area. 
Fourth, there was a definite pronounced diurnal 
variation in each of the compounds appearing in 
sufficient amount to give reliable quantitative 
variations. Fifth, there were different kinds of 
diurnal variations shown by different compounds 
and sixth, the type of daily cycle of a given com
pound was most often the same for both cities 
studied. 

Concentrations of materials at Holiday Inn were 
similar to those at l~ashington Un-iversity despite 
the proximity to the downtown and industrial areas. 
This was attributed to better dilution at the 
twelfth floor height and/or differences in meteor
ological conditions. 

The diurnal variations of inorganic secondary 
su'Jfate aerosol in the tv10 cities have already been 
presented in Fig. 5. The diurnal variations in 
total particulate alkanes are shown in Fig. 6. The 
morning increases in concentrations at both cities 
have been attributed to primary auto emissions in 
the vicinity of the sampling sites. Wind trajec
tory analysis in the L.A. basin for July 24, 1973 
indicated the mid-afternoon peak in alkanes at 
West Covina was likely due to advection of the 
emissions from the industrial complex in the vicin
ity of Dominquez Hills. Visual comparison of the 
carbon monoxide trace for the \IJashington University 
site with the behavior of total alkanes corrobo
rates the attribution of this component of the 
aerosol to an automotive source. Morning and 
evening traffic periods account for part of 
the behavior. Freshman orientation week at 
\vashington University occurred the first week in 
September of 1973. The heavy evening traffic gen
erated by the dormitories near the sampling site 
accounted for the huge late evening primary par
ticulate loading. High numbers of particles in the 
nuclei mode at the sampling site also indicated 
freshly generated aerosol. 
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Fig. 6. The diurnal variations of total particu
late alkanes for West Covina, California and 
St. Louis, Missouri. See text for discussion of 
meteorology and sources which account for the dif
fering behavior. The correlation of carbon mon
oxide at the Washington University site in 
St. Louis with this primary component is also 
shown. 

A clear qualitative difference from the temporal 
behavior of the representative primary aerosol 
component shown in Fig. 6 can be seen in the 
diurnal variation of hexanedioic acid shown in 
Fig. 7. The precursor for this presumed secon
dary air pollutant is thought to be cyclohexene. 
Support for classifying this compound as a secon
dary component of the aerosol can be seen in Fig. 
8. The correlation of hexanedioic acid and ozone 
concentration is significant while there is no 
significant correlation between total particulate 
alkanes and ozone. 

CONCLUSIONS AND RECOMMENDATIONS 

High resolution mass spectrometry has already 
been proven a uniquely useful tool for the analy
sis of airborne particulate matter. The technique 
in its present form has not been nearly exhausted 
in terms of the information which could be acquir
ed. Further analysis of a greater number of 
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Fig. 7. Diurnal variation on July 24, 1973 at West 
Covina, California of hexanedioic acid, a presumed 
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ambient samples should be made to document the var
iety of organic components and their concentrations 
existing near specific source types. Analysis of 
smog chamber samples would provide information on 
other potential photochemically produced aerosol 
components. Identification of the components of 
auto exhaust should also be pursued utilizing this 
method. 

Some further instrumentation developmental work 
would provide even further capabilities. Chemical 
ionization rather than the current electron impact 
ionization would increase the sensitivity by put
ting larger amounts of ion current into a fewer 
number of mass fragments. Since the mass fragments 
formed by chemical ionization are more indicative 
of the molecular weight of a specific component, 
the correct qualitative identification would be 
more assured and the selectivity of the technique 
improved. Faster cyclic scanning which is not pos
sible with the present system would increase the 
precision of the quantification. Elimination of 
the internal mass marker standard (PFKHB), by use 
of a double beam instrument, or otherwise, would 
lessen the numbers of mass fragments in each mass 
scan and also lessen the chance of confusing mass 
marker peaks with sample peaks. Multiple ion de
tection would allow the sensitivity to be greatly 
enhanced for a few specific compo~ents of special 
interest. 

The only disadvantage of CCHRMS for analysis of 
airborne pollutants is the acquisition and operat
ing costs of a high resolution mass spectrometer 
system. Certainly, the information obtained to 
date supports the conclusion that the gain has 
been well worth the cost. 
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ANALYSIS OF CARBONACEOUS PARTICULATES AND CHARACTERIZATION OF THEIR SO!JRCFS BY 
LOW-LEVEL RADIOCARBON COUNTING AND PYROLYSIS/GAS CHROMATOGRAP!IY /~lASS SPECTROMETRY 
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ABSTRACT 

The chemical nature and fossil fuel contribution to urban, rural and indoor 
atmospheric carbonaceous particulate samples have been studied by a combination of 
pyrolysis/gas chromatography/mass spectrometry (Py/GC/~IS) and low-level miniradiocarbon 
counting. The latter method is applied here for the first time to iust milliaram 
amountS Of atmOSpheriC particulate material c~10 mg Carbon) I and it has ShOWn~a 
striking difference between the biogenic/fossil carbon content of urban and desert 
samples. Application of Py/GC/'1S to the insoluble carbonaceous fraction has provided 
information on sources and characteristics of the primary carbonaceous material. 

INTRODUCTJ ON 

A major portion of atmospheric parti
cles in urban and rural areas consists of 
carbonaceous material which derives from 
both anthropogenic and biogenic sources. 
These materials can enter into complex 
photochemical reactions leading to-visi
bility reduction and possible health 
effects. A concern in contemporary atmos
pheric research is the development of 
techniques having the capacity to discern 
the various sources of this carbonaceous 
material. Two methodologies are presented 
which are currently being develop~d for 
source identification: low level mini
radiocarbon counting and pyrolysis/gas 
chromatography/mass spectrometry (Py/GC/ 
~JS). For the former method S-10 mg of 
carbon is necessary; for the latter about 
1 mg of sample will suffice. 

Through the measurement of the iso

topic c14 c) composition, definitive 
conclusions can be drawn as to the 
relative anthropogenic versus biogenic 
origins of carbonaceous particulate 
material. A biogenic source of the 
compound(s) in question will result in a 
14c; 12c ratio which reflects the present 
equilibrium worldwide atmospheric-value, 
while anthropogenic contributions-almost 
entirely fossil fuel derived-will be 
devoid of radiocarbon due to their 

geological age 1 • 2 Py/GC/MS is used to 
fingerprint the insoluble carbonaceous 
portion (polymeric, graphitic) of particu
late samples, which undergoes little 
chemical or physical transformation durin 
transport from the source to the point o 
collection. The rationale for combining 
these two approaches is that they possess 
a very important independence and com
plementarity. Pattern recognition 

techniques applied to the Py/GC/MS data on 
the insoluble carbonaceous material (ICM) 
will yield source-correlation information, 
whereas radiocarbon measurements can serve 
for source validation because of its 
unique relationship to fossil versus 
non-fossil origin. 

Samples characterized in this study 
include two from urban locations (Azusa 
[Los Angeles] and Salt Lake City), one 
from a remote area (desert) , and one 
("indoor" from within a laboratorv office. 
Besides radiocarbon and Py/GC/~S 

es, applied to each of three samples, 
one samnle (Azusa) was submitted also to 
thermogravimetric ana is (TGA). The 
results of these analvses showed the 
desert samnle to cont~in little carbon, 
most of which was natural (biooenic) in 
origin, while the urhan sample~ contained 
three to four times as much carhon whose 
isotopic (radiocarbon) and molecular (JCM) 
composition was consistent with major 
inp0t from fossil sources. 

ISOTOPIC (RADIOCARBON) CllARt\CTFRJZATION 

The facility which has been develoned 
at NBS to determine the fossil carbon con-
tent of atmospheric particles has -
extended the state-of-the-art of low-level 
radiocarbon counting in several ways. 
Required sample sizes are about 100 times 
smaller than conventionally used for 
radiocarbon elating; backgrounr1 is reduced 
through the use of multidimensional 
spect~oscopy and hi?h purity construction 
materials; and spec1al measures are taken 
to assure background reproducibility and 
to eliminate spurious events (pulse~) and 
sample contamination. 

The 14c measurement process consists 
of two steps: quantitati~e conversion of 
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the carbonaceous material to high-purity 
carbon dioxide (counting gas), and low
level proportional counter spectroscopy 
in specially-constructed small volume gas 
counters. (The counter used in the 
present study is made of high-purity 
quartz and has a volume of ~15 mL.) Both 
phases of the measurements required 
special techniques. The preparation of 
the counting gas from air particulate 
samples presented special handling and 
purification problems, due to the rela
tively large sample (filter) areas 
involved and the large amounts of sulfur 
and nitrogen oxides produced during com
bustion. Long-term counting of the 
samples, on the other hand, required on
line monitoring of gas purity, system 
gain and background reliability. Methods 
for attacking these chemical and counting 
problems are discussed below. 

Sample Preparation 

Counting gas (C0 2) was prepared by 

means of a combustion-purification (vacuum) 
system, which incorporated a volumetric 
section for quantitative assay and trans
fer of the purified sample. Large air 
filters presented a special challenge, 
however, because the initial design for 
the combustion furnace incorporated only 
a 10 mm ID silica tube -- suitable for 
handling mg-size carbon samples which are 
compact. Consequently a method was sought 
to remove the atmospheric particulate 
matter from glass fiber filters in order 
to reduce the volume of the sample to a 
size compatible with the small bore com
bustion tube. The first approach was 
mechanical scraping of the deposit from 
the filter with a nickel spatula. This 
proved unsatisfactory in that it was 
impossible to remove the particulate 
matter without carrying more than half of 
the filter with it. The second approach 
involved ultrasonic agitation in distilled 
water to remove the particulate matter, 
followed by filtration of the suspended 
material on Nucleopore membrane filter 
(0.8 ]Jm pore size)·, and "lifting" the 
resultant deposit from the membrane 
filter. The method was quite inefficient, 
leading to large and variable losses 
(typically ~so percent). The final solu
tion to the problem was to build a (new) 
combustion furnace large enough to accom
modate an entire glass (or quartz) fiber 
filter as shown in Figure 1 and described 
below. The advantages to this approach 
are minimum sampl~ handling and prepara
tion; the disadvantages are increased 
volume in the combustion train and, in the 
case of the glass fiber filter, the 
possibility of melting the filter and 
fusing the air particulate matter within 
it. 

The vacuum system consists of three 
stages to which samples are subjected in 
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order to recover carbon in the form of 
high-purity co 2 . The combustion and puri 

fication train (stage 1) includes an 
afterburner to decompose/oxidize organic 
vapors, a CuO furnace to completely 
oxidize CO, and an Ag furnace to remove 
vapors containing sulfur or halogens. 
Such gaseous compounds formed during com
bustion would otherwise remain with the 

gaseous co 2 and reduce the 14c counting 

efficiency. The trapping area (stage 2) 
utilizes three spiral traps: T1 at -78 °C 

(dry ice-methylene chloride bath), for the 
removal of H2o vapor; and T2 and T3 both 

at -196 °C (liquid nitrogen bath), for 
condensing co 2 . Following the combustion 
process, the sample is sublimed to the 
transfer area (stage 3), where the amount 
of co 2 is determined by volumetric 

techniques. 

The conversion of a carbonaceous 
sample to counting gas takes place as 
follows: In the first of the three stages 
the sample is loaded into the combustion 
furnace and the system is evacuated. 
Stopcock d is then closed, and the fur
naces turned on. (Stopcock e remains 
open.) While the furnace temperatures 
are rising, trap coolants are set in 
position. Oxygen is admitted through 
stopcock a. Stopcock b. is opened 
slightly to maintain just less than one 
atmosphere in volume a-b and ~100 mmHg 
pressure in the trapping area. This 
throttling procedure is necessary because 
0 2 will condense at liquid nitrogen temp-

erature if its pressure exceeds 110 mmHg. 
Furnaces in the combustion area are raised 
to the following temperatures: Pt -
afterburner (packed with platinum gauze 
and quartz wool), 900 °C; CuO, 800 °C; 
and Ag-wool, 400 °C. The combustion 
proceeds by raising the main combustion 
furnace to 900 °C over a period of 
about one hour. (For certain small-volume 
samples, like wood cellulose, a torch is 
more convenient for initiating combus
tion.) 

The second stage consists of trapping 
water in T1 and the co2 sample in T

2 
and 

T3 . The system is continually pumped 

during combustion, and for at least 15 
minutes after the completion of combus
tion, to remove any residual 0

2
. 

The final stage consists of transfer
ing sample co 2 contained in traps T

2 
and 

T3 to the transfer area and collecting it 

in the sample bulb. This is accomplished 
by closing stopcocks b, d, and e; sub
mersing the sample bulb In liquid nitro
gen, opening stopcock f; and then removir-
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Fig. 1. Schematic diagram of the sample preparation system for the conversion 
of particulate carbonaceous material to purified counting gas (C0 2). 

the liquid nitrogen at T2 and T3 . co 2 
then sublimes through T1 (still at -78 °C) 

and recondenses in the sample bulb. The 
recovery is determined by expansion of the 
sample co 2 into known volume £·& and 

noting the pressure and temperature. 

Two significant problems were encoun
tered in the conversion of samples to 
counting gas: recovery and purity. 
Recovery was initially low and variable 
prior to the addition of the second 
liquid nitrogen trap (T 3) and to packing 

the first one (T 2) with glass chips. 

Through these steps, overall recovery-as 
determined by the combustion of cellulose 
(cotton) and oxalic acid dihydrate-was 
increased from about 60 to about 87 per
cent. Efforts to obtain quantitative 
recovery are still underway. 
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Purity requirements for co 2 as a 

counting gas are extreme; even ~ppm of 
electronegative species can seriously 

impair counting efficiency3 We found 
oxygen (because of retention in Teflon
containing valves) and nitrogen oxides 
(especially from air particulates) partie 
ularly troublesome. The former was 
eliminated by limiting the exposure of 
Teflon in the system; and the latter, by 
redistilling the sample co 2 fro~ (rather 

than through) a -78 °C bath. In this way, 
N2o4 teilCfe<rto be well separated from the 

counting gas. Purity monitoring will be 
discussed in the following section. 

Radiocarbon Count 

Determination of the fraction of 
contemporary (or fossil) carbon rests upon 

the accurate measurement of the 14c; 1 



ratio in the sample as compared to that 
in known contemporary, biogenic carbon. 
The accuracy with which we can measure 
this ratio depends upon (1) the Poisson 
(counting statistics) imprecision - which 
is fixed by the counting time and the 
counting rates for the sample, background, 
and contemporary carbon; and (2) the 
stability of the counter efficiency (and 
gain) and background rate. For the cur
rent system (15 mL quartz counter, overall 
counting efficiency of about 80 percent) 
the background and (net) contemporary bio
genic carbon rates (for 10 mg-carbon) are 
approximately 0.12 counts per minute (cpm) 
and 0.14 cpm, respectively. As a result, 
one to two days of counting time is needed 
to attain (Poisson) precision to ade
quately determine the percent of sample 
carbon which arises from fossil sources. 
A quantitative discussion and nomogram for 
relating counting precision, counting time, 
fossil carbon content, and background and 
contemporary rates is given in Ref. 2. 

Accurate measurements of such small 
quantities of radiocarbon are critically 
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dependent on stability (background, 
efficiency), as noted above, as well as 
rejection of spurious pulses and contami
nants. In Table 1, an experimental 
assessment of background stability is 
shown. In this case the actual variabil
ity of a set of 15 hour observations was 
consistent with that expected from Poisson 
statistics -- equivalent to a relative 
standard deviation of about 8 percent. 
Spectroscopic discrimination, for the 
rejection of spurious events plus certain 
radioactive contaminants, is based on 
pulse energy (pulse height analysis) -
pulse shape analysis. This permits us 
to distinguish between different classes 
of decay particles because of the depen
dence of the relationship between pulse 
height and track length (pulse shape) on 
the type of event. The resulting two 
dimensional spectra appear as in Figure 2, 
where pulse height is defined on the 
x-axis and the pulse shape parameter, on 
they-axis. Pulses corresponding to 
short-range events (tritium, radon, ... ) 
in the counter would be found in a narrow 
band at the 45-degree diagonal between 
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Fig. 2. Two parameter proportional-counter spectrum for the Salt Lake City sample. 
Abscissa represents pulse energy (E); ordinate, pulse shape (ADP). Spurious pulses 
appear above the 45° dashed line. 
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the two axes; and events above the 
45-degree line may be ascribed to electri
cal noise. Such noise, which is a serious 
problem in small counters, may arise in 
part from electrical distortion at the 
ends of the counter wall. As seen in the 
figure the spurious pulses in this partic
ular case are relatively few (8 out of 
575) and they are well isolated (upper 
left~hand corner of spectrum). Such is 
not always the case. 

Table 1. Background Reproducibility of a 

15 mL Quartz Mini-Radiocarbon Countera. 

Observa- Counting Observed 
tion No. Time (min) Rate (q~ml_ 

1 906 0.174 

2 911 0.165 

3 880 0.133 

4 850 0.150 

5 940 0.160 

6 925 0.159 

Observed mean and calculated S.D. (s): 
0.154 ± 0.014 cpm 

Poisson S.D. (cr): 0.013 cpm 
P Cx 2

) = 0.6 

aL.A. Currie and R.B. Murphy, unpublished 
data. These measurements preceded 
improved shielding and meson cancella
tion experiments, which reduced the 
background to about 0.12 cpm. 

Further information for the sample of 
Figure 2 (Salt Lake City sample) as well 
as background rates and monitoring para
meters is given in Table 2. (In this and 
all subsequent tables, uncertainties 
represent Poisson standard deviations.) 
The upper section of the table indicates 
the overall background reduction by a 
factor of 250 through the combination of 
shielding, meson cancellation (anti
coincidence) and pulse shape spectroscopy. 
The lower portion ("output data") includes 
the actual counting data obtained with the 
sample of particulate matter from Salt 
Lake City. Here, the residual ("AC") 
counting rate exceeds the background rate, 
indicating the presence of some biogenic 
carbon; and extrapolation and spurious 
pulse corrections are relatively minor. 

Meson (coincidence) rate and channel 
location are critical on-line monitoring 
parameters. The location, which should 
remain between channels 10-50 for proper 
operation, indicates overall system gain; 
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Table 2. Control Parameters, Radiocarbon 
Counting. 

~~ckgro~nd _ Ra :t:.~ __ i.'=.J?..ll1_;__]2_mL coun te_lJ_: 

No shield (<v30); Fe shield (9.3); ACa(O.l2) 

Output Data (Salt Lake City sample) 

Counting time: 2.7 days 

Barom. Pressure: 749.5/745.1 (mmHg) 

Guard rate: 
Meson rate: 
~1eson location: 

AC rate: 
Spurious pulses: 
Extrapolation: 

1021.8 ±0.5 cpm 
9.40±0.05 cpm 

31.0 ±0.2 (channels) 

0.148±0.006 cpm 
1.4 percent 

+2.3 percent 

Sample size: 5.3 mg (carbon) 

aAC equals the anticoincidence rate -
i.e., the residual counting rate, due to 
signal and background after correction 
for mesons (coincidence counts) and 
spurious events (pulse shape analysis), 
and extrapolation to zero discriminator 
level. 

and its stability is a vital index of 
electronic plus counting gas stability. 
The meson rate, on the other hand, is the 
control for counting efficiency. Small 
amounts of electronegative impurities in 
the counting gas lead to depression of 
meson (and radiocarbon) counting rates, 
which is doubly deleterious: (a) an 
already small signal is further reduced, 

causing poorer precision 4 ; and (b) the 
actual efficiency, for calculating per
cent biogenic carbon, differs from the 
calibration value obtained with pure 
counting gas. Small efficiency losses can 
be tolerated and adequate corrections 
made, but losses in excess of about 20 
percent lead to significant additional 
systematic and random error. Use of the 
meson rate as an efficiency monitor will 
be shown in the following section. 

Content of Air Particulate 

14c;12c . d . ' f . rat1os were eterm1neu or 
one rural (desert) and two urban air 
particulate samples which were collected 
on 20 em x 25 em filters as summarized 
in Table 3. 



Table 3. Sample Collection Information, NBS Portion (~50% of Total) 

Burned 
Samnle Weather Particulate Burn 

Location Date and Time Information Mass Date ------ ----

Azusa, 10/24/77 97 2/27/78 
California 10:00 - 22:00 

North Emery, 3/27/77 Windy 428 3/7/78 
Utah Conditions 

A. Salt Lake 5/31/77 - 6/1/77 After 32 2/25/78 
City, Utah 08:29 - 08:24 Rain 

B. Salt Lake 6/1/77 - 6/2/77 After 22 2/25/78 
City, Utah 08:29 - 08:35 Rain 

---·--------
NOTE: Half of NBS portion of each Salt Lake City sample was 

combusted and combined forming a composite sample for 
this location. 

The collection time for the desert 
sample was much longer than that of the 
urban samples in order to obtain a suffi
cient amount of carbon. NBS received half 
of each filter; the remaining half was 
used by the Utah group for Py/GC/MS analy
sis to identify speciation of carbon. 
Prior to combustion for radiocarbon 
measurement, sample (amount) adequacy of 
the NBS portion was determined on a LECO 
infrared analyzer, which gives a measure 

of total carbon and total sulfur. 4 

Because of the large sulfate and 
nitrate contents of these samples, initial 
counting efficiency was not always satis
factory due to traces of electronegative 
species in the co 2 counting gas. Repuri-

fication was then employed, and counting 
efficiency was monitored on line by means 

of the counting rates observed for cosmo
genic mu mesons. Table 4 shows the 
observed meson rates as described in the 
preceding section for various stages of 
purification for the Salt Lake City 
sample. 

Radiocarbon results for the three 
sampling locations given in Table 3 are 
shown in Table 5, together with the only 
other published radiocarbon urban air 

particulate measurements. 2 • 5 •6 In accord 
with our original objective, we found that 
a (Poisson) uncertainty of ten percent 
contemporary carbon can be achieved with 
about one day of counting if 10 mg C is 
available. The general pattern obtained 
with the three samples, in terms of both 
carbon and radiocarbon content, seems 
reasonable. That is, the two urban 

Table 4. Meson Monitoring of Sample Purity. 

Purification 
Stage Medi Channel a 

1 139. 2 
)16. 7 

2 j27.8 
\16.6 

3 45.0 

Meson Rate 
(cpm) 

1.10t0.04 
1.3 ±0.1 

5. 0 ±0.2 
4.9 ±0.1 

9.1 ±0.1 

Relative b 
Efficiency 

(%) 

12. 
14. 

54. 
53. 

98. 

aMedian location for meson (coincidence) spectrum -- used to set 
(or verify) correct overall instrumental gain. [Acceptable 
range: 10-50.] 

bRelative to rate of ~9.3 cpm when impurity quenching is 
negligible. 
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Table 5. Fossil Carbon in Atmospheric Particulate Samples. 

Collection 
Area 

Particulate Mass 
(grams) 

Percent 
Carbon 

Fossil Carbon 
as Percent of 
Total Carbon 

Previous Investigations on Large (gram) Samples 

Detroita 18.0 16 87 

Los Angeles a 31. 0 19 74 

St. Louis b 9. 8 60 73 

Los Angeles h 38.0 48 60 

St. Louis c 10.0 12 >80 

S
. d This Investigation, "Normal" (milligram) Sample IZe 

Salt Lake City 

Azusa (Los Angeles) 

N. Emery, Utah 

aReference 5. 

bReference 6. 

cReference 2. 

0.108 

0.097 

0.428 

14 

20 

5.6 

72±13 

77± 15 

12±16 

dMasses of carbon actually counted ranged from 5-10 mg; counting times, 
from 23-65 hours. 

samples do imply greater abundance of car
bonaceous matter and a relatively large 
contribution from fossil fuel. Higher 
precision measurements of siz~-sor~ed and 
chemically-fractionated material Will be 
undertaken in the future in order to 
verify this trend. 

The sample from Azusa merits some 
additional attention, because it was sub
jected both to radiocarbon and to 
chemical-structural analysis (Py/GC/MS and 
TGA) as described in the second part of 
this paper. Although the current radio 
carbon measurement treated the total 
carbon, the breakdown into three classes 
of carbon species (solvent soluble 
[extractable], polymeric and graphitic) 
makes a further calculation interesting. 
That is, given the fact that the ratio (r) 
of extractable to total carbon is 14.5/ 
20.5 (Table 6) and the assumption that the 
ICM (polymeric and graphitic carbon) con
tains fossil carbon only, we may calculate 
the fossil contribution (f) to the 
solvent-soluble fraction. Letting fT 

represent the fossil contribution to the 
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total carbon as given 
(fT ~ 0.77±0.15), f is 

according to F:q. (1). 

in Table 5 
then calculated 

(l) 

Thus f = 0.67±0.21, or somewhat more than 
half,of the soluble carbonaceous material 
may be due to fossil source~ .. This v~lue 
of f is, in fact, a lower limit, consis
tent with an all-fossil IC~I. 

CHEMICAL CHARACTERIZATION 

Proaress in understanding the 
physics,bchemistry and photochemistry 
involved in the formation and growth of 
particulates in various atmospheric 
environments relies on detailed knowledge 
of the organic species const~tuting th~se 
particulates. This information has mainly 
resulted from research conducted on the 
solvent soluble organic molecules 
extracted from atmospheric and syntheti
cally produced particulate ma~erial. 
Although the polymer-like or Insoluble 
carbonaceous fraction has been discussed 



Table 6. Species of Carbon in the 
Azusa Air Particulate Sample. 

Carbon 

total carbon 

extractable carbon 
(polar, nonpolar 
solvents) 

insoluble carbona
ceous material: 

polymeric carbon 
graphitic carbon 

20.5 

14.5 

4.1 
1.9 

Mass of 
Carbon 

43.0 mg 

30.4 mg 

12.6 mg 

. f t d' 7-10 . . 1 1n a ew s u 1es 1t 1s on y recently 
that investigations have begun on the 
structural determination of this mate-

. 111-13 d . r1a , an on 1ts importance as both 
a catalyst and a direct participant in 
surface reactions with sulfbr- and 
nitrogen-containing gaseous pollu-

t t 14,15 B f h . an s . ecause o t e Importance 
of the Insoluble Carbonaceous Material 
(ICM) as a tracer for particle sources 
and because of its possible health impli-

. 16 h cations , t e work to be described below 
has been primarily aimed at the determina
tion of the amount and composition of the 
ICM component. 

The advantage of measurements on the 
ICM rather than the soluble organics for 
source identification is two-fold. First, 
conventional extraction procedures for 
identifying particulate organic species 
usually utilize samples collected by Hi
Vol sampling procedures. It is known that 
the quantitative distribution of organic 
molecules is substantially altered during 
the high flow sampling procedure, e.g., a 
major portion of organic material with 
boiling points below 300 °C is lost by 
evaporation and sublimation during 

1 . 17,18 s d samp 1ng ,econ ly, these compounds 
can undergo substantial changes from time 
of emission from a source or sorption onto 
existing atmospheric particles to time of 
analysis. This is due to reactions 
occurring through catalytic activity of 
the particulate metals and "soot" active 
sites, other reactive molecules present 

and sunlight. Barofsky and Baum 19 con
ducted a laboratory study showing that 
many polycyclic aromatic hydrocarbons 
adsorbed on matrix material underao 
chemical modification when expose~ to 
light -- a consideration of some impor
tance in view of implied health concerns. 
For example, a polycyclic aromatic 
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hydrocarbon sampled on particulate matter 
may be different than its precursor 
emitted from an anthropogenic source, 
depending on time of transport and general 
particulate chemistry. The insoluble 
carbonaceous particulate matrix, however, 
is likely to survive long-range transport 
relatively intact, and therefore yield 
more realistic information concerning 
source characteristics. 

Hethods 

The particulate samples were ini
tially submitted to exhaustive extraction 
to remove the solvent-soluble portion. 
Following this, the ICM was characterized 
by pyrolysis/gas chromatography/mass 
spectrometry (Py/GC/MS) and thermogravi
metric analysis (TGA). Collection of the 
atmospheric samples (Table 3) took place 
on Gelman type A fiber-glass filters 
using Hi-Vol samplers. Blank filters as 
received yielded limited amounts of sev
eral organic compounds identified by 
GC/MS during a 600 °C pyrolysis treatment . 
Therefore, all filters were sonicated in 
redistilled spectral grade benzene and 
dried at 100 °C overnight before being 
used for particulate collection. The 
Salt Lake City sample was collected on a 
roof at the University of Utah which is 
located in a populated residential area 
about two miles east of downtown. The 
"indoor" sample was collected in an office 
at the Geospace Sciences Laboratory at the 
University of Arizona in Tucson. The 
Azusa, Los Angeles sample was sent to 
us by a utility company from California. 
The North Emery sample was collected by 
the mobile laboratory of the Environmental 
Studies Laboratory (University of Utah 
Research Institute) in central Utah, well
removed from any industrial or urban 
sources. 

Solvent extraction of the three 
atmospheric (outdoor) samples consisted 
of Soxhlet extraction in hexane/chloroform 
(22/78, v/v) for six hours followed by 
benzene/methanol (60/40, v/v) extraction 
for twelve hours to exclude all soluble 
carbonaceous material from the ICM. The 
indoor sample was extracted with a series 
of solvents (chloroform:hexane, 78:22, 
v/v; benzene:methanol, 60:40, v/v; meth
anol; and qistilled 90 °C water) by three 
times sonicating the material (total of 
12 times) in each of the solvents in 
order to remove any soluble organic 
matter before analysis. The insoluble 
residue was then extracted with hot 
10 percent HCl and washed three times 
with distilled water to remove carbonates. 
Solvents used were redistilled spectral 
grade quality. . 

Next, in order to estimate the pro
portions of: (1) condensed, polymer-like 
organic carbon including organic 



compounds trapped in the insoluble par
ticulate matrix, and (2) completely con
densed graphitic or elemental nonorganic 
carbon, e.g., "soot" material (stable at 
975 °C in helium), the insoluble material 
(ICM) from the Azusa sample was analyzed 
by Thermogravimetric Analysis followed by 

combustion within the Mettler TGA unit. 20 

To carry out this analysis the extracted 
-4 sample was first evacuated (10 mmHg) and 

flushed with helium three times in succes
sion to remove any trapped volatile 
species not previously removed by the 
extraction procedures. For example, water 
and other partially trapped volatile 
species which could confound the weight 
loss measurements during the TGA procedure 
were thereby removed. Following this 
flushing treatment the sample was pro
grammed from 25 °C to 975 °C in a helium 
atmosphere (essentially a pyrolysis treat
ment) while weight loss was recorded with 
the Mettler balance. After several min
utes of isothermal operation at 975 °C, 
pure oxygen was added to the system and 
weight loss was again recorded during 
combustion. 

To determine the nature of the cal
bonaceous species constituting the ICM, 
Py/GC/MS analysis was conducted on ali
quots of the extracted samples. The Azusa 
and Salt Lake City ICM samples were frag
mented and analyzed with a Pyroprobe 
pyrolysis/ gas chromatograph/mass spectro
meter/data system at the University of 

Utah 21 . The samples were pyrolyzed with 
a Chemical Data System model 120 Pyroprobe 
directly into the injection port of a 
Hewlett Packard 7629A gas chromatograph 
using a pyrolysis time of 20 seconds. The 
pyrolysate was swept with helium from the 
injection port into a 0.5 mm ID stainless 
steel capillary precooled to -10 °C by 
liquid nitrogen. A cooling jacket, con
structed of a 6mm x 50mm piece of T-shaped 
stainless steel tubing, was used to 
direct the liquid nitrogen onto a small 
area. A nichrome heater was incorporated 
into the cooling jacket to allow for 
fast heating and quick vaporization of 
the trapped samples into the capillary 
column. After vaporization the pyrolysate 
was separated on a 0.5 mm ID x 10m SE-52 
glass capillary column, using a column 
flow velocity of 18 mL/s and a temperature 
program of 40-210 °C at 2 °C per minute. 
A Hewlett-Packard 5930A mass spectrometer 
(quadrupole) and a 5933A computer system 
was directly coupled with the gas chroma
tograph. 

The procedure above utilized 0.1 mg 
to 0.5 mg samples and the resulting signal 
limited component identification to major 
organic species. In order to identify, 
as many trace products as possible, 20 mg 
of the indoor and Salt Lake City samples 
were pyrolyzed with a high vacuum 
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pyrolysis/gas chromatography/mass spectro
metry system developed at the University 

of Arizona. 22 Pyrolysis took place in 

vacuum (10- 6 mmHg) in a Vycor furnace, and 
products trapped in a liquid nitrogen
cooled U-tube were subsequently trans
ferred with helium to a micro injection 
loop (also liquid nitrogen cooled), for 
injection and GC/MS analysis. An OS-138 
(polyphenylether) 45.7 m long, 0.5 mm 
diameter Support-Coated-Open-Tubular 
(SCOT) capillary tube was used for separa
tion. The column was programmed from 
40 °C to 190 °C at a rate of 2.5 °C per 
minute after being held at 40 °C for 10 
minutes. At the end of the program the 
column was run isothermally at 190 °C. 
Compounds were identified with the use of 
a single-focusing Hitachi RMU-6E mass 
spectrometer coupled through a Watson
Biemann separator with a Perkin-Elmer 
Model 226 gas chromatograph. 

Results 

Snecies of Carbon. Prior to extrac
tion, an al1quot or-fne Azusa sample was 
analyzed for total carbon, hydrogen, and 
nitrogen with a Perkin Elmer CHN analyzer. 
This instrument combusts the sample at 
910 °C in an oxygen atmosphere and then 
specifically analyzes for the respective 
gaseous oxides. Following extraction, 
an aliquot of the remaining sample (ICM) 
was also analyzed for carbon, hydrogen and 
nitrogen. The results of these analyses 
indicated that this particular sample 
(before extraction) had a 20.5 percent 
by weight total carbon content, that 
14.5 percent of the sample was extractable 
carbon (polar and nonpolar solvents) , and 
6.0 percent of the total partic~late sam
ple was ICH-carbon. That is, 29.3 percent 
(= 6.0/20.5) of the sample-carbon was non
extractable. 

The thermogravimetric analysis (which 
is actually a pyrolysis in helium), 
followed by combustion in o2 is repre-

sented in Figure 3. Assuming that all of 
the material which uyrolyzed (in He) and 
combusted (in o2) is carbonaceous, then 

69 percent by weight of the insoluble 
carbonaceous material is condensed, 
polymer-like organic carbon (plus trapped 
carbon species) while 31 percent of the 
ICH is completely condensed elemental or 
graphitic carbon. As expressed in Table 6 
this means that 4.1 percent (= 0.69 x 
6.0 percent) of the total sample or 
20 percent (= 0.69 x 29.3 percent) of the 
total carbon in the sample is polymeric 
(or trapped) carbon, while 1.9 percent of 
the total sample or 9.1 percent of the 
total carbon in the sample is graphitic 
carbon. These numbers are approximations 
since it is possible that volatile or 
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Fig. 3. Thermogravimetric analysis of the Azusa Insoluble Carbonaceous Haterial. 

oxidizable inorganic species contributed 
to the weight change during the TGA pro
cedure. 

Characterization of the ICM. To 
qual i tafTvel i-aet e rm1nec.ons·t i tuen t 
molecules of the ICM, aliquots of the 
extracted samples were pyrolyzed with 
separation and identification of the 
pyrolysis products by GC/MS. 

It is realized that although pyroly
sis can degrade a polymer into molecular 
fragments indicative of the original 
structure, it is possible to produce new 
compounds (pyrosynthesized) which bear 
little relationship to the original 
polymer. Pyrolyses above 600-700 °C pro
vide enough energy to a system to cause 
random carbon-carbon bond breaking. Below 
600 °C low energy processes such as Diels
Alder, xanthate, ester, and Cope pyrolysis 
predominate. The products from the low 
energy reactions are usually quite indica
tive of the original structure. For this 
reason, a pyrolysis temperature of 450 °C 
was chosen. Thorough examination of all 
identified pyrolysis products is nevertne
less in order, because of the possible 
misinterpretation of certain isolated 
species which can be produced at this 
temperature. For example, large amounts 
of carbohydrates pyrolyzed at 400 °C and 
above will form furan and other compounds 
which could be confused with furan and 
furan derivatives derived from the incom
plete combustion of petroleum products. 

The pyrogram shown in Figure 4 
Lake Ci sample) is similar to the 
ear er results from our laboratories in 
which the first actual identification of 
discrete compounds comprising the insolu
ble carbonaceous component of atmospheric 
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. . 1 d 23,2~ " t particulate r.1ater1a was rna e "'!OS 

of the compounds shown represent fossil 
fuel constituents. The homologous series 
of alkanes and alkenes, up to c18 , can all 

be derived from fossil fuel sources, 
although it is expected that small amounts 
of these compounds could result from the 
pyrolysis of fatty acids and waxes derived 
from biological material collected on the 
filter. 

Several aromatic compounds including 
substituted benzenes and naphthalenes as 
well as saturated and unsaturated five 
and six-membered ring compounds were also 
found. Some of the cyclic compounds which 
we observed in this and the previous 

studies 23 • 24 also occur in automobile 
exhaust, such as the following: 

cyclopentene 
methylcyclonentene 
cyclohexane 
cyclohexene 

cyclohexadiene 
cyclopentadiene 
dimethylcyclo-

hexane 

It is interesting that several of the 
cyclic compounds identified in the ambient 
particulate insoluble carbonaceous mater
ial have not been found in the extracts 

f b . h . . 1 25 o am lent atmosp er1c part1cu ates . 

Due to the samnle size limitation of 
the Pyroprobe system used for the Azusa 
sample, we were able to identify major 
compounds' but not the low concentration 
marker (highly source dependent) compounds 
that have been found in other samples. As 
with the Salt Lake City sample, however, 
the major comnonents of the ICM are a 
homolo~ous se~ies of long chain alkanes 
and alkenes nlus a series of alkvl sub
stituted ben~enes. Also seen we~e styrene 
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and its derivitives -- likely arising from 
styrenebutadiene tire rubber particles. 

The indoor laboratory sample (pyre
gram not SfioWTI} ylelded several compounds 
not found in the outdoor ambient samples. 
A large peak was identified as methyl
methacrylate, the monomer of plexiglas. 
A considerably smaller peak was identified 
as the allyl ester of methylcrotonic acid, 
a substance used in synthetic polymer 
production. Also a series of alkyl sub
stituted pyrazoles and ethylimidazole were 
identified. Heteroatomic cyclic molecules 

23 24 such as furans and pyrazoles ' could 
have a dual source: pyrolysis or oxida
tion of biogenic material (terpenes, 
carbohydrates, amino acids), or the com
bustion of fossil fuel. 

CONCLUSION 

This work represents the first 
attempt to analyze the carbon species 
(graphite versus polymeric carbon) in ICM 
together with an isotopic determination of 
the percent manmade versus natural 
emitted carbon in normal Hi-Vol particu
late samples. With the demonstrated 
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capacity of these new methods to discrimi
nate between different source tyues and 
sampling regions, using as littl~ as 10 mg 
of carbon for analysis, we shall be able 
to extend our knowledge of both the quali
tative and quantitative contribution of 
man's activities to the atmospheric par
ticulate burden. It is noteworthy that 
the desert sample, collected in advance 
of the construction of a large coal-fired 
power plant, had a relatively.small carbon 
content practically all of wh1ch could be 
ascribed to natural (biogenic) sources. 
Future studies will be directed to the 
analysis of size-sorted, chemically
fractionated, and diurnal or short dura
tion samples in order to further discern 
the fossil contribution and chemical 
nature of the primary carbonaceous 
material. 
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IDENTIFICATION OF THE GRAPHITIC CARBON CO~lPONENT OF SOURCE AND AMBIENT PARTICULATES 
BY RAMAN SPECTROSCOPY AND AN OPTICAL ATTENUATION TECHNIQUE 

H. Rosen, A.D.A. Hansen, L. Gundel, and T. Novakov 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

ABSTRACT 

A series of experimental results indicates that the high optical absorptivity of aerosol 
particles in urban environments and particles generated from various combustion sources is due to 
their "graphitic" carbon component. 

INTRODUCTION 

Carbonaceous material represents a major frac
tion of the respirable particulate burden in urban 
areas, yet the chemical composition of this compo
nent is not well understood. Such analysis is 
important for evaluating the health effects, chemi
cal activity, optical effects, and sources of 
these carbonaceous particles. Our paper describes 
the application of Raman spectroscopy and an opti
cal attenuation technique to the identification of 
what appears to be a major constituent of this 
aerosol. 

It is well known that lightly loaded particu
late samples collected from both urban environ
ments and various combustion sources have a gray 
or black appearance. This coloration is presumably 
due to a highly absorbing species in the aerosol, 
which could have a significant impact on the heat 
balance of the earth.l-4 It is therefore impor
tant to establish the nature of these absorbing 
species. In this paper a series of experimental 
results will be presented, indicating that the 
high optical absorptivity of urban aerosols and 
various combustion source particulates is due to 
their "graphitic" soot content. This result is 
not surprising, since other major components in 
the aerosol, like (NH4) 2so4 , H2so4 , HN03, NH4No3, 

and PbBrCl, are not absorbing in the visible 
spectral region. 

"Graphitic" soot can only be produced directly 
from combustion; therefore this identification 
allows one to use the optical absorptivity as a 
convenient tracer for primary emissions. This 
"graphitic" soot tracer technique5,6 suggests that 
a major fraction, possibly the dominant fraction, 
of the ambient carbonaceous aerosol burden is 
primary, i.e., due to direct particulate emissions 
from combustion sources. It also appears that if 
there are significant concentrations of secondary 
species, their production does not seem to depend 
on the photochemical activity as manifested by 
the ozone concentration. These results could have 
important consequences in terms of control 
strategies. 

EXPERIMENTAL DETAILS 

Raman Spectroscopy 

A schematic of the experimental setup is shown 
in Fig. 1. The setup included a Coherent Radiation 
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argon ion laser operating with l W of power at 
514.Snm. The laser beam was focused by a 75-mm 
focal length cylindrical lens to a spot .06 mm x 

2 mm on the sample surface via a small mirror. The 
backscattered radiation was collected and imaged 
by an f/1 lens onto the slit of a 1-m Jarrell Ashe 
double monochromator equipped with two 1180-
grooves/mm gratings blazed at 5000 A. The incident 
polarization of the laser was perpendicular to the 
slit of the spectrometer, and no analysis of the 
scattered polarization was made. The output of 
the spectrometer was detected by an FW130 photo
multiplier cooled to -20°C and used in a photon
counting mode. The pulses, after appropriate 
shaping, were counted and displayed on a multi
channel analyzer. The Jarrell-Ashe spectrometer 
was equipped with a computer-controlled grating 
drive made by RKB, Inc. This attachment allowed 
a given spectral region to be scanned many times 
and added to the memory of the multichannel analy
zer. This multiscanning ability was used in some 
cases to obtain very long integration times and 
improved signal-to-noise. 

In order to minimize heating effects, the 
highly absorbing samples used in these experiments 
were rotated at 1800 rpm by a motor. In this way 
one can increase the area illuminated by the laser 
beam by a large factor with almost no loss in sig
nal level. The focal spot of the laser was loca
ted approximately 5 mm below the axis of rotation 
so that the effective illuminated area was an 
annulus of radius 5 mm and width 2 mm, which 

2 yielded a rather low power density of 'v 1 W/cm 
The spectra reported in this paper were generally 
obtained directly from the particles collected on 
the filter substrate (1.2-~ Millipore or quartz 
fiber) without any sample preparation. The excep
tions to this rule are the spectra of automobile 
exhaust, diesel exhaust, and activated carbon, for 
which there was sufficient material available to 
form into pellets. 

Optical Attenuation 

A schematic of the apparatus we developed for 
making optical attenuation measurements is shown 
in Fig. 2. This attenuation measurement apparatus 
compares the transmission of a 633-nm He-Ne laser 
beam through a loaded filter relative to that of a 
blank filter. The loaded filters are placed in the 
beam with the loaded side towards the laser; after 
multiple scattering through the filter substrate, 
the light is collected by an f/1 lens and focused 
on a photomultiplier tube. The data presented in 
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Fig. 1. Schematic diagram of experimental setup (not to scale). The elements of the apparatus 
are labeled in the following way: F 30-A interference filter, Ml -mirror, Ll - 75-mm focal 
length quartz cylindrical lens, M2- small mirror, L2 f/1 collection lens, P!IH- photomulti 
plier tube, PCE photon-counting electronics, and MCA- multichannel analyzer. 
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Fig. 2. Schematic of the optical attenuation apparatus. 

this paper were obtained from particles collected 
on Millipore or quartz fiber substrates, but the 
optical attenuation measurement can be made with a 
wide variety of filter media. This technique is 
based on a principle similar to that of the opal 
glass method used by Weiss et al.l,7 and measures 
the absorbing rather than the scattering properties 
of the aerosol. Since the real parts of there
fractive indices of the filter media and the parti
culates are approximately equal, the addition of a 
few monolayers of nonabsorbing particles is expec
ted to be a small perturbation on the transmission 
properties of the filter. We verified that this 
is indeed the case for a Millipore filter loaded 
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with 20 11g/cm2 on nonabsorbing 3-]lm N1-I
4

Hso
4 

aero

sols. Also, heat treatment and solvent extraction 
experiments showed that one can remove from a filter 
substrate most of the mass of the aerosol responsi
ble for scattering without appreciably affecting 
the optical attenuation. Therefore, throughout 
the text, we shall attribute the optical attenua
tion measured in the above fashion to the absorbing 
component in the aerosol. 



RESULTS 

Raman Spectroscopy 

Raman spectroscopy is a highly selective method 
of analysis which has only recently been applied 
to the characterization of air pollution particu
lates.S-11 The technique can often be used to 
make unambiguous identifications, since different 
chemical species have characteristic vibrational 
modes and therefore characteristic Raman spectra. 

The Raman spectra between 900 and 1950 cm-l of 
ambient, automobile exhaust, and diesel exhaust 
particulates are compared with the spectra of acti
vated carbon and polycrystalline graphite in Fig. 3. 
It is evident that the spectra of activated carbon, 
diesel exhaust, automobile exhaust, and the ambient 
sample are very similar. The positions of the two 
Raman modes in these spectra are coincident to 

within ±10 cm- 1, which is the estimated experimental 
error. The ambient sample was collected as part of 
the RAPS program in St. Louis, Missouri;l2 however, 
the same Raman modes are also evident in every 
urban sample studied, including samples collected 
in Buffalo, New York, and Berkeley, Fremont, and 
Anaheim, California. It should be noted that these 
samples were collected under a wide variety of 
conditions (e.g., high and low oxidant); yet for a 
given carbon loading, the Raman intensities are 
comparable. The implications of this result are 
fully discussed in the paper by Hansen et al. 6 

Tuinstra and Koenigl3 studied the Raman spectra 
of activated carbon and assigned the Raman 

-1 modes near 1600 and 1350 em to phonons propa-
gating within "graphitic" planes. The 
close correspondence of the spectra in Fig. 3 
indicates the presence of physical structures slml
lar to activated carbon in both source-enriched 
and ambient samples. These graphitic species are 
presumably formed directly in combustion, and 
throughout the text we shall use the term "graphi
tic" soot to describe them. It should be empha
sized that the soot particles generated by the 
incomplete combustion of fossil fuels contain not 
only this "graphitic" soot component but also a 
complex mix of organic compounds. 

Recently it was shown 10 that under very high 

laser irradiance levels (6 kW/cm 2-320 kW/cm2), it 
is possible to graphitize certain organics to pro
duce these "graphitic" Raman modes. However, the 
laser powers used in these experiments were typi
cally four to five orders of magnitude larger than 
the rather modest average power levels used in our 
experiments. In order to eliminate the possibility 
that the laser power was making a significant per
turbation in our case, we investigated the inten-

sity of the "graphitic" mode near 1600 cm-l as a 
function of laser power. We found that the inten
sity of this mode scales with the laser power down 

to irradiance levels as low as 10 mW/cm2. This 
power level is about a factor of 10 less than the 
sun's radiance, and therefore we discount the 
above possibility as a serious source of error. 
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Fig. 3. Raman spectra between 920 and 
1950 cm-1 of: a) Ambient sample collected 
in 1975 as part of EPA's RAPS program. 
The sample was collected on a dichotomous 
sampler and was in the small size range 
fraction. b) Automobile exhaust collected 
from a number of cold starts of a poorly 
tuned automobile using lead-free gas and 
having no catalytic converter. c) Diesel 
exhaust. d) Activated carbon. e) Poly
crystalline graphite. 

Optical Attenuation 

These "graphitic" species, which have a high 
imaginary index of refraction,l4 are the most 
likely candidate for explaining the high optical 
absorptivity of ambient and source particulate 



samples. To test this hypothesis, we developed an 
optical attenuation technique to quantitatively 
measure various properties of the absorbing species. 
A schematic of the apparatus used for these mea
surements is shown in Fig. 2. 

Using this apparatus we studied the temperature 
stability and solubility of the absorbing species 
in ambient and source particulate samples. The 
temperature stability was determined by measuring 
the attenuation by particulates collected on quartz 
fiber filters before and after heat treatment at 
various temperatures. The heat treatment procedure 
consisted in heating the sample at the prescribed 
temperature for 30 min in air. The results of 
these measurements are plotted in Fig. 4, which 
shows clearly that in all cases the absorbing 
species are stable in air until approximately 400°C, 
and then undergo what is presumably a rapid oxida
tion process to essentially disappear by 550°C. 
Note that this threshold is similar to that of poly
crystalline graphite.lS The oxidation threshold 
appears to be slightly higher for the laboratory 
soot samples than for the other samples, which may 
be due to differences in particle sizes or morphol
ogy. The stability of the absorbing species at 
elevated temperatures suggests that they are 
graphitic in structure, as most other organic 
species expected to be present in ambient and 
tunnel samples should oxidize or vaporize at sig
nificantly lower temperatures. 

We measured the optical attenuation of source 
and ambient samples before and after removal of 
adsorbed organic compounds by solvent extraction. 
Sequential 6-hr soxhlet extractions with benzene 

/:; 
0 • 

• Ambient 

o Tunnel 

t::; Acetylene Soot 

Estimated error ~ 

and a chloroform methanol mixture (2: 1 v: v), follow
ing the technique of Appel et al.,l6 should remove 
all soluble organic material and some inorganic 
ions. Ambient Berkeley samples, Caldecott Tunnel 
vehicle exhaust, and natural gas soot were col
lected on prefired quartz filters by hi-vol sam
pling, with optical attenuation and carbon loading 
measurements performed before and after extraction. 
In Fig. 5 we show that the optical attenuation 
decreases only slightly, even though a substantial 
fraction of the carbon is removed by solvent extrac
tion (around 70% for ambient Berkeley filters). 
This result indicates that soluble adsorbed organic 
compounds do not contribute appreciably to the 
attenuation properties of the ambient and source 
particulates. This confirms the results of Weiss 
and his coworkers,? who found that an acid wash of 
ambient-particulate-loaded filters does not change 
their optical properties. 

We also measured the wavelength dependence of 
the absorptivity of ambient and source particulate 
samples using a spectrophotometer. As shown in 
Fig. 6, the optical attenuation, to within 20% over 
the visible spectral region (4500 A-7000 A), has 
a 1/1- wavelength dependence characteristic of a 
constant imaginary index of refraction. This 
result is consistent with the hypothesis that the 
absorption is due primarily to "graphitic" soot 
since the imaginary index of 
refraction of both acetylene and propane soot is 
essentially constant throughout the visible 
region.l4 In fact it is difficult to find many 
organic species which meet this criterion: of the 
13, 000 organics in the 54th ed. of the CRC Handbook, 
only 5 are listed as gray or black in appearance. 

4 

Temperature (°C) 
XBL 777-1308 

Fig. 4. Plot of the ratio of the attenuation of various samples after heat treatment at tempera
ture T to the attenuation at T = 25°C as a function of the heat treatment temperature. The heat 
treatment procedure consisted in heating the sample in air for 1/2 hr at the prescribed 
temperature. 
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Fig. 5. Plot of the percent of the optical attenuation remaining after soxhlet extraction as 
a function of the carbon remaining after extraction for various ambient and source particulate 
samples. 
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Fig. 6. Plot of the product of attenuation and wavelength vs. wavelength for A ambient 
samples, T tunnel samples, and L- laboratory-generated soot samples. Such a plot would 
be flat for a wavelength independent imaginary index of refraction. 
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Comparison Between Raman Spectroscopy and Optical 
Attenuation 

All these results strongly suggest that the 
coloration of ambient and source particulate sam
ples is due to their "graphitic" soot content. 
However, we wanted to have a more direct substan
tiation of this result. Substantiation was pro
vided by comparing the integrated intensity of the 

1600 cm-l Raman mode with the optical attenuaticm 
of the same filter sample. These measurements were 
done on acetylene soot samples (which were essen
tially pure carbon with only trace amounts of 
metallic impurities), highway tunnel samples, and 
ambient samples collected in Berkeley and Fremont 
in the San Francisco Air Basin and in Anaheim in 
the Los Angeles Air Basin. The results are shown 
in Figure 7. Within experimental error, these 
data show that there is a direct correspondence 
between the optical absorptivity and the Raman 
intensity or "graphitic" soot content for all 
samples studied, despite widely different chemical 
compositions (e.g., for a given optical attenua
tion, the Pb and Fe concentrations varied by more 
than a factor of 100. 

This result can be put in a mathematical form 
if we neglect particle size effectsl7,18 and assume 
an optically thin homogeneous media. With these 
assumptions, it is easy to show that the data in 
Fig. 7 imply that the ratio oRMR/oAMA is a constant 

where MR is the concentration of "graphitic" soot 

as defined by Raman spectroscopy, MA is 

the concentration of the absorbing species, 
oR is the Raman cross section for "graphitic" soot, 

100 I 

0 Berkeley ambient 

• Fremont ambient c 
0 Anaheim ambient 
0 Highway tunnel 

:::J 6, Acetylene torch 

and oA is the absorption cross section for the 

absorbing species. For fixed optical constants, 
this implies that the ratio of the "graphitic" 
soot content to the content of the absorbing 
species is constant for a wide variety of ambient 
and source particulate samples. The most obvious 
and most reasonable explanation for this observa
tion is that the absorptivity is due to "graphitic" 
soot. 

CONCLUSION 

In summary, we have shown that the species 
responsible for the coloration of particulate 
samples has high temperature stability in air, is 
insoluble in a variety of solvents, and absorbs 
uniformly throughout the visible region. We have 
also demonstrated that the amount of the absorbing 
species is directly proportional to the "graphitic" 
soot content as defined by Raman spectroscopy. 
All these results taken together indicate that the 
high optical absorptivity of ambient samples col
lected in urban environments and of various source 
particulate samples is due to the "graphitic" 
component of the aerosol. 
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MASS MONITORING OF CARBONACEOUS AEROSOLS WITH A SPECTROPHONE 

T. J. Truex and J. E. Anderson 
Ford Motor Company, Scientific Laboratory 

Dearborn, Michigan 48121 

ABSTRACT 

The feasibility of using light absorption as an situ mass monitor for carbonaceous aerosols has 
been studied. The absorption measurements were made using a helium-cadmium laser \vith a measured output 
of 3 mw at 4166R chopped at 4000 Hz to power an acoustically resonant spectrophone. Coupling of the 
spectrophone with a laboratory flow tube system for generating carbonaceous aerosols has produced the 
following results: (1) spectrophone output is proportional to carbonaceous aerosol mass concentration as 
independently determined by filter collection and weighing; (2) the absorption coefficient of the carbo
naceous aerosols is 17 m2/gm at 4166R in rough agreement with previously measured values for bulk carbon 
and graphite samples of 1.4-15.0 m2/gm. The spectrophone provides a means of continuous monitoring of 
carbonaceous aerosols and is far less time-consuming than filter collection techniques. Potential appli
cations include real time monitoring of vehicle exhaust, laboratory combustion research studies and field 
measurements. 

One of the unique features of carbonaceous 
aerosols - particularly primary emissions - is 
that they contain a large "graphitic" soot compo
nent which strongly absorbs light throughout the 
visible spectral region. Absorption of sunlight 
by carbonaceous aerosols can be a major influence 
on climate and on the radiation ba~~nce determin
ing the temperature of the earth. 1 The absorp
tion of visible light by carbonaceous particles 
also suggests a selective monitoring technique for 
carbonaceous aerosols since most inorganic aero
sols are virtually transparent in the visible 
spectral region. We report results of a feasibil
ity study of light absorption measurements with a 
spectrophone as an mass monitor for carbo-
naceous aerosols. 

The use of an acoustically resonant spectra-
phone for situ measurements of visible light

4 absorption the atmosphere has been reported. 
Inorganic aerosols, e.g., NaCl, are virtually 
transparent in the visible and are not detected.4 
N02 is the only common gas that absorbs strongly 
in the visible. It should not present a sizeable 
interference at atmospheric concentrations. Spec
trephone measurements, with and ~Vithout input gas 
filtering, can be used to evaluate N02 interfer
ences.4 

The spectrophone used in these experiments has 
been described in detail previously.4 In this 
work, \Ve substituted a helium-cadmium laser \vith a 
measured output of 3 m\V at 4166R in place of the 
500 m~V argon laser used previously. This substi
tution \Vas made because of equipment availability, 
but it demonstrates that useful results can be 
obtained with very modest light intensities. The 
laser beam is chopped at 4000 Hz to po<ver an acous
tically resonant spectrophone. The spectrophone 
operates on the principle of detecting sound waves 
generated by localized time-dependent heating of 
the air. In the case of absorption of light by 
aerosols, sound generation in the spectrophone is 
limited by the rate at which the heat is trans
ferred to the gas from the particles. The modulated 
heating of particles at 4000 Hz is efficient in 
generating sound for particles up to about 3~m in 
diameter. Therefore, the 4000Hz spectrophone will 
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only measure the light absorption of particles 
less than about 3)Jm in diameter. 

A cylindrical brass resonant acoustic cavity, 
5 em in diameter and 12 em long, was used in the 
spectrophone.5-7 The cavity was used in its lowest 
order circumferential mode which had a Q near 200. 
The laser beam was passed through 8-mm-diameter 
holes in the end walls. A 2.54-cm B & K micro
phone with a sensitivity of 42 mV /Pa \vas mounted 
flush with the cavity wall on the opposite side. 
Acoustic isolation was achieved by placing the 
spectrophone within a heavy metal cylinder and con
structing several sound barriers using Conoflex, a 
commercial multilayer acoustic shielding material. 
Normal room noise did not interfere with the meas
urements. A variable-speed mechanical chopper, 
acoustically isolated in a separate enclosure, \vas 
used to modulate the laser beam. Synchronous de
tection was used to measure the acoustic signal. 
The aerosol \vas introduced to the cell by a line 
connected to a sample inlet hole in t·he end of the 
spectrophone. The aerosol flowed out of the spec
trophone through the ports used by the laser beam. 

Carbonaceous aerosols were produced by burning 
propane in oxygen. A flow tube system, patterned 
after that of Novakov et al?, was used. The 
propane/oxygen combustion products were diluted 
with nitrogen and either passed through a 0. 2-wn 
Fluoropore filter or alternatively diverted 
through a sample line directly into the spectra
phone. Aerosol concentrations \Vere varied by 
changing the propane and oxygen flo\V rates. As 
sho\VU in Figure 1, spectrophone output is propor
tional to carbonaceous particle loading as deter
mined by filter collection and weighing. It should 
be noted that the particulate loadings used in this 
study are roughly a factor of 100 larger than those 
found in ambient air. Previous >Vork4 on this spec
trophone indicates that \Vith minor engineering 
changes and a more po\Verful laser, detection of 
ambient levels of particulate should not be a 
problem. It is note\Vorthy that several hours \Vere 
often required to collect weighable filter samples, 
\Vhereas the time scale of the spectrophone measure
ment \Vas limited by the aerosol sampling time (< 1 
min). 
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Fig. 1. Spectrophone output as a function of 
carbonaceous aerosol concentration. The particle 
concentration was determined by passing a known 
volume of aerosol through a 0.2-]Jm Fluoropore 
filter, where all aerosol particles were collected 
and subsequently weighed. 
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We calibrated the spectrophone output against 
absorption of a gaseous sample of 26 ppm N02 in 
nitrogen. Hall and Blacet9 measured an absorption 
of 0.72 m2/gm for N02 at 4166R. Using these pa
rameters, and the spectrophone output as a func
tion of particulate loading for carbonaceou~ 
aerosols, an absorption coefficient of 17 m /gm 
was found for the carbonaceous aerosol. For pur
poses of comparison, GilbertlO and Ergun, 
l1cCartney and Wallinell report absorption coef
ficients of 1.4 - 15.0 m2/gm for various bulk 
coal and graphite samples at 4166R. Medalia and 
Richardsl2 calculate an absorption coefficient 
for sperical carbon black particles much smaller 
than the wavelength of light of 10 - 12 m2/gm. 
From data presented by Vuk, et al.l3, an upper 
limit for the absorption coefficient of diesel 
particulate of~ 9 m2/gm can be inferred. The 
measured spectrophone absorption coefficients are 
somewhat larger than these values. 

It should be emphasized that the spectrophone 
measures the light absorption by carbonaceous 
particulates. Carbonaceous aerosols from differ
ent sources may differ in chemical composition, 
particularly in their "graphitic" to "organic" 
carbon ratios, and have different absorption coef
ficients, This point merits further study for the 
absorption coefficient directly influences the 
relationship between spectrophone output and mass 
loadings. At present there is no definitive 
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Fig. 2. Spectrophone output plotted logarithmically against time 
for three different aerosol dilution experiments. The initial 
carbonaceous particle concentrations were~ 50 mg/m3, The nitrogen 
flow rates during the dilution experiments are sho~~ on the graph. 
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evidence for how constant, or hmv variable, the 
absorption coefficients for carbonaceous aerosols 
are. Rosen, et al,l4 have presented results in
dicating relatively constant absorption coeffi
cients in the visible for filter samples from a 
number of ambient and laboratory sources. 

In a second experiment, 1ve filled a stirred 
residence chamber (2-9, flask) with a carbonaceous 
aerosol. The aerosol contained in the residence 
chamber 1vas then flushed into the spectrophone 
with pure nitrogen. Under these conditions, the 
aerosol concentration decays as C(t) = C(o) exp 
(-kt). Figure 2 shows spectrophone output plotted 
logarithmically against time for three different 
nitrogen flushing rates. The obvious first-order 
decay demonstrates the linearity of the system, 
and the expected increase in signal decay rate 
with increased nitrogen flmv rate. 

In a third set of experiments, the spectra
phone was used to monitor aerosol concentrations 
as a function of the oxygen/propane ratio. These 
results, shmvn in Figure 3, are consistent with 
concurrent filter data. Spectrophone results were 
obtained in a few minutes, while the companion 
filter results required several hours per data 
point. 
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Fig. 3. Spectrophone output as a function of 
oxygen/propane ratio. The propane flow rate \vas 
32 cc/min. The nitrogen flow rate in the flow 
tube was 9000 cc/min. 

These experiments demonstrate the potential of 
the spectrophone in studies of carbonaceous aero
sols. It provides a means of continuous monitor
ing and is far less time consuming than filter 
collection techniques. In monitoring of 
carbonaceous aerosols has potential application 
in (1) real time sampling of vehicle exhaust; (2) 
combustion research directed at understanding the 
formation of carbonaceous aerosols; (3) field 
measurements directed at the concentration of 
carbonaceous particles in the atmosphere, and the 
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influence of their light absorption on the radia
tion balance determining the surface temperature 
of the earth. It should also be reaffirmed here 
that measurements of light absorption in the atmos
phere by the spectrophone is of considerable im
portance in its mvn right. This is particularly 
true in assessing the visual impact of diesel 
particulates with increased use of this engine 
type and in determining the contribution of ab
sorption to total extinction in certain urban 
areas. 

Areas lvhich require further experimentation 
include: (1) the effects of size distribution on 
absorption by carbonaceous aerosols (in the first 
approximation, the absorption by particles less 
than about O.l)lm in diameter would be independent 
of their size distribution); (2) the effects of 
changes in chemical composition of the carbon
aceous aerosols - particularly those from different 
sources which may have significantly different 
"graphitic" to "organic" carbon ratios; (3) studies 
to determine if the laser beam induces changes in 
the atmosphere-aerosol system.l5 
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DETECTION AND IDENTIFICATION OF AIRBORNE CARBONACEOUS MATTER WITH A RAMAN MICROPROBE 
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ABSTRACT 

The laser-Raman microprobe developed at the NBS is employed in the spectroscopic 
characterization of carbonaceous matter associated with air pollution particulate sam
ples. Two types of investigations are described. In the first, the new instrument is 
applied to the molecular analysis of single microparticles in urban air particulate 
samples. Of particular interest is the study of the origin and spectral behavior of two 

-1 bands centered at ~1350 and ~1600 em frequently observed in the spectra of carbona-
ceous particles. The effects of laser irradiance conditions used in the measurement on 
the appearance of these bands is examined. The results of modeling experiments demon
strate that these two bands can be attributed to elemental carbon with structures 
similar to polycrystalline graphite. In air particulates, the source of this carbon can 
be either graphitic soot or residual organic matter which converts to polycrystalline 
graphite on exposure to high-intensity laser radiation. The second study evaluates the 
analytical potential of micro-Raman spectroscopy (MRS) in the trace characterization of 
solid organic pollutants. In these experiments, the microprobe is used to obtain 
vibrational Raman spectra of microsamples of polynuclear aromatic hydrocarbons (PAHs). 
Potential interferences arising from sample heating and sample fluorescence are examined. 
The PAHs are measured as single microparticles, generally of size 2-10 ~m, and include 
representative compounds of the 3-ring (e.g., phenanthrene) and 4-ring (e.g., chrysene, 
pyrene, fluoranthene) systems. The Raman spectra of these organic solids are highly 
characteristic of crystal lattice (external) and molecular (internal) vibrations. They 
can therefore form a basis for the positive identification of the compounds in this 
class. A detection limit (with the Raman microprobe in its present state of development) 
of 10-100 pg is indicated for many of these environmentally significant hydrocarbons. 
These results demonstrate a considerable analytical potential of the MRS technique for 
application as a sensitive and specific method for the detection and identification of 
trace level PAHs separated by chromatographic procedures. 

INTRODUCTION 

A major portion of atmospheric par
ticles consists of carbonaceous material 
which derives from both natural and 
anthropogenic sources. The carbonaceous 
material present in atmospheric particu
late matter is a combination of elemental 
carbon (e.g., soot), inorganic (e.g., 
carbonates) and organic (e.g., hydrocarbon 

and polymeric) carbon compounds. 1 Of 
importance in contemporary atmospheric 
research is the development of analytical 
techniques that - quite generally - can 
furnish information on the molecular 
nature of atmospheric aerosols and in 
particular are capable of discerning the 
various forms of environmental particulate 
carbon. The Raman microprobe technique 
described here is one which allows the 
speciation of carbonaceous compounds when 
present as major constituents of single 
microparticles or when analyzed as trace 
level components (chromatographically) 
isolated from bulk sample collections. 

The instrument employed in these 
studies is the Raman microprobe developed 

at the National Bureau of Standards. 2 It 
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is a conventional laser-Raman spectrometer 
especially designed for microanalytical 
applications and permits the acquisition 
of analytical-quality Raman spectra from 
discrete microparticles of size 1 ym and 
larger or other forms of microsamples 
approaching 1 pg in mass. 

We describe in this paper the appli
cation of the Raman microprobe to two 
types of study. In one we have used the 
instrument for the molecular characteriza
tion of single microparticles in urban air 

. 1 34 d h .. part1culate samp es ' an are emp as1z1ng 
in this discussion the characterization 
of the residual carbonaceous material 
frequently found associated with ambient 

air particulates. 5 Of particular interest 
in this study is the identification of the 
origin of two broad bands at ~1350 and 

~1600 cm-l which are generally observed 
in the spectra of carbon-bearing particles 
in addition to the spectral features which 
can be assigned to the principal compo
nent(s) of the particle. These two bands 
are the most well known bands in the Raman 
spectrum of carbons and can be used to 
characterize carbon structures of all 



types. 6 We have studied the spectral 
behavior of these bands as a function of 
the laser irradiance (power/unit area) 
employed in the microprobe measurement. 
This was to examine their sensitivity to 
changes in the structural order of the 
carbon as a result of heating brought on 
by absorption of the laser radiation. By 
way of modeling experiments we show that 
these features can be ascribed to the 
presence of elemental carbon in a form 

1 11 . h" 5-10 analogous to po ycrysta .1ne grap 1te. 
Our results are in agreement with recent 
Raman studies performed on bulk sample 
collections of airborne particulates which 
find carbon as a major constituent present 

in the form of graphitic soot. 11 •
12 We 

further show that these bands can result 
from the laser-induced decomposition of 
hydrocarbon matter adsorbed on the sur
faces of particles. 

The second study reported here 
presents the results of feasibility 
experiments performed to evaluate the 
analytical potential of micro-Raman 
spectroscopy (MRS) in the trace character
ization of solid organic pollutants. In 
these preliminary investigations, the 
Raman microprobe has been used to obtain 
the Raman spectra of microsamples of 
selected polynuclear aromatic hydrocarbons 
(PAHs). A major aim of this ongoing 
research is an assessment of the viability 
of the MRS technique for use as a sen
sitive and specific detection method for 
the identification of PAH components in 
fractions separated by liquid chroma
tography procedures. The development of 
liquid chromatograph-Raman spectrometer 
interface systems has been suggested as 
a further advance over co~temporary 

analytical chromatography systems. 13 

The polynuclear aromatic hydrocarbons 
represent a significant component of the 
carbonaceous material in atmospheric 
aerosols. Organic fractions of airborne 
particulate matter have been found to con-

tain over 100 different PAH compounds. 14 

The major sources of these compounds are 
from fossil fuel combustion and other 
high-temperature processings of organic 
materials. The predominant fraction 
(approximately 70-90 percent) of the total 
PAH content of airborne particulates is 
known to be associated with particles in 
the respirable size range of less than 

5 vm. 15 In this size fraction of the 
aerosol, the PAH compounds are generally 
thought of as being adsorbed onto inor
ganic-core microparticles. We have not, 
to this point, detected and identified 
these compounds - presumed to be present 
as surface layers (or films) - in any of 
our measurements on single microparticles 
collected from the ambient air. Our Raman 
microprobe measurements have, however, 
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furnished indirect evidence for the exis
tence of thin films of organic matter on 
the surfaces of inorganic microparticles, 
- observations which are alluded to in the 
discussion of the origin of the "graphitic 
carbon" bands observed in the spectra. 

We have investigated the PAH com
pounds by the method described here 
because increasingly sophisticated 
measurement techniques are required for 
the assessment of environmental pollution 
by trace level organics. In the trace 
analysis of major PAHs - many of which 
are either known or suspected potent 
carcinogens - a fair number of techniques 
are employed for the analysis of these 
compounds in complex environmental 

samples. 16 Of the contemporary techniques 
for the analysis of trace levels of PAHs, 
high-performance liquid chromatography 
(HPLC) with combined UV absorption/ 
fluorescence emission detection is prob
ably the most widely used and successful 

method. 16 - 18 While fluorescence detection 
of HPLC-separated fractions of PAHs 
routinely achieves high sensitivity and 
good selectivity, there remains a con
tinuing demand for both increased 
sensitivity and increased selectivity 
in the determination and measurement of 
polycyclic organic matter. 

In earlier published work 2- 5 the 
capability of performing (qualitative) 
Raman spectroscopic analysis of discrete 
microsamples has been demonstrated. In 
these studies, a principal area of appli
cation of the Raman microprobe has been 
the chemical identification of airborne 
particles. It was shown that this new 
technique of microprobe analysis can 
obtain information on the molecular com
position of microsamples which heretofore 
have yielded only to elemental analysis. 
The spectra obtained with the Raman 
microprobe are - for analytical purposes -
in one to one correspondence with those 
reported for macroscopic samples of the 
same materials. In most cases, the 
spectra obtained from individual micro
particles are relatively simple and 
easily interpreted. 

THE MICRO-RAMAN TECHNIQUE 

Detection and measurement in the 
Raman microprobe are based on the observa
tion of the normal or spontaneous Raman 
effect. This effect provides the basis 
for Raman spectroscopy and has been 
reviewed in the context of modern chemical 

1 . 19,20 I 'h R ana ys1s. .n ~ e aman measurement, 
a beam of monochromatic, visible laser 
light is focused on the sample. The 
radiation scattered by the sample contains 
weak lines, at frequencies both lower and 
higher than the exciting radiation. The 
frequency differences, called Raman shifts, 



are characteristic of the sample and are 
independent of the exciting frequency. 
The spectra obtained with the Raman micro
probe are so-called Stokes-Raman spectra. 
They arise from molecules which scatter 
photons of lower frequency (Stokes lines) 
than that of the exciting line. The 
Raman pattern they represent provides a 
molecular fingerprint for identification 
and characterization. The spectrum is 
usually excited in a region where the 
sample does not absorb. Appreciable 
absorption of the exciting radiation 
generally leads to sample heating, fre
quently attended by sample modification 
or destruction. In microprobe measure
ments, such problems can be particularly 
severe because of the high irradiances 
(power/unit area) that must be employed 
to excite analytically useful spectra. 
A major potential limitation in all Raman 
work is sample fluorescence which may 
totally swamp the Raman effect. With a 
choice of laser frequencies, problems 
of radiation absorption and sample 
fluorescence can often be minimized, if 
not virtually eliminated. Thus, it is 
often possible to select such an excita
tion frequency that color of a sample is 
not a limiting factor. 

Identification and characterization 
of molecular species present as major 
components of microsamples are made by 
qualitative comparison with reference 
spectra. If these are not available in 
the literature from measurements on bulk 
samples, the information is obtained from 
microprobe measurements of well-charac
terized materials. 

EXPERIMENTAL PROCEDURES 

The Raman Microprobe 

Details on the design and construe 
tion of the NBS laser-Raman microprobe 
have been presented in earlier published 

work. 2- 4 The instrument is a monochannel 
spectrometer, schematically depicted in 
Fig. 1. For excitation of the Raman 
spectrum, the light from an argon/krypton 
ion laser is focused to a small (typically 
2-20 ~m) spot on the sample. Nonlasing 
plasma lines are removed through the use 
of a predispersing prism. The light 
scattered by the sample is collected by 
an ellipsoidal mirror in a 180° back
scattering geometry and transferred into 
a double monochromator equipped with 
concave holographic gratings. The signal 
is detected by a thermoelectrically cooled 
photomultiplier tube and processed by 
photon counting electronics. The sample 
is supported by a substrate (typically 
sapphire or lithium fluoride) mounted on 
a remotely-controlled sample stage. A 
built-in microscope allows viewing of the 
sample in transmitted light at magnifica
tions up to 400 X. Irradiance levels 
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ocular 

beam splitter 

microscope objective 
/beam focusing and viewing 

~ellipsoidal collection mirror 

Fig. 1. Schematic of the NBS-developed 
Laser-Raman Microprobe. Typical measure
ment parameters employed: Excitation, 
514.5 nm (green), 568.2 nm (yellow) and 
647.1 nm (red); laser power, 5-60 mW (at 
sample); beam spot, 2-20 ~m diameter, time 
constant, 0.2-4.0 sec; scan rate, 200-
10 cm- 1/min; spectral slit width, 3 cm- 1 . 

employed in routine probe measurements 

range from several megawatts/cm2 to 

several kilowatts/cm2 . Measurement times 
for solid microsamples of mass 10-100 pg 
may vary from 20 minutes for (fast) survey 
spectra to scans requiring 3-5 hours for 
radiation-sensitive materials. 

Samples and Their Measurement 

For measurement in the Raman micro
probe, the microsamples are usually 
supported by either a sapphire (a-Al 203) 

or a lithium fluoride (LiF) substrate. 
Various methods of sample preparation 
used with this technique have been des-

"b d 2- 4 A" b . 1 crl e . lr orne partlc es are 
collected by conventional aerosol sampling 
techniques, in this work consisting pri
marily of bulk sample collections on 
various types of filters and size
classified particle collections obtained 
through the use of multi-stage cascade 
impaction samplers. 

The Raman microprobe spectra obtained 
in the study of carbonaceous matter on 
microparticles were all obtained using 



514.5 nm (green line) excitation. Of con
cern in all microprobe measurements of 
non-transparent (i.e., colored) materials 
are the possible deleterious effects of 
the high irradiance levels which can be 
utilized in the measurement. In order to 
assess such effects in the present study, 
the probe measurements were performed 
employing low irradiance conditions 

(typically ~s kW/cm 2) at first and then 
repeated using higher irradiance condi-

tions (typically ~o.s MW/cm 2). The 
spectra are compared and any changes that 
might have occurred in the physical, 
morphological or optical properties of 
the particle are noted by re-examination 
of the sample in the light microscope. 

The modeling experiments designed to 
study the origin of carbon bands in the 
spectra involved the preparation of micro
particle samples of Caso 4 prepared from 

a commercial sample of soluble anhydrite. 
In one experiment, a sample was flash 
coated with a thin film c~zo nm thick) of 
elemental carbon in a vacuum deposition 
apparatus. For the second experiment, 
two separate samples of soluble anhydrite 
microparticles were prepared to bear a 
surface film of n-hexadecane in one case 
and a film of shale oil (a hydrocarbon 
mixture rich in optically absorbing poly
nuclear aromatic hydrocarbons) in the 
second case. The details of these sample 

preparations have been described. 5 

For the study of microparticle sam
ples of polynuclear aromatic hydrocarbons, 
representative compounds of the 3-"ring 
(e.g., anthracene, phenanthrene), 4-ring 
(e.g., chrysene, pyrene, fluoranthene) 
and 5-ring (e.g., benzo[a]pyrene) systems 
were chosen. The samples investigated 

MICROPARTICLE IN 
AIR PARTICULATE DUST 
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were prepared from commercially available 
PAH standards obtained from several 
sources and used without further purifi
cation. The spectrum of each compound 
was examined employing green line 
(514.5 nm), yellow line (568.2 nm) and 
red line (647.1 nm) excitation. This 
was to specifically examine effects of 
sample heating and sample fluorescence. 
In all cases it has been possible to 
record analytically useful (with a signal
to-background ratio for the major Raman 
peaks generally better than 10:1) spectra 
from discrete PAH microcrystals generally 
of size 2-10 urn, corresponding to sample 
masses estimated at well under 1 ng. 

RESULTS AND DISCUSSION 

Characteri 

In earlier studies of microparticles 
from urban air particulate samples, we 
demonstrated detection and identification 
of a wide range of inorganic materials, 

and mineral species in particular. 2- 4 

The results included evidence for chemical 
transformation of particles in cases 
where high-volume, bulk sample collections 

were made over extended sampling times. 4 

An example of the spectroscopic evidence 
for such a finding is presented in Fig. 2. 
The particle investigated here was one 
isolated from a bulk sample of St. Louis 
urban dust, which had been collected on 
a glass fiber filter employing a high
volume air sampler. The particle is 
identified as one of complex composition 
with the major constituent being calcite 
(CaC0 3) and the minor constituent being 

insoluble anhydrite (CaS0 4). All five 

Raman active modes of Caco 3 (1432, 1088, 

I 
1000 0 

Fig. 2. Raman Spectrum of a Particle of Calcite (CaC0 3) in 

Urban Air Particulate Dust. Measurement parameters: particle 
size, 5 x 5 urn; substrate, LiF; laser, \ 0 = 514.5 nm; power, 
48 mW (at sample); beam spot, ~12 urn diameter; spectral slit 

width, 3 cm- 1 ; time constant, 0.5 sec; scan rate, 100 cm- 1; 
min; intensity, 1000 counts full scale. 
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714, 283, 

1432 cm- 1 

the broad 

-1 and 156 em ) are present. The 

band is partially obscured by 
spectral feature in the 1200 to 

1 1700 em region. The presence of Caso 4 
as a detected, second constituent is indi

cated primarily by the band at 1018 cm-l 
The presence of Caso4 in the particle has 

been interpreted to indicate the partial 

transformation of Caco 3 by acid aeroso1. 4 

After accounting for both constituents, 
calcite and anhydrite, there remains to 
be assigned the rather broad, double
maximum feature centered at <el350 and 

<el600 cm- 1 . Bands similar to these have 
been observed in the spectra of many 
different types of environmental parti
cles (e.g., sulfates, oxides, nitrates, 
and silicates). These features have been 

"b d 1 11' h't 6-lO ascr1 e to po ycrysta 1ne grap 1 e 
and are in agreement with recent Raman 
studies of bulk samples of pollution 
particulates which find evidence for car-

b h . . 11,12 on present as grap 1t1c spot. 

We proceeded to verify that the 
observed spectral features were indeed 
attributable to a form of elemental car
bon and also designed experiments to 
explore the possibility that these carbon 
bands could result from the decomposition 
- in the measurement process - of 
particle-adsorbed hydrocarbons. 

Thus, two separate studies were per
formed. The first consisting of spectro
scopic measurements on elemental carbon 
vacuum deposited on a particle sample of 
soluble anhydrite. The second type of 
modeling experiment involving parallel 
samples of the same material treated to 
result in microparticles coated with two 
types of hydrocarbon liquids. Soluble 
anhydrite was chosen as the host since it 
has a high surface area and at elevated 
temperatures will convert to the insoluble 
form, allowing some estimate of heating 
effects. It is known that temperature
induced conversion of soluble anhydrite 
to insoluble anhydrite occurs gradually, 
with the conversion being quite rapid 
above 400 °C and very slow below 200 °C. 
The two forms are distinguishable by 

their Raman spectra. 5 

In the first modeling experiment, a 
particle sample of soluble anhydrite was 
coated with an approximately 20 nm thick 
layer of vitreous carbon, deposited by 
flash evaporation in a vacuum chamber. 
Particles in this sample and in a parallel 
sample not overcoated with carbon were 
measured in the microprobe. Figure 3 
shows the results of these measurements. 
The top spectrum is that of a particle not 
bearing a carbon film. Bands arising from 

63 

SOLUBLE ANHYDRITE 
PARTICLE (-4u x 5u) 

PARTICLE 8 
CARBON FILM 

Fig. 3. Raman Spectra of Soluble 
Anhydrite (CaS0 4) Coated with a Vitreous 

Carbon Film. Top: not-coated particle, 
4 x 5 ~m; substrate, A1 203 ; laser, 

~ 0 = 514.5 nm; power, <e90 mW (at sample); 
beam spot, <e6 ~m diameter; spectral slit 

width, 3 cm- 1 ; time constant, 0.3 sec; 

scan rate, 200 cm- 1/min; intensity, 1000 
counts full scale. Middle: vitreous 
carbon coated particle, 4 x 5 ~m; same 
conditions as for top spectrum. Bottom: 
carbon film on substrate; same conditions 
as for top. 

the (weak) interference by the sapphire 
substrate are indicated above the record
ing trace. The middle spectrum was 
observed from a particle of the carbon 
coated sample measured under high irradi
ance conditions. This spectrum is now 
that characteristic of Caso 4 in the 

insoluble anhydrite form. In addition, 
the spectral features at <el350 and 

-1 <el600 em are apparent. Heating of the 
particle to temperatures above 300 °C 
has taken place as indicated by the change 
from the soluble to the insoluble anhy
drite form. The two distinct carbon 
bands have developed as a consequence of 
sample heating. This can be seen by com
paring the carbon bands in the middle 
spectrum to the single, broad band charac
teristic of vitreous carbon, as obtained 



from the measurement of the carbon film on 
the sapphire substrate (bottom spectrum). 

We conclude that heating of the 
coated Caso4 sample has taken place and 

that the heating induced by the optical 
absorption of the vitreous carbon film 
has resulted in the formation of micro 
crystalline graphite. The film on the 
substrate is not expected to experience 
a large temperature rise inasmuch as the 
substrate with which it is in contact is 
an effective heat sink. 

The second modeling experiment was 
concerned with the possibility that these 
carbon bands might arise from the thermal 
or photolytic decomposition of hydro
carbon matter sorbed onto particle 
surfaces. In order to examine this 
possibility, particles of soluble 
anhydrite were coated with n-hexadecane 
and shale oil in two separate tests. The 

A 

B 

X 1.6 

s 
II 

0 

results obtained from measurements of 
these samples are shown in Fig. 4. 
Figures 4A and 4C, respectively, show the 
reference spectra of soluble and insoluble 
anhydrite. Figure 4D is the spectrum of 
soluble anhydrite coated with a film of 
shale oil. The spectrum has changed to 
that of insoluble anhydrite even under 
the lowest irradiance conditions. The 
two carbon features have also been pro
duced. Figure 4B is the spectrum of solu
ble anhydrite coated with n-hexadecane. 
In contrast to the corresponding sample 
coated with shale oil, this sample did 
not convert to the insoluble form even 
though the two carbon bands have been 
produced. These bands are exceptionally 
well resolved here. The complete spec
tral separation of the carbon bands has 
been reported for samples where the size 
of microcrystallites is greater than 

7 5 nm. The broader overlapped features 
are observed from samples with structures 

c 

D 

1000 0 

Fig. 4. Raman Spectra of Caso4 Particles Coated with Hydrocarbon Liquids. A. Soluble 

anhydrite particle (not coated), 6 x 16 wm; substrate, Al 203 ; laser, \ 0 ~ 514.5 nm; 

power, 90 mW (at sample); beam spot, ~6 wm diameter; spectral slit width, 3 cm- 1 ; time 
constant, 0.5 sec; scan rate, 100 cm- 1/min; intensity, 1000 counts full scale. 
B. Soluble anhydrite particle coated with n-hexadecane, 8 x 12 wm; same conditions as 

for A, except: time constant, 1.0 sec; scan rate, 50 cm- 1/min. C. Insoluble anhydrite 
particle (not coated), 3 x 5 wm; same conditions as for A, except: time constant, 

0.3 sec; scan rate, 50 cm- 1/min. D. Soluble anhydrite particle coated with shale oil, 
3 x 7 wm; same conditions as for B. 
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made up of smaller microcrystallites. 
Continued exposure of this sample to 
laser irradiation brought on a partial 
conversion to insoluble anhydrite over an 
8-hour period. This conversion probably 
arises from the heating of the particle 
as a result of the formation of the 
optically absorbing carbon film. 

We have demonstrated in these studies 
that the two broad features at ~1350 and 

~1600 cm-l - so frequently observed in 
the spectra of airborne particles - are 
indeed attributable to elemental carbon 
present in a form analogous to poly
crystalline graphite. This carbon can 
be traced either to graphitic soot or to 
residual organic matter which can be 
converted to graphitic soot on exposure 
to high intensity laser radiation. The 
examples discussed here also illustrate 
that certain chemical and/or structural 
transformations - as reflected in the 
resulting spectroscopic changes - can be 
induced in microparticles as they are 
subjected to the conditions of the 
microprobe measurement. This, in many 
cases, calls for a circumspect analysis 
procedure both in the acquisition and 
interpretation of Raman microprobe 
spectra. 

Spectra of Microparticles of PAHs 

In this section are reported partial, 
representative results from the feasi
bility study on the potential of 
micro-Raman spectroscopy in the trace 
characterization of polynuclear aromatic 

21 hydrocarbons. 

Figures 5-8 show the Raman spectra 
of microparticles of four PAHs represen
tative of the four- and three-membered 
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ring systems. The spectra of these 
organic solids are highly characteristic 
of crystal lattice (external) and mole-

cular (internal) vibrations. 22 They can 
therefore form a basis for the positive 
identification of the compounds in this 
class. In these measurements of micro
samples of selected PAHs, a detection 
limit - with the Raman microprobe in its 
present state of instrumental configura
tion - of 10-100 pg is indicated for many 
of these environmentally significant 
hydrocarbons. The spectra presented in 
Figs. 5-7 are those of three structurally 
very similar PAHs in the four ring system. 
These are chrysene, and the isomeric 
pair pyrene and fluoranthene. Their 
molecular structures are shown in each 
figure. The microparticle spectrum of 
chrysene is that given in Fig. 5. This 
example is exceptional in that a useful 
spectrum could be obtained of this PAH 
using green line excitation. In the 
case of all other compounds studied, 
514.5 nm excitation furnished spectra 
that were characterized by moderate to 
high background luminescence levels 
thought to arise from broad-band fluores
cence of the sample. The fluorescence 
emission in these cases can be so pro
nounced as to completely swamp the Raman 
signal. Sample heating was not observed 
in these low-irradiance measurements of 
chrysene microparticles and is not 
indicated in the spectrum. Excitation 
with 568.2 nm (yellow line) radiation 
results in chrysene spectra that have 
appreciably lower background levels, 
indicating diminished fluorescence 
emission at this longer wavelength. This 
has been a general observation made for 
all the PAHs investigated to this point. 
In the spectrum of Fig. 5, spectral inter
ferences from the weak Raman scattering 
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Fig. 5. Raman Spectrum of a Microparticle of Chrysene (c
18

H
12

). Measurement 

parameters: particle size, 7 x 9 urn; substrate, Al 2o3 ; laser, ~ 0 = 514.5 nm; 

power, 5 mW (at sample); beam spot, ~18 urn diameter; spectral slit width, 3 cm- 1 ; 

time constant, 0.25 sec; scan rate, 200 cm- 1/min; intensity, 1000 counts full scale. 
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Fig. 6. Raman Spectrum of a Microparticle of Pyrene (c16H10). Measurement 

parameters: particle size, 30 vm; substrate, A1 2o3 ; laser, Ao = 568.2 nm; power, 
-1 4 mW (at sample); beam spot, ~18 ym diameter; spectral slit width, 3 em ; time 

constant, 0.2 sec; scan rate, 200 cm- 1/min; intensity, 1000 counts full scale. 
Bands marked S arise from the fluorescence of the substrate. 
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Fig. 7. Raman Spectrum of a Microparticle of Fluoranthene (c 16H10 ). Measurement 

parameters: particle size, 7 x 9 wm; substrate, Al 203 ; laser, Ao = 568.2 nm; 

power, 5 mW (at sample); beam spot, ~18 vm diameter; spectral slit width, 3 cm-l 

time constant, 0.2 sec; scan rate, 200 cm- 1/min; intensity, 1000 counts full 
scale. Bands marked S arise from the fluorescence of the substrate. 

of the sapphire substrate are not observed 
above the background luminescence level. 

The spectrum of a microcrystal of 
pyrene, shown in Fig. 6, was excited with 
the 568.2 nm laser line. Attempts to 
obtain spectra from microsamples of this 
compound employing 514.5 nm excitation 
were unsuccessful due to the overwhelming 
fluorescence emission from the sample. 
The spectrum obtained here at rather low 
irradiance has a tolerable fluorescence 
background upon which the major Raman 
bands appear with good intensity. The 
Raman spectrum and vibrational assign
ments of pyrene have been reported in the 
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literature, based on a study of single 

crystal samples. 23 The microprobe spectra 
obtained in this study are consistent 
with the results of these bulk Raman 
measurements. The doublet at the high 
frequency end (i.e., at higher wavenumber 
shifts) is not attributed to the spectrum 
of pyrene but arises from the ruby (Cr 2o3 , 

present as a trace impurity) fluorescence 
in sapphire. This fluorescence doublet 
(R lines) appears at wavenumber shifts 
3167 cm-l (R2 line, 692.9 nm) and 

3196 cm-l (Rl line, 694.3 nm) with 
568.2 nm spectral excitation. 



Subnanogram microsamples of fluor
anthene have been examined in the micro
probe, and the spectrum of a microparticle 
excited with 568.2 nm radiation is shown 
in Fig. 7. Whereas 514.5 nm excitation 
stimulated enormous fluorescence emission 
from this PAH, good spectra could be 
obtained with both yellow line and red 
line excitation. The compound is charac
terized by a larger number of bands of 
good intensity than has been observed 
for the two other four-ring compounds. 
The sapphire fluorescence doublet is 
pronounced in this measurement and is 

seen in the 3100-3250 cm-l region. A 
qualitative comparison of the spectra 
(Figs. 5-7) of the three structurally 
similar PAHs shows that these are suffi
ciently different to allow unequivocal 
identification of these closely related 
molecular solids. Microprobe measurements 
on selected isomeric compounds of the 
five-ring system (e.g., benzo[a]pyrene, 
perylene) indicate a similarly high 
specificity of the Raman spectrum. 

Three-membered ring compounds have 
been investigated along with several of 
their mono-methyl derivatives (e.g., 
1-methyl and 2-methyl phenanthrene). 
Here the interest is to characterize 
spectral differences among the (unsub
stituted) parent compound and its various 
methyl derivatives. The results indicate 
that within a given series of mono- (or 
di-) substituted PAHs, the various deriva
tives can be distinguished on the basis 
of the characteristic Raman shifts of 
the predominant, strong bands. An example 
from this series of measurements is the 
spectrum of a microparticle of phenan
threne presented in Fig. 8. The particle 
is supported by a lithium fluoride 
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substrate which does not give rise to any 
spectral interferences. Red line excita
tion has been used. The standard sapphire 
substrate is much less suitable for 
measurements employing 647.1 nm excitation 

since the R-lines of the trace cr 3
+ 

fluorescence appear at shifts 1021 and 
-1 . 1050 em and thereby represent a ser1ous 

interference in a diagnostic region of 
the spectrum. With 647.1 nm excitation, 
Raman spectra can be recorded with the 
microprobe from near the exciting line 

to about 2700 cm-l (wavenumber shift). 
This corresponds to the upper frequency 

limit (which is 12,750 cm-l absolute or 
784 nm in wavelength) of the spectral 
range of the monochromator with the 
gratings presently in the instrument. 
Thus, the CH stretching vibrations for 
these compounds - whose frequencies fall 

in the range 3000-3100 cm-l - are not 
accessible with the present instrument 
when red line excitation is employed. 

The phenanthrene spectrum in Fig. 8 
is consistent with the results of bulk
Raman measurements performed on single 

24 crystal samples of phenanthrene. The 
more predominant internal vibrational 
modes give rise to bands with Raman 

shifts at 410, 713, and 1443 cm- 1 . By 
comparison, the most intense bands in 
the spectrum of the structural isomer 
anthracene appear at 396, 748, and 
1403 cm-l 22 

We have shown with these examples 
that the micro-Raman spectroscopy tech
nique can furnish analytically useful 
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Fig. 8. Raman Spectrum of a Microparticle of Phenanthrene (c
14

H
10

). 

Measurement parameters: particle size, 7 x 7 urn; substrate, LiF; 
laser, ~o = 647.1 nm; power, 20 mW (at sample); beam spot, ~16 urn 

diameter; spectral slit width, 3 cm- 1 ; time constant, 1.0 sec; scan 

rate, SO cm- 1/min; intensity, 1000 counts full scale. 
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vibrational spectra from microsamples of 
PAHs of interest in environmental pollu
tion studies. The results indicate that 
this new technique of (qualitative) 
microanalysis may potentially be applied 
as a post-column detection method in the 
identification of trace organics isolated 
by column chromatography. The technique 
appears to be especially suited as a 
sensitive and highly specific method of 
detection for liquid chromatography 
separations of many classes of organic 
compounds. 

These initial studies on the charac
terization by micro-Raman spectroscopy of 
PAHs are continued. The scarcity in the 
literature of Raman data on PAHs makes 
necessary the acquisition of a library 
of reference spectra. Work has been 
initiated on the characterization of 
multicomponent synthetic mixtures sepa
rated by high-performance liquid chroma
tography. Procedures are being developed 
that will allow the analysis of the 
chromatographic effluent in a static 
mode whereby a portion of the effluent 
is trapped and the solid analyte is 
isolated on the Raman substrate for 
spectroscopic measurement. 

REFERENCES 

1. B. R. Appel, P. Colodny, and J. J. 
Wesolowski, "Analysis of Carbona
ceous Materials in Southern Califor
nia Atmospheric Aerosols," Environ. 
Sci. TechnoL _J_._Q, 359 (1976). 

2. G. J. Rosasco and E. S. Etz, "The 
Raman Microprobe: A New Analytical 
Tool," Research & Development ~. 
p. 20 (June 1977). 

3. E. S. Etz, G. J. Rosasco, and v'L C. 
Cunningham, "The Chemical Identifi
cation of Airborne Particles by 
Laser Raman Spectroscopy," in 
Environmental Analysis (G. W. Ewing, 
Ed:T:--Academic Press, Inc., New York 
(1977)' pp. 295-340 0 

4. E. S. Etz, G. J. Rosasco, and J. J. 
Blaha, "Observation of the Raman 
Effect from Small, Single Particles: 
Its Use in the Chemical Identifica
tion of Airborne Particulates," in 
Environmental Pollutants: Detection 
an:<!Measurement-~. Toribara, -· 
~R~oleman, B. E. Dahneke, and 
I. Feldman, Eds.), Plenum Publishing 
Corporation, New York (1978), 
pp. 413 456. 

5. J. J. Blaha, G. J. Rosasco, and 
E. S. Etz, "Raman Microprobe Charac
terization of Residual Carbonaceous 
Material Associated with Urban Air
borne Particulates," Appl. Spectrosc. 
I~ .. 292 (1978). 

68 

6. R. Vidano and D. B. Fischbach, "New 
Lines in the Raman Spectra of 
Carbons and Graphite," J. Am. 
Cerami c Soc . ~ , 13 ( 1 9 7 8 ) . 

7. F. Tuinstra and J. L. Koenig, "Raman 
Spectrum of Graphite," J. Chern. 
Phys. ~. 1126 (1970). 

8. S. A. Solin and R. J. Kobliska, 
"Raman Scattering from Carbon Jv!icro
crystallites and Amorphous Carbon," 
in Amor~ous and Liquid Semicon
ductor-s, Vol. 2 (J. Stuke and 
w. Brenig, Eds.), Taylor & Francis 
Ltd., London (1974), pp. 1251-1258. 

9. R. A. Friedel and G. L. Carlson, 
"Difficult Carbonaceous Materials 
and their Infrared and Raman 
Spectra. Reassignments for Coal 
Spectra," Fuel ~:1_, 194 (1972). 

10. M. Nakamizo, R. Kammereck, and 
P. L. Walker, Jr., "Laser Raman 
Studies on Carbons," Carbon 12, 259 
(1974). --

11. H. Rosen and T. Novakov, "Raman 
Scattering and the Characterization 
of Atmospheric Aerosol Particles," 
Nature ~~§_, 708 (1977). 

12. H. Rosen and T. Novakov, "Identifi
cation of Primary Particulate Carbon 
and Sulfate Species by Raman Spec
troscopy," Atmos. Environ. 12, 923 
(1978). --

13. R. P. W. Scott, "Highlights from 
Contemporary Analytical Liquid 
Chromatography," Analyst 103, 37 
(1978). -

14. R. C. Lao, R. S. Thomas, H. Oja, and 
L. Dubois, "Application of a Gas 
Chromatograph-Mass Spectrometer-Data 
Processor Combination to the Analy
sis of the Polycyclic Aromatic 
Hydrocarbon Content of Airborne 
Pollutants," Anal. Chern. 45, 908 
(1973). -

15. R. C. Pierce and /IL Katz, "Determi
nation of Atmospheric Isomeric 
Polycyclic Arenes by Thin-Layer 
Chromatography and Fluorescence 
Spectrophotometry," Anal. Chern. ~. 
1743 (1975). 

16. H. S. Hertz, W. E. May, S. A. Wise, 
and S. E. Chesler, "Trace Organic 
Analysis," Anal. Chem. 50, 428A 
(1978). -

17. B. S. Das and G. H. Thomas, "Fluores 
cence Detection in High Performance 
Liquid Chromatographic Determination 
of Polycyclic Aromatic Hydrocar
bons," AnaL Chem. ~. 967 (1978). 



18. M. Katz, T. Sakuma, and A. Ho, 
"Chromatographic and Spectral Anal
ysis of Polynuclear Aromatic Hydro
carbons-Quantitative Distribution 
in Air of Ontario Cities," Environ. 
Sci. Technol . .!_~, 909 (1978). 

19. D. E. Irish and H. Chen, "The Appli·
cation of Raman Spectroscopy to · 
Chemical Analysis," Appl. Spectrosc. 
~!i_. 1 (1971). 

20. A. C. Eckbreth, P. A. Bonczyk, and 
J. F. Verdieck, "Laser Raman and 
Fluorescence Techniques for Practical 
Combustion Diagnostics," Appl. 
Spectrosc. Revs. ~2· 15-164 (1978). 

21. E. S. Etz, S. A. Wise, and K. F. J. 
Heinrich, paper presented at the 9th 
Materials Research Symposium, Trace 
Organic Analysis: A New Frontier1n 
Analyt1cal Chemistry, National -
Bureau of Standards, Gaithersburg, 
Md., April 10-13, 1978. To appear 
in the proceedings of the symposium. 

22. F. R. Dollish, W. G. Fateley, and 
F. F. Bentley, Characteristic Raman 
Frequencies of Organic-Compounds--,-
Jolin W 11 ey ~on s ;"J\leWror1<l:T97 4) . 

23. A. Bree, R. A. Kydd, T. N. Misra, 
and V. V. B. Vilkos, "The Fundamen
tal Frequencies of Pyrene and 
Pyrene-d10 ," Spectrochim. Acta 1:}_[2, 
2315 (1971). 

24. A. Bree, F. G. Salven, and V. V. B. 
Vilkos, "A Vibrational Analysis for 
Phenanthrene," J. Mol. Spectrosc . 
.±i. 298 (1972). 

69 



* THE DETERMINATION, SPECIATION, Al\TD BEHAVIOR OF PARTICULATE CARBON 

Ed-;.,rard S. Nacias, Richard Delumyea, Lih-Ching Chu, Howard R. Appleman, 
C. David Radcliffe and Laurel Staley 

Department of Chemistry 
Washington University 

St. Louis, MO 63130 

ABSTRACT 

Two compatible methods for carbon analysis of atmospheric fine particles are presented. The amount 
of soot (as elemental carbon) is determined from the reflectance of an aerosol filter sample. The sample 
is then analysed by the gamma ray analysis of light elements (GRALE) technique to determine the total 
carbon. Organic carbon is determined from the difference between total carbon and soot. Results are 
presented for the soot, organic and total carbon content of aerosol samples collected in St. Louis during 
the summer of 1977 and the winter of 1977/78. 

INTRODUCTION 

Airborne particulate matter has a complicated 
chemical composition which is strongly size de
pendent and comes from a wide variety of sources, 
both natural and anthropogenic, It is antici
pated that in the next decade the increased re
liance on coal for energy production will lead to 
further reduction of air quality. Of most con
cern are the fine or respirable particles (diam 
<3. 5 )lm) which are associated with visibility 
degradation, adverse health effects and climatic 
changes. Recent work indicates that it is neces
sary to further investigate the chemical composi
tion of atmospheric aerosols (particles) in order 
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to make rational decisions regarding future 
strategies. 

Ultimately it is necessary to have a com
plete mass balance of the chemical constituents 
of the aerosol as a function of size. The fine 
particle chemical mass balance determined in a 21 
day period in Charleston, West Virginia, report
ed previously, 1 • 2 is shown in Fig. 1. The major 
constituents in the urban fine particles are am
monium sulfate (42%), lead oxide (1%), trace ele
ments (4%) and carbonaceous compounds (18% ex
pressed as methylene groups, -CH2-). In the same 

s 

2 9% 

Fig. 1. Chemical mass balance of atmospheric fine particles determined in Charleston, 11est Virginia 
in summer 1976. 1 • 2 
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study, carbon was found to constitute 12% of the 
coarse particle (diam >3.5 ~m) mass. While there 
has been much emphasis placed on the first three 
species, much is left to be studied about the 
carbonaceous constituents. Particulate carbon in 
the atmosphere exists predominantly in three 
forms: soot, a substance which is largely ele
mental carbon with organics and other compounds 
adsorbed on the surface; organic compounds; and 
carbonates. In the Charleston studyl•2 it was 
found that an average 62% of the particulate car
bon was in the fine particle size range but this 
value had large fluctuations (Fig. 2). The 
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Fig. 2. Comparison of carbon mass in coarse and 
fine particles in Charleston, West Virginia,l,2 

chemical composition of the carbon in the fine 
particles has been fairly well characterized, 
The fine particle carbon composition is 20-50% 
soot (elemental carbon), less than 5% carbonate3 
and the rest organic compounds. The detailed 
chemical composition of the coarse particle car
bon is not \vell known, 

Diesel emissions and the combustion of dis
tillate oil and natural gas are thought to be the 
major sources of soot carbon. 4 Sources of pri
mary organic aerosols include combustion of fos
sil fuel and automotive emissions. Secondary 
particulate organic species are formed from gas
eous organic compounds through gas-to-particle 
conversion processes or adsorption onto soot and 
other particles. Fine particle lead has often 
been used as a tracer for automotive emissions.s 
It may be possible to estimate the extent of auto
motive sources of particulate carbon by correlat
ing fine particle carbon and lead concentration. 
The relationship between carbon and lead from the 
Charleston study1 ' 2 is shown in Fig. 3. The two 
elements correlate very well (r • >0,9) for 16 of 
the 21 days \vhen the carbon concentration was 
<6 ~g/m 3 . However on the 5 days when the carbon 
concentration exceeded 6 ~g/m3 there appeared to 
be an excess of carbon relative to lead compared 
to the other 16 days. This indicates that 
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Fig. 3. Comparison of carbon and lead concentra
tion of fine particles in Charleston, West Vir
giniH.1•2 The solid line is the least squares 
fit to the data, 

during periods of high aerosol concentration non
automotive particulate carbon sources are sig
nificant, 

Early methods of analysis of aerosol particu
late matter relied on the differences in the chem
ical properties of organic and inorganic carbon. 
McCarthy and Moore 6 treated aerosol samples with 
70% HN03 to oxidize organic compounds and deter
mined the elemental carbon gravimetrically from 
the >veight loss on heating to 140° and 700° c. 
Kukrej a and Bove 7 treated samples collected on 
glass fiber filters with HF, NH40H, HN0 3 and HCl 
prior to gravimetric analysis for free carbon as 
above. )1ueller et aL 3 determined total carbon 
content by quantitative conversion of the par
ticulate carbon to C0 2 via acidification and com
b~stion. They then determined the amount of C0 2 
>nth a gas chromatograph equipped with a thermal 
conductivity detector. Appel et al.s used this 
method to determine the organi~carbon content of 
various solvent extracts of atmospheric samples. 
Huntzicker and Johnson9 have modifecl this method 
by reduction of the C0 2 to CH4 and analysis of 
CH4 in a flame ionization detector. A variety of 
methods have been used for organic analysis of 
aerosols, 10 particularly mass spectrometry coupl
ed with gas chromatography, All of the preceed
ing techniques are destructive. Non-destructive 
methods such as electron spectroscopy for chemi
cal analysis (ESCA), 11 gamma-ray analysis for the 
light elements (GRALE) 12 and proton elastic scat
tering (PESA) 13 have been used to analyse total 
carbon content of ambient aerosols, 

A few methods exist for the analysis of soot 
carbon which are non-destructive. Infraredl4 and 
Raman 15 spectroscopy have been employed to deter
mine various forms of elemental carbon in aero
sols based on their characteristic adsorption 
spectra. Two groups 16 have employed a simple 



photometric technique based on the decrease in 
transmittance of light caused by increasing mass 
of particulate matter on a filter for the analy
sis of soot carbon. 

In this paper we present two compatible 
methods of carbon analysis of atmospheric fine 
particles, The amount of soot (as elemental car
bon) is determined from the reflectance of a 
sample measured relative to a filter blank. The 
sample is then analysed by the gamma ray analysis 
of light elements (GRALE) techniquel 2 to deter
mine the total carbon. Organic carbon is deter
mined from the difference between total carbon and 
soot. Results are presented for the soot, organic 
and total carbon content of aerosol samples col
lected in St. Louis during the summer of 1977 and 
the winter of 1977/78. 

EXPERIMENTAL PROCEDURES 

Aerosol Collection 

A TWOMASS automated sequential tape sampler 17 
was used to collect laboratory and ambient aero
sols. The flow system of this sampler separated 
particles into two size fractions. Coarse par
ticles >vere impacted on a glass fiber filter; the 
remaining particles were collected on an identical 
high-efficiency glass fiber filter. The single
stage impactor head had a 4.5-mm diam inlet aper
ture with a 4.5-mm jet-to-plate distance. The 
impactor was designed to have 50% efficiency for 
particles of 3.5 ~m diam. Samples and standards 
were collected on Pallflex E70 glass fiber filter 
with a detachable cellulose backing, This medium 
was chosen because of its low mass density, effi
cient impaction properties, uniform thickness and 
low carbon, nitrogen and sulfur blank. Both the 
impaction and filtration heads of the TWOMASS had 
independent source-detector systems for beta 
attenuation mass measurements. The beta source 
was 1 mCi of 14c. The cross sectional areas of 
the collection spots in the filtration and impac
tion stages were 32 and 16 mm2 , respectively, 

The beta detector (ORTEC) was a silicon sur
face-barrier detector with a 50-mm2 surface area, 
a 40-~g aluminum \vindow, and a noise width less 
than 11 keV. The amplified output of each detect
or was acquired with two high-speed counters and 
further processed by a Tektronix programmable cal
culator with an x-y point plotter, printer, and 
magnetic tape cassette, 

For the collection of ambient samples, the 
tape was automatically advanced at 3-hr intervals 
except during periods of high aerosol concentra
tion (> 40 ~g/m3) when the collection time was 
reduced to 2 hr. A nominal flow rate of 18 ~/min 
was used, The exact flow was determined from the 
output of a calibrated recording pressure trans
ducer which monitored the pressure below the lower 
stage of the TIVOMASS. This pressure changes 
linearly with flow rate, and calibration points 
were made at random intervals to check on linear
ity. During a 24 day period in St. Louis, two 
TWOMASS samplers were run side-by-side. The dif
ference in fine concentrations between the two 
samplers was approximately 7% indicating the reli
ability of the collection, flow monitoring, data 
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acquisition and analysis systems. 

Total Carbon Analysis by the GRALE Technique 

The total carbon content of the atmospheric 
fine particle samples was determined using the 
gamma ray analysis of light elements (GRALE) tech
nique,l2 This non-destructive technique is based 
on the measurement of gamma-ray emission induced 
by proton bombardment of aerosol samples. The 
gamma-ray energy is, in general, unique to a par
ticular nuclide and thus can be used as a signa
ture for the chemical element, Elemental concen
trations are obtained in units of ~g/cm2 and are 
not affected by the chemical form of the elements. 

Following collection, the filter samples were 
mounted in 5 x 5 em slide mounts after removal of 
the cellulose backing. The samples were then 
analyzed for carbon, nitrogen and sulfur in the 
external beam facility of the vJashington Univer
sity 135-cm sector focused cyclotron by irradia
tion with a collimated 7-MeV proton bemn. The 
irradiation chamber, shown in Fig. 4, was built 
around a modified commercial 35-mm slide project
or with a remote slide changing mechanism to 
automate the sample changing. The samples in the 
chamber were maintained in 1 atm of helium. The 
identity of the sample being irradiated >·laS moni
tored with a closed circuit television camera. A 
0.003-mm thick Havar foil served as a vacuum seal 
between the irradiation chamber and the cyclotron 
beam tube. Samples ><~ere typically irradiated 
with an 80-namp beam for 800-1000 sec. The beam 
current '"as determined with a digital current in
tegrator which measured the total charge collect
ed on the Faraday cup. 

In general, inelastic proton scattering ex
cites a nucleus to its lowest lying excited 
states which deexcite by the emission of ganuna 
rays. The resulting in-beam gawma-ray spectrum 
includes at least one gamma ray from each element 
of interest, 

Gamma rays produced in the proton bombard
ment were detected with a 60-cm 3 lithium dri~ted 
germanium G e (Li) detector (11. 7% efficient rela
tive to a 3" x 3" Nai(Tl) detector of 1332 keV 
gamma rays), with energy resolution of 2.5 keV 
full width at half maximum for 1332 keV gamma 
rays. The output of the Ge(Li) detector was sent 
to a high-resolution preamp and amplifier which 
were able to process high count rates (<20,000 
count/sec) without appreciable degradation of 
energy resolution. The amplified signals were 
sent to a 13-bit 200-MHz analog-to-digital con
verter (Tracor Northern). Digital information 
was stored and processed in a PDP-11 mini-comput
er with a 28000 word memory (Digital Equipment). 
The spectra >vere analysed immediately after each 
irradiation with the on-line computer, The in
tensity of each peak was determined from the in
tegrated peak area after subtraction of back
ground. The peak intensity was corrected for 
system dead time losses (typically 20%) deter
mined from the area of a pulser peak in the 
spectrum produced from a 60 Hz tail-pulse gen
erator, These data were normalized to the pro
ton beam intensity determined from the integrat
ed current measured in the Faraday cup, The 
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normalized peak intensities of the filter blanks 
were subtracted from the aerosol results. The 
conversion of peak intensity into mass was carried 
out using standard methionine aerosols as de
scribed below. Filter blanks, atmospheric, labor
atory and methionine standard aerosol samples were 
run under nearly identical conditions which yield
ed nearly equal detector count rates. All samples 
were analysed in the same vray. 

The identification of a given element in a 
sample was determined on the basis of peak energy 
determined for the large peaks by the use of ex
ternal standards before and after each run. The 
large knovm peaks were then used as internal 
standards for energy determination of the smaller 
peaks. The amount of a given element in a sample 
was detennined from the ratio of the peak area in 
the sample to the area of the corresponding peaks 
in a standard fine particle sample of methionine 
aerosol (C6H1102SN) on the same type of filter. 
The mass of methionine deposited on the filter was 
determined using a beta attenuation mass monitor. 

The GRALE technique has been extensivly com
pared to other techniques in a previous study.l 2 

In that work the total carbon analysis of the same 
or duplicate filters was carried with the 
GRALE method, the Dohrmann DC-50 carbon analyser, 
(Envirotech) and the Perkin-Elmer Model 240 Ele
mental Analyser (Perkin-Elmer). The latter two 
methods are based on the high temperature combus
tion of carbon compounds with subsequent detec
tion of CH4 and C02, respectively. This method 
of intercomparison indicated that to within 5% 
there are no systematic discrepancies in any of 
the methods investigated. The advantages of the 
GRALE technique over combustion methods are that 
it is fast, non-destructive, totally instrument
al, unaffected by the chemical form of the aero
sol and easily automated. 

Soot Analysis by Reflectance 

The non-destructive quantitative analysis of 
soot, calibrated as elemental carbon, >vas deter
mined from the reflectance of the aerosol de
posit. This technique assumes that soot is the 
predominant species which is dark in color in the 
fine particle aerosol and therefore the darkness 
of the deposit is due primarily to soot. This 
technique is simple, inexpensive and sensitive. 
Because the light is not transmitted through the 
filter the method can be used with thick and in
homogeneous filters. 

Two reflectance photometers, one built into 
a sampler for soot analysis during sample collec
tion and the other for use off-line in the 
laboratory, were designed and constructed in our 
laboratory to conform to sampling requirements of 
the TWOMASS sampler and to be compatible ~Vith 
GRALE analysis. The on-line monitoring re
flectometer was constructed from a TWOMASS samp
ler modified by the addition of a small tungsten 
filament lamp and a solid state photodetector 
mounted at 45° to the lower filter stage and at 
right angles to each other. The light source and 
detector \Vere collimated to focus on the 0.3 cm2 

sample deposit. A stabilized po~Ver supply pro
vided 5 v bias for the detector and 12 v po~Ver 
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for the lamp. The amplified output signal from 
the photodetector was monitored on a strip chart 
recorder. Under conditions >vhere the atmospheric 
soot content remained constant, the output de
creased exponentially with time. 

The off-line laboratory reflectometer, con
structed for use with TWOMASS samples, is sho>vn 
in a schematic diagram (Fig. 5). This light tight 
system consists of two blackened aluminum tubes 
(5 .5 em diam) each mounted at 45° to an aluminum 
sample chamber ~Vhich holds standard 5 x 5 em slide 
mounts. A 12-v tungsten filament lamp powered by 
a stabilized 12-v supply was used as a light 
source. Plano-convex lenses (2.3-cm diam, 4.5-
cm focal length) \Vere used to focus the incident 
light onto the sample (0.3 cm2) and reflected 
light onto a solid-state detector. The intensity 
of the reflected light was measured with a N/P 
silicon solar cell (Centerlab Semiconductor). 
The solar cell output was monitored with a digi
tal voltmeter. Blank filter paper taken from the 
same roll as the samples, was used to determine 
the initial (or blank) intensity. Blank values 
\Vere obtained after the intensity of each sa~ple 
was determined in order to detect any drifts in 
the electronics. 

Calibration of the Reflectance Systems 

Aerosol particles of elemental carbon (as 
soot) were prepared from the combustion of bu
tane, polystyrene and paraffin. The generated 
aerosols lvere aspirated into a 5 liter container, 
mixed 1vith filtered air and drmm through a TWO
MASS sampler equipped as described above. A 
typical calibration curve for carbon generated 
from a butane flame is shm.;rn in Fig. 6. This 
curve was prepared by plotting the ratio of re
flectance of the blank filter (I 0 ) and the re
flectance after addition of soot (I) on a log 
scale versus carbon mass determined by beta 
attenuation. At lm.;r carbon masses, the decrease 
in log (I/I

0
) is linear up to the point where the 

filter surface becomes saturated (covered) with 
carbon. Beyond that region, the reflectance does 
not significantly decrease >Vi th increasing carbon 
mass. By choosing the proper sampling condi
tions, saturation of ambient samples can be 
avoided. 

A calibration was also carried out "'ith am
bient samples in the follm.;ring manner. Atmos
pheric fine particle samples >vere collected with 
the THOMASS sampler. The reflectance of these 
samples was determined with the laboratory re
flectance photometer. The samples were then 
heated to 400° C for 5 minutes in a helium atmos
phere. At this temperature organic compounds 
were volatilized leaving mainlv elemEmtal carbon 
(and carbonates). The samples \Vere then analysed 
for total carbon by GRALE analysis to determine 
the remaining non-vole.tile carbon. Only fine 
particle samples were used in this calibration 
procedure. The amount of carbonate in these 
samples is expected to be very small, therefore 
the non-volatile carbon is predominantly soot 
carbon. Hith this procedure the reflectance of 
atmospheric samples before heating was calibrated 
in terms of elemental carbon by after-heating 
GRALE carbon analysis. The reflectance 
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calibration of atmospheric samples and laboratory 
generated soot samples agreed to within 10%. 

The on-line monitoring reflectometer was cal
ibrated against the laboratory reflectometer in the 
following way. Ambient samples were collected 
and the reflectance was determined with the on
line reflectometer, The samples were then mounted 
and their reflectance determined with the labora
tory reflectance photometer. A high correlation 
(r = 0.96) was obtained for results from the two 
systems as shown in Fig. 7. This indicates that 
the on-line monitoring reflectometer can be in
directly calibrated in terms of elemental carbon 
mass with the laboratory reflectance photometer. 

TOTAL Al~ ELEMENTAL CARBON CONTENT OF Atffii2NT 
SAMPLES 

During the period of July· 15-20, 1977, an air 
pollution episode occurred in the St. Louis area, 
during which the fine particle concentration 
reached a peak value of 116 ~g/m3, Fine particle 
aerosol samples were monitored for total mass dur
ing collection followed by the determination of 
soot carbon with the laboratory ref.lectometer. 
The samples were then subjected to GRALE for total 
carbon, nitrogen and sulfur analysis. The organ
ic carbon fraction of the fine particles was ob
tained from the difference between total carbon 
(TC) and soot, as elemental carbon (EC). Figure 8 
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Fig. 7. Indirect calibration of the on-line re
flectance photometer with the laboratory off
line reflectance photometer. 
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shows the temporal variations of fine particle 
total carbon, soot carbon and mass. During the 
peak of the event, the total carbon fraction de
creased to approximately 6% of the fine particle 
mass, compared to 13% before and after the epi
sode. Thus the increased mass was not accompan
ied by a corresponding rise in carbon content. 
The correlation coefficient (r) for fine particle 
carbon and mass was 0.44 for 22 samples. Of the 
total carbon, 35 ± 16% was found to be elemental 
carbon (soot). Correlation between the elemental 
carbon mass and total carbon mass was low ("r ~ 
0.33) as shown in Fig. 9a. On the other hand, the 
organic fraction (TC-EC) correlated well (r ~ 
0.92) with total carbon, as expected (Fig. 9b). 

3~~~------------~----------, 

R 

. .. . · 

TOTRL CRR6DN 

Fig. 9. a) Correlation between soot carbon and 
total carbon. b) Correlation between organic 
carbon and total carbon. 

As shmm in Fig. 8, the soot carbon concentration 
is relatively constant and independent of the fine 
particle concentration. One interpretation of 
these data is that the source of elemental carbon 
is relatively constant and independent of a 
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major source of fine particle mass during the 
event. 

Correlation coefficients were determined for 
sulfur and the various carbon fractions. The r 
for the correlations between sulfur and organic 
carbon (total carbon minus soot carbon), total 
carbon, and soot carbon were 0.06, 0.16, and 
0.55, respectively. The correlation between soot 
and sulfur has been reported previouslyll and may 
be an indication of the catalytic activity of 
soot in the conversion of so2 to sulfate. How
ever, the moderate correlation of soot with sulfur 
in this study is inconclusive evidence for this 
hypothesis. 

During a 24 day winter period beginning Jan
uary 26, 1978, a total of 305 samples were col
lected on each of two S-attenuation mass moni
tors. While analysis of the data set is incom
plete, fine particle concentration and the EC 
concentration of the samples has been determined. 
The winter fine particle concentration was con
siderably lower than during the summer. 
EvP.n during proak periods the -.;vin ter 
fine particle concentration only rose to 78 
ug/m3, During the entire period, the soot carbon 
concentration remained relatively constant. The 
24-hr average for the percentage of soot carbon 
in fine particles was found to be 13 ± 1%. This 
agrees with the summer value before and after the 
high concentration episode. 
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ABSTRACT 

Total suspended particulate matter (TSP) samples from New York City have been ex
tracted sequentially with cyclohexane, dichloromethane and acetone. The masses of ex
tractable material have been compared to older data obtained by benzene/acetone extractions 
and have been examined for correlations to several trace elements and other indices of 
pollutant sources. 

The results indicate that the extractable organic matter has not shown any obvious 
trends during the period 1968-77 when the concentrations of TSP and several elements 
have markedly declined. 

The correlations indicate that source allocations may be successfully made with 
more complete data. Local sources (autos and oil burning) appear to be related to the 
moderately polar and more polar fractions, while oxidants (photochemical reactions) may 
influence the concentration of the moderately polar material in the summer. 

INTRODUCTION 

Organic compounds comprise a signi
ficant fraction of the urban aerosol both 
in terms of mass and possibly in terms of 
hazard to health. Our knowledge of the 
chemical identities of compounds present 
in the aerosol and of the relationships 
of these materials to other aerosol 
variables, however, is relatively limited. 

Many of the compounds present may be 
products of photochemical reactions and 
measurements of these can aid in defining 
precursor compounds and mechanisms of 
production. Of more significance, perhaps, 
are the potential health effects. A 
fraction of all respiratory cancers, 
estimated at 5 to 10 per 100,000 popula
tion,is believed to be related to urban 
environments (1). Many of the compounds 
already shown to exist in urban aerosols 
are known to be carcinogens or co-carcin
ogens (2). All of the materials in these 
groups are of interest because of their 
potential involvement in the excess 
respiratory cancers in urban populations. 

Our studies have been undertaken to 
identify and define the concentrations of 
several classes of potentially hazardous 
compounds in the atmosphere, to investi
gate seasonal and long term trends in 
aerosol concentrations, and to seek 
source relationships where measured 
concentrations appear to be of some 
significance. 
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EXPERIHENTAL 

Total suspended particulates (TSP) 
samples are collected on pre-ignited 
glass fiber filters on the roof of the 
N.Y.U. Medical Center on the east side of 
mid-Manhattan. The samples are sequen
tially extracted with increasingly polar 
solvents, cyclohexane, dichloromethane 
and acetone, respectively, for 8 hours 
each in a Soxhlet apparatus. The cyclo
hexane extracts non-polar organics in
cluding polycyclic aromatic (PAH) , and 
aliphatic (AHC) hydrocarbons while the 
dichloromethane extracts moderately polar 
oxidized hydrocarbons. Acetone extracts 
polar oxidized hydrocarbons as well as 
some inorganic materials such as Zn, cu, 
Cd and N03 (3). Organic solvent extract
able compounds were determined for 1968, 
1969 and 1975 by sequential extraction 
with benzene followed by acetone. Trace 
metals were determined by atomic absorp
tlon (4). N1trate and sulfate were 
determined by chemical colorimetric 
techniques by the Brookhaven National 
Laboratory and the laboratory of the 
John B. Pierce Foundation of Yale Univer
sity (5,6). Ozone, NO and CO data were 

X 
obtained from the State of New York. 

RESULTS 

in 
Total suspended particulate matter 

the air of U.S. cities has declined in 



the past 10 years. Regulatory efforts 
have been rewarded, as exemplified by the 
reduction in TSP in N3w York City from a 
level of 120-130 ~g/~ in the late 1960's 
to less than 80 ~g/m in the last few 
years. This decline in New York City is 
due principally to the burning of cleaner, 
low sulfur oil in large boilers for the 
production of power and heating. The 
overall decline in TSP has been accom
panied by an even more significant re
duction in vanadium and so2 concentrations 
and, due to other regulatory steps, for 
other reasons, by reductions in lead and 
copper concentrations (7,8,9). Airborne 
concentrations of organic solvent ex
tractable materials, however, have not 
changed significantly in these years, as 
shown by the data in Table l. A compar
ison of total solvent extractables in 
1968-1969 with values for 1975-1976 does 
not indicate a shift in the concentrations 
of these materials. The combination of 
cyclohexane and dichloromethane might be 
expected to extract 20% more material 
than benzene alone (9); however, compari
sons of the values fail to show a downward 
trend even if this is taken into account. 
The winter data for 1977 does appear 
higher than in past years, however. As 
more data is accumulated, we will deter
mine whether this difference continues to 
occur. Possible changes in automotive 
combustion, in heating fuels, and other 
major sources must be examined if this 
appears to represent a real change. 

Daily concentrations of PAH compounds 
have been determined for two alternate 
weeks in August, 1976 by a combination 
thin-layer/gas-liquid chromatographic 
method. The aerosol concentrations were 
comparable to those reported for New York 
for 1974 (10) and for the summers of 1962 
and 1973 (11) . Typical values are given 
in Table 2. Data are being collected to 
define seasonal or longer term trends for 
these compounds. 

Table 2. Average ambient aerosol concen
trations of some polycyclic aromatic 
hydrocarbons, August, 1976. 

Carcinogen 

Chrysene/Triphenylene ± 
Benz(a)anthracene + 
Benzo(a)pyrene +++ 
Benzo(e)pyrene 
Benzo(ghi)perylene 

3 ng/m ±S.D. 

L 1±1. 0 
1.1±0.8 
l. 4±1. l 
2. 7±1. 4 
0.8±0.4 

Table 1. Airborne concentrations ~f extractable organic matter in total 
suspended particulate matter, ~g/m - extractable. 

Summer 
1968 1969 1975 ~ 

Solvent July-Aug. Aug. 

Benzene 5.7 6.4 5.2 
Cyclohexane 3.1 
Dichloromethane 3.1 
Acetone 5.9 6.2 7.1 
Total 11.6 12.6 13.3 
TSP 119 126 55 86 

Solvent February FeJ::ruary 

Benzene 3.8 7.9 5.4 
Cyclohexane 7. 6 
Dichloromethane 2. 3 
Acetone 5.5 7.3 12.1 
Total 9.3 15.2 22.0 
TSP 125 134 54 (a) 96 

(a) First floor level, all other data for 14th floor. 
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We have also begun to test solvent 
extracts of TSP for the presence of 
alkylating agents and oxidizing compounds 
such as peroxides. Although no data 
exist for these classes from earlier 
studies in New York, it is important to 
establish baseline data in view of the 
known carcinogenic and cocarcinogenic pro
perties of these types of compounds (12) . 
Alkylating agents have been found in both 
the dichloromethane and acetone extracts 
for composites of samples taken during 
Summer, 1976 (13). For composite samples 
from the following winter, alkylating 
activity was 7 times lower for the dichlor
omethane extract and ll times lower for 
the acetone extract, suggesting a major 
source difference or a photochemical 
relation for the materials in the summer 
samples. (Data were not obtained for the 
cyclohexane soluble fraction because of 
sample size limitations.) Oxidizing 
materials have been found in all three 
extracts with some preliminary evidence 
of higher levels in the summer. 

Correlations have been sought between 
organic solvent extractable materials and 
a number of other variables measured in 
two intensive cooperative programs. 
Figure l shows a typical set of data used 
in these calculations. Results for the 
August, 1976, and February, 1977, study 
are given in Table 3. 
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Figure l. Concentrations of lead and 
acetone extractable materials in 24-hour 
samples from January and February, 1977. 

Table 3. New York Aerosol Study. Kendall rank correlations between concentrations of 
solvent extracts of TSP and other variables. 

Summer, 1976 Winter, 1977 

Variables 

Cyclohexane Extract with: 
Mn 
Fe 

Dichloromethane Extract with: 
03 
Pb 
Traffic 
Zn 
v 

Acetone Extract with: 
Pb 
Zn 
N0 2 
03 
Traffic 
co 
N03 
SO= 
v 4 
Total Organics 

r(a) 

0.49 
0.45 

0.59 
0.58 
0.59 
0.58 
0.34 

0.74 
0.74 
0.91 
0.45 
0.46 

0.42 
0.48 
0 013 

(a) r=Kendall rank correlation coefficient 

n 
(b) 

r 
(a) 

0 0 006 (15) 0.30 
0.011(15) 0.33 

0.001(17) -0.156 
0.001(16) 0.125 
0.001(16) 
0.003(13) 0. 26 (c) 
0.044(14) 0.44 

0.001(16) 0.62 
0.001(13) 0.19 (c) 
0.001(8) 0.60(d) 
0.006(17) -0.50 
0.007(16) 

0.56 
0.037(11) 0.58 
0.021(11) 0.48 
0.255(14) 0.40 

0.63 

(b) p(n)= level of statistical significance (number of data pairs) 
(c) Analysis for copper rather than zinc 
(d) Winter data for NO 

X 
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n (b) 

0.032(21) 
0.025(19) 

0.18(19) 
0.22(21) 

0.062(19) (c) 
0.008(16) 

0.001(21) 
0.124(19) (c) 
0.001(20) (d) 
0.002(19) 

0.001(19) 
0.002(15) 
0.005(16) 
0.015(16) 
0.001 (21) 



Kendall Rank correlations have been 
~hosen for these comparisons. This affords 
non-parametric evaluation of interrelated 
trends and avoids the assumption that the 
data is normally distributed. The results 
show a correlation of the non-polar cyclo
hexane soluble material with aerosol 
concentrations of both iron and manganese 
in February, 1977, similar to a correla
tion found in August, 1976. The dichloro
methane extract correlated to vanadium 
during February, 1977, but correlated to 
lead, ozone and more strongly to the cross 
product of lead and ozone the previous 
summer, as shown by the results of the 
multiple regression analysis given in 
Table 4. The acetone extractable compounds 
correlated to lead plus several other 
variables, with no major difference from 
the findings of the previous summer. 

The results suggest that a more or 
less constant source is responsible for 
the mass of non-polar materials extracted 
by cyclohexane both in summer and in 
winter. Iron and manganese are found in 
aerosols from soil sources, but are also 
present in coal fly ash and possibly other 
sources. Concentrations of manganese in 
New York City are nearly as low as levels 
30-70 miles to the northwest, suggesting 
that strong local sources of these mater
ials are not important (7,8). 

The correlations of the acetone 
extractable material suggest that the 
polar oxidized hydrocarbons are directly 
emitted by automobiles and thus correlate 
with lead concentrations in both summer 
and winter. The moderately polar organics 
extracted by dichloromethane seem to 
originate from fuel burning in the winter 
as shown by the correlation with vanadium. 
The correlation with o3 X Pb, seen for 
this fraction during the summer, suggests 
that these materials may have contained 
large quantities of secondary aerosols 
during this period. A weak correlation 
with vanadium in the summer indicates a 
continuing relation to oil burning sources 
such as power production. 

The correlations which we have found 
are useful in suggesting more important 
fractions to be subjected to detailed 
analysis as well as indicating directions 
for future work on source allocation 
modeling. 
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ABSTRACT 

Two-hour and fourteen-hour hi-vol aerosol samples vere collected simultaneously at Pasadena, Pomona 
and Riverside, California on four successive days in July 1975. Simultaneous ozone and visibility 
measurements were made for correlation Hith aerosol constituents. Samples vere analyzed for primary 
(C ), secondary (Cs), and elemental carbon (Ce) by selective solvent extraction-carbon analysis. In 
ad~i tion, high resolution mass spectrometry I·Jas used to provide detailed analysis of organic constituents 
and to evaluate the selective extraction procedure. The composition of the carbonaceous material at the 
three sites was found to be similar l·li th 2. The , as estimated by insoluble carbon, 1-ms the 
most abundant carbon form. Adipic and acids 1wre among the more abundant aerosol constituents 
of probable secondary origin. Elevated morning levels of , dicarboxylic acids and acid nitrates as 
vlell as 1011 morning Br/Pb ratios gave evidence of the of secondary organic aerosol from 
preceding days. Cycloalkenes appear to be the principal secondary organic aerosol precursor. Primary 
organics show evidence of a motor vehicle origin plus additional unidentified sources. Comparison 
behreen 2-hour and 14-hour samples reveals evidence of both loss of organics by volatilization and 
increased collection efficiency for organics 1-ri th increased particle loading. 

I. INTRODUCTION 

A previous paper [ l) revim·red various 
techniques ~orhich have been applied to char
acterization of atmospheric carbonaceous 
particulate matter and descrfbed a ne1·r proce
dure for such characterization. The latter 
employed a combination of solvent extraction 
and carbon determinations. It vas postulated 
that cyclohexane ~oras a selective solvent for 
the extraction of "primary" particle phase 
organics (i.e. those injected into the atmos
phere in the particle state) , vhile total 
organics could be approximated as those solu
bilized by successive extraction 1d th benzene 
and 1:2 v/v methanol-chloroform. Insoluble 
carbon was used to estimate the elemental 
carbon present. "Secondary" organics (i.e. 
those formed as a result of chemical reactions 
in the atmosphere) l·rere dete~mine.l by sub
tracting primary from total organics, all 
expressed as carbon. Insoluble carbon also 
includes carbonates, if present, as vell as 
carbon in various polymeric forms (e.g. 
pollen, spores, rubber particles). Samples 
l·rere analyzed for carbonates but not for 
carbon in rubber or viable particles. ~nus 

the results cited for elemental carbon liere 
upper-limit values. 

The present paper reports on the valida
tion of the selective extraction approach 
and its application to samples collected 
simultaneously at Pasadena, Pomona and 
Riverside, within California's South Coast 
Air Basin (SCAB) [figure 1). Results of 
analyses employing high resolution mass spec
trometric thermal analysis (MSTA) [2,3] on 
the same samples are also reported. 
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In addition to analyses for carbonaceous 
species, the samples l·rere analyzed for lead 
and bromine. The ratio of these elements 
can be used to assess the age of an air mass 
I·Jhen motor vehicle exhaust is the principal 
source of both elements [4). Such infor
mation vas employed in interpreting diurnal 
and spatial variations of carbonaceous 
materials. Ozone 1ms monitored at each site 
to provide additional evaluation of the 
correlation betveen mean daytime ozone con
centrations and secondary organics [ 1). 

At each site tim hi-vol filter samplers 
~>Jere used, one sampling for lL• hours ~nd the 
second, for 7, 2-hour periods. This design 
permitted assessment of diurnal and spatial 
variations of primary and secondary organics 
and elemental carbon in the SCAB. A com
parison of analyses made on short and long 
terrn samples provided measurement of sampling 
errors for carbonaceous materials. A more 
detailed account of this vork is available 
else1<here [ 5) . 

II. RESULTS AND DISCUSSION 

A. 

The extraction efficiency for atmos
pheric particulate carbon of the solvents 
used are compared in table l. Cyclo
hexane extracted significantly less 
carbon compared l·li th the other sol vent 
systems. To evaluate the hypothesis 
that cyclohexane is selective for the 
extraction of primary organics, results 
of the !viSTA of cyclohexane extracts vere 
compared ~oi:L th MSTA for direct analysis 
of the same filter samples 1dthout 



B. 

extraction (table 2). !viSTA provides in
formation on individual compounds and in 
some cases, on classes of compounds. The 
sum of alkanes plus alkenes and alkyl
benzenes vas used as a model for primary 
organics <·rhile the dicarboxylic acids and 
di functional nitrates plus nitrites <·rere 
used as model secondary organics. Com
paring the MSTA of cyclohexane extracts 
and filter samples, cyclohexane enhanced 
the recovery of alkanes plus alkenes 
relative to direct filter analysis. 
Alkylbenzenes recovered in cyclohexane 
Here about equal to the level on the 
filters a:r1d their concentration vas sub
stantially lmrer relative to alkanes plus 
alkenes. On average cyclohexane extracted 
about 40% of the hexanedioic acid and a 
small fraction of the pentanedioic acid 
and difunctional nitrates and nitrites. 
The ratio, total model secondary organic 
indicators/total model primary organics 
for the filters <ms about 10 times higher 
than in the cyclohexane extracts. The 
enhanced recovery of alkanes plus alkenes 
in cyclohexane accounts for, on average, 
a value of 1. 7 for the above ratio. The 
remainder reflects the relatively lmr 
solubility of secondary organics in 
cyclohexane. 

Additional indications of the selec
tivity of cyclohexane is seen in figure 1 
l·rhich plots the ratio of secondary to 
primary organics by solvent extraction 
against the ratio of total model secondary 
organics to total model primary organics 
by !viSTA of 14-hour samples. A relatively 
high correlation coefficient (p = 0.81) 
is observed I·Ti th a small intercept. A 
slope less than one is consistent vith 
the omission of significant contributors 
to the total secondary organics from the 
set of compounds used as model secondary 
organics in !VISTA. He conclude that vhile 
cyclohexane is not perfectly selective 
for primary organic aerosol constituents, 
it provides a useful upper limit to the 
primary organics. 

Table 3 lists the results obtained by 
the solvent extraction-carbon analysis 
technique for ll>-hour samples. Insoluble 
carbon, as a measure of elemental carbon, 
1ms the largest C constituent averaging 
somevrhat more than l>O% of the total C. 
Secondary organic carbon 1ms 2-3 times 
more abundant than primary. In Riverside, 
l·lhich can receive pollutants formed during 
transport from locations to the \·lest, 
there 1·1as some;rhat more secondary organics 
in tvo of the four trials. In three of 
the four sampling days, the abundance of 
primary organic carbon vas slightly less 
at Riverside although the differences are 
relatively small. In all cases the pro
portion of secondary organic carbon vras 
somevhat lover at Pomona compared 1d th the 
other sites. 
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Table l, shoi'IS MSTA results for 14-hour 
filter samples for the t<w days of highest 
ozone levels previously given in Table 3, 
here shmm relative to the concentration 
of total alkanes plus alkenes in the same 
sample. Dicarboxylic acids are seen to 
be about as abundant as the model primary 
organics. The relative concentration of 
secondary organics at Riverside vms 
higher than at the other sites on both 
days. Similar to the solvent extraction
carbon analysis results, the proportion 
of secondary organics vras significantly 
belov that at the other sites on July 
lOth. 

The diurnal variations of carbonaceous 
materials on July 9 and 10, 1975, ob
tained by the solvent extraction-carbon 
analysis and NSTA techniques (on filter 
samples), are shovn for Pomona in figures 
2 and 3. July 9th <ms the first day of a 
relatively polluted episode <-ri th ozone 
maxima up to 0.38 ppm. On July 9 the 
peak in secondary organics by solvent 
extraction follo>red that for 0 3 1·rhile 
primary organic carbon shmred t1w vreak 
maxima and elemental carbon peaked 
earlier in the day. MSTA shoved a similar 
pattern, t<w vreak maxima for total model 
primary and a single afternoon maximum 
for total model secondary organics. The 
lead concentration peaked in early morn
ing, consistent <Ii th the early morning 
traffic peak, lmr vrindspeed and the 
expected lov mixing height. The Br/Pb 
ratio <ms fairly, constant throughout the 
day vhich contrasts greatly <ii th results 
for the folloving day. On July lOth, 
·both primary and secondary organic parti
culate levels vere greatly elevated in 
the early morning. While the morning Pb 
level <ms high, the lovr morning Br /Pb 
ratio suggests that relatively aged 
aerosol vas being sampled. The high 
Br/Pb ratio observed during the evening, 
0.7, reflects either non-automotive 
sources of Br or analytical error in this 
sample. Results at Pomona are similar 
to those observed in Pasadena and 
Riverside on these hro days. 

D. Sampling Errors 

Table 5 compares the 14-hour sample 
results vith those calculated from the 
corresponding seven, successive, 2-hour 
samples for total carbon ( Ct), elemental 
carbon ( ), cyclohexane (CEC), benzene 
(BEC) methanol-chloroform (MCC) 
soluble carbon. The calculated 14-hour 
average values for Ct consistently ex
ceeds those observed at all sites. Of 
the fractions contributing to the total 
carbon, MCC and shovred similar ratios. 
Ratios > 1.0 for carbonaceous materials 
may reflect the loss of more volatile 
constituents not strongly adsorbed on 
other materials during the prolonged 



(ll;-hour) sampling, consistent vith Della 
Fiorentina's observations [8,9]. This 
hypothesis can serve to rationalize the 
high ratio for !vlCC (1.7). However, a 
ratio of l. 2 for cannot be explained by 
volatilization may be indicative of 
other sources of error. Thus, only ratios 
> 1.2, (e.g. 1.7 for !vlCC) are here con
sidered to be indicative of losses of 
organics due to volatilization. 

Ratios < l.O may reflect both sampling 
and analytical errors. If gas phase or
ganics are adsorbed on previously collec
ted, non-volatile materials (e.g. soot) 
the efficiency of such collection of gas 
phase organics should increase 1</i th in
creased particulate loading. This vould 
result in greater levels of carbon from 
this source on 14-hour samples than cal
culated from the tvro hour samples. Since 
the atmospheric concentration of hydro
carbons in the gas phase appears to be 
substantially greater than that of polar 
organic materials, the collection of gas 
phase organics by adsorption on parti
culate matter 1-rould be expected to en
hance the BEC and CEC fractions. Pos
sible sources of analytical errors leading 
to ratios < l. 0 vere considered as part 
of assurance studies reported 
elsel·rhere 5]. The results suggest these 
errors to 'be of minor importance. 

III. CONCLUSIONS 

Vie conclude that the solvent extraction
carbon analysis approach for estimating 
primary and secondary organics is a useful 
technique and correlates reasonably vrell 
vri th results by mass spectrometry. For four 
days in July 1975 in California's South Coast 
Air Basin the carbonaceous fractions in 
order of abundance ~<ere elemental C > 

secondary organic C > primary organic C. 
The extent to I·Thich polymeric forms of 
carbon (e.g. in spores, pollen, tire dust) 
contributed to the estimate for elemental 
carbon remains unclear. The period July 9-
10, 1975, represented a stagnation episode 
during vhich aerosols vrere retained in the 
SCAB from one day to the next. The indi
cators of such aerosol retention are ele
vated concentrations of secondary organics 
preceding the diurnal ozone peak and lo1-1 
Br/Pb ratios for early morning aerosol 
samples. Because of the possible retention 
of aerosols from one to the next, 
pollutant transport dilution may be 
dominant factors in determining concentra
tions of secondary organics rather than 
degree of conversion of precursors. Accord
ingly, high correlations bet~<een concentra
tions of secondary organic materials and 
indicators of smog intensity (e.g. ozone) 
may not be observed. Finally, hi-vol 
sampling for particulate organics is subject 
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to both positive and negative errors. Im
proved sampling procedures are needed to 
obtain measures of ambient carbonaceous 
particulate matter l·rhich are less subject 
to error. 
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Table 1 

Mean Extraction Efficiency of Solvents for 
Carbonaceous Material in Atmospheric Samples 

Solvent % of Total C in Extract 

cyclohexane 

benzene 25 

benzene plus MeOH-CHC1 3 57 



Episod"' 

July 9 

July 9 

July 9 

July 10 

July 10 

July 10 

Table 2 

Comparison of Cyclohexane Soluble Organics and Direct Analysis of Filter Samples by MSTA (vg/m3 )a 

Alkanes 
+ Hexanedioic Pentanedioic Organic nitrates 

Site alkenes Alk;,:lbenzenes aci.d acid + ni tri.tesb 

C5H12 filter C5H12 filter C5H12 filter C5H12 filter CsH12 

Pasadena 7.1 3.0 0.13 0. 38 1.0 1.4 0.0 1.6 0.16 

Pomona 5.8 3.0 0.16 0.41 O.ll 1.6 0.05 1.4 0.047 

Riverside 4.0 1.3 0.13 0.15 0.47 0.88 0.15 0.84 

Pasadena 5.3 2.3 0.16 o. 38 1.0 1.8 1.3 

Pomona 6.2 2.6 0.09 o. 32 0.29 l.l 1.4 0.022 

Riverside 2.7 1.0 0.16 0.20 0.18 1.0 0.96 

Mean Ratio Total secondarr organicsc 1.1 (filters); 0.11 (cyclohexane extract) 
Total primary organicsd 

a. The compounds determined and their identifying mass fragments are: total alkanes plus alkenes 
(CsHu + CsHg), alkylbenzenes (C7H7 + CsH1o + CgH11 + CgH1 2l, hexanedioic acid (C 5H802 ), 
pentanedioic acid (C4H6Pz) and organic nitrates plus nitrites (CxRyNOz where x ~ 5,6,7; 
y ~ 7,9,11; z ~ 4,5). 

b. The sum of acid nitrates and nitrites and aldehyde nitrates and nitrites. 

c. Hexanedioic acid+ pentanedioic acid+ organic nitrates and nitrites. 

d. Alkanes + alkenes + alkylbenzenes. 

Table 3 

Composition of 14-hour Carbonaceous Samples by 
Solvent Extraction-Carbon Analysis 

(% of Total Carbon) 

Soluble Primary Secondary Elemental 
Episode Site c c c c 

July 9 Pasadena 58.2 17.5 40.7 41.8 
Pomona 54.1 18.5 35.6 45.9 
Riverside 58.5 15.3 43.2 41.5 

July 10 Pasadena 57.8 13.7 44.1 42.2 
Pomona 48.5 16.8 31.7 51.5 
Riverside 58.5 15.3 43.2 41.5 

July ll Pasadena 67.7 19.9 47.8 32.4 
Pomona 58.6 20.8 37.8 41.4 
Riverside 57.6 15.4 42.2 42.4 

July 12 Pasadena 55.8 20.4 35.4 44.2 
Pomona 50.1 16.5 33.5 50.0 
Riverside 42.8 14.1 38.6 4{.2 

Mean: 56.5 17.0 39.5 43.5 
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filter 

0.39 

0.22 

0.17 

0.17 

0.090 

0.032 



Table 4 

Analysis of 14-Hour Filter Samples by MSTAa 

Total Alkanes Organic Nitrites 
+ Hexanedioic Pentanedioic + 

Episode Site Alkenes 1\lkylbenzenes Acid Acid Nitrates ESeconde~b 

July 9 Pasadena 1.0 0.12 0.45 0.52 0.13 l.l 

July 9 Pomona 1.0 0.14 0.53 0.47 0.07 l.l 

July 9 Riverside 1.0 0.12 0.68 0.65 0.13 1.5 

July 10 Pasadena 1.0 0.19 0.78 0.57 0.07 1.4 

July 10 Pomona 1.0 0.13 0.42 0.54 0.03 1.0 

July 10 Riverside 1.0 0.24 1.0 1.0 0.03 2.0 

a. Results relative to the concentration of total alkanes plus alkenes in the same sample. 

b. The sum of hexanedioic, pentanedioic acids and organic nitrates plus nitrites. 

1.8 

1.6 

1.4 -

1.2 -

0.8 

0,6 

0.4 

0.2 

Figure 1 

CORRElATION llETIIEEN P.STA AND SOLVE:iT EXTRACTION-CARBON ANALYSIS 

y 

/) 

O.l8+0.4x 

0.81 

·~---~--......!-----~----__] ---~ ·----~'-~-~~-~----J 
1.0 z.o 3.o t,,o 

Solvent F..x.traction, Sc:concl,ary/Priraary 
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Figure 

Figule 

DTe~IAL VARTATIO!~S 1K /\EROSOL CO:~STITUGNTS AT POI·~ONA (yg/m3 ) 
JULY 9, 1975 

17 19 21 11 13 15 17 ] 9 21 9 11 13 15 
Time(PDT) 

DICRNAL VARIATIQ;;S I~; /,EROSOL co:,;STiTUE~lTS AT ?G/:O~<A (pg/m3) 
JULY !0, 1975 

Total Carbon LS 
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Table 5 

COMPARISON OF OBSERVED Alill CfiLCULA1'Ell ll+-HOUR VALUESa 

Site 

July 9 Pasadena 1.11 .52 1.60 1.11 
( .04) ( .07) ( .18) ( .15) 

July 9 Pomona 1.21 . 75 .60 1.98 1.15 
(.04) ( .13) ( .08) ( .22) ( .13) 

July 9 Riverside .63 .53 1.52 1.29 
(.ll) ( .07) ( .17) (.16) 

July 10 Pasadena 1.12 1.02 .59 1.59 1.08 
( .04) ( .18) ( .08) ( .18) ( .15) 

July 10 Pomona .67 1.85 .92 
.Ol1) (.09) ( .21) (.11) 

July 10 Riverside 1.26 .66 .68 1.65 1.21 
( .05) ( .13) (.09) ( .18) ( .15) 

July ll Pasadena 1.28 .6li .54 l.li5 
( .05) ( .13) ( .07) ( .16) .29) 

July ll Pomona 1.35 .87 1. 72 1.34 
( .05) (.11) ( .19) ( .19) 

July 11 Riverside 1.16 .60 .59 1.58 1.15 
( .04) (.12) ( .08) ( .18) (.16) 

July 12 Pasa.dena 1.34 .54 .65 1.68 Ll\6 
(.o6) ( .12) (.09) ( .19) ( .19) 

July 12 Pomona 1.09 .67 .59 1.80 ·93 
( .04) (.13) (.OS) ( .20) ( .12) 

July 12 Riverside 1.34 1.12 .58 1.94 1.36 
( .05) (.15) ( .08) ( .22) ( .15) 

Mean Ratio 1.21 .74 .62 1. 70 1.23 

a. Calculated from 7, successive 2~hour samples collected simul taneousl;.c 
with the 14-hour srunple. 

b. ~ total carbon 
~ cyclohexane soluble C 

BEC ~ benzene soluble C 
MCC ~ methanol-chloroform soluble c 
Ce ~ elemental C estimated by insoluble carbon, CT-(BEC + MCC) 

c. One s:i.gma value shovm belmr each ratio. 

d. Follmring extraction for BEC. 
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DISCUSSIONS 

At LBL we have applied the solvent extraction 
technique of Bruce Appel et al.l to ambient parti
culate samples collected in Berkeley in December 
1977 and January 1978. Our intent has been to 
analyze and compare particulate samples collected 
under nonphotochemical conditions to the Los 
Angeles samples collected during the July 1975 
episode which Dr. Appel discussed earlier today. 2 

Four quartz hi-vol filters which had been loaded 
with ambient particulates for 48-72 hours were 
extracted and analyzed using the established pro
tocol. Three samples of fresh vehicle exhaust 
collected in the Caldecott Tunnel were also analy
zed. Figure 1 shows these results as well as the 
average of the 14-hour Los Angeles hi-vols presented 
earlier. Soluble carbon is carbon extracted by 
successive extraction with benzerre and a methanol 
chloroform (1:2 vv) mixture. Cyclohexane is used 
to extract a separate portion of each hi-vol, so 
that soluble carbon can be divided into cyclohexane 
soluble compounds, labeled nonpolar (PRI), and 
compounds labeled polar (SEC). The unextracted 
carbon is obtained by difference, since the total 
carbon of the original sample is known. 

SOLVENT EXTRACTION 
Solubility as Percentage 

Total rbon on Hi Vol Filters 

~~Palm 
~ compounds 40% 37% 

<.> (SEC) 
liJ 

~ Non-polar 
c5 compounds r. 11'%;;:;;~;· 

VJ (PRI) 

INSOLUBLE111r 
CARBON 
(ELEM) 

Figure l. 

LOS ANGELES 
JULY 1975 

BERKELEY 
WINTER 1978 

HIGHWAY 
TUNNEL 

XBL7871244 
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A large fraction of Berkeley particulate carbon 
37% can be attributed to polar (SEC) compounds, 

which is very similar to Los Angeles's polar frac
tion of 40%. In comparison only 14% of diluted 
vehicle exhaust from the tunnel is polar. Mean 
ozone levels during the sampling times are < 5 ppb 
for Berkeley and 120 ppb for Los Angeles. 

These results indicate that polar compounds are 
associated with ambient particulate matter which 
has been collected under conditions of low ozone 
as well as high ozone concentration. The intensity 
of photochemical activity as monitored by ozone 
level does not significantly affect the fraction 
of polar material in the aerosol. Diluted vehicle 
exhaust appears to contain less polar material 
than ambient particulate; however, total soluble 
carbon is similar. 

Possible explanations for these results include 
non-ozone related conversion of adsorbed nonpolar 
to polar material in the atmosphere, admixture of 
particulate material from other sources, and con
version of adsorbed nonpolar to polar material 
during the sampling period. Displacement of ad
sorbed nonpolar by less volatile polar compounds 
on the collected filter is also possible during 
the first 24 hours of sampling. 3 We favor the 
first of these lines of thought and plan to inves
tigate suitable model systems. 
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National 

We have heard throughout this opening today of 
the Conference a number of reports describing the 
use of very powerful and sophisticated methods to 
identify specific carbonaceous compounds that may 
be present in the atmosphere. There is certainly 
a need for extensive use in this kind of instru
mentation, but it must be kept in mind that the 
costs involved are high and the number of samples 
that must be analyzed to establish cause-and-effect 
relationships is extremely large. Thus, it seems 
appropriate to call for the development of rapid 
low-cost analytical procedures that can be used to 
determine specific compounds or classes of compounds 
in a very large number of samples. With such 
methods in hand, the detailed characterization 
provided by the more sophisticated methods could 
be used to identify materials that are character
istic of certain processes or pollution sources 
and the low-cost methods used to determine the 
behavior of these characteristic materials in 
large numbers of samples. It seems that only 
through such a two-level approach can we hope to 
accumulate sufficient data regarding temporal and 
spatial distributions to answer the numerous 
questions regarding mechanisms of formation, 
compound origin, atmospheric transport, and the 
fate of pollutants. 
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Discussion by P. T. Cunningham (Argonne National 
Laboratory) 

I believe that there is a need for all of us 
to be a little more careful in the use of our 
terms in discussing carbonaceous materials. I am 
not sure that we always make it clear what we are 
talking about. Such terms as benzene soluble 
carbon compounds, graphitic carbon, noncarbonate 
carbon, total carbon, hydrocarbon, and so forth 
are not always sufficiently precise in their usage. 
For example, it appears that benzene soluble car
bonaceous material may include hydrocarbons, poly
meric carbonaceous material, and organic compounds 
containing a variety of hetero-atoms. It really 
is difficult to come up with terms that will have 
the same meaning for all of us since we use such 
a wide variety of analytical techniques and proce
dures; but, nevertheless, we should address our
selves to the problems of establishing accepted 
definitions or, at the least, be sure that the way 
in which we are using terms cannot be misunderstood 
within the audience we are addressing. 



r n ti 



LONG DISTANCE TRANSPORT OF CARBONACEOUS MATTER 

Cyrill Brosset 
Swedish Water and Air Pollution Research Laboratory 

Gothenburg, Sweden 

ABSTI~\CT 

ln S1"eden carbonaceous particles have been meaSUl"ed during many years. Sampling has been carried out 
ln urban as well as in rural sites. ~1easurement results from rural si-tes have been compared with 

. Noticeable flows of carbonaceous from Central Europe towards Scandinavia 
have been observed. The size of transported carbonaceous are in general less 
than 2 vm (aerodynamic diameter). They are probably generated mainly -through coal combustion and con-
tain, . as a rule, more <?r less acic_l ammonium s~lphate. They have. abi~i ty to ox~dise so2 .. 
In tlus respect they dlffer from 1n Sweden emrtted whlch derlve from Oll combustlon. 
Thus in the air above a S"1edish urban site the oxidation of s~2 is faster in tJ:e presence of larger 
concentrations of long-distance transpoFted carbonaceous partlcles than otherwlse. The same type of 
catalytic effec-t has been found even in At the present, it is not clear if the 
effect of the should be ascribed to their concentration of graphite or of certain metals. 

Introduction 

Black . and s~2 ~~ere long regarded as the 
alr pollu-tants ln urban areas. They v.Jere 

consequently the subject of comprehensive mea
SUl"ements. Today a large bulk of data from diff-
erent of the world on so called soot con

is available. 

So far, these data have been 1vi th a cer-
tain amount of One reason is that the 
measurements have carried out 'tlith somev1hat 
dubious methcx!s; another is that the substance 
(soot) measured is generally felt to be ill de
fined. 

Hov.Jever, it is agreed that soot measurements 
could be used as an index of the general pollu
tion. 

Lately, however, it has been shovm1 ) that the 
black component in soot is nnst graphite 
and thus a defined phase. This mecu'!S that black, 
carbonaceous aerosols mus-t have which 
are to some part determined by the concentration 
of . Ihe effect of the deposition of 
black carbonaceous observed in differ-
ent recipients may be associated v1ith 
these mentioned. 

f\ renewed interest seems to have resulted to study 
the black carbonaceous partic1es, with 
a view to identifying the 
on the g!'aphi te 
Of course, such investigations entirely 
different methods than those used previously 
(and still being used) to determine the "soot con
centration" of the air. However, also the methods 
used so far may provide certain information of 
interest. Annng other things , they have led to 
the identification of episodes, a case of increa-
sed concentration caused by long-dis-
tance at1r.ospheric This , in has 
initiated a closer of -the 
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and physical properties of the 
transported black . f\ 
investigations of this kind is 3iven 

Extent of the review 

The purpose of the present paper is to provloe 
a of such previously obtained mea
surement results as will illurninate the signi
ficance of long-distance transport of carbona
ceous particles. 

The measurement series discussed were carried out 
at sampling stations located at the Sv.Jedish south 
and \vest coasts. Four of these stations were 
placed at the Nidingen, Kullen, 
Falsterbo and Sandhammaren. ~·lore· detailed mea
surements 1.vere made at the moni taring station 
at Rao, a peninsula 10 l<Jn north-east of Nidingen 
and approx. LfO km south of Data have 
also been included from a station located in the 
v.Jestern part of the island , 20 km north-
west of central Gothenburg. Location of 
stations is shOI"ll in the map outline in 

the letters that 1;~ill be used 
these stations. The above-men

tioned measurement series date back to October, 
1966. They measurements

2
of 

"soot vii th the OECD-method . 
The results obtained are discussed in the light 
of observations. 

, in connection v.Jith a discussion of the 
effects to which carbonaceous may 
rise, measurement results concerning their com-

with to water-soluble substan-
ces and their "Jill be pre-
sented. 
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Carbonaceous particles (soot) and their long 
:Jis-tance transport 

As in most other countries "soot-
in S>veden are carried out ln seve

ral commw1ities. The method used is the 
OECD-method2, based on approx. 2 
air/2l+ h a white and deter-
mining the of the stain. 

determined calibration curves 
are then used to convert reflectance to concen
tration of soot in )Jg/m3 air. 

Many objections can be raised 
method. However, it is a 
method ghat remarkably good reproduclblll 
arD of the results obtained. This is 
most probably due in part to the graphite concen-
tration of the about 
to mass in the cases when 

generated in the combustion fossil 
in to the predominance 

in the fine fraction of the 
alr 
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The reason why 
has become the 
ments is the 
considerable 
sources 

the "soot concentration" in Sweden 
focus of quite extensive measure

in 1965 that a 
these aerosols were from 

of S1'1eden. This g"'ve rise to 
in the period 1966 - 1973 , 

.a. determination of daily means of black aero-
sol (soot) at the stations in . 1. 
It was found, as was , -that the concen-
trations of black the surrmer months 
were ever)llvhere lo\.J. In ~o1inter, i.e. during the 
heating , on the other hancr;-the concen-
trations were and also depen-
dent on the location of the sampling stations. 
Table 1 contains a sumnary of these half-year 
values. They actually represent the result of 
over 12,000 measurements. 



Table 1. ivinter and s wnmer mean values of black 
aerosol (soot) in ~g/m3 the period 1966-
1973 at the F, K, N, Hand S. (See Fig.l) 

Oc-tober-March; s the per-

Year F K N H s 
56-67 w 12.0 9.9 5.5 7.6 9.2 

57 s 4.9 4.3 2.1 2.5 3.4 

67-68 w 8.8 6.5 4.2 9.7 6.0 
68 s 4.1 l.'+ 1.7 4.0 1.4 

68-69 w 13.5 9.9 8.4 15.0 10.5 
69 s 4.4 2.3 2.2 6.3 2.8 

69-70 w 10.1 7.4 4.9 19.9 6.3 
70 s 3.4 2.0 l.l 6.3 1.6 

70-71 w 9.9 7.1 3. 7 13.0 8.8 
7l s 3.1 2.5 1.6 4.9 3.0 

71-72 h! 10.7 9.3 5.6 15.2 8.3 
72 s 3.4 2.4 1.7 7.0 2.3 

72-73 cv 10.8 8.5 5.9 10.9 9.4 
73 s 2.2 5.2 3.0 

Grand w 10.8 8.4 5.5 13.0 8 ,li 

average s 3.8 2.5 LB 2.5 2.5 

Grand averages from Table l will also be found 
in Fig. 2. As the stations are situated more or 
less on a straight line ii1 almost nol"th-souther-
ly direction, the abscissa is the distance in km 
from the southernmost station F. 

15 

Soot 
~g/m3 

Winter 

10 ~ X 

~ 
5 

Summer 

F K N H 

0 100 200 300 km 

Distance in km from station F 

2. \hnter and summer mean values (g£'and 
averages) of black aerosol (soot) in ~g/m3 for 
the 1966-1973 at stations F, l<, Nand S 
(see map in 1.) 
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the map in Fig. l the result in Table l 
2 can be swnmarised as follows. 

Station far from any local 
sources . The here may be 
said to be Y>cmY,DC'Dr•TCC,-c 

level of black aerosol ln 

of the background 
southern Sweden. 

Station F is not far from Copenhagen and Malmo. 
It should therefore be affected by these large 
source areas. Higher values were actually recor
ded here compared to station S. 

Stations l< and N have no large sources 1n their 
vicinity. Here it is to note the 
decrease in soot concentra-tion seems to 
occur when moving north from the south. 

Station H, near , is affected 
south-easterly winds the emissions from the 
central parts of the In addi-tion, it is 
exposed to local emissions from the near-by 
L~dustrial area. The soot concentration here is 
also clearly higher than at station N. The latter 
may be said to represent the background level in 
a belt located about 300 l<:m north of station S. 

Transport of black carbonaceous aerosol 

The measurements reported above indicate that 
of black occurs from sources 

south, in a northerly direction. As this 
~-·--~~~·'- ~·-~' transport seems to cover vast dis-
tances , it is that it is caused upper-
level 1,1inds. The ground-level of 
the black particles are then built up 
through turbulent diffusion since their aero
dynamic diameter is usually below 2 ym. 

These conclusions led to 
variation in the concentration 

of the 
aerosols 

The vJith the direction of 
first study of this 
Rhode et al. 3 with data from stations S , and 
N from through December 1969. They 
found that the concentration at the three sta
tions was highest at upperlevel winds from the 
southern sector. 

vJhen 72-h for air movements at the 
850 mb level vJere made available through calcu-
lations carried out at the Institute 
of Air Research (Nilu), more detailed studies 
of long distance transport of different airborne 
particle types becaJne . Part of the data 
!Jlaterial thus collected is compiled in 3 
a-f. The data comprise measurements of 
mean values of soot concentration at stations S, 
N and H during the period October 1972 - ~1arch 
1973. For stations S and N it is also jndicatecl 
in what sectors of the wind-rose diagram the 
72-h for the air 

sampling station at 1800 GJvlT 
the respective taken. The 

sector notations are A dash means 
that the very curved. 
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25- ~;~~3 b) Novembe1 1972 
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" 

7 6 6 6 7 6 6 6 6 7 7 6 7 7 7 56 1 1 55 57 7 4 4 55 <1 4 

70 Soo1 

65 1Jg/m3 c) December 1972 

Soot 

Fig. 3 a - f. Daily mean values of soot in 
as well as sectors for S and N ( 
Dash - indicates short trajectory or 
rr~an value of several days. 
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Fig. 3 a-f illustrates ra~ther \vell the build-up 
of the concentration level of black aerosol in 
southern S01eden. As will be seen, at stations S 
and N all peak concentrations are found in con
nection vJith sectors 5-7 , i.e. at transport from 
the south. This also the fact that the 
concentration at station N is lower than at sta
tion S. 

3 a-f also show concentrations observed at 
station H. A comparison between these and cor
responding values from station N gives an idea 
of the part of the total concentration made up 
of local contributions in the area in question. 

As the distance to the sources resDon
the long-distance transported ~ 

in Sweden there are as yet no conclusive 
. Rhode et al. 3 made an assess-

at distances of approx. 1000 km. 

Some information can also be obtained from the 
OECD-study on long ra.YJ.ge transport of S02 , if 
one assumes that the same sources are respcmsible 
for so2 and soot emissions. 4 

of 

soot measurements stations 
were supplemented by determinations of sulphur 
concentration in the samples, using X-ray fluo
rescence S. It was thereby ascertained that rnaxima 
in soot concentration were practically 
accompanied by maxima in sulphur """"'""h"~~+~ 
On the other hand, it that 
need not be the case. 

in carbonaceous 
sent as some01hat acid 

the opposite 
sho0m that 
largely pre-

In Table 2 and lf vJill be found monthly mean 
values of soot and sulphur concentrations recor
ded at station S in the \•linter season 1972-197 3. 
The of the inserted regression line is: 

y 0.477 X+ 5.637 (r :: 0.986) 

,,Jhere x is soot concentration and y is sulphur 
concentration expressed as CNI\) 2so4 in )Jg/m3. 

StationS, November 1972 - Ivlarch 1973 

soot 

1974 Oct 9.1 
Nov 3.5 
Dec 17.5 

1973 Jan 15.8 
Feb 3.7 
flarch 6.6 

As 1vill be seen, it. s.eems 
to occur ~,1::Ltnout 

9.9 
6.9 

13.4 

l3. 7 
7. 3 
9.4 
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Soot ~g;m3 

5 10 15 

Station S, Oct· 1972 - Jvlarch 197 3 

4. Concentrations of black aerosol (§oot) 
and sulphur• as (NH4)

2
so4 in !Jg/m . 

A more detailed the ion composltlon 
found as a rule carbonaceous particle 
lS in Table 

Table 3. black carbonaceous 

Date soot so 2- N0 3 
so 2- ]\JH4 + H+ + 

4 4 NHlf 
+ N03 

+ H+ 
1975 

Oct 25 13 393 58 451 405 5.6 lfll 
31 11 193 21 2llf 232 2.7 236 

Nov l 32 151 22 173 164 lf .1 168 
2 39 627 40 667 604 19.9 624 

16 14 177 11 187 213 2.8 216 
17 lLf 195 6 201 210 3.8 214 
25 24 325 40 365 lf52 5.4 457 
26 36 Lf02 64 466 lf58 9. Lf 467 

Of interest in this context is ~the question of 
vJhether the observed sulphate concentrations are, 
like the graphite concentration ( as 
soot), to be regarded as or 
,,fhether the sulohate , to a greater or lesser 
part, has been formed through 
reactions. 



several places in Sweden of a dis-
increase in soot concentration for 

a nwnber of days. It was a clear result of long 
distance transport from the sou-th. At the saJne 
time, measurements in Swedish towns showed that 
soot concentration maxima were accompru!ied by a 
drastic drop in SO often below6 the detection limit (then at approx. 5 )Jg/m3) 
With this observation, suspicions arose that the 
aerosol brought into city air had the to 
catalyse oxidation of so2 to 

1his hypo~hesis was later tested on a data 
material . 1his comprised daily means soot 
and sulphate in Gothenburg, at Rao and partly at 
a station 45 l<:Jn north of Gothenburg; it also in
cluded daily means of so2 in Gothenburg. 1he 
data cover parts of the period 1972-197 5. 

1he objective of the vJas to deter-
mine the between the con-
centration of black in and outside of 
Gothenburg, and sulphate formed in Gothenburg. 
For this purpose, the quantity q was defined 
as follows 

q ::: 
6. so 2-

4 

6. SO 2- is here the difference betl'-leen the sul
phat~ concentration (as daily mean) observed in 
central Gothenburg and the sulphate concentration 
observed in areas outside of Gothenburg not af
fected by local sources. 

2-
6. SOy thus 
which, 
dised to 

corresponds to the so2 concentration 
the 24 h saJnpling period vJas oxl

so2 recorded 
(G) are daily means of 
Gothenburg. 

1he :::lenominator in the above is con-
sequently the so2 concentration which would have 
been recorded if no oxidation had occurred. 1hus 
q is the fraction of the so2 
which the 2 4 h 

Calculated values of were then compared v1ith 
observed mean values soot both in Gothenburg 
and at station N. 1he resu:t of such a measure
ment series is given in Table 4. 

Table Lf. l"!ean values of q (in %) , of soot con

March and October 1973. 

T n q 

6-4 2Lf 14.5 
7-8 63 7.8 
l-3 8 5.1 

~ P (N) - and in Gothen
in )Jgfm3. 
means measured and T 

p (N) p (G) p (G)-P 

17.2 2lf. 4 7.2 
3.1 14.·8 ll. 7 
2.0 30.7 28.7 

(N) 

100 

Data in Table 4 indica-te that an increase in con
centration of black particles in Gothenburg caused 
by long distance transport from the south brings 
about an increase in the rate of oxidation of so2. 

Black particles produced v1ithin Gothenburg do not 
seem to have this ef feet. Tnis result 
has been confirmed also in another way. con-
nection with certain other investigations, a sim-

methoo for the detenn_ination 
the of solutions and suspen-

so2 : T:Cle met~oc:J is based on 
the exposure, under-deflned condltlons, of a 
liquid surface to a flow of air 'vith a kYlown S0

2 concentration, and determination of the part re
maining in the liquid in the form of sulphate 
after a certain of exposure. 1he metho:::l 

been used for determining the 
of from different fossil fuels. 

It has also been used to the 
of precipitation samples. A series 

samples vJas taken during the sumner of 19 7 7 at a 
station about 50 km north-east of station K, and 

in the manner mentioned. 1he results ob
expressed as annual means for the different 

sectors ( l) are shown in the form 
of a vlind -rose in Fig. 5. 

5. 
in for 
location 
Dashed line indicates statistics. 

It h'LLl be seen from this figure that 
tion that has '"ashed out air masses coming from 
the south seems to acquire an increased 
to oxidise so2. 

black particles 
in connection 

of interest to estab-

metals, Ym and Fe. through 
neutron activation of samples taken at station R 
gave the results listed in Table 5. 



Table 5. 
Concentrations of soot, sulphate, manganese and 

Date 

1975 

feb 

Harch 

samples from Rao, 
- Jvlarch 1975 

ll 
12 
13 
lll 

1 
2 
3 
4 
5 
6 
7 
8 
9 

20 
21 
22 
23 

3 vglm 

soot 

3.5 
LJ-5. 3 
16.2 
'V0 

2.0 
19.7 

6.0 
26.6 
23.4 

3.6 
ll!. 2 

7.8 
6.3 

-vO 
-vO 
1.3 
2.1 

n mole/m3 

122 
290 
107 

77 

ll!O 
300 

77 
200 
176 

51 
136 

61 
75 
10 
15 
22 
27 

15 
550 
153 

20 

19 
148 

lll 
145 

87 
19 

11+2 
43 
32 
l 

10 
16 
<1 

3 ng/m 

Fe 

<10 
710 
<10 
<10 

<10 
380 
250 
210 
300 

60 
70 

<10 
<10 
<10 
<10 
<10 
<10 

Tnis table sho~cJs that the concentrations of soot, 
!'In and Fe, as , seem to be in-
terrelated. The oxidation rate ob-
served at concen-tration of long-distance 
transported black thus be due to 
an increase in the of 
borne Ym and Fe. 

·the 11 On the other hand, tests lTI _ U.S.A. , and 
also our Ocvn laboratory have shown 
that active carbon context 
may function as a very active 

It is therefore not clear if 
of transported 
observed in Sweden should be to their 
concentration of or of certain metals. 
Also, the of a combined effect can 
not be dismissed. 

It was established that the presence of black 
airborne in the rural parts of south-
ern Sweden are largely a result of long distance 

from the south. This also 
noticeably to the load in 

built-up areas, The black 0~~hnn~nAn; 
contain, as a rule, weakly acid ammonium sul-

and nitrate. 

In the winter half of the year there seems to be 
linear in the long-

coTV>rd-corl aerosol between soot con
concentration) and sulphate 

concentration. The black 
ted aerosol contains, 
in concentrations 
the aerosol mass. 

to oxidise S02. It is.at 
that are responslble 
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ABSTRACT 

Field data collected in Der:JVer during air pollution episodes in November 1971 and November 1973 are 
examined. Optical and scanning electron microscopy of size resolved aerosol samples collected downwind 
of Denver in the urban plume showed that the coarse aerosol principally consists of mineral dust, while 
the submicrometric fraction is dominated by auto exhaust aerosols. Chemical analyses of the fine aerosol 
fraction revealed that carbon (total), nitrate, sulfate, and lead accounted for 54-70% of the mass on 
episode days, and only 33% on a clean day in 1971. Chemical analysis of two combined samples for 16 and 
17 NOV 73 accounted for 70% of the fine aerosol mass as: nonpolar organics, sulfates, lead, nitrates, 
and ammonium. The nonpolar organics consisted of 76% carbon, which permitted elemental (amorphous/ 

graphitic) carbon concentrations to be estimated at 1.7-4.4 micrograms/m3 for episode days. The results 
tend to indicate little or no photochemical activity in Denver's urban plume. 

INTRODUCTION 

Hhat are the chemical and morphological 
forms of carbon in aerosols in the atmosphere? 
This question is being asked with greater fre
quency. Unfortunately, there have been few 
studies that have established a chemical balance 
for carbon and identified its principal morpho
logical forms in fine (<1 pm) and coarse (>1 pm) 
aerosols in urban environments. We have not 
specifically directed field studies at identi
fying the role of carbon, but v1e have performed 
field studies in several urban areas to deduce 
the source types for atmospheric aerosols. 
Generally, we have used such techniques as (a) 
quantitative chemical analysis on size-resolved 
aerosol samples and total filter samples, and (b) 
light and scanning electron microscopy. Although 
our chemical data do not include values for 
elemental amorphous or graphitic carbon, C(O), we 
are able to imply an upper limit for the Denver 
aerosol. Figure 1 shows the location of our 
field sites in 1971 and 1973. 

FIELD HEASUREMENTS 

In 1971, we performed a field study in 
Denver to investigate the origin of the aerosol 
in the urban plume. Local interest in this plume 
was intense because of its brownish color when 

viewed toward the northeast from Denver1
•
2 

during 
the fall and winter months. Prior to the 1971 
experiment, it was generally speculated that this 
urban plume was of photochemical origin, and 
light absorption by nitrogen dioxide \vas sug
gested as the cause of the brownish appearance. 
Subsequent analysis of aerosol size distribution 

data3 and microscopy indicated the bimodal 
character of the aerosol, and the dominance of 
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:he suspended mass concentration by coarse 
aineral particles. The experimental measurements 

1f aerosol size distributions by Willeke et a1 3 

Jemonstrated that the surface area distribution 
has a steep negative slope over the particle size 
range of 0.05-0.5 wm. This behavior is suffi
cient to produce the brown coloration due to 
selective scattering by aerosols of light on the 

4 
blue end of the visible spectrum. 

High volume samplers \vere operated with and 
without Andersen heads, a 4-stage, 20 cfm impac
tor designed for use on the high volume sampler, 

and calibrated by Eaton, et a1.
5 

The filters 
from both hivol configurations were analyzed for 
benzene soluble organics, total carbon, total 
hydrogen, total nitrogen, nitrate, ammonium, 
lead, and sulfate. Table 1 reports the results 
of these analyses for the coarse and the fine 
aerosol. The data illustrate the history of the 
episode. The episode began on 10 Nov 71, and 
reached its peak on the 11th. Dispersion 
increased on the 12th, and the 13th was a clean 
day. Another episode began to form on the 
evening of the 14th. Of the species identified 
in the fine aerosol, carbon was present in the 
greatest amount. The non-polar organic carbon 
extracted by benzene appears to account for a 
substantial (but unknown) portion of the carbon. 
Of course, of great interest is the chemical 

Table 1. Chemi.::::al analysis of the filters for the '.:otal 
and the fine (<0.93 wm) aerosol fraction. 1971 

Carbon 
a 

Total Sample 11.8 20. 6 U1.S 5. 3 l2. 5 
Fine Fraction 10' 6 11.0 7.7 5. 0 7. 0 

3S0b 

'";_'otal S~imple 10. 7 14.6 ll. 5 4.7 7. 7 
?ine Fraction 9. 2 11.1 6. 8 3. 6 6.1 

Hydrogen 
Tot.;~l SJhl? le l.l 2.9 1.7 0. !tl 1. 5 
Fine Fl·ac t ion 1.0 0. ss 0. 6'· 0. 44 0. 65 

sa~ple 1.0 2.1 l.l 0. 25 0.9~ 

Fine fractL:m l. ,J 0. 39 0. 52 0.14 0. 64 

Lead 
Total Sample 3. 2 L;, 9 3.2 1.7 2. 4 
F i:1e Fraction 1.9 . 7 1.9 0. 89 1.5 

Sulfate 
Total Sample 3. 8 3. 9 3. 3 2.4 2. 2 
Fir.e Fractio~ 2. 3 2. 3 2 .l 2. 0 2. 0 

:;:trJ.te 
Tot:J.l Sample 4.8 5.0 3." l.O 2. 6 
?i~1e Fra-: t ion 3.2 3.6 1.5 0. 68 1.9 

.\.:m:-.or.ium 
·;:Jcal S:1mple 0. 38 0. 78 0. 41 0. 24 0. 22 
Fine F-:action 0. 38 0. 50 0. 21 0.14 o. 20 

Susyended ~lass 
'IJt3.l Sample l!tO 1.96 160 so 79 
Fine Fraction 28 33 :s 26 18 

Jincludes organics) amorp!lou.s graphitic carbon, and carbonates. 
b~ . )e:~.:,ene soluble organics . 
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composition of the fine aerosol. It can be seen 
from the data in Table 1 for 10,11,12,13,14 Nov 
71, that 66%, 61%, 54%, 33%, 70%, respectively, 
of the fine aerosol mass as sulfate, nitrate, 
ammonium, carbon (total), and lead was accounted 
for. Not included in our analyses are organic H, 
N, and 0. On 13 Nov 71, the date for which we 
account for only 33%, the wind was from the north 
and the samplers were not in Denver's urban 
plume. 

Optical and scanning electron microscopy 
were used to obtain the morphology of the 

aerosol.
6 

The samples collected by an 8-stage 
Andersen impactor (operated at 1.0 cfm and with 
glass fiber collection surfaces) were morpho
logically characterized, and the results are in 
Table 2 for 10 Nov 71. The aerosol morphology as 
a function of size was the same for 10,11,12,13 
and 14 Nov 71, even though 13 Nov was a clean day 
and that sample was not taken in the urban plume. 
Generally, minerals dominated the coarse aerosol 
population down to 1-2 micrometers; below that 
size, auto exhaust particles became the primary 
component of the aerosol. The fractionated 
samples were sufficiently resolved according to 
morphological types that semi-quantitative 
microscopy combined with gravimetric and chemical 
analyses were sufficient to establish the impor
tance of source type to both aerosol fractions. 
The mass distributions for 10 Nov 71 are pre
sented in Table 3. Table 2 shows that the pri
mary components of the submicrometer fraction are 
particles derived from auto exhaust. Thus, the 
combination of chemical analysis of the fine 
aerosol and microscopy have demonstrated that 
auto exhaust is the primary contributor to the 
aerosols with diameters less than 1.0 vm, which 
probably dominate light scattering in Denver's 
urban plume. 

Less important source types are: mineral 
dust, tire dust, coal combustion products, and 
fuel oil combustion products. The questions left 
unanswered are: (l) are photochemically produced 
aerosols important to the visibility problem, and 
(2) what is the role of elemental (amorphous/ 
graphitic) carbon? The 1971 study cannot answer 
these questions because we did not investigate 
the nature of the benzene soluble organic and the 
extent of sulfate and nitrate artifact for these 
samples is unknmm. 

Denver, 1973 

A second study was conducted in 1973 to 
provide more physical characterization of the 
urban plume, such as wind flow measurements, 
aerial plume mapping, and investigation of the 
light scattering properties of the aerosols. 
Most of these results have been reported in two 

volumes of a proceedings
1

• 2 and a third volume8 

which will be published in 1978. In regard to 
the role of carbon, we found that the polarizing 
light and scanning electron microscopy indicated 
the same source types for the coarse and for the 
fine aerosol as found in 1971; that is, auto 
exhaust particles dominate the aerosol mass below 
1 wm. The filters collected with high volume 
samplers with and without an Andersen head 



Table 2. Estimated \.Jeight percent of ;>article typt:s on impactm: stages. 10 NOV 7l 

Stage 1 2 /1 Filter 
Diameter a, pm: ll-6.9 6.9-1,.3 '•.3-2.6 2.6-1.7 J.7-0.bB 0.68-0.2cl 0.28-0.Jl <O.Jl 

l'~trticle Types 

imestonc 
mica 
!lliC..J nceJ] L!S 

tire dusl 
auto exhaust 

oi 1 snul 

iron oxides 
m<1gnet:ic m<!t<~l 

t'()l·nsl .1rch 
t'npet- f ibcrs 
plant p:1rts 

Ill 

H lll t 

"' !·! ]' 

m fl l-1 

111 

]' 

Ill 

p "' -:~·)~,:. H ~ S-25:?, m ~ -(s-:-5--;)%, L ----:-<Q:-5%--(T~;;tit~i\-t-~ti ·-li):;S-~-~;z(c-Clt-C.:Jgc:<i' d~~l~;rlilTil~~~ ·cy -dle--Jldt:l:t)S;:-(Jj)i:"'L. 

Table J. l-bs~~ distt·ibution [rom impactor. 10 NOV 71 

-----~-- --.-~- -·--------------- --- ----- ---"-~---- --- --··--·- _________ _,_ . 

~it age 0 6 Fi Ltet' 
;j 

Diameter ]:111; > 11 11-(). q 6. 9-4. J 4.3-2.6 2.6-1.7 l.7-0.6H 0.6il··O. 2B 0.28-0.11 <O.lJ 

Hass. mg/m J 39.7 2l. 5 20" 4 19.1 n .8 7. 8 6 .l 7.3 18.1 

HtlSS ~~ 21,. 6 l'l.'J 12.6 11.8 lJ .LI 4. 8 3. 8 4. 5 11.2 

aSizc infel'vals v1err~ eslJmated from Hu's7 values; See reference H for details. Hicrosct•py shoHed 
llwL t·]H; the lmpc•ctor was not good for aerosols belm.,r 0.5 11111 diameter. and 
this glass fiber filters \.;>ere used as impnctor st~1ge coll~ction surfaces. 

impactor were chemically analyzed. The data for 
seven air pollution episodes are shown in Table 
4. For the fine fraction, '"e have data for four 
episode days. Carbon analyses were not performed 
on any of the samples collected during the 1973 
study. For the samples collected on 14,16,17,21 
Nov 73, we have accounted for 18-27% of the mass 
of the fine aerosol. However, the fine aerosol 
for 16 and 17 Nov 73 episode days were combined 
and subjected to functional class analysis by 

Miller et al9 . These samples were extracted 
with methylene chloride to recover the nonpolar 
organics. The methylene chloride-extracted 
nonpolar organics were 45% of the fine aerosol 
mass. Insufficient material remained after the 
methylene chloride extraction to permit an 
extraction with dioxane for the polar organics. 

9 Miller et al. stated that the expected dioxane 
extract would be insignificant compared to the 
dioxane blank. However, the infrared analyses 
performed on the methylene chloride extract by 

Miller et al. 9 show that the band corresponding 

to peroxides and organic carbonates (1770 cm-1) 
was not present, and the bands corresponding to 

-1 -1 
organic nitrate (1660 em to 1625 em ) were 
low. These results indicate little or no photo
chemically derived aerosol in the sample. The 
analysis results of the nonpolar organics after 
pyrolysis were: 76% C, 10% H, 0.8% N, and 12% 0 
(estimated by difference). Unfortunately, a 
total carbon analysis was not made for these two 
filter samples. However, for the combined 
samples of 16 and 17 Nov 73, we are able to 
account for 70% of the fine aerosol mass as: 
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45% nonpolar organics, 14% sulfate, 8% lead, 3% 
nitrate, and 0.4% ammonium. 

An estimate of the elemental carbon, C(O), 
present in 1971 can be made by making two 
assumptions: 

1. The aerosol character for 1971 and 
1973 is the same. 

2. Benzene (1971) and methylene chloride 
(1973) extracted the samples with the same 
efficiency, since the nonpolar organics of 
the 1973 sample were in a highly reduced 
form, similar to primary auto exhaust. 

If the assumptions are valid, then the 
benzene soluble organic (BSO) extracted from the 
1971 samples should have a carbon content 
accounting for 76% by weight. Using the values 
in Table 1, C(O) may be estimated by subtracting 
76% of the BSO mass from the total carbon mass. 
These estimated concentrations of C(O) are 
presented in Table 5; the range of values is 2.3 

3 to 3.6 ~g/m • From these 1971 data, the ratio 
of estimated C(O) to lead was found to be 1.0-
2.5, with an average of 1.7. Using this ratio 
the estimated C(O) concentration for fine aerosol 

for the 1973 episodes were 1.7 to 4.4 ~g/m3 (see 
Table 6). 

CONCLUSIONS 

Microscopy of aerosol samples collected 
with a cascade impactor and chemical analysis of 
the fine aerosol have demonstrated that auto 



Table 4. Chemical analysis of the filters for the total and the fine 
(<0.93 :.:m) derosol Erac:tion. 1973 

OiOV 1973: 14 16 17 

Carbon 
Total Sample 
Fine Fraction 

~ISO a 

Total Sample 
Fine Fraction 

Hydrogen 
Total Sample 
Fine Fraction 

Sample 
Fine Fraction 

Lead 
Total Sample 1.6 l.l 1.2 2. 0 2. 8 
Fine Fraction 1.3 1.0 1.0 1.7 2. 6 

Sulfate 
Tot.:1l Sample 8.1 l;. 7 18.4 4.3 4. 3 7.0 
Fine Fraction 3. 5 3. s 5. 6 

~it rate 
Total Sample 5. !, 4.9 0." 2.1 2. 8 ~. 3 
Fine Fraction l. !f 1.8 1. 6 

Ammonium 
Total Sn.mple 0.5 0.:? j .• -1 0. 2 0. 2 0. 3 
Fine Fraction 0. l ll.J o. 2 

Susper.ded Nass 
Total Sample 109 75 80 96 113 ll8 
Fine Fraction .:;6 18 20 22 :?5 35 

chloride soluble organics 

Table 5. Estimation of elemental carbon C(O) in the fin8 (<0.93 urn) 
Aerosol fraction for 1971 experiment. 

llOV 1971: 10 l1 12 13 14 

Fine Fraction Carbon, 10.6 11.0 7. 7 5.0 7.0 

BSOa 0. 76' "g/m 
3 7.0 8.4 5. 2 2. 7 t.. 6 X 

Estimated C(0)
3

, pg/m 
3 

3. 6 2. 6 2.3 2. 3 2. 4 

Estimated C(O)a/Pba 1.9 1.0 1.3 2. 5 1.6 

a In the fine .:1e:::osol fraction 

TJ.ble 6. Ssti:r,ated elemental carbon C(O) in the fine aerosol (<0.93 :..r:~) 

s.erosol fraction for 1973 experL!lents. 

f{OV l973: 14 16 17 

Pb
3 

1 1.3 1.0 l.O 1.7 2. 6 

CtO)o., 2. 2 l. 1.7 2. 9 4. 4 

the f::._ne .J.erosol fr.Jction 
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21 

1.7 
2. 0 

10.3 
8. 0 

3. 8 
3. 2 

0.4 
0.3 

107 
36 

21 

3. 4 



exhaust is the primary contributor to the light 
scattering aerosol. Photochemical aerosols were 
not significantly present during a two-day air 
pollution episode in 1973, and likely do not 
influence visibility in the urban plume. Esti
mates of C(O) in the fine aerosol during epi-

sodes in 1971 were 1.0-2.5 ~g/m3 , and in 1973 

were 1.7-4.4 )lg/m
3

. However, the role that C(O) 
plays in coloration effects in Denver's urban 
plume remains to be established. 
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SECONDARY ORGANIC AEROSOLS: IDENTIFICATION AND MECHANISMS OF FORMATION 

Daniel Grosjean 
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ABSTRACT 

This paper addresses itself to secondary organic aerosols, with emphasis on their identification and 
modes of formation. Recent outdoor smog chamber studies of aerosol formation from cyclohexene, toluene, 
diethylhydroxylamine and amines are presented along with examples of measurements of total organic carbon 
and of specific secondary components (dicarboxylic acids) in ambient aerosols. Also briefly discussed 
are the impact of secondary organic aerosols on visibility, their possible health effects and their 
relative importance in urban atmospheric pollution. 

INTRODUCTION 

Carbonaceous particles are ubiquitous in the 
air environment and include elemental carbon as 
\vell as carbon combined as inorganic and organic 
compounds. These particles are either directly 
emitted into the air from combustion processes 
(primary carbonaceous aerosols) or formed in the 
atmospheres by chemical reactions involving 
gaseous pollutant precursors (secondary carbon
aceous aerosols). While primary carbonaceous 
particles consist essentially of soot (elemental 
carbon+ polycyclic aromatic hydrocarbons), 
secondary organic aerosols contain a variety of 
oxygenated species such as carboxylic acids, di
acids, nitrate esters and other mono- and poly
functional compounds. 

The question of the relative importance of 
primary vs. secondary aerosol carbon, which has 
obvious implications for air pollution control 
strategies, is currently the object of consider
able debate. Novakov and coworkersl-3 have 
stressed the importance of primary soot and have 
carried out studies emphasizing the role of soot 
in the heterogeneous formation of sulfate4 and 
nitrogen-containing5 aerosols. Other investiga
tors, including the author of this chapter, sup
port the contention that secondary organic aero
sols, largely of photochemical origin, ar5-~5 
major importance in polluted urban areas. 

The Conference on Carbonaceous Particles in 
the Atmosphere provided a timely opportunity to 
further discuss the experimental evidence and 
arguments advanced by proponents of both "sides." 
This paper addresses itself to recent progress in 
the area of secondary organic aerosols, with 
emphasis on their identification and on their 
modes of formation in ambient and simulated (smog 
chamber) atmospheres, and is illustrated by 
studies conducted at the California Institute of 
Technology and more recently at the Statewide Air 
Pollution Research Center (SAPRC), U. C. Riverside. 
SAPRC's work concerning the mutagenic activity of 
organic aerosols has also been presented at this 
Conference.ll Organic aerosols have been the 
object of a recent review pub±~shed by the 
National Academy of Sciences. 
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MODES OF FORMATION OF SECONDARY ORGANIC AEROSOLS 

Reactions leading to the formation of second
ary organic aerosols in the atmosphere can be 
divided into three types, namely gas phase reac
tions, gas-aerosol interactions and reactions in 
the condensed (aerosol) phase. 

Gas Phase Reactions 

Since the early studies conducted by Haagen
Smit ~nd coworkers more than twenty-five years 
ago, 1 considerable evidence has been accumulated 
concerning the formation of light-scattering 
organic aerosols by condensation of low vola
tility species formed upon irradiation of gaseous 
hydrocarbons (HC) in the presence of oxides of 
nitrogen (NO ).12 Thus, production of aerosols 
by gas phasexreactions involving hydrocarbon pre
cursors and reactive species formed in photo
chemical smog (ozone, hydroxyl radical, etc.) has 
been extensively documented in smog chamber 
studies conducted with paraffins, olefins, 
aromatics, terpenes, auto exhaust, oxygenated 
solvents, amines, and other organic pollutants. 

. 14 15 However, only a few studles ' have been 
directed to elucidating the molecular composition 
of the organic aerosols formed in these model 
systems. For example, sunlight-irradiation of 
1 ppm of cyclohexene with ~o.3 ppm NOx results in 
the formation of a, w-difunctional oxygenated 
aerosol products bearing carboxylic, carbonyl, 
hydroxyl or nitrate esters groups (Table 1). 

Table 1. Cyclohexene aerosoll2,15 

adipic acid 

6-nitrato hexanoic acid 
6-oxo hexanoic acid 

6-hydroxy hexanoic acid 

glutaric acid 

5-nitrato pentanoic acid 

5-oxo pentanoic acid 

5-hydroxy pentanoic acid 
glutaraldehyde 

COOH-(CH
2

)
4

COOH 

COOH-(CH2)
4

cH20N02 
COOH-(CH2)

4
CHO 

COOH-(CH2)
4

cH20H 

COOH-(CH2)
3

COOH 

COOH-(CH
2

)
3

cH20N02 
COOH-(CH

2
)

3
-CHO 

COOH-(CH2)
3
-cH20H 

CHO-(CH2) 3CHO 



Gas-to-aerosol rates of up to -40 ~g carbon m-3 
min-1 have been measured in this system, with the 
final aerosol concentration accounting for up to 
17%, on a carbon basis of the initial cyclo
hexene concentration. 1) Similar results have been 
reported for another cyclic olefin, cyclopentene, 
and for the diolefin 1,7-octadiene. Organic 
aerosol products formed in these systems can be 
accounted for, to a large extent, in terms of 
olefin-0

3 
and olefin-OR reactions.lS 

As shmvn in Fig. 1, the highly reactive olefin 
2,3-dimethyl-2-butene does not form light-scatter
ing aerosols vJhen irradiated with NOx under the 
same conditions.lS This is because the vapor 
pressures of the monofunctional products formed 
from alkenes are several order of magnitude 
higher than those of the corresponding difunc
tional products formed from cyclic olefins. 

In another outdoor smog chamber study, toluene 
aerosol was found to contain hydroxy nitro
cresols as the major products (Table 2). A 

mechanism involving OH addition on toluene to 
form cresols and nitrotoluenes (Fig. 2), and 
reaction of these products with OH to form nitro
cresols (Fig. 3) followed by OH reaction with 
nitrocresols (Fig. 4) has been proposed to 
account for the experimental results.l6 

Nitrogenous pollutants have also been recently 
investigated as precursors of organic aerosols 
under photochemical smog conditions. For example, 
\ve have recently shown that addition of N,N
diethylhydroxylamine (DEHA), a proposed smog in
hibitor, to ambient polluted air resulted in fact 
in a significant increase (Fig. 5) in the rate of 
formation and levels of light-scattering 
aerosols.l7 

In another study, the dark (thermal) and photo
chemical reactions of ppm levels of secondary and 
tertiary amines with NOx in humid air have been 
investigated.l8,l9 In addition to gaseous prod
ucts including nitrosamines, nitramines and 
amides, significant amounts of light-scattering 
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Fig. 1. Production of ozone, nuclei and light-scattering aerosols in outdoor smog chamber experiments 
\vith cyclohexene (left) and 2,3-dimethyl-2-butene (right). Initial concentrations: hydro
carbon, 1 ppm; NO, 0.33 ppm; N02 , 0.16 ppm. From Grosjeanl2. 
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' .J 

ADDITION (SHOWN IN ORTHO 

A :BENZALDEHYDE 

CH 3 CH 2 

@ + OH -----~ @ 02 -

LUENES 

+ 

. . 
/ 

0-0 /0 

c£2 £ o, 

CHO 
NO @ ~ H02 + 
N02 

Fig. 2. Initial attack of OH on toluene: tormation of creso1s and nitroto1uenes. 
Van Cauwenberghe, Fitz and Pitts. 1 

From Grosjean, 

Table 2. Toluene Aerosola 

ACID FRACTION (MAJOR) : 

Hydroxynitrocresols (4 isomers, Mb) 
Nitrocreso1s (4 isomers, 2M, 2m) 
Creso1s (3 isomers, m) 
Benzoic acid (m) 
Hydroxybenzaldehyde (tentative, m) 
Phenol (t) 

NEUTRAL FRACTION (MINOR) : 

Benzaldehyde (m) 
Nitrotoluenes (ortho > para, m) 
Benzyl alcohol (t) 
~rn = 110 (unidentified, 3 isomers, t) 
MW = 112 (unidentified, 2 isomers, t) 

aFrom Grosjean, Van Cauwenberghe, Fitz and 
Pitts.l6 

bM . . = maJor, m = mlnor, t trace. 
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J::oH ~OH 
l2J + QH------.H+) + N02 -

0H 

(isomers) NITROCRESOLS 

Fig. 3. Addition of OH on creso1s and formation 
of nitrocresols. From ref. 16. 



&OH t!CH

3 

OH @CH

3 

OH y +OH-H +02 -H02 + 0 

OH OH 
N02 N0 2 N0 2 

(ISOmers) (isomers) HYDROXYNITROCRESOLS 

(major aerosol products) 

Fig. 4. Formation of hydroxy nitrocresols, 
the major toluene aerosol products. 
From ref. 16. 
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Fig. 5. Concentration-time profiles for 03, PAN 
and bs during simultaneous irradia
tion ofalimbient air (open symbols) and 
ambient air + 0.1 ppm of DEHA (closed 
symbols) in a dual outdoor smog chamber, 
14 October 1976, 10;00 to 16;00 PST, 

17 From Pitts, Smith, Fitz and Grosjean. 
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aerosols \vere formed upon irradiation (Fig. 6). 
In the case of diethylamine (DEA) and triethyl
amine (TEA), the corresponding amine nitrate >Vere 
found to be the major aerosol products. Aceta--
mide was also found in both DEA and TEA aerosols. 

Secondary organic aerosols may also be formed 
by reactions of gaseous pollutants with primary 
or secondary aerosol species. Reactions of this 
type, however, have received much less attention 
than those described in the previous paragraph. 
We have recently sho\~1 that the primary pollutant 
benzo(a)pyrene (BaP) deposited on a glass fiber 
filter reacts readily with ppm levels of ozone, 
peroxyacetyl nitrate (PAN) or NOz in air to fonn 
a variety of oxygenated products.20 Similar 
reactions have been reported for BaP and other 
polycyclic aromatic hydrocarbons (PAR) adsorbed 
on other support mater~2~ including alumina, soot, 
soil and silica gel . 21 Whether PAR adsorbed 
on the surface of airborne particles will react 
in a similar fashion in the atmosphere is still 
a matter of conjecture. 

Gas-aerosol interactions involving secondary 
organic aerosols have received little attention. 
One reaction of this type ~Vould be that of atmnonia 
with carboxylic acids (formed by reactions of 
olefins in photochemical smog) to form the 
corresponding ammonium salts. This reaction may 
explain in part the observed increase in light
scattering aerosols when adding ammonia to 
irradiated NOx-1-octene mixtures in SAPRC's out
door smog chamber.25 Other possible reactions of 
this type may involve further oxidation, by OJ, 
nitric acid, etc., of aerosol oxygenates (alco
hols, aldehydes) to the corresponding acids. 

Reactions in the aerosol phase 

Possible reactions of organic compounds lVith 
free radicals and \vith oxidizing species (03, 
HONOz) in aqueous aerosol droplets have not been 
investigated experimentally. However, several 
studies have pointed out the possible importance 
of ambient aerosols as a sink for free 
radicals,26,27 and an abundant literature is 
available concerning free radical and other oxi
dation reactions in the bulk aqueous phase. 28 

Thus, further reactions of organics in the 
aerosol phase should not be overlooked. Such 
reactions may be responsible in part for the oxi
dation of 1,6 hexanedial to 6-oxo hexanoic acid 
and to adipic acid (Table 1) in cyclohexene 
aeroso1. 15 

IDENTIFICATION OF SECONDARY ORGANIC AEROSOLS 

Measurements of the total (primary + second
ary) aerosol organic carbon (AOC) concentration 
are ~9nerally carried out using solvent extrac
tion and/or combustion29,30 techniques. Figure 
7 shows the frequency distribution of 24-hour
averaged AOC concentrations in Riverside, CA, 
air, established from daily measurements made 
over a six-month period in 1975.31 AOC levels 
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in Southern California air have been the object 
of extensive meaSJJrements, including those 
performed as part of the Aerosol Characteriza
tion Experiment (ACHEX) study,32,33 A break
down into primary and secondary organics by 
selective extragtion using solvents of increas
ing polarit~es 2 has also been recently 
attempted. 3 

Of increasing concern at the present time is 
the question of filter "artifacts," i.e., 
spurious retention of acidic organics gases on 
the basic surface of glass fiber filters and/or 
chemical reactions on the filter surface during 
sampling. Negative artifacts resulting from 
loss of relatively volatile aerosol organics 
during sampling are also of concern. Quantita
tive studies of organic artifact, similar to 
those recently conducted to investigate the

36 formation of spurious sulfate35 and nitrate 
aerosol , are now in progress in several labora
tories. 
Holecular composition of secondary organic 
aerosols 

In the past five years a systematic search for 
secondary organic aerosols has been initiated 
using modern analytical techniques such as mass 
spectrometry, combined gas chromatography-mass 
spectrometry and high performance liquid chroma
tography. The high resolution mass spectrometry
thermal analysis technique developed by Schueltze 
and coworkers37,38 has proven most useful in this 
area. 



(capillary columns, 
El and CO 

Fig. 8. Analytical protocol for GC-MS identifi
cation of carboxylic acids in ambient 
aerosols. 
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Fig. 9. Example of GC-MS analysis of dicarbox
ylic acid dimethyl esters using selec
tive monitoring at m/e = 157 (esters of 
c7 acids) and m/e ~ 143 (esters of C6 
acids). These major fragments result 
from the loss of a methoxy group in 
electron impact-MS (~'-OCH3 ) and from 
the loss of methanol in methane chem
ical ionization-MS (MH-CH30H). 
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Other studies include our recent analysis of 
9 the organic acid fraction of Riverside aerosols 3 

using the extraction-fractionation-derivatlzation 
scheme outlined in Fig. 8. Using capillary 
column gas chromatography and both electron 
impact and chemical ionization mass spectrometry, 
we have identified 8 linear and 7 branched-chain 
dicarboxylic acids ranging from c3 to C1o in 
ambient aerosols collected during photochemical 
smog episodes (Table 3 and Fig. 9). 

The molecular composition of smog chamber and 
ambient aerosols, in which about one hundred 
secondary organics have been identified, has been 
recently revie1ved.12 It is likely that several 
hundred other secondary organic compounds still 
await identification. 

SECONDARY ORGANIC AEROSOLS AND AIR QUALITY 

The relative importance of secondary organic 
aerosols in the total particulate burden is 
extremely variable, ranging from very low in non
urban areas (and in those urban areas seldom sub
jected to photochemical pollution) to overwhelm
ing in photochemically-polluter\ atmospheres such 
as the Los Angeles area.6, 9,10 Measurements of 
gas~o-particle distribution factors9,40 indicate 
that, even during severe photochemical episodes, 
only a small fraction (~3%) of the organic 
species emitted by pollution sources exists as 
aerosol organic carbon (Table 4). 

Health Effects 

Because of their accumulation in submicron 
particles, all aerosol organic compounds are 
potentially hazardous to human health. Moreover, 
organic extracts of airborne particulate matter 
are known to be carcinogenic in experimental 
animals, 41 and their muta5enic activity has been 
recently established. 11 •2 •42 - 45 However, al
though carcinogenicity has been found in oxy
genated fractions of airborne organics,46,4/ 
most attention has focused to date on primary 
carcinogenic pollutants such as BaP and other PAH 
as well as on their heterocyclic homologs41 
(acridines, quinolines, etc.). To the best of 
our knowledge, not a single secondary compound 
has been shown to be carcinogenic or mutagenic at 
the present time, and the health hazards associ
ated with high levels of secondary organic 
aerosols in urban atmospheres are virtually 
unknmm. 

Visibility Degradation 

Studies available to date, which are limited 
to California aerosols, 46 ,4 7 indicate that the 
contribution of organic aerosols to the reduction 
of visibility in urban areas is small compared to 
that of inorganic species such as sulfates and 
nitrates. The reasons for this are not fully 
understood at the present time. The relatively 
"poor" light-scattering efficiency or organic 
aerosols may involve several factors such as 
refractive index, selective adsorption on amor
phous material (soot) and generally hydrophobic 



character retarding the growth into the size 
range of maximum light scattering efficiency. 

RECOMMENDATIONS 

It seems appropriate to conclude this brief 
review of the current status of research on 
secondary organic aerosols by stressing the need 
for further research in the follmving areas: 

chemical and physical characterization of 
aerosols formed in model systems (single 
HC precursor+ NOx in smog chamber), and 
application of the knowledge acquired in 
these studies to a better characteriza
tion of organic species in ambient aerosols. 
development of new sampling and analytical 
techniques, as well as optimization of the 
ones now available, in order to obtain in
formation on both molecular composition 
and size di~=ribution of organic aerosols. 
development of a comprehensive data base 
concerning the chemical nature, the 
physical properties and the rates of 
formation of organic aerosols. Such an 
experimental data base is now essential 
to improve the predictive ability of 
aerosol modeling techniques. 
Assessment of impact on health by combin
ing chemical analysis and microbiological 
screening techniques to identif)' hazardous 
species. If such aerosol compounds 
(classes of compounds) are identified, 

control of their gas phase 
precursors could be implemented. 
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ABSTRACT 

The high optical absorptivity of urban particulates is used as a tracer for the "graphitic" component 
of the carbonaceous aerosol. The results of the analyses of over 900 ambient samples collected over a 
wide range of atmospheric conditions show a strong correlation between the "graphitic" and the total 
carbon content of the aerosol. No systematic difference in the correlation is observed under conditions 
of high or low ozone, indicating that ozone-related reactions do not produce substantial quantities of 
secondary particulates. A comparison between these measurements and similar measurements on sources 
indicates that a major component of the urban carbonaceous aerosol is due to primary emissions. 

INTRODUCTION 

Characterization of the ambient carbonaceous 
aerosol in terms of its primary and secondary com
ponents is essential if meaningful control strate
gies are to be .devised. ·Primary carbonaceous par
ticulate material is defin~d as that emitted di
rectly from anthropogenic ·sources, usually combus 
tion. It contains extractable organic matter and 
nonextractable material, including "graphitic" 
soot. Secondary carbonaceous particulate material 
is material originally emitted in a gaseous state 
that has been transformed into a particulate state 
by atmospheric .processes. Examples of these pro
cesses are (l) the accretion by adsorption of 
vapors onto the surface of primary particles, and 
(2) gas-to~particle conversion reactions whose 
occurrence in the atmosphere has been postula~ed 
under highly photochemically active conditions. 
If primary particulate material is domin~.t in the 
ambient aerosol, then particulate air pollution 
abatement strategies should include particulate 
emission control. If secondary particulate mater
ial dominates, emphasis should be on the control 
of the gaseous precursors involved in these secon
dary reactions. Due to the complex nature of the 
ambient aerosol, it has been a difficult analytical 
problem to clearly distinguish the contributions 
from these two sources of particulate carbon. 

The most striking feature of filter deposits 
collected i~ urban environments is their dark 
coloration, which we believe is due to the strongly 
absorbing primary "graphitic" soot component. We 
assume that secondary reactions cannot produce this 
material. The "graphitic" component of filter
collected particulates may be conveniently measured 
because of its large optical absorption and used as 
a tracer for primary carbonaceous particles. In 
this paper we report on the optical characteriza
tion of a statistically large number of ambient and 
source samples taken under a wide range of 
conditions. 

Our central result is that primary material 
appears to compose a major fraction of the ambient 
carbonaceous aerosol studied in two California air 
basins under widely varying conditions. Further
more, we have seen no evidence for the significant 
production of secondary carbonaceous particulate 
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matter in correlation with the ozone concentration, 
a conventional indicator of photochemical activity. 

EXPERIMENTAL DETAILS 

Collection 

Ambient aerosol samples have been collected 
daily since 1 June 1977 at Lawrence Berkeley Labo
ratory, Berkeley, California; since 15 July 1977, 
at the Bay Area Air Quality Management District. 
monitoring station, Fremont, California; and since 
19 August 1977, at the South Coast Air Quality 
Management District monitoring station, Anaheim, 
California. Samples were also taken from 23 March 
1978 to 9 April 1978 at Argonne, Illinois. All 
these samples were taken in parallel on 47-mm diam
eter Millipore filter membranes (1.2-um nominal 
pore size, type RATF) and prefired quartz fiber 
filters (Pallflex type 2500 QAO). TI1e monitored 

flow rates varied between l. 0 and 2. 6 m3 j cm 2 -day 
(i.e., 0.24 to 0.62 CFM for the total exposed fil-

ter area of 9.6 cm 2), corresponding to face velo
cities of 11.6 to 30.1 em/sec. The samples were 
not size segregated, but the filter holders faced 
vertically downward to avoid settling deposition 
of dust, etc. Three-day samples collected over 
each weekend are not included in the data presented. 
The samples spanned almost the entire range of 
weather and pollution conditions. To date, in 
excess of 900 filter pairs have been analyzed. 

A number of representative sources have also 
been sampled. About 100 analyses have been made 
of the following particulate emissions: (1) 
exhaust collected in a freeway tunnel under condi
tions of moving traffic with few diesel trucks; 
(2) automobile exhaust collected in an underground 
parking garage under start-stop driving conditions 
with no diesel trucks; (3) exhaust from a small 
2-stroke engine; (4) exhaust from a small 4-stroke 
diesel engine; and (S) stack samples from a natural
gas-fired domestic water heater. 

Attenuation Measurement 

Both source and ambient aerosol samples have a 
large and uniform optical absorption throughout 
the visible spectral region; the dark coloration 



of the exposed filters is due to the "graphitic' 
soot component.l,2 The attenuation measurements 
are made by a laser transmission method on samples 
collected on Millipore filter membranes. The quan
tity recorded is defined as 

ATN = -100 ln (I/I 0) c 1) 

where I 0 is the intensity of light transmitted 

through a blank Millipore filter, and I is that 
through the loaded filter. 

Carbon 

The carbon loading on the quartz fiber filters 
is determined by a total combustion/C02 evaluation 

method.3 The filters are prefired overnight at 
800°C to remove all combustible carbon before sam
ple collection. Periodic analysis of blanks typi-

cally yields about 0.5 )Jg C/cm2 compared with 
loadings after exposure in the range 20-100 )Jg 

C/cm2. 

OPTICAL ATTENUATION CHARACTERIZATION 

As shown in Refs. l and 2, the dark coloration 
of ambient and source samples can.be ascribed to 
the "graphitic" component of the carbonaceous 
particulates. We assume that a quantitative rela
tionship between the optical attenuation and the 
"graphitic" carbon component can be written as 

[GRAPH] = (1/K) X ATN (2) 

In addition to "graphitic" soot, primary particu
late material also contains organic material, which 
is not strongly optically attenuating. The total 
amount of carbon is 

[C] = [GRAPH] + [ORG] . c 3) 

A fundamental characterization of a particulate 
sample is given by its attenuation per unit mass, 
i.e., its specific attenuation, o, since this is a 
measure of the fraction of "graphitic" carbon to 
total carbon: 

0 = ATN/C = K X [GRAPH]/ [C] . (4) 

Measurements of the specific attenuation of numbers 
of source samples give insights into the relative 
graphitic-to-total-carbon fraction of primary emis
sions and the source variabilities. 

The ambient aerosol contains primary carbona
ceous particulates from a large number of individ
ual sources and secondary material (as defined in 
the introduction). The total optical attenuation 
and total particulate carbon mass are then given by 
a summation over all components, i.e., 

i 

i 
c. 

1 

(5) 

and the specific attenuation of the ambient sample 
is 
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(ATN/C)T 
i 

i 

ATN. 
1 

(6) 

In other words, the specific attenuation of an 
ambient sample is an average of the specific atten
uations of all its components, weighted according 
to the mass of carbon they each contribute. 

Secondary material will not contain a "graphitic' 
component and therefore should not appreciably 
increase the total optical attenuation; its value 
of o is very small. However, it does increase the 
total mass of carbon, and will therefore reduce 
the graphitic-to-total-carbon fraction and dilute 
the specific attenuation of the ambient sample.
This is seen in Equ. (6) as the addition of secon
dary contributors, is, where ois is zero but Cis 

is non-zero. The presence of large amounts of 
secondary carbonaceous particulate material in the 
ambient aerosol will have the effect of reducing 
the specific attenuation of ambient samples relative 
to that of source samples. 

Results 

Results on Source Samples. We first present 
quantitative support for the assumption of Equ. (2) 
that the optical attenuation of a particulate sam
ple collected on a filter (i.e., the degree of its 
dark coloration) is proportional to the total car
bon loading. This occurs if the "graphitic" soot 
component, responsible for the coloration, consti
tutes a constant fraction of the total amount of 
particulate carbon. Figure l shows results from 
one series of samples taken from a small diesel 
engine under identical load and speed conditions. 
The correlation between optical attenuation and 
total carbon loading is extremely good (r = 0.99) 
even up to heavy loadings, giving a constant spe
cific attenuation of o = 5.6. In contrast, Fig. 2 
shmvs the results for a number of freeway tunnel 
samples spanning a wide range of traffic conditions. 
Although a similar correlation obviously exists, 
it is clear that the specific attenuation of these 
samples shows a greater variability (ranging from 
a 3.75 to a= 12.5). We postulate that this is 
due to a varying fraction of "graphitic" soot to 
total particulate carbon in the mix of exhaust, 
depending on the mix of vehicles and driving condi
tions. Similar results have been obtained for the 
other sources: in all cases, samples of different 
loadings taken under identical source conditions 
show good correlation, while samples of mixed com
position show variability. 

Results on Ambient Samples. In vie1v of the var
iabiT:ltyof speciflcattenuation shown by source 
samples, the uniformity of results obtained from 
ambient samples is remarkable. Figure 3 shows 
optical attenuation vs. carbon loading for the 
samples collected at Berkeley, Fremont, Anaheim, 
and Argonne. All the graphs have the same scale 
of axes, enabling direct comparison and determina
tion of the following very important results: 

l. There is a strong correlation (r > 0.85) 
between optical attenuation and total suspended 
particulate carbon mass at every site. 

2. The mean specific attenuation, i.e., the 
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Fig. 1. Optical attenuation versus carbon loading 
for samples of diesel exhaust particulates from an 
engine running at constant speed under constant 
load. Least-squares fit line shown. 

coefficient of this proportionality, is virtually 
identical at each site. 

DISCUSSION 

Source and Ambient Samples' Specific Attenuation 
Results 

The diesel source results show that the method 
of optical attenuation can indeed be used as an 
accurate quantitative measure of total particulate 
carbon mass for samples from individual sources 
under constant operating conditions, i.e., a pre
sumed constant fraction of "graphitic" soot to 
total particulate carbon. The freeway tunnel re
sults show that the net value of oT for an aerosol 

derived from many sources can vary according to the 
mix of contributions (Ci) and characteristics (oi) 

of each source. The ambient air contains material 
from a very large number of primary and secondary 
sources covering the entire spectrum of "graphitic" 
content (i.e., of o); if the patterns of daily in
put remain approximately constant, the net 
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Fig. 2. Optical attenuation versus carbon loading 
for samples of vehicle exhaust particulates obtained 
in the vent bore of a freeway ttmnel. Least-squares 
fit line shown. 

composition of our 24-hour samples may also remain 
constant. This, we believe, is the basic explana
tion for the results obtained from the ambient sam
pling program. Result (l) shows that for a partic
ular site it is possible to estimate the amount of 
total suspended particulate carbon with a root mean 
square error of 25% by means of the simple measure
ment of optical attenuation. Furthermore, this is 
true independent of season, meteorology, or conven
tional air pollution indicators. This remarkable 
result implies that the fraction of "graphitic" 
soot to total particulate carbon is approximately 
constant under all circumstances studied. 

The specific attenuation distribution of samples 
collected during summer pollution episodes in Ana
heim is virtually identical to that of samples 
collected in Berkeley on extremely clear winter 
clays or in Argonne in winter, although the loading 

of these samples varied widely (from 2.9 )Jg C/m 3 

to 52.4 )Jg C/m 3). Because the specific attenuation 
o reflects only the aerosol's fractional "graphitic" 
composition, this result implies that the fraction 
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Fig. 3. Optical attenuation versus particulate carbon loading 
for ambient samples collected at Berkeley, Fremont, Anaheim, 
and Argonne. Least-squares fit line shown. Note same scale 
of axes of graphs. 

of "graphitic" soot to total carbon in all these 
locations is approximately equal and constant. 

The range of values of specific attenuation 
measured on ambient samples is overlapped by the 
range measured on source samples. This suggests 
that a major fraction of the ambient aerosol is due 
to primary emissions. 

Secondary Particulate Carbon 

The category of secondary carbon includes par
ticulates formed from precursor gases in gas-to
particle conversion reactions in the atmosphere. 
Most of the proposed reactions responsible for the 
formation of secondary organic particles involve 
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ozone as a reactant. If ozone-related atmospheric 
reactions are a substantial contributor of secon
dary particulate carbonaceous material in the 
ambient aerosol, we would expect larger contribu
tions of this material on clays characterized by 
higher ozone concentrations. This secondary mater
ial cannot contain a "graphitic" component and so 
would have a low specific attenuation, thereby 
diluting the total ambient aerosol's attenuation. 
The specific attenuation of the ambient aerosol on 
days characterized by high ozone levels would be 
expected to be lower than on days with low ozone 
levels. 

Figure 4 shows the distribution of specific 
attenuation of ambient samples from all sites taken 
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Fig. 4. Distribution of values of specific attenuation of ambient 
particulate samples, subdivided according to peak hour ozone 
concentration. 

together, subdivided according to peak hour ozone 
concentration. Clearly, there is little indication 
that high-ozone days are characterized by aerosols 
of strongly diluted attenuation. Furthermore, the 
maximum correlation coefficients of peak hour ozone 
concentration and specific attenuation at any indi
vidual site or all samples taken together are only 
r ~ 0.24 and r = 0.11 respectively. This places a 
rather low limit on the maximum importance of secon
dary carbonaceous particulates formed in ozone
related atmospheric reactions. 

Figure 5 shows the average diurnal cycles of 
specific attenuation for samples collected at the 
same time of year in Berkeley (relatively clean 
conditions, average particulate carbon loading 

5.7 ug/m3) and Riverside, California (severe air 

pollution conditions, 33.2 ug/m3 average particulate 
carbon loading). These cycles, averaged over many 
days, are essentially identical in form and magni
tude in spite of very different atmospheric chemi
cal conditions at the two sites, including an aver
age peak 1-hr ozone concentration of 240 ppb in 
Riverside vs. < 30 ppb in Berkeley. Certainly 
there is no evidence for the dilution of the spe
cific attenuation of the Riverside aerosol relative 
to the Berkeley aerosol that would be expected if 
high ozone levels were associated with significant 
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production of secondary particulate carbon. 

CONCLUSIONS 

We have demonstrated that the optical attenua
tion technique is a valid semiquantitative method 
for detection of the "graphitic" soot component of 
ambient aerosols, and that this component is an 
approximately constant fraction of the total sus
pended carbonaceous particulate loading under the 
atmospheric conditions so far encountered at widely 
differing sites. \Ve find that this "graphitic" 
fraction of the ambient aerosol is comparable to 
that of representative source emissions. \Ve also 
find a lack of evidence for the substantial produc
tion of carbonaceous particulates from gaseous pre
cursors in atmospheres characterized by high ozone 
levels. Unless we can find secondary reaction 
mechanisms (1) that are not accompanied by ozone 
formation, (2) that are independent of location, 
season, or meteorology, and (3) whose contribution 
to the total ambient aerosol mass is linked to the 
primary particulate loading (in order to maintain 
a constant composition fraction), the results ob
tained from our ambient sampling programs so far 
indicate that primary particulates constitute a 
major fraction of the ambient carbonaceous aerosol 
in the two California air basins we have studied. 
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ABSTRACT 

Combustion-produced soot particles are efficient catalysts for so2 oxidation, especially1vhen surrounded by 

a layer of liquid water. Liquid water may dissolve the species formed on particle surfaces and thus regen
erate the catalytically active sites. We have carried out a kinetic study of the catalytic oxidation of 
so2 on soot particles suspended in water. The reaction was found to be first order with respect to the 

concentration of carbon, 0.69th order with respect to dissolved oxygen, and independent of the concentra
tion of sulfurous acid and the pH under the conditions of our investigation. The activation energy of the 
reaction is 11.7 kcal/mole. A four-step mechanism is proposed for this soot-catalyzed oxidation reaction. 
A box-type calculation was carried out to compare the relative importance of soot-particle-catalyzed so2 
oxidation with other so2 oxidation reactions involving liquid water. The results indicate that the soot

catalyzed reaction can be the dominant mechanism for so2 oxidation under realistic atmospheric conditions. 

INTRODUCTION 

During the early days of environmental aware
ness, primary particulate emissions were easily 
visible. Smoke (or soot) was the first air pollutant 
to be recognized and controlled. In more recent 
time, improvements in combustion technology and 
use of better-grade fuels have led to a substantial 
reduction of visible smoke emissions. Nevertheless, 
there is considerable evidencel-4 that primary 
soot particles are still very important contribu
tors to atmospheric pollution in California and 
elsewhere. 

Soot particles, a major constituent of ambient 
particles, are also catalytically and surface 
chemically active material. For example, Novakov 
et al.l,5 have shown by photoelectron spectroscopy 
that so2 oxidation to sulfate can be catalyzed by 

combustion-generated soot particles. They reached 
the following conclusions: 

1. Soot-catalyzed oxidation of so2 is more 

efficient at a higher humidity. 
2. The oxygen in air plays an important role in 

so2 oxidation. 

3. Soot-catalyzed oxidation exhibits a satura
tion effect. 

4. The saturation level of sulfate produced is 
probably related to such properties of soot par
ticles as size, active surface area, and adsorbed 
surface oxygen. 

5. The sulfate produced on soot particles is 
water soluble and contributes to the acidification 
of the solution. 

6. so2 can be oxidized on other types of gra-

phitic carbonaceous particles, such as ground 
graphite particles and activated carbon. 

Although these authors have shown that the soot
catalyzed oxidation of so2 is more efficient in 
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prehumidified air rather than dry air, the specific 
role of water was not made clear in their experi
ments. The effects of liquid water are important 
because liquid water may condense on the soot par
ticles in plumes, and soot particles may encounter 
liquid water in their passage through fogs and 
clouds. Also, hygroscopic and deliquescent mater
ials associated with soot particles may hold sig
nificant amounts of liquid lvater, even at a com
paratively low relative humidity.6 

We recently extended this research on the role 
of soot particles as catalysts for so2 oxidation 

by studying the effect of liquid water on the soot
catalyzed reaction. In this paper, we present a 
reaction rate law and propose a reaction mechanism 
for the catalytic oxidation of so2 on soot parti-

cles in an aqueous suspension. We also compare 
the soot-particle-catalyzed reaction with other 
reactions involving liquid water. 

EXPERIMENTAL METHODS AND RESULTS 

The reaction was studied in systems conta1n1ng 
various concentrations of sulfurous acid and sus
pended carbonaceous particles. The carbon concen
trations used in the suspensions ranged from 
0.005% to 0.32% by weight, and the sulfurous acid 

-4 -3 concentration ranged from l.SxlO N to l.OOxlO M. 
The concentration of sulfurous acid was monitored 
using iodometric ti trations during the course of 
the reaction. In some selected runs, the concen
tration of sulfuric acid was followed by the tur
bidimetric method. Soot produced by the combustion 
of acetylene and natural gas, as well as that 
produced by a diesel engine, were collected by im
pinging the effluent into water, and \\'ere used in 
this study and fow1d to be efficient catalysts. 

Figure l shows the typical reaction curves of 
the oxidation of H2so3 by dissolved oxygen in 



aqueous suspensions of soot particles collected 
from acetylene and natural gas flames. The reac
tion occurs in h1o steps. The rate of the initial 
disappearance of H2so3 is so fast that it could not 

be followed by the analytical technique used. The 
second process is characterized by a much slower 
linear reduction of H2so

3
. The results obtained 

with these combustion-produced soot were essen
tially reproduced (Fig. 2) by suspensions of simi
lar concentrations of activated carbon7 (Nuchar C-
190) .8 Figure 2 also shows that there is a mass 
balance between the sulfurous acid consumed and the 
sulfuric acid produced. Since it is difficult to 
reproducibly prepare soot suspensions, suspensions 
of Nuchar were used as a model system. 
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Fig. l. H2so3 concentration as a function of time 

for acetylene and natural gas soot suspensions. 
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Fig. 2. H2so3 and H2so4 concentrations as a 

function of time for activated carbon suspensions. 

123 

In order to investigate the reaction rate and 
mechanism, a series of experiments was done with 
Nuchar as a model catalyst. The BET surface area 

of the Nuchar is 550 m
2
/g. Its elemental composi

tion (determined by combustion and X-ray fluores 
cence techniques) is sho1m in Table 1. The effects 
of the concentrations of carbon, sulfurous acid, 
and dissolved oxygen on the rate of oxidation of 
sulfurous acid were studied (Figs. 3, 4, and 5). 
The amount of sulfurous acid oxidized, at a constanc 
temperature, by the rapid first step process is 
linearly proportional to the concentration of the 
carbon particles. A linear relationship was found 
between the half-life of the second process and the 
reciprocal of the carbon concentration and the 
initial sulfurous acid concentration respectively 
(Figs. 6 and 7). This behavior suggests a first 
order reaction with respect to the carbon catalyst 
concentration and zeroth order with respect to the 
sulfurous acid concentration under the conditions 
of this experiment (Nuchar, between 0.005% and 

0. 32% by weight; sulfurous acid, between l. 5xl0-4 M 
-3 ) and 10 M; pH, between 1.5 and 7.5 . The rate of 

reaction with respect to the concentration of dis
solved oxygen was found to be a fractional order 
(0.69) in Fig. 8, which was plotted by using data 
given in Fig. 5. 

0 23.6 Al > 0.055 Cl < 0.001 
H 0.9 Ti 0. 016 As 0.0004 
N 0.1 Mn 0.013 Br 0.0004 
Ca 0.221 Cr 0.002 Rb 0.0004 
s > 0.166 Cu 0.002 Zr 0.0004 
Si > 0.111 Zn 0.002 Pb 0.0004 
Fe 0.117 Sr 0.002 Ga 0 0001 

BET surface area = 550 

In order to assess the dependence of the so2 
oxidation reaction on pH, a known volume of H2so4 
or NH40H was mixed into the sulfurous acid solution 

before adding Nuchar. In a separate run at a high 
pH, Na 2so3 solution was used for the experiment. 

The pH of the solution decreased during the course 
of the reaction. The change in pH varied from 
0.05 to 1.0 pH unit, depending on the initial pH 
of the solution: the larger the initial pH, the 
larger the change. The results, represented in 
Fig. 9, demonstrate that the reaction rate essen
tially does not depend on the pH of the aqueous 
suspension under the conditions of this investiga
tion. The pH of these experiments ranged from 
1.45 to 7.5, which should cover the entire range 
of interest at atmospheric conditions. The latter 
observation is very striking, as it differs from 
other heterogeneous reactions involving liquid 
water which are dependent on the pH of the liquid 
water. 

The reaction is accelerated by temperature, as 
may be seen from the results shown in Fig. 10. 
The activation energy is 11.7 kcal/mole between 
5.5°C and 50°C (Fig. 11). 
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In summary, the reaction occurs in two steps
an initial rapid oxidation followed by a much 
slower one. The rate of the first process is too 
fast to follow. The reaction of the second pro
cess has the following characteristics: 

l. The reaction rate is first order, zeroth 
order, and 0.69th order with respect to the con
centration of carbon, sulfurous acid, and dissolved 
oxygen respectively. 

2. The reaction rate is pl! independent (bet1veen 
pH of 1.45 and 7.5). 

3. The activation energy of the reaction is 
ll. 7 kcal/mole. 

4. There is a mass balance between the con
sumption of sulfurous acid and the production of 
sulfuric acid. 

DISCUSSION 

Based on the experimental results, we propose 
the following reaction mechanism: 

(1) 

C ·0 7 (£) ·Su (2) 
Fig. 8. The rate of formation of sulfuric acid 
versus dissolved oxygen concentration at 

X ~ 

a fixed activated carbon concentration of 0.16% 
by weight. 
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Fig. 9. H
2
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concentration as a function of time at an activated carbon 

concentration of 0.16% by weight at various pH values. Initial H2so3 
concentration was 8.85xl0-4 M. 
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(3) 

(4) 

where ex = soot, 0 2 (1) = dissolved oxygen molecule, 

Su = sulfite species, and SuO= sulfate species. 

Equation (l) indicates that dissolved oxygen is 
adsorbed on the soot particle surface to form an 
activated complex. This adsorbed oxygen complex 
then oxidizes the sulfurous acid to form sulfuric 
acid according to Equations (2)-(4). If one assumes 
that the reaction follows the condition of Langmuir 
adsorption equilibrium,9 the rate of acid formation 
is: 

d[SuOJ _ 
~c-It~ - 2k 4 [ex· (1) · 2Su] 

where K1 , K2, and are the equilibrium constants 

of reactions (1), (2), and (3) respectively. K --w 
and KSu are the equilibrium constants of the 

adsorption of water and sulfite species on carbon 
particles respectively. If k2 [Su] >> k_ 2 and 



k
3

[Su] » k_
3

, the rate law simplifies to 

If the power rate form is used (Freundlich iso
therm9) instead of the Langmuir form, the rate law 
becomes 

which corresponds to the experimental results 
where n = 0.69. The activation energy (Ea) was 
determined to be ll. 7 kcal/mole. The rate law as 
a function of temperature is 

d[SuO] 
dt 

E 
A[Cx] [Ox(i)]n exp-(R~) 

J 7 l l 0. 3 0. 71 h. l . J w1ere A= l.l,x moe 1 g-sec, w 1c1 1s t1e 
average value determined for natural gas and acety
lene soot. 

We have ruled out the possibility that the oxi
dation of sulfurous acid is due to a reaction in
volving impurities such as iron in carbon particles. 
This was done by leaching a carbon sample with 
concentrated sulfuric acid for about a week before 
it was used for the study. 1bis sample contained 
less than one-third of the original iron content; 
however, it still exhibited the same reaction rate 
as all samples without this treatment. 

The possibility that the outgassing of S02 from 

the solution might contribute to the disappearance 
of sulfurous acid is ruled out by the fact that 
there is a mass balance bet1veen the amount of sul
furous acid consumed and the amow1t of sulfuric 
acid produced and that no significant consumption 
of sulfurous acid was observed over a 30-min inter
val for a solution without the addition of carbon 
particles. 

We have examined the role of dissolved oxygen 
on the behavior of the reaction. It is conceivable 
that the initial rapid consun~tion of sulfurous 
acid could be due to the depletion in the amotmt 
of dissolved oxygen in the solution. The second, 
slower rate of consumption would then be linli ted by 
the rate of diffusion of the oxygen into the solu
tion. This hypothesis was ruled out by noting 
that the behavior and the rate of the reaction were 
not affected by bubbling air into the solution or 
by increasing the stirring speed. The reaction 
rate speeds up, however, if one increases the con
centration of dissolved oxygen (Pig. S). We there
fore conclude that the reaction rate is not limited 
by the mixing rate of gaseous oxygen molecules into 
the solution, but rather by the rate of formation 
of the activated oxygen con~lex. 

The reaction will behave independently of the 
concentration of sulfite species and the pH of the 
solution as long as the following conditions are 
satisfied: 

k
2

[oxidizable sulfite species] >> k_ 2 and 

k
3

[oxidizable sulfite species] >> k_ 3 
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The pl-l ranges from l. 45 to 7. 5 in this studz. 
Therefore the ratio of [S0

2
·H

2
o]: (J-ISO-]: [SO-] ranges 

-7 3 3 
from l:0.48:8.4xlO to 9.4xlo- 7 :0.Sl:l. Then the 
conditions 

k [l Sxl0- 4 x~2!__] k 2 · l.Sl » _2 and 

-4 0 48 
k

3 
[l. SxlO xfTs] » k _3 , or 

-7 
k [l Sxl0- 4 x~"lCl..~J » k_

2 
and 2·. 1.48 .. 

>> k_
3 

should be satis-

fied respectively if (so2 ·H2o], [Hso;], or [so;] 

is the oxidizing species (l.Sxl0-
4 

mole/! being 
the smallest sulfite concentration used). However, 
the possibility that the two or three sulfite 
species are oxidized cannot be ruled out. 

We have investigated the kinetics at a much lower 
sulfite concentration and at a much higher pH of 
the solution. l'rcl iminnr:· results indicate 
that the oxidation rate is consideruhlv sloKer at 
pl-1 > 7.6. This behavior could indicate that a 
l'eaction mechanism, different from the proposed 
one, is operating. However, the proposed mech
anism reproduces the results obtained under our 
experimental conditions. Further work is necessary 
to completely understand the actual reaction 
mechanism. 

We are trying to determine whether there are any 
chemical species in the atmosphere ~1ich might 
inhibit the soot-catalyzed process, as some 
substances are kno1m to retard so

2 
aqueous oxida-

tion catalyzed by transition metal ions.lO The 
liquid water collected by condensing the water 
vapor from the Berkeley atmosphere was used for the 
kinetic study and was found to have no effect on 
the oxidation rate of sulfurous acid. In a sepa-
rate experiment, a gummy taken from the 
wall of a highway tunnel was used for the study. 
The reaction rate of this sample is 50% faster 
con~ared with the same amotmt of Nuchar C-190. 
Therefore, no indication of inhibition from atmos
pheric contaminants has been observed so far. 

The rate constants of several different types 
of carbon particles were studied and found to 
differ from type to type. In e, the reac
tion rate should be proportional to the concentra
tion of active sites on the carbon particles, 
rather than to the concentration of carbon parti
cles. The number of active sites per unit mass of 
carbon particles is different from type to type 
and is not necessarily proportional to the surface 
area. Sidelewskill has shown, by means of the 



electron paramagnetic resonance method, that free 
electrons on carbon particles can serve as active 
centers for the adsorption of oxygen molecules and 
for the oxidation of so2 . The concentration of 

free electrons is related to the origin and thermal 
history of the carbon particles. The rate constant 
reported in this study represents the average value 
between the values of natural gas and of acetylene 
soot particles produced under rich flame conditions. 
Benner et al.12 have recently found in a fog chamber 
study that the reaction rate of soot particles from 
a natural gas diffusion flame can be considerably 
faster than the reaction rate reported here for 
aqueous soot suspensions. 

We have carried out a box-type calculation to 
compare the relative importance of soot-particle
catalyzed reactions with other reactions involving 
liquid water. The systems which were considered 
are: so2-H20(£)-air; NH3-so2-H20(£)-air; o3-so2-

H20(t)-air; NH3-o 3-so2-H20(1)-air; Fe+
3
-so2-H20(1)-

. +3 . +2 . 
an; NH3-Fe -so2-H20(1) -an; ~1n -S02-H20(1) -an; 

and soot-so2-H20(t)-air. The kinetics of each of 

these processes, other than the soot-catalyzed 
reactions, have been studied by many investigators. 
The results of Beilke et al.,l3 Erickson et al.,l4 
Freiberg, 15 and Matteson et a1.16 for oxygen, ozone, 
iron, and manganese systems respectively were used 
in this calculation. The following initial condi
tions were used in the calculation: liquid water, 

3 
0.05 g/m ; so2, 0.01 ppm; 03, 0.05 ppm; and C02, 

0.000311 atm. For NH 3 a concentration of 5 ppb 

was used, which is higher than the highest equi
librium partial pressure of NH3 over the United 

States as calculated by Lau and Charlson.l7 Con

centrations of particulate Fe and Mn of 250 ng/m3 

and 20 ng/m3 respectively were assumed. However, 
only 0.13% of the total iron and 0.25% of the man
ganese are water soluble, according to Gordon et 

a1. 18 A soot particle concentration of 10 ug/m3 

was assumed. 

The following assumptions were made in the 
calculations: 

l. The size of liquid water drops suspended 
inside the box is so small that the absorption rate 
of gaseous species (S02 and NH 3) is governed by 

chemical reactions. 
2. There is no mass transfer of any species 

across the box during the reaction. Therefore, 
the so2 (and NH 3) in each box is depleted with 

time. The mass balance of the sulfur and ammonia 
(i.e., A[S0 2]g = A[S02·H20] + A[HSo3-] + A[so;J 

+ A[HSO~] + A[S04], and A[Nll3]g = A[NH3 ·Il20J + 

A[NH~]) is always maintained. 

3. The growth of liquid water droplets due to 
the vapor pressure lowering effect of the sulfuric 
acid formed in the droplets is neglected. 

The amount of sulfate formed as a function of 
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time was calculated according to the following 
procedure: 

1. Initially the droplets achieve chemical 
equilibrium with C02, so2, and NH 3 at the partial 

+ -
pressures adopted. The [H ] , [so2 ·H20], [HS03], 

[so;], [Nl-!3 ·H2o], and [NH;] are calculated when 

[!-!SO~] and [SO~] are equal to zero. 

2. Assuming a time step At, the [I-ISO~] and 

[so;] are calculated with the aid of the corres

ponding reaction rate law for each process. 
3. Gaseous so2 and N!-!3 are depleted. The 

remaining [S02] and [NH3] are calculated using the 

mass balance equation. 
4. Then the [!-!+], [so2 ·H2o], [HS03], [so;], 

[NH 3·H2o], and [NH4l are again calculated and the 

process is repeated until a 24-hr period is 
completed. 

The result of this calculation is given in Table 2 
and in Fig. 12. From this calculation, we can 
conclude that the soot-catalyzed oxidation of so2 
can be the dominant mechanism under realistic 
atmospheric conditions. 

10. 

z 
~loo Q 
. (/) 

n:: 
w 
> 

ilo·l g 
1-
z 

10.2 ti . n:: 

10-4 

4 6 8 10 12 14 16 18 20 22 24 
Tl ME (hours) 

XBL 782·4614 

Fig. 12. Comparison of relative significance of 
various conversion processes in aqueous 

droplets. 

AC KNOW LEDGivlENT 

This work was supported by the Division of 
Biomedical and Environmental Research, Department 
of Energy, and by the National Science Foundation. 
The authors would like to thank Prof. Leo Brewer, 
Prof. H. S. Johnston, and especially Prof. R. J. 
Charlson and Dr. R. C. Carrigan for helpful 
discussions. 

w 
Q. 



Table 2. Comparison of the relative significance of various so2 conversion processes in aqueous droplets. 

Mechanisms 

2. 

02 1.8xl0-3 4.3x10- 3 4.4xl0 -2 

Fe+ 3 4. 7xl0- 3 1.1x10 -2 2.lx10 -2 5xl0- 2 3.3xl0 -2 8.0xl0-2 4.8x10 -2 0.12 

03 0.13 0.33 0.27 0.66 0.35 0.85 0.47 1.13 

o2-NH3 0.52 1. 26 l. 54 3.7 2.02 4.89 2.50 6.1 

Fe+ 3-NH
3 2.3 5.6 3.2 7.76 3.6 8.73 3.9 9.45 

o3-NH3 4.51 10.94 5.14 12.5 5.28 12.8 5.28 12.8 

c 1.8 4.4 10.8 26.4 21.6 52.4 41.25 100 
X 

Concentration: H20(.0: 0.05 so2: 0.01 ppm (1 atm); NH 3 : 5 ppb (5xl atm); 03: 0.05 ppm 

(5xl0-8 atm); Mn+2: 20 ng 0.25%/m 3 Fe+3 : 250 ng 0.13%/m 3 c 10 Jlg/m 3 temp.: l0°C. ; ; : ; 
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ABSTRACT 

One possible mechanism for the conversion of S02 to sulfate in atmospheric aerosols is the catalyzed 
conversion on soot particles. Previous work has indicated that activated charcoal is a good model for 
this catalytic conversion. We report here a calorimetric study of the conversion of sulfite to sulfate in 
aqueous suspensions of activated charcoal. The results indicate that groups are present in the charcoal 
which are capable of complexing with sulfite and rapidly oxidizing sulfite to sulfate, resulting in the 
formation of new reduced species in the charcoal. This reaction mechanism does not appear to involve sim
ple reaction with surface adsorbed oxygen. The rate limiting step for oxidation of sulfite by the char
coal will be the oxidative regeneration of this active site. 

INTRODUCTION 

It has previously been well documented that 
activated charcoal is an effective catalyst for the 
conversion of so2 to so42- in the presence of wa
ter.l It has been postulated that this mechanism 
may be important in the production of sulfate in 
the atmosphere if significant quantities of soot 
are present from the combustion of fossil fuels.2 
It has also been suggested that commercially avail
able activated charcoal can serve as a good model 
system for carbonaceous material in the atmos
phere.3 Recent work by Chang, et. al.3 has shown 
that the removal of S02 from aqueous suspensions of 
activated charcoal is a two step process involving 
the very rapid removal of about 0.3 ~eg of S02/mg 
of suspended soot followed by a slower removal pro
cess. Sulfate is the reported end product of these 
reactions. The slow reaction was observed to be 
first order in activated charcoal concentration and 
independent of initial H2S03 concentration or pH 
from pH= 1.4 to 2.9. We report here a thermodyna
mic study of the interaction of HS03- with activa
ted charcoal in aqueous solution. The results are 
interpreted in terms of both bindinq of sulfite by 
the charcoal and charcoal catalyzed oxidation of 
sulfite to sulfate. 

EXPERIMENTAL AND RESULTS 

Two ml of a 0.5 wt% suspension of Nuchar 
C-l90N (Bios Laboratory) in argon purged distilled 
water was titrated calorimetrically4 with 0.2 ml of 
a 0.03 M NaHS03 solution in argon purged distilled 
water. The titration required five minutes. Im
mediately after titration, any remaining sulfite 
was fixed in 0.1 M HCl, 2.5 mm FeCl 3, and so32- and 
so42- determined by a calorimetric analytical pro
cedure.5 Blank determinations were also made by 
determination of so32- and so42- in water equili
brated with 0.5 wt % Nuchar by the calorimetric 
procedure and by ion exchange chromatography. The 
results of these experiments are summarized in Ta
bles l and 2. The results in Tables l and 2 sug
gest that sulfite is rapidly oxidized by Nuchar un
der the conditions of these experiments, presumably 
resulting in the production of reduced functional 
groups in the Nuchar. To test this postulate, sus
pensions of 0.06 wt % Nuchar in argon purged 0.1 M 
HCl with and without added NaHS03 were titrated 
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Table l. Observed chemical reactions associated 
with the addition of HS03- to an aqueous Nuchar 
suspension. 

Endpoint, 
~eq of total Hsoq; 

Region added/mg Nuchar 
1 0.15 ± 0.02 
2 0.93 ± 0.09 
3 1.15 ± 0.07 

aThe uncertainty is the standard 
two determinations. 

Heat of reaction 
in region, 

kcal/eg HS03-
-3.9 
-0.9 
+4.7 

deviation between 

Table 2. Analysis of fixed solutions of the pro
ducts of addition of HS03- to an aqueous Nuchar 
suspension 
Total NaHS03 Analyzed products, ~eq/mg 
added, ~eq/mg SO 2- SO 2-
--~----------,~0-AC~----~~~4 __ __ 0 0.07 ± 0.01 0.17 ± 0.01 

l. 39 
1.48 

asum of so32- and 
chromatography. 

(0.25 ± O.Ol)a 
0.39 1.08 
0.95 0.98 

so42- determined by ion exchange 

calorimetrically with a 0. l M HCl solution of 
K2Cr207 to determine any reduced species present. 5 
In all of these experiments, aqueous HCl was added 
to a solid mixture of Nuchar and NaHS03. Titration 
of the solutions containing no added NaHS03 indi
cated the presence of 0.11 ~eq/mg Nuchar of a spe
cies which titrated with a 6H value of -9 kcal/eq 
and of about 3 ~eq/mg Nuchar of species which ti
trated with a 6H value of from -2 to -4 kcal/eq. 
Presumably these are the residual S(IV) (see Table 
l) and surface associated C-OH and C=O groups pre
sent in the Nuchar. The groups which titrated with 
a 6H value of -2 to -4 kcal/eq were essentially un
changed by the addition of NaHS03. The amount of 
species present which titrated with a 6H value of 
-9 kcal/eq was increased by the addition of NaHS03. 
Also several new reduced species were formed as 
summarized in Table 3. 

DISCUSSION 

The results given in Tables l and 2 indicate 
that the rapid reaction of HS03- with Nuchar in
volves at least three different reactions up to a 
ratio of HS03-:Nuchar of 1.15 ~eq/mg. The S042-



Table 3. Reduced species titrated with K2Cr207 in 
O.lMHCl solutions of NaHS03 with 0.06 wt % 
Nuchar. 
NaHS03 ~eq/mg of Titrated Species 
Added, LIH(kcal/eq) ~ 
JJeq/mg -74±4 -39±3 -23±2 -12± l -9± l 
0 0.00 0.00 0.00 0.00 0.11 
l. 22 0.00 0.00 0.00 0.00 0.19 
1. 65 0.20 0.08 0.06 0.11 0.15 
2.59 0.26 0.09 0.10 0.09 0.25 

produced by this interaction is from 0.8 to 0.9 
JJeq/mg. These data suggest that the reaction 
represented by Region 1 involves the quantitative 
and rapid conversion of 0.15 JJeq HS03-/mg Nuchar 
to S042-. Regions 2 and 3 involve an equilibrium 
between complexed sulfite and sulfate, according 
to reactions (l) and (2) 

( l ) 

(2) 

where CR and Co are the reduced and oxidized form 
of the reactive Nuchar sites. The existence of 
sulfite complexes with the Nuchar is also suggested 
by the observation that sulfite is extractable from 
Nuchar itself, Table 2. The LIH value for the 
aqueous reaction 

(3) 

is -33.8 kcal/eq.6 This is significantly higher 
than the LIH values measured for the oxidation of 
sulfite to sulfate in the presence of Nuchar due to 
the formation of CR species. The measured LIH 
values given in Table 1 are the sum of the LIH 
values for reaction (l) plus some fraction of reac
tion (2), depending on the extent of so42- forma
tion. Assuming the LIH value measured in Region l 
represents the sum of reactions (l) and (2) and the 
LIH value measured in Region 3 is due only to reac
tion (1), these results suggest that the LIH value 
for reaction (1) is endothermic and about 5 kcal/ 
eq in magnitude and the LIH value for reaction (2) 
is exothermic about -8 kcal/eq. 

The data summarized above suggest that while 
HS03- interacts with Nuchar, more stable S(IV) 
species may not. This was investigated by con
ducting experiments identical to those summarized 
in Tables 1 and 2 except the adduct of Hso3- with 

QH . 
formaldehyde, H-C-S03Na, was used 1nstead of 

H 
NaHS03. The results of these experiments indicate 
that the adduct will not bind to Nuchar and is not 
oxidized to sulfate by aqueous suspensions of 
Nuchar. 

Additional information on the Nuchar sulfite 
binding and oxidizing sites is obtained from the 
K2Cr207 titration data given in Table 3. The solu
tions prepared for these analyses equilibrated for 
45 minutes before the dichromate titration so that 
equilibrium should have been established3 and the 
majority of the added HSo3- converted to so42~. 
The LIH value for the oxidation of Hso3- by Cr2072-
in acidic solution is -30 kcal/eq.5 Any sulfite 
complexes present should be oxidized with a LIH 
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value sma n er than this. Thus it seems probable 
that the species titrated with LIH values of -23, 
-12, and -9 kcal/eq probably are due to titration 
of HS03- · Co species. However the species titra
ted with LIH = -74 and -39 kcal/eq must represent 
the CR species formed in the Nuchar by the oxida
tion of HSo3- in Regions l and 2 of Table l, re
spectively. The sum of the ~Hox value for oxida
b on of the reduced species by Cr2072- p 1 us the LIH 
value given in Table 1 for the redox process re
presented by Eq. (1) and (2) should be equal to 
the ~H value for reaction (4), -39 kcal/eq. The 

3Hso3- + Cr2o72- = 3S04
2- + 2Cr3+ + H20 (4) 

value calculated for this process for Region 2, 
-39 kcal/eq, is in excellent agreement with the 
expected value, indicating the end product of the 
Cr2072- titration is the species which oxidized 
sulfite. In contrast, the value calculated for 
this process for Region 1, -78 kcal/eq, differs 
markedly from the predicted value of -39 kcal/eq, 
indicating the species resulting from oxidation by 
Cr2072- is markedly different from that involved 
in the sulfite oxidation. 

CONCLUSIONS 

The interaction of HS03- with Nuchar in 
aqueous solution results in both oxidation and 
camp 1 ex a ti on of the HS03- by the Nuc har. These 
reactions are rapid. In addition to these rapid 
reactions, it has also been reported3 that there 
is a subsequent slow conversion of sulfite to sul
fate which is dependent only on the concentration 
of Nuchar. This observation is consistent v1ith 
results obtained in this study which suggest that 
the rate limiting step for continued conversion of 
sulfite to sulfate is the oxidative regeneration 
of the active site in the charcoal. 
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ABSTRACT 

Particulates in the "submicrometer" size range, collected from four >vestern states, were examined by 
analytical electron microscopy; carbonaceous particulates usually were the predominant species observed. 
Whenever non-mineral sulfur was present in the samples examined, it was always observed to be associated 
with these carbon particles. In most cases, varying levels of associated sulfur did not affect particle 
size or morphology. Using electron diffraction and particulate thermal characteristics, it was unequivo
cally demonstrated that particulates of ammonium sulfate, ammonium hydrogen sulfate, sulfamic acid and 
sulfuric acid were not present among any of the samples examined. 

INTRODUCTION 

Carbonaceous particulates in the atmosphere 
have received limited attention in their im
portance as an influential component of pollution 
air masses even though these "soot" particulates 
can occur in rather large relativ'e concentrations 
and have demonstrated capabilities to catalyti
cally oxidize so2 to sulfate species.l Presently, 
the most widely suggested particulate types con
sidered to be of importance in the production of 
highly visible pollution air masses are secondary 
particulates produced by gas-to-particle conver
sion of SOz to ammonium sulfate [(NH4)zS04], 
ammonium hydrogen sulfate [NH4HS04], and/or sul-

furic acid [H
2
so

4
].2,3,4,5,6,7 However, little 

is understood about the chemical and physical 
properties of the individual sulfur-rich particu
lates and analytical high-resolution electron 
microscopy has yet to be utilized to its full 
potential in examining their microstructure and 
chemistry.8 

A study of Denver, Colorado's urban air pollu
tion plume utilized electron microscopy as part of 
an integrated program to better define critical 
factors associated with observed light scattering 
phenomena. It \vas observed that the most preva
lent and universal particulates in the size range 
from ~ 0.1 - 3.0 ~m were, typically, agglomerates 
of very small (< 0.05 um) particulates (Figs. 1,2). 
These particulates 1vere identified by morphology 
and lack of elements, atomic number > 11, as car
bon black, i.e. "soot." An interesting phenomenon 
related to the nature of these particulates was 
that sulfur, if observed in the overall sample, 
1vas always associated with them although no obvi
ous changes in microstructural morphology were 
observed.9 It was also demonstrated, using 
selected area electron diffraction, that no crys
talline material was present in association with 
these particulates. The source of sulfur was 
determined to be independent of the automobile;lO 
1vhile the particulates themselves were identified 
as carbon black most likely produced by internal 
combustion engines.ll This paper reports the 
results of analyses of carbonaceous particulates 

133 

collected in Colorado, California, Nevada and Utah 
>vhich were examined using analytical electron 
microscopy. 

METHODS AND ~~TERIALS 

Atmospheric samples examined include: (1) 
Lo Vol and impactor stages using Millipore and 
Nuclepore substrates, collected in and around 
Denver, Colorado, during the 1973 winter field 
study, (2) paraffin-coated mylar stage-3 sub
strates collected using a Multiday impactor 
operated in the Los Angeles basin November 12th 
and 13th, 1973, (3) Lo Vol Nuclepore substrates 
collected in the vicinity of Provo, Utah, Novem
ber, 1976 and (4) Lo Vol Nuclepore substrates 
collected in the vicinity of Las Vegas, Nevada, 
November-December 1977. 

Particulates were examined in situ on collec
tion substrate samples by sequentially excising 
a portion of the collection substrate, attach
ing it to an SEM stub, and vacuum evaporating a 
conductive coating of ~ 20.0 nm of carbon. Par
ticulates on the substrates were examined for 
morphology, size and elemental composition using 
a scanning electron microscope (SEM) equipped 
with an energy dispersive X-ray spectrometer. 
Because X-rays could only be detected from ele
ments \Vith atomic numbers higher than sodium 
(Z = 11), the presence of carbon was assumed to 
be indicated by the lack of any X-ray spectra 
from particles or an excessive background spec
trum \Vhen elements Here present in larger par
ticulates (diameter> 0.5 ~m). 

Selected samples from the four locations were 
examined by transmission electron microscopy (TEM) 
to provide ultra structural information beyond the 
normal resolution of the SEM, including interior 
microstructure. Using selected area electron dif
fraction (SAED) it \Vas also possible to determine 
if particulates < 0.1 vm and larger in size were 
crystalline, and, providing the particulates were 
crystalline, unequivocally determine their spe
cies.l2,13,14 Particulates were transferred to 
carbon coated TEM grids from the various thin film 
substrates using appropriate solvents and wicking 



Figure 1. Typical carbonaceous particulate associated with the submi
cron size fraction of urban plumes of Denver and Las Vegas. 
Scanning electron micrograph; the bar represents 1.0 micrometer. 

Figure 2. Typical carbonaceous particulate associated with the submi
cron size fraction of urban plumes of Denver and Las Vegas. 
Transmission electron micrograph; the bar represents 1.0 microme
ter. 

134 



dissolution as described in detail else\vhere.l5, 16 
In one case, it \vas necessary to transfer particu
lates directly from the substrate to the carbon 
coated grid by using carefully directed pressure. 
All transferred samples were coated with ~ 10.0 
nm of carbon by vacuum evaporation prior to obser
vation. Samples of particulate auto emission, 
carbon black (soot), sulfuric acid, ammonium sul
fate, ammonium hydrogen sulfate and sulfamic acid 
deposited on thin film membrane substrates \Vere 
also examined using the SEM and TEM techniques 
described above. 

RESULTS 

Denver, Colorado 

The carbonaceous particulates observed in asso
ciation with Denver's urban plume \Vere consistent
ly the same in agglomerate morphology, and indi
vidual particle size and ultra morphology. The 
particulates ~Vere typically chain agglomerates 
composed of particulates < 0.1 urn in diameter 
which were identical in morphology and configura
tion to carbon black and automotive carbonaceous 
emissions.l7,18,19,20,21,22 Sulfur, Hhen present, 
was always associated with these carbon particles 
and \Vas accompanied by no obvious changes in 
particulate morphology when examined by SEM or 
TEM. These particulates, regardless of the asso
ciative concentration of sulfur, ~Vere always 
observed to be noncrystalline and non heat labile. 
Figures 1, 2, 3 and 4 illustrate typical carbon
aceous particulate material associated with 
Denver's plume. The reason for the subtle laminar 
ring structure sometimes observed in association 
~Vith individual carbon particles (Fig. 3) is un
known. A similar phenomenon occurs ~Vhen uncoated 
carbon black particulates are examined by TEM; 
selective, thermal decomposition of normally pre
sent hydrocarbons in the vacuum system produces a 
laminar pattern reflecting particle size gro~Vth. 
Confirmation that doubly coated specimens of car
bon black do not manifest this phenomenon was made 
by sequentially observing the same particle over 
a 30 minute time period; observed laminar struc
tures did not change. 

Los 

The particulates collected in Los Angeles air 
basin during a typical episode \Vere very rich in 
sulfur and ~Vere expected to be representative of 
secondary formation. These particulates ~Vere ob
served to be agglomerates (0.5-3.0 urn) of inhomo
geneous smaller particulates (~ 0.1 urn) composed 
of a hard, granular, probably carbonaceous, core 
surrounded by a less electron dense layer of 
material, Figs. 5, 6. No electron diffraction \vas 
produced by any of these particles, nor was the 
material observed to be heat labile. 

Carbonaceous particulates similar to those 
found in Denver (Figs. 1,2,3,4) 1vere prevalent 
in the samples examined. Hmvever, in one sample 
area, organic particulates that ~Vere of obvious 
secondary origin were observed (Figs. 7,8). These 
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particulates ~Vere soluble in dissolution solvents 
and required direct transfer techniques to permit 
observation. Their exact composition is unkno1Vll, 
and they are not representative of the major car
bonaceous particulate species observed in the Las 
Vegas area. 

Provo, Utah 

Carbonaceous particulates are prevalent through
out the area and are of two types--chain agglomera
tes similar to Figs. 1 and 2, which are usually 
in a minority of the < 1.0 urn particles, and 
singular carbon particulates ranging from~ 0.2 -
0.6 urn in diameter. The singular carbon particu
lates are often, but not consistently, rich in 
sulfur, thermally stable in the TEM beam and do not 
produce electron diffraction. Only a limited number 
of these particulates have been examined to date by 
TEM-SAED, so some caution is warranted in assuming 
that these are representative particles. It should 
be noted, however, that an active steel mill is 
located within the vicinity and has been observed 
to produce carbon particulates during its coking 
process similar in size and morphology to those 
found in the environmental samples. Figure 9 is 
an environmental example of these particulates. 

Relatively stable diffraction patterns are pro
duced by particles of ammonium sulfate (Fig. 10) 
and sulfamic acid vhen using the transfer tech
niques described previously. Ammonium bisulfate 
produces patterns which rapidly fade as the 
individual particulates sublime. Observations of 
deposited sulfuric acid aerosols made using an SEM 
demonstrate that it is fairly heat stable, only 
being affected \vhen a direct beam is focused for 
small area X-ray analysis. Thus the particulates 
of the sulfur species of interest,as mentioned in 
the introduction, can often be unequivocally iden
tified as being absent or present by using analy
tical electron microscopy techniques. 

DISCUSSION 

Although the samples examined probably do not 
constitute a representative sample size, some im
portant airborne particulate information is 
brought to light: 

1. submicrometer sized individual carbon 
particulates and agglomerates are con
sistently observed to be a major component 
of the submicrometer sized particulate 
population in air pollution air masses. 

2. sulfur, except mineral sulfate, is con
sistently associated with carbon 
particulates when present in the ob
served samples. 

3. the sulfur associated with carbon particu
lates has been unequivocally demonstr"ted 
not to be ammonium sulfate, ammonium 
hydrogen sulfate, sulfamic acid or sulfuric 
acid, in samples collected from four dif
ferent sampling areas, by comparing heat 



Figure 3. Typical carbonaceous particulate associated with the submi
cron size fraction of urban plumes of Denver and Las Vegas. 
Transmission electron micrograph; the bar represents 1.0 microme
ter. Note the laminar ring pattern associated with the individual 
carbon particles. 

Figure 4. Typical carbonaceous particulate associated with the submi
cron size fraction of urban plumes of Denver and Las Vegas. 
Transmission electron micrograph; the bar represents 1.0 microme
ter. 
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Figure 5. Carbonaceous sulfur-rich particulate associated with the Los 
Angeles urban plume Nov. 12-13, 1973; note the inhomogeneous 
agglomerate composition. 

Figure 6. Carbonaceous sulfur-rich particulate associated with the Los 
Angeles urban plume Nov. 12-13, 1973. 
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Figure 7. Scanning electron micrograph of a typical secondary particu
late collected in the vicinity of Las Vegas, Nevada. 

Figure 8. Transmission electron micrograph of a typical secondary 
particulate collected in the vicinity of Las Vegas, Nevada. 
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Figure 9. Typical environmental carbonaceous particulate collected in 
the vicinity of Provo, Utah. 

Figure 10. Diffraction pattern of an artificially generated submicron 
size ammonium sulfate particulate. 
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lability and electron diffraction charac
teristics of atmospheric particulates and 
kno\vn compounds. 

More samples and refined microanalytical examina
tions are required to determine the universality 
and nature of the observed carbon-sulfur atmo
spheric particulate relationship. 
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ABSTRACT 

Using a special chamber, it was possible to observe directly in the transmission electron microscope 
the interaction of soot with a mixture of so

2
, o

2 
and H

2
o gases. Growth occurred on the soot, and 

subsequent passage of NH 3 over the soot produced additional growth. No crystalline products were 

observed in the in situ experiments, but a similar experiment outside the microscope did produce a 
small amount of crystalline product. 

INTRODUCTION 

The electron microscope is a very useful 
instrument for identifying submicron particles 

collected from the atmosphere1 . The chief dis
advantage in its use, the necessity of high 
vacuum, is eliminated by the technique of con-

trolled atmosphere electron microscopy (CAEM) 2 . 
We have been developing this technique for in situ 
study of gas/particle interactions in a trans
mission electron microscope (TEM). The technique 
we use consists of inserting a small chamber with 
thin film windows into the specimen chamber of the 
electron imaging system. Gases are admitted into 
the chamber from an external source and are 
allowed to interact with aerosol particles Hhich 
were previously collected on the loHer HindoH of 
the chamber. We can follow the interaction of the 
gases with the particles in real time. 

We have used this system to observe the inter
action of soot particles with sulfur dioxide gas. 
Soot particles have been implicated by Novakov 

et as important intermediates in the oxidation 
of atmospheric S02 to sulfates. A major question 

of concern is the extent to which soot interacts 
with so2 , i.e., Hhether covering of the catalytic 

sites limits the extent of reaction. Our initial 
experiments Here designed to observe any structur
al changes Hhich occur in soot particles exposed 
to 

EXPERIMENTAL DETAILS 

The gas-aerosol reactions are performed in an 
environmental chamber situated inside the tilting 
specimen stage of a Hitachi HU125C TEl'l. The 
chamber is formed by mounting tHo thin film Hin
doHS separated by a metal spacer as shoHn in 
Figure 1. The main body of the chamber, made of 
phosphor bronze, contains tHo ports for gas inlet 
and outlet and one hole for the electron beam 
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passage. Seals are made Hith the two 0-rings and 
by mechanical pressure applied against the HindoHs 
and the spacer by the chamber body. The windoHs, 
purchased from E.F. Fullam, Inc., are composite 
films of Formvar and evaporated SiO deposited on 

d . 'd 4 Th l 400 mesh, 2.3 mm lameter copper grl s e OHer 
HindoH is used as a specimen support for the aero
sol samples. Temperature of the gaseous environ
ment surrounding the specimen is measured by a 
Cu-Constantan thermocouple, Hhich passes through a 
gas port into the chamber. The hot junction is 
located betHeen the two windoHs so that it is 
possible to monitor the temperature of the gas in 
the chamber. 

Smm 

Fig. 1. Longitudinal section through the chamber 
used in TEivl for in situ gas-particle studies. The 
thin film HindoHs are and beloH the compress-
ion spacer. 



Gas pressure is measured with a Pace variable 
reluctance differential pressure gauge, which is 
situated on a gas handling system outside of the 
microscope. Two teflon tubes carry reactant gases 
to and from the chamber, with a needle value in
stalled on the outlet tube for controlling gas 
flow out of the chamber. Thus, the pressure in
side the chamber should be nearly the same as that 
given by the pressure gauge. 

Observation in the microscope can be made on 
the phosphor screen or on a TV display connected 
to an image intensifier under the screen. Reac
tions may be observed in real time and recorded on 
videotape or in a "before and after" mode 1-1ith the 
beam off during the reaction. Images and diffrac
tion patterns are recorded both on videotape and 
on film. The soot aerosol was generated from 
natural gas in an oxygen-deficient Bunsen burner 
flame. The aerosol was collected on the inner 
surface of a glass cylinder held above the flame, 
and then scraped off onto a thin film window. 

c 

RESULTS 

Experiments were conducted to determine the 
morphological changes which occur on soot parti
cles exposed first to so2 in moist o2 and subse-

quently to 

Figure 2a shows several soot particles before 
so2 Has admitted. Considerable fine structure is 

apparent at the edges and in the holes Hithin the 
particles, which are clearly agglomerations of 
many smaller particles. No diffraction pattern 
Has produced by the particles indicating they are 
amorphous. Figure 2b shoHs the same particle 
after exposed to so2 ( 0. 5 ·torr)' HP 

(4 torr), and o2 (13 torr) for ten minutes with 

the electron beam on. All particles have in
creased in size by a feH hundred A, and lack of a 
diffraction pattern indicates the absence of 
crystallinity. 

d 

Fig. 2. TEN photographs of soot particles (75 KV): (a) In vacuum before reaction; (b) after passage 
through the chamber for ten minutes of a mixture of so

2 
( 0. 5 torr), H

2
o ( 4 torr), and o

2 
( 13 torr); 

(c) after additional reaction with NH
3 

(1.5 torr) for 5 minutes; (d) after additional reaction with H20 

(19 torr) for about one hour and subsequent 
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Subsequent passage of (1.5 torr) for five 

minutes caused further of the particles as 
shown in Figure 2c. additional material does 
not produce electron diffraction either, in 
of the nature of ( ) 

2
so

1
+ Hhich Hould 

be a possible reaction product. The particle 
coating did not change, either in size or in 
diffraction characteristics, when pumped on with 
a mechanical pump. Hater vapor (19 torr) was 
then passed through the chamber for about one 
hour, and the soot became less transparent near 
the edges, Figure 2d. Again, electron diffraction 
gave no evidence of crystalline material. 

The particles in region A of Figure 2b were 
observed continuously under the electron beam 
during passage of the gases through the chamber. 
The substrate in this region became mottled, 
apparently because of interaction of the gases 
with the substrate under the influence of the 
electron beam. There is no mottling on the sub
strate to the left of the conglomeration of 
soot (B) or near particle C. These regions were 
exposed to the electron beam only before and after 
passage of the gases. The soot particles which 
\'/ere not under continuous exposure to the beam 
appear to have changed to approximately the same 
extent as those which were under continuous ex
posure. It therefore seems that the electron 
beam did not affect the soot-gas interaction but 
that it did cause interaction bet1veen the sub
strate and the gas. 

An experiment under similar conditions was per
formed outside of the microscope with soot parti
cles collected from partially-burned natural gas 
on a glass slide. This slide with soot particles 
was put into a glass flask connected to the gas 
system. After removing the air Hith a mechanical 
pump, a mixture of so2 , 02 , and H20 of the same 

partial pressure as before Has passed through the 
flask for 10 minutes. No change Has observable 
Hith the naked eye at this stage, but evacuation 
of the flask folloHed by introducing NH 3 (12 torr) 

caused a layer 
soot particles 
of the flask. 
that the Hhite 

of Hhite material to deposit on the 
on the slide and also on the Halls 
\'/hen exposed to 
material 

Using an x-ray diffractometer, 
no sharp scattering peaks were 
residual on the slide. 

air, it was found 
disappeared. 
Has found that 

produced by the 
A small number of 

Hhite specks Here still observable on the soot 
surface Hith a light microscope. Some of these 
were removed and examined in vacuum Hith the elec
tron microscope. These specks Here found to be 
thin, crystalline platelets, Figure 3. The 
diffraction pattern, Figure 4 Has obtained from 
the platelet in Figure 3, and the same pattern 
Has obtained from other, similar platelets. 
Further Hark is necessary to determine the crystal 
structure and composition of these platelets. 
These platelets Here not observed in the in situ 
electron microscope experiments. 
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. 3. Crystalline platelet Hhich formed outside 
the TEM on soot particles Hhich were subjected to 
same treatment as those in Figure 2. See text for 
explanation. 

Fig. 4. Electron diffraction pattern from the 
platelet in Figure 3. The plane spacing for the 
innermost spots is 4.39 J?. The structure has not 
yet been determined. 

DISCUSSION OF RESULTS 

These results demonstrate that in situ electron 
microscopy can be used to study fine-scale, heter
ogeneous reactions. Identification of crystalline 
reaction products is possible by electron diffrac
tion, as He have shown in other experiments (5 ). 
No crystalline products Here detected in the above 
in situ experiments, but the larger-scale experi
ment indicated that crystalline material does form 
to a small extent. 

Although these results are preliminary in 
nature, they do appear to support the previous re-

3 
port that soot in the atmosphere may be a signi-
ficant catalyst for the oxidation of so2. 
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ABSTRACT 

Yield expressions are developed for heterogeneous oxidations occurring in expanding plumes with and 
without ·the participation of carbonaceous particles. The expressions are functionally different from 
each other but they indicate that all the oxidations proceed not to completion but to fractional 
asymptotic limits. Most of the oxidation occurs near the so2 source, rather than uniformly throughout 
the expanding plume. 

The yield expressions are scaled to a chemistry-dispersion ratio for purposes of comparing their 
respective sensitivities to dispersion. At equal ratios and equal downwind distances, the yield of 
oxidation in the presence of carbonaceous particles is higher than that of oxidation in the absence of 
particles. The differences in yield are grea·test if the ratio is small and least if the ratio is large. 

INTRODUCTION 

A significant aspect of carbonaceous particles 
is their relationship to sulfate, an air pollutant 
which is highly detrimental to human healthl,2. 
Various laboratory studies have shown that carbon
aceous particles catalyze the oxidation of so2 to 
sulfate with the conversion occurring either on 
the surface of the particles 3,4,5 or in a liquid 
film residing on the surface of the particles6,7. 
Moreover, field investigations 8,9 have suggested 
that sulfate formation in power plant plumes is 
catalyzed by carbonaceous particles containing 
heavy metals (e.g. iron and manganese) and a re
cent long-range transport investigation 6 of urban 
palls with high concentrations of sulfate and 
manganese-containing soot revealed that there was 
"a direct proportionality between the concentration 
of particle-borne sulphur and the content of dark 
components (soot) in the particle." 

Carbonaceous particles in the atmosphere 
(fly ash) not only catalyze the conversion of so2 
to sulfate but also transport the sulfate signifi
cant distances. Only 5% of the sulfate-bearing 
particles are removed within 20 km. from their 
source lO and soot carrying sulfate may travel 
more than 1000 km. from the source 11. Thus the 
fly ash extends the adverse impact of sulfate on 
air quality to areas far from ·the formation point. 

In addition to catalyzing the conversion and 
transporting the sulfate, carbonaceous particles 
might even enhance the toxicity of the sulfates. 
It has long been recognized l,l 2 ,13 that more of 
a gas may reach the lungs upon inhalation if the 
gas has been adsorbed onto aerosol partic.les. 

Like so2 (the precursor of sulfate), carbona
ceous particles are generated mainly by the com
bustion of fossil fuels. Hence increases in the 
use of fossil fuels can be expected 'co increase 
the amount of sulfate being formed and transported. 
But, as has been argued persuasively pre
diction of the ex·tent to which combustion increases 
will impact air quality (and hence human health) 
is hampered by the fact that the present knowledge 
of so2 conversion in plumes is very limited. 

The problem of how to estimate the rates of 
sulfate formation in plumes is, accordingly, of 
major importance. 

OXIDATION OF S02 IN PLU~ffiS 

The relative importance of the various 
chemical paths for sulfate formation in plumes is 
customarily ascertained by comparing their res
pective rates, which are calculated by substitu
ting what are believed to be representative 
values of atmospheric concentrations into rate 
expressions whose rate constants are assumed to be 
known. This approach produces results which vary 
greatly with atmospheric and local conditons 
(such as relative humidity and temperature) and 
concentrations of pollutants such as HC, NOx and 
metal catalysts. Moreover, it ignores a factor 
which has a most important influence on the rate 
of reaction, namely dispersion. 

The assumption on which this conventional 
approach is based - i.e. , that oxida·tion proceeds 
independently of atmospheric dispersion - is 
rationalized by reference to laboratory studies 
which found that so2 oxidations were first order 
processes. 

(1) 

But in an expanding plume, unlike in a labor
atory vessel of fixed volume, so2 is transported 
with the mean wind and is subjected to the forces 
of irregular wind eddies. This causes the S02 ·to 
mix with the ambient air, becoming continuously 
more diluted at the same time as it is oxidized 
to sulfate on the surface of particles or in 
liquid films on the surface of particles. Since 
the sulfate formation process requires not only 
that the so2 react chemically on a particle or 
in a droplet, but also that the so2 reach the 
particle or droplet to begin with, the nature of 
the particular dispersion of the so2 , particles 
and droplets will significantly affect the rate of 
sulfate formation. 



The object of this paper is to present a 
simple diagnostic model which will illustrate the 
effect of dispersion on heterogeneous so2 
oxidations occurring with and without the partici
of carbonaceous par·ticles. Yield expressions 
which take dispersion into account will be 
derived. They will then be scaled to a chemistry
dispersion ratio for purposes of comparing their 
respective sensitivities to dispersion. 

It is known that so2 in an expanding plume 
can be heterogeneously oxidized to sulfate in 
·three ways: 

{l) on the surface of particles; 
{2) in a liquid film on the surface 

of particles through the part
icipation of heavy metal catalysts 
dissolved in the film; 

{3) in aqueous aerosols without catalysis. 

For example: 

d[so4] = ks [so
2

] [A] {l-8) 
dt 

{2s) 

where A is the total capacity {in mmgl/mg) of a 
given amount of particles to form sulfate and 8 
is the fraction of surface sites occupied by 
sulfa·te molecules at time t (This is like the 
rate of Chun and Quon 15. When in-plume 
sulfate formation occurs by this route, so2 
diffuses to carbonaceous particles and reacts 
with chemisorbed 0 2 ) · 

Table l. Yield and charact.erist.ic time expres
sions for heterogeneous oxida·tions in dispersing 
plumes (V=bt2). 

Cll EI·\I STRY 
COUPLED TO l'Rl\CTIOW\L YIELDS 

DISPERSION 

(S04) t/ (SOz) o 
CliEMI~TRY 
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oc 
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----~:2-l-~~----~ ~~--~ 
l·E E l~Eou ___ <1 tu ou 

HETEROGENEOUS ~----
(S02)o 

SOLUTION 1+ 2 o EtuE:6u 
l~)Eou UNCATALYZED \SO;jf; 

4 0 

E:q. (2u) (1u) 

. 
e, Om 

~~-

1.-~tsEos l-E
03 

HB'rEl<OGENEOUS 
l~to;) Eos SURFACE 1• A EtsEos 

CATALYZED {S02)o 

Eq. (4s) (Ss) 

d [Fe+3] 
(2c) 

buff 

(This is 1 ike the rate Karraker 16 ,Brimble~ 
combe 17, and Freiberg . Here ·the so2 in lche gas 

phase diffuses to the droplets and dissolves, and 
heavy-metal ions (e.g. Fe+3) present in the car
bonaceous ash within each droplet also dissolve. 
The ions catalyze the oxidation of so2 to H2so4)· 

d [so~] 

dt 
buff 

(2u) 

('l'his lS like the rate of Scott and Hobbsl9 and 
Beilke, et al. 20 Here the so2 diffuses to the drop
lets and dissolves and is oxidized to H2so4 with
out the participation of catalysts ) · 

When any of the three processes described 
above occurs in an expanding atmosphere, the 
dispersion dilutes both the so2 and the aerosol. 
As the distances between the so

2 
molecules and the 

particles or droplets increases, the probability 
of reaction decreases accordingly. Thus there is 
a relationship between the rate of dispersion and 
the rate of H

2
so

4 
formation. 

The in-plume oxidation of so2 is analogous 21 

to a chemical reaction occurring in an expanding 
volume reactor, a mechanism which was first ex
plained by Benton22. 

-·-----
CHARJ\CTERISTIC TIMES 

LIMIT OF T 

lii\LF LIFE OF REACTION T FOR DEFINITIONS 
R>~ R>O 

K 

[ ,; ' ,: '' [";oj r Etc'cxlll'i1-
K 

to 2t0 
E oc ~cxp "' btc 

0 

R '' /bt (6c) c c 0 

s r·, b • r''"'' .,,,~M ,w,, ~~Jr ~+~ln 
.to Ku 

to 2t "ou'cxp-l 2(SO~)+(s02 ) 0 [l+£0u} 0 

;c.. 
(6u) RuEKu/bto 

I_!_+.E_ln (S02)o· (A)+(S02)ol Eos E. !:ex~ 
t 2t ts bt 

Ks (S02) o- A [1 + Eosl 
0 0 

E ::ex~ 
OS bt 

K 0 

(6•) 
REI-:;~ 

0 
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Setting the expanding volume V at V=bt2 and apply
ing Benton's method 'co Eq. ( 2 s)., we obtain: 

where 

_(A) d8 
v dt 

(3) 

(Note: throughout this discussion, (xl=amount of 
x in moles and[x] =concentration of x in moles per 
liter for any subs·tance x. Thus[x] = (x)/V. (x)t 
and[x]t are(x) and [x]at timet. (x)

0 
and[x]

0
are (x) 

and [x] at time ) . In se·tting V=bt2 we have 
postulated a particular case of V=btn, a general 
form in which dispersion patterns can be 
described. 23 

Separating variables and integrating analy
tically, we obtain the following fractional 
yields: 

and 800 = lim et= 
t-+ 00 

(4s) 

(Ss) 

where: b is a cons·tant whose value depends on 
meteorological conditions; t

0 
is the time at which 

V = initial volume V0 ; Ets = exp (Ks/bt); and 
E0 s exp (-Ks/bt

0
). 

Since 800 <1, it is appropriate to calculate 
the half life of the reaction ( rather than 
the half lives of the reactants. We obtain: 

1 (6s) 

After applying Henry's Law (13 8 = [H 2so3]; [so2]J 
and Raoult's Law (A= l/[S04], where p/p0 is 

the relative humldlty), as utilized, e.g. by Frei
berg24 we can couple rate expressions (2c) and (2u) 
to the plume dispersion model in the same manner 
as the rate expression (2s). \~e obtain the 
fractional yields and characteristic times shown 
in 'l'able 1 (where Kc=kci3s (Fe+3Jj[H+] and 

buff 

pjp0 A [H+]~uEf ) . 

RESULTS AND DISCUSSION 

In a laboratory vessel of fixed volume, the 
heterogeneous oxidations (Eqs. (2s), (2c) (2u)) 
are functionally identical to each other and to 
the first order reaction (Eq. (l)), and all 
proceed to comple·tion. But upon coupling the 
oxidations to the atmospheric dispersion we obtain 
the yield equations (4s), (4c), and (4u), each of 
which is functionally different from every other, 
as are the reaction half life expressions (6s), 
(6c), and (6u). 

None of the dispersion-coupled he-terogeneous 
oxidations proceeds to completion. Each proceeds 
to a fractional asymptotic limit whose magnitude 
depends on the ra·tio of the chemical parameters 
(Ks, Kc, ~' (S02 )

0
) to the dispersion parameters 

(b, t 0 ). It is easily shown that an increase in 
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the ratios will cause an increase in the limit(so 

K (SO=) 
+oo' +"}_2l -+ oo, then 4 oo -+ 1 for 

bt0 bt
0 

bt0 (so
2

)
0 

that if: 

Eqs. (Ss), (Sc), and (Su), respectively and vice-
(S0~)00 

versa (when the ratios approach 0 1 -----+0) 
(S02) o 

(see Fig.l). 

Moreover, the functional expression are such 
that at equal ratios and equal downwind distances, 
the yield of heterogeneous oxidation in the 
presence of particles (Eqs. (2s), (2c)) will be 
higher than that of heterogeneous oxidation in 
the absence of particles (Eq. (2u)). Also, the 
sensitivities of the reactions to the dispersion 
are such that the differences between the yields 
will be greatest if the ratio of the chemical 
parameters to the dispersion parameters is small 
and least if the ratio is large (see Table 2 and 
Fig. 1). 

Table 2. The fractional yields of heterogeneous 
oxidations for various chemistry-dispersion ratios. 

YIELD OF HETEROGENEOUS CATAL¥ZED OXIDATION (in ~) 

'~ 1.25 1.50 2.00 4.00 s.oo 10.00 

R 

0.1 1.99 3.25 - 4.88 7.22 7.68 8.61 

0.5 9.52 15.35 22.12 31.95 32.96 36.24 

LO 18.13 28.33 39.35 52.76 55.06 59.34 

2.0 32.93 48.66 63.21 77.58 79.81 83.<17 

10.0 86.47 96.43 99.33 99.93 99.97 99.99 

YIELD OF HETEROGENEOUS SURl?ACE OXIDATION (in \) 

0.1 2.20 3.6 5. 39 8.03 a .. n 9.48 

0.5 10.47 16.76 23.99 34.28 35.34 38.71 

1.0 19.71\ 30.52 41.89 55.38 57.66 61.,86 

2.0 35.30 51.29 65.63 79.•16 I 81.45 84.87 

10.0 87,66 96.78 .<0 ••• 95 99.97 99.99 

YIELD OF OXIDATION {in ') 

0. lB 30 . ,, ·"' .as 

o.s .94 62 2. 39 .91 

.0 . 97 3 . 9.21 10.02 .71 

2.0 .27 7.93 31.47 

10.00 36.75 71. OG 93.09 99. 99. 99.89 

d=Distance between the source and the do~mwind edge o£ the plume. 
""" do~Distance betHeen the source and the downwind cdgtJ the plume 

~~ ~~~0~ime when oxidation began. (i.e. at d/do,l, yield 

0 Ratio""Ratio of the product of the chemical parametersto t.he product 
of the dispersion parameters . 



These results illus·trate that the three 
oxidation paths are all to differing degrees sen
sitive to dispersion. The effect of dispersion 
is usually neglected in studies which compare 
the importance of various rate mechanisms. Since 
the ratios are not usually equal a·t equal downwind 
distances in the.same dispersing atmosphere, one 
cannot conclude that as a general rule catalyzed 
oxidation proceeds faster on a particle's surface 
than in an aqueous film, or that both are gener
ally faster than uncatalyzed oxidation. But by 
the same token, conclusions as to the relative 
importance of the various atmospheric oxidation 
paths cannot legitimately be drawn from laboratory 
derived rate expressions without making due 
allowance for the effects of dispersion. 

Since the oxidations proceed not to completion 
but only towards a fractional asymptotic limit, 
it is appropriate to focus not on the half lives 
of the reactants but on the half lives (T) of the 
reactions. Each half life expression is function
ally different from every other. But, they are 
all functions of the ratio of chemical parameters 
to dispersion parameters. Also, they are all 
bounded above and below by the same limits(t

0
,2t0 ). 

Thus half the final sulfate yield of so2 oxidation 
will be obtained close to the source and in an 
amount of time whose limits are constant for any 
given dispersion pattern and do not depend on 
the magnitude of the rate constants and the dis
persion parameters. This conclusion is in agree
ment with previous results 21,25. 

The present analysis does not take into 
account dispersion coupled oxidations which are 
limited by diffusion of ambient gases such as o3 
and NH 3 26 These will have different sensiti-· 

vities to disperson. 

SUMMARY 

This paper presents a diagnostic model for the 
heterogeneous oxidation of so2 with and without 
the participation of carbonaceous particles. It 
shows that while the rates of the various oxida
tion paths may be functionally identical when the 
oxidations take place in laboratory vessels of 
fixed volume, they will be functionally different 
from each other when the oxidations take place in 
expanding plumes. 

The yields are functions of the ratios of 
chemical parameter to the dispersion parameters 
and are such that the oxidation does not proceed 
to completion bu·t to a fractional asymptotic 
limit. 

The half lives of reaction are also functions 
of the ratios. They show that the oxidation will 
occur close to the source and in an interval of 
time whose limi·ts are constant for any given 
dispersion pattern and independent of the 
chemical parameters involved. 

for 
for 

The same conceptual · resul·ts can be obtained 
an air shed expanding in three dimensions, 
which V = bt3 (there t < T < rr t ) and, in-

0- - 0 

deed, for any expanding atmosphere whose rate of 
expansion is higher than first order, i.e. , for 
all dispersions V = btn for which n > 1. 
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(When n ~ 1, the reactions proceed to completion, 
but their yields and characteristic times depend 
on b and t

0
). 

The sensitivities of the heterogeneous re
ac·tions to dispersion are such that a·t equal 
ratios and equal downwind distances, the yield of 
oxidation in the presence of carbonaceous parti
cles is higher than that of oxidation in the 
absence of particles. The differences in yield 
are greatest if the ratio is small and least if 
the ratio is large. 

These results emphasize the importance of 
considering the sensitivity of rate expressions 
to dispersion when evaluating the relative im
portance of various ra·te mechanisms in dispersing 
atmospheres. 
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Fig. 1 .Sensitivity of the sulfate yield to changes 
in dispersion time, for various ratios of 
"chemistry" to "dispersion". 
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ABSTRACT 

The oxidation of S02 and interaction of N02 with suspended carbonaceous particles (SCP) have been 
demonstrated ~ several research laboratories. Reaction rates in the aqueous phase are usually a func
tion of the concentration of dissolved gaseous reactant. The work reported here deals with a mass 
transfer mechanism which enhances the concentration of dissolved gases absorbed by SCP via water vapor 
condensation. In the first phase of these investigations, we have suspended large (D = 2 - 3 mm) cold 
(5 - 7°C) water droplets in· warm (25 - 30°C) Nitrogen containing various concentrations of water vapor 
and a representative atmospheric gas (S02, 02 or N02). The gas was absorbed by the water droplet during 
the water vapor condensation process and the droplet collected after various periods of exposure. The 
droplet temperature was monitored· with a Y/SI Hypodermic probe and the amount of condensed water calcu
lated from this time- temperature profile. The amount of dissolved gas was measured upon collecting 
the droplets and time- concentration profiles were compared for the various condensation rates. All 
three gases were absorbed at concentrations several levels greater than when no water vapor condensation 
was taking place. These results are correlated with the concentrations of the gas and the water vapor 
in N2. The results support the fact that non-steady state mass transfer via water vapor condensation is 
a strong mechanism for concentrating atmospheric gases on SCP. This type of mechanism occurs frequently 
in smoke plume formation at stack exits, and in cloud formation in the atmosphere. A comparison of time 
scales for the competing processes which utilize the dissolved gases will determine which chemical reac
tions are affected. 

INTRODUCTION 

The absorption of gases by clouds, fogs and 
water droplets is a key step in the removal pro
cess for many trace gases in the atmosphere. The 
high acid content of rainfall in many indistrial 
regions is attributed to the absorption of sulfur 
and nitrogen oxides. Upon the release of fossil 
fuel stack gases, containing water vapor, which 
are rapidly cooled from 250°F to ambient tempera
tures, much of the associated oxides of sulfur 
and nitrogen is dissolved as the water is con
densed upon suspended carbonaceous particles 
(SCP) and the smoke plume is formed. 

The object of the work reported here is to 
determine the rates of absorption of S02, N02 and 
oxygen at stack gas concentration by water drop
lets undergoing growth due to water vapor 
condensation. 

PART I: S0 2 ABSORPTION 

This investigation was made in an effort to 
determine how water vapor condensation affects 
the uptake of so2 by droplets and how this ab
sorption compares with situations where no water 
vapor is condensing. We decided to use a falling 
drop technique here since so2 is very quickly 
absorbed (Figure 1). By letting the drop fall 
various distances, and knowing the drop size, we 
were able to vary exposure time. The S02 and 
water vapor concentration in the gas through 
which the drop fell were controlled, so that we 
were able to measure the amount of S02 absorbed 
as a function of time, water vapor condensation 
and S02 concentration. By holding the drop tem
perature to around 7°C and the humid gas at about 
25°C, we could adjust the water vapor concentra
tion in the gas such that supersaturation ratios 
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(SSR) of 1.0, 1.5, 2.0 and 2.5 were obtained. 
The SSR is the ratio of water vapor pressure in 
the gas to that in equilibrium with the drop. 

The droplets were collected in a container 
continuously flushed with nitrogen to prevent 
further contact with the S02 gas. Five ml of the 
solution collected were then mixed with one ml of 
three percent hydrogen peroxide solution, and the 
pH of the resultant mixture was measured. 

The first experiments at a supersaturation 
ratio (SSR) of 1.0 were undertaken to provide a 
basis with which to compare S02 absorption during 
water vapor condensation (SSR = 1.5, 2,0, 2.5). 
The results of these tests are shown in Figures 2 
and 3, where the relative average concentration 
C/Cs is plotted as a function of time. C5 is the 
equilibrium solubility measured for that particu
lar gas phase concentration. All test results 
expressed in Figures 2 and 3 were normalized to 
this value. These tests agree quite well with 
the mass transfer model proposed by Groothuis and 
Kramers.1 

In testing at higher water vapor concentra
tions, however, we noticed that the absorption of 
S02 exceeded the SSR = 1 case by a significant 
amount (Figures 2, 3: SSR = 1.5, 2,0, 2.5). The 
dashed line at C/Cs = 1.0 represents the equilib
rium solubility of S02 in water measured for that 
gas phase concentration. 

PART II: N02 ABSORPTION 

Investigations into water absorption at low 
concentrations (ppm range) of nitrogen dioxide are 
relatively few. From Borok's2 data, the Henry's 
Law constant for N02 in water is H = 100 atm.-1 



Palmes, et al,3 and Crecelius and Forwerg4 found 
that the NOz is present primarily as NOz- with 
only trace amounts of N03 when absorbed A by water 
in the ppm range, A possible reaction sequence 
for the low concentration range may be: 

3 N02 + HzO :;:: 2HN03 + NO 

HN03 + 2 NO + H20 :;: 3 HN0 2 
--"'- + HN0 2 ~ H + N0 2 

( 1) 

(2) 

(3) 

with the ionization proceeding to 100 percent com
pletion as the N0 2 concentration is decreased, 

Dekker4 concluded that the main resistance 
to mass transfer shifts from the gas phase to the 
liquid phase as the concentration is lowered. 
With this background it was decided to test NOz 
in the 100-300 ppm range for enhanced mass trans
fer via water vapor condensation. 

Because of the very low concentrations of 
N0 2 in water, and since the sample volume is so 
small, measuring the amount of gas absorbed in 
water droplets as a function of time demanded a 
contact chamber where the droplets could be ex
posed to the desired test atmospheres for long 
enough exposure times to ensure that near-satura
tion conditons could be achieved. It was because 
of this requirement that we decided to use a sus
pended drop in a moving gas stream (Figure 4). 
This technique offered the advantage of being able 
to avoid the masking effects of mass transfer 
during droplet formation. By synchronizing the 
droplet injection with a solenoid gas injection 
switch, it was possible to assure that the droplet 
was fully formed and internally at rest before 
exposure to the N02 stream, Supersaturation 
ratios (SSR) of 1.0 (no condensation), 1.5, 2.0, 
and 2.5 were applied at the onset of exposure. 

Because of the necessarily long (up to 1 
min,) exposure time, it was not possible to main
tain the droplet at a constant temperature, as 
was desired, Heating of the droplet occurred be
cause of the condensation of water vapor from the 
gas, the convective transfer of heat from the 
warmer air mass (25°C) and radiation from warmer 
surfaces. Droplet temperature was measured with 
a YSI r~odel 524 thermistor by suspending the drop
let from both the injection capillary and the 
thermistor needle. These tests showed that the 
droplet temperature rises quite rapidly during the 
first 20 seconds and then slows to an equilibrium 
value somewhat lower than the ambient gas tempera
ture. The water vapor condenses until the droplet 
vapor pressure is the same as that of the ambient 
gas, and then evaporation begins. Figure 5 shows 
the case of ambient water vapor pressure at 2.5 
times that in equilibrium with a 5°C droplet. The 
total amount of water vapor condensed varied with 
SSR, and there was only evaporation taking place 
at an SSR "' 1.0, 

The results presented in Figures 6 and 7 
show the N0 2 absorbed by water as a function of 
time for various SSR and gas phase NOz concentra
tions. The results are normalized to the satura
tion concentration at the temperature of the 
droplet when sampled. For the tests at both 100 
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and 300 ppm N0 2 in the gas phase, the droplets 
were practically saturated with NOz within 5 sec
onds of exposure. The dashed lines are based on 
an assumed first order reaction during non-steady 
state diffusion ~nto a semiinfinite medium (pene
tration theory). 

There is a definite effect on supersaturation 
as the SSR is increased above 1.0. This continues 
for about 15 seconds and then droplet concentra
tion returns to the saturation level. Tests at 60 
seconds showed that the droplets remain at the 
saturation concentration. An explanation for the 
rapid decline in NOz supersaturation is indicated 
in Figure 5 which shows that condensation ceases 
after 15 - 20 seconds and evaporation begins. 
Therefore, the supersaturation of NOz is strongly 
connected to the condensation of water vapor. For 
the case of SSR = 1.0, no condensation and only 
evaporation occurred. As expected there is no 
evidence of supersaturation of N0 2• Greater su
persaturation was possible at the lower than at 
higher NOz level, as was experienced in the inves
tigations of so2. 

PART III: 02 ABSORPTION 

Oxygen was tested to determine if a non
hydrolyzing, non-reacting gas would respond to the 
same enhancement effects of absorption during 
water vapor condensation as did so2 and NOz. Fur
thermore, many oxidation processes in fogs depend 
on the concentration of dissolved 02• 

Since oxygen is so sparingly soluble in water 
we used the same contact cell (Figure 4) as used 
with the NOz tests. To measure the amount of Oz 
absorbed, we adapted a Natelson Microgasmeter, 
normally used for blood oxygen analysis. Concen
tratio~s of 02 in N2 teste? were 21%, 40%, 60%, 
and 80%; and SSR were, aga1n 1.0, 1.5, 2.0 and 
2.5. 

Results are shown in Figures 8 and 9 for 21% 
and 80% oxygen respectively. The results are 
normalized to the oxygen saturation value at that 
temperature. Also a curve has been inserted 
showing the concentration one would expect if ab
sorption were controlled by diffusion in the 
liquid phase: 

(4) 

As with the tests on SOz and N0 2, we noticed that 
oxygen absorption is definitely enhanced by water 
vapor condensation. 

DISCUSSION 

The rate of gas absorption during water vapor 
condensation or evaporation is a function of both 
the rate of diffusion in the liquid phase, and the 
rate at which the water is transported, In order 
to isolate the effect of the water vapor transport 
on the rate of absorption, the increase in the 
amount of gas absorbed and the corresponding in
crease in the amount of water condensed for dif
ferent SSR was determined for fixed value of time. 



Tests on all three gases indicate that the 
effect of water vapor transport on absorption fol
lows the relation 

dCA ~ k(YA)n d(H 20) 
dt _d_t_ 

such that 

CA ~ k(YA)n (H20) 

where YA ~ absorbed gas concentration in gas 
phase, ~ole fraction 

(H20) moles water condensed 

Gas k !l 

so2 3.06xl02 L3 

N02 3.68xl0-4 0,105 

02 5,66xl0 -4 0.20 

(5) 

(6) 

A possible explanation for this absorption 
enhancement may be that under conditions of water 
condensation, there is a net movement of water 
vapor toward the water surface, tending to drag 
extra gas molecules along, whereas in steady-state 
conditions there exists an equimolar exchange of 
water molecules both to and from the surface. The 
gas is absorbed in both cases but in the non
steady state the amount of gas entering the sur
face is enhanced somewhat by the condensing H20 
molecules, The resistance to absorption is pri
marily in the liquid phase which is governed by 
the dissolved gas concentration at the air-water 
interface. Therefore, if more gas molecules can 
be "packed" into the surface, this would tend to 
enhance the overall absorption process. 

Another possible explanation for the enhance
ment effect is the generation of s~rface instabil
ities. The transfer of water vapor to the liquid 
phase may occur in localized amounts over the 
surface, causing adsorbed gas to be more concen
trated at some points in the surface than in 
neighboring regions. Consequently, at the points 
of higher concentration the transfer of absorbed 
gas to within the water bulk moved at a faster 
pace, dragging surface solution with it. The net 
result are many surface driven instabilities and 
an overall surface turbulence, which tends to re
duce the liquid phase resistance to gas absorption. 

We noted that the enhancement phenomenon is 
diminished at higher gas phase concentrations. 
There may be a limit to the number of extra mole
cules that the condensing water is dragging along, 

It is generally assumed, in the steady-state 
case, that the surface of the droplet is saturated 
with oxygen and that the saturation concentration 
is determined by the gas phase concentration at 
the gas-liquid interface. Under evaporation con
ditions, this interfacial concentration may be 
less than that of the bulk gas phase concentration 
because of the migration of water molecules in 
opposite direction. For example, the rate of 
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evaporation at SSR ~ 1.0 at 100 seconds is about 
100 times faster than the rate of 02 absorption 
over the range of oxygen concentrations tested, 
Therefore, the liquid phase saturation concentra
tion would tend to be less than one would expect 
from steady-state conditions, However, acting to 
oppose this is the escape of water molecules from 
the surface solution, which would tend to concen
trate the oxygen in the liquid at the interface. 
The net effect as shown in Figure 8 for SSR = 1.0, 
1.5 is to produce an equilibrium concentration 
somewhat lower than the steady-state case for 
t + co, 

CONCLUSIONS 

Droplets growing by water vapor condensation 
are able to concentrate gases at levels that far 
exceed saturation. The implication of these re
sults when extended to growing fogs and clouds is 
that oxidation processes involving conversion of 
dissolved S02 or N02 to sulfates and nitrates may 
proceed much more rapidly than expected when 
reactant calculations are based on steady-state 
concentrations. 
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ABSTRACT 

The surface of airborne particulates may offer a convenient channel for the turnover of gaseous 
pollutant species by catalytic reactions. We are employing a combination of modern surface research 
techniques to investigate the rate of reactions of potential interest in air pollution on the sur
face of both real and simulated particulate materials. Initial studies of particulate materials 
from both oil and coal-fired power plant boilers by Auger Electron Spectroscopy (AES) showed sig
nificant amounts of metal oxides, especially vanadium and iron. Qualitative studies of sulfur 
uptake on laboratory-prepared iron and vanadium oxide samples indicated significant uptake of sul
fur on exposure to SOz gas at 100°C. Quantitative studies of SOz adsorption and reaction on two 
different vanadium oxide surfaces, by a combination of AES and molecular beam mass spectrometric 
techniques, demonstrate that SOz is adsorbed non-dissociatively and reversibly on both VO and V205 
surfaces. In the case of VO, the resulting adsorbed species reacts with gaseous Oz in a process 
that is first order in oxygen pressure. Studies of the reactivity of adsorbed SOz on V205 are 
continuing, and will be extended to studies on actual airborne particulate surfaces. 

INTRODUCTION 

A cooperative effort between research groups 
at the Atmospheric Sciences Research Center of 
the State University of New York and the Surface 
Studies Laboratory at Rensselaer Polytechnic 
Institute is currently under way. The ultimate 
aim of this effort is to assess the role that 
heterogeneous catalysis of atmospheric chemical 
reactions at the surface of airborne particulate 
material plays in the overall turnover rate of 
pollutant gases in the atmosphere. 

The approach to the problem is twofold. On 
the one hand, atmospheric sampling techniques are 
being used to collect airborne particulate mater
ials, such as those found in fossil fuel-fired 
power plant boilers. These particles are charac
terized in terms of morphology, size distribution 
and chemical composition, both bulk and surface. 
Samples of these particles are then prepared for 
chemical kinetic studies in the molecular beam 
surface research system, to be described belmv. 
In a concurrent study, samples are being prepared 
to simulate those aspects of the surface composi
tion of the airborne particulates that are felt 
to be of possible significance catalytically. 
These samples, after characterization, are being 
exposed to reactant gas mixtures in the molecular 
beam system. A combination of mass spectrometric 
detection of desorbed product fluxes and Auger 
electron spectrometric detection of non-volatile 
surface products is being used to characterize 
the rate and extent of the surface reaction. It 
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is hoped that this combination of techniques will 
lead to unequivocal conclusions as to the rate
limiting steps in the chemical reactions studied. 

In the \vork to date, 1ve have been investi~gat
ing the overall reaction 

so2 + o2 + so3 + Sulfates 

at the surfaces of both real stack particulate 
samples and laboratory-prepared samples, pre
pared so as to simulate the surface composition 
of the real particulates. The aim of the present 
work is to assess the role that catalytic reac
tion on particulate surfaces plays in the turn
over of S02 in power plant plumes. The tech
niques used are applicable to a wide range of 
reactions on a wide range of surfaces, and will 
eventually be applied to other systems of inter
est to atmospheric chemistry. 

Actual airborne particulate materials were 
obtained by stack sampling techniques from both 
oil-fired and coal-fired power plant boilers. 
Extensive characterization measurements on these 
particles are reported elsewhere (1, 2, 3). 
Suffice it to say for the present that these par
ticles, which covered the size range from 0.1-
10~, had surface compositions showing large 
amounts of both carbon and metal oxides. In the 
case of the oil-fired boiler, the particulates 
contained large amounts of vanadium, apparently 



as V205. The particulates from the coal-fired 
boiler shmved lesser amounts of iron, sodium and 
calcium oxides. Auger electron spectra of samples 
of the t\vo types of particulate are shown in 
Fig. 1 (oil) and Fig. 2 (coal). 
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ELECTRON- ENERGY -VOLTS 

Fig. 1. Auger spectrum of flyash from oil-fired 
power plant boiler 
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Fig. 2. Auger spectrum of flyash from coal-fired 
power plant boiler 

Bulk samples were prepared to simulate the com
position of these particulate samples by vapor 
deposition of metal oxides on pure graphite sub
strates. This technique has been used to make 
samples of V203, Vz05, FeO and Fe203, for use in 
reaction kinetic studies. These samples have been 
characterized by Auger electron spectroscopy, and 
show the peaks of the appropriate metal, along 
with carbon and oxygen. Metal-to-oxygen ratios 
vary due to changes in deposition conditions, but 
ratios close to stoichiometric have been obtained 
in the cases of V203 and FeO, shown in Fig. 3 
(Vz03) and Fig. 4 (FeO). To date these samples 
have been used for the "static exposure" 
experiments described later. 

156 

<f> 
':::: 

"" :::> 

>-

"' .. 
"" ~ 
00 

"' 4 

>-
1--
Vi 
z c w 
1--

""' -' .. 
"" <9 
Vi IJ 

IJ 

ELECTRON ENERGY -VOLTS 

Fig. 3. Auger spectrum of sample formed by 
vapor deposition of v2o3 on graphite 
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ELECTRON ENERGY- VOLTS 

Fig. 4, Auger spectrum of sample formed by vapor 
deposition of FeO on graphite 

A few samples, used in initial kinetic studies 
in the molecular beam system, \vere made either by 
oxidizing a vanadium metal ribbon or by melting 
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Auger spectrum of sample formed by melt
ing Vz05 onto a tantalum ribbon 



VzOs pmvder into a tantalum ribbon. These samples 
permit easy temperature control by Joule heating. 
An Auger spectum of the sample prepared by melt
ing VzOs is shown in Fig. 5. 

The surface kinetic measurements are being 
carried out in the Molecular Beam Surface Research 
System shown in a schematic top view in Fig. 6. 
The main chamber of this system, a cylinder 32 em 
in diameter, 50 em high, is pumped bg a cryogenic 
pump to \vorking pressures in the 10- Fa range. 
The sample under study is mounted on a universal 
positioner, from the top, on the axis of the 
system. Non-metallic samples are mounted on a 
molybdenum block and can be heated either by 
radiation from an enclosed filament, or by elec
tron bombardment from this filament, metallic 
samples can be mounted as thin ribbons and heated 
by Joule heating. The available temperature range 
is from ambient to lOOOK. 

The chamber is equipped with a cylindrical 
mirror electron energy analyser, with a co-axial 
electron gun, for Auger electron spectrometric 
measurements, and an ion gun for surface cleaning 
by Argon ion bombardment and anneal. There is a 
stagnation chamber, connected to the main chamber 
through a small orifice, in the 1ine of the 
molecular beam, for making absolute beam intensity 
measurements. 

The molecular beam is formed and modulated in 
a second, separately-pumped chamber. Beam gas, 
at a pressure in the 103Pa range, flows through a 
multicapillary array into this chamber to form 
the molecular beam. The resulting beam is modu
lated by a toothed wheel mounted to an electric 
motor inside the chamber. This wheel also inter
cepts the light beam from an LED-photocell com
bination, to provide the reference signal 
necessary for signal detection using a lock-in 
analyser. The modulated beam passes through a 
collimating orifice into the main chamber, where 
it can be controlled in an on-off mode by a mag
netically operated shutter. The maximum beam 
intensity provided by this system is ~lol4 molec/ 
cm2 sec at the substrate, equivalent to a static 
pressure of ~lo-4Pa. The available range of beam 
modulation frequencies is from 15 to 200 Hz. 

The beam molecules scattered by the surface, 
and any volatile product species formed at the 
surface, are detected by a monopole mass spectro
meter, mounted vertically in a third separately
pumped chamber, with the mass spectrometer ion 
source mounted ~s em from the sample surface. 
This detector has a mass range from one to 300, 
and can detect a product flux from the surface 
as low as 10l0molec/cm2sec. The mass spectro
meter output can be detected in either an ac or 
a de mode. In the ac case, the spectrometer out
put is fed to a two-phase lock-in analyser, which 
permits direct measurement of both the phase and 

Fig. 6. Schematic top view of the molecular beam surface research system, 
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amplitude of the a.c. component of the mass 
spectrometer signal arising from either scattered 
beam material or reaction product species. As 
\vill be seen later, this permits measurement of 
surface reaction rate constants, and surface life
times of adsorbed species. In the de case a sig
nal directly proportional to the molecular flux 
from the surface under study is detected. This 
mode of operation is used in temperature pro
grammed desorption studies, in Hhich the surface 
is exposed to a gas mixture at lmv temperature, 
then heated to cause desorption of surface 
reaction products. 

Results 

To date, two different types of reaction 
kinetic experiments have been run. A set of ex
ploratory measurements has been ca-rried out in 
\vhich both real particulates and simulated samples 
were exposed to static pressures of SOz or H2S04, 
and then examined by Auger electron spectroscopy 
for sulfur pickup. A second set of measurements 
of 02 and S02 interaction with the samples formed 
by oxidizing a vanadium ribbon or melting VzOs 
poHder onto a tantalum ribbon has been made in 
the molecular beam system. 

The "Static exposure" experiments were intended 
to screen the samples tested to determine the most 
likely candidates for more extensive study in the 
molecular beam system. In these studies, five 
identical samples were prepared of each material 
studied. The materials included pure graphite, 
VzOs, Vz03, FeO and Fez03 vapor-deposited on 
graphite, coal flyash and oil flyash. One sample 

of each material Has retained as a blank, one ex
posed to SOz at atmospheric pressure and room 
temperature, one to SOz at atmospheric pressure 
and 100°C, one to HzS04 in atmospheric air at room 
temperature, and one to HzS04 in atmospheric air 
at 100°C. 

After exposure, all samples Here examined by 
Auger electron spectroscopy to determine the extent 
of sulfur uptake, if any. Auger spectra \vere taken 
of the sample as received from the sulfur treatment, 
and at intervals as the surface \vas sputtered away 
by argon ion bombardment. The results of these 
measurements are summarized in Table 1. The sam
ples that had not been sulfur-exposed showed 
negligible surface sulfur in all cases except the 
flyash samples, Hhich shmved fractional monolayer 
sulfur coverage. Exposure to SOz at room tempera
ture resulted in only superficial sulfur uptake in 
all cases. That is, sulfur coverage is small com
pared to a monolayer. Exposure to SOz at 100°C 
caused significant sulfur uptake (i.e., sulfur Has 
detected to a depth of several monolayers) in all 
of the metal oxide samples, but not in the flyash 
samples. Exposure to HzS04 at either room tem
perature or 100°C resulted in saturation of the 
metal oxide layers, Hith large amounts of sulfur 
being detected in the Auger spectra throughout the 
layer, until the carbon substrate Has reached. 
Flyash samples exposed to HzS04 shoHed only 
superficial additional sulfur uptake. 

THo generalizations emerge from this study. 
Firstly, it appears that exposure to so2 at 100°C 
should be the preferred treatment in future 
studies. This exposure Has sufficient to cause 

Table 1. Surface Sulfur Uptake - Static Exposure Study 

so2 H2 S04 

NO. SURFACE AIR ROOM TEMP IOO_~C ROOM TEMP 100°C 

I Os NEGLIGIBLE NEGLIGIBLE SIGNIFICANT SATURATED 

2 NEGLIGIBLE SUPERFICIAL SIGNIFICANT SATURATED SATURATED 

3 v2 NEGLIGIBLE SUPERFICIAL ISIGNII SIGNIFICANT SATURATED 

4 SUPERFICIAL SIGNIFICANT SIGNIFICANT SATURATED lA TED 

5 Flyash- oil SIGNIFICANT SUPERFICIAL NEGLIGIBLE NEGLIGIBLE NEGLIGIBLE 
ADDITIONAL ADDITIONAL ADDITIONAL ADDITIONAL 

6 Flyath -coal ~ICIAL NEGLIGIBLE f\£GLIGIBLE f\£GLI G I B l E NEGLIGIBLE 
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significant surface reaction, but not to com
pletely saturate the bulk of the sample. The 
H2S04 exposure appears to be "over kill." 
Secondly, the uptake on the metal oxide samples 
\vas definitely greater than on the flyash samples. 
It thus appears that either the active agent in 
the uptake process is the metal oxide constituent, 
rather than the carbonaceous matrix, or that the 
flyash samples were already saturated with sulfur 
prior to the laboratory exposure. Further studies 
will be required to answer this question. 

The molecular beam experiments are at present 
in a developmental phase. Experiments performed 
to date have been aimed at characterizing the 
interaction of so2 and 02 beams \vith surfaces of 
composition VOx with 1 < X < 2.5. 

The initial measurements \vere made on a surface 
formed by exposing a cleaned vanadium metal rib
bon to gaseous 02 at a pressure of 1Q-2pa in the 
molecular beam system. Auger electron spectro
metric measurements indicated that this surface 
had the approximate composition VO. This deter
mination \vas made using the relation between Auger 
peak height ratio and vanadium oxidation state 
determined by Szalkowski and Somorjai (4). 

The rate of SOz uptake from the molecular: beam 
on this surface was measured by Auger electron 
spectroscopy, with measurements of the sulfur and 
vanadium Auger signals being recorded as a func
tion of the total exposure of the surface to SOz. 
In these measurements, the electron beam of the 
Auger analyser was turned on only when spectra 
were being recorded and at the lowest practical 
electron current level, in order to minimize 
electron bombardment induced uptake effects, 
which were observed in initial stages of the study. 

,,.· 

P111 (S02) ~ 5xl0"8 torr 

T~!iit9o•c 
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EXPOSURE TO S02 (TORR- SEC x 105) 

Fig. 7. S02 adsorption kinetics on oxidized 
adium. Sulfur Auger peak height relative to 
vanadium ~ integrated exposure to SOz 

The resulting uptake behavior is shown in 

van-

Fig. 7, where the ratio of the sulfur to vanadium 
Auger peaks is plotted against the integrated SOz 
flux to the surface. The rate of the process 
folloHs Langmuir type kinetics, Hith the rate of 
uptake being given by 

dC ~ I So (1 - CC ) ' 
dt s 

in which C is the surface sulfur concentration 
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(molec/cm2), I the S02 flux to the surface (molec/ 
cm2sec), S0 the adsorption probability on the un
covered surface, and Cs the saturation sulfur 
coverage. The solid line in Fig. 7 represents a 
plot of this expression with S0 ~ 6xlo-3 and 

.Cs ~ 1. 7xlol4 molec/cm2. This amounts to essen
tially complete monolayer coverage of so2 . 

The S02 adlayer formed as described above was 
next exposed to an 02 molecular beam, and the 
course of the reaction observed by Auger electron 
spectroscopy. It was found that the 02 beam re
moved the adsorbed SOz layer, as shmvn in Fig. 8, 

8.0 

Fig. 8. 
adium by 
relative 

Removal of adsorbed SOz from oxidized van
gaseous 0 2 . Sulfur Auger peak height 
to vanadium vs integrated exposure to 02 

where the ratio of the sulfur to vanadium Auger 
peaks is plotted against oxygen exposure. This 
process was found to follow first-order kinetics 
with respect to oxygen exposure, with the surface 
sulfur concentration following the relation 

in which, for this case, I is the oxygen molecular 
impingement rate (1.9xlol3molec/cm2sec) and S0 is 
the single collision reaction probability, which 
was found to be 4xlo-3. Note, however, that these 
measurements tell us only that sulfur is leaving 
the surface, and cannot tell us whether the re
moval process involves reaction to form so3 , or a 
simple replacement adsorption process, with oxygen 
replacing SOz on the surface. 

In view of the relatively low values of SOz 
sticking coefficient and Oz reaction probability 
found in these studies, it was decided to S\Vitch 
to a surface having an oxygen to vanadium ratio 
closer to that observed in the flue gas particulate 
samples. In order to do this, a sample Has pre
pared by melting powdered VzOs onto a thin 
tantalum ribbon. The sample thus prepared was 
mounted in the molecular beam system, cleaned by 
argon ion bombardment and anneal, and characterized 



by Auger electron spectroscopy. The observed 
spectrum was previously sho1m in Fig. 5, and shows 
a vanadium to oxygen Auger peak height ratio simi
lar to that observed for pmvdered VzOs. 

This sample was exposed to the so2 molecular 
beam, with Auger electron spectrometric measure
ments again being made as a function of SOz 
exposure. Preliminary results of these measure
ments are shown in Fig. 9, where again the sulfur 
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Fig. 9. so2 adsorption kinetics on v2o5 . Sulfur 
Auger peak relative to vanadium vs integrated 
exposure to SOz 

to vanadium peak height ratio is plotted against 
exposure time to the so2 beam. The solid curve 
represents the Langmuir kinetic equation 

-I S
0 

t 

C ~ C s ( 1 - exp ( ) ) 
no 

also observed in the case of SOz adsorption on the 
oxidised vanadium surface. In this case, the 
saturation coverage, Cs, appears to be the same as 
the previous case, but the stickin~ coefficient, 
S0 , is much higher, namely 4.7xlo- . 

In this case, we have also been able to show, 
by temperature programmed desorption measurements, 
that the so 2 is relatively weakly bound to the 
VzOs surface, and probably does not dissociate on 
adsorption. In these measurements, the VzOs sur
face 1vas exposed to the SOz beam for a fixed time 
at room temperature. Th!f. sample lvas then heated, 
and the mass 64 peak (S02) monitored lvith the de
tector mass spectrometer. Results of one such 
measurement are shown in Fig. 10. The single peak 
in the desorption spectrum indicates that the 
majority of the adsorbed SOz is held in a single 
binding state. The temperature at which this 
peak occurs is consistent with a heat of adsorp
tion of roughly 20 K-cal/mol. The long tail-off 
at higher temperature is generally indicative of 
either a range of surface sites of higher binding 
energy, or of migration of adsorbed SOz into 
either the bulk of the VzOs sample or into pores 
in the sample surface. Further measurements will 
be required in order to resolve this question. 
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Fig. 10. Temperature programmed desorption of so2 
from VzOS. Mass spectrometer signal at mass 64 
(so1) vs surface temperature 

Summary 

The results obtained to date, while not g1v1ng 
a complete picture of the surface oxidation re
action under study, serve to indicate the kind of 
information that the techniques used can provide. 
It is apparent that preliminary screening by 
Auger spectroscopy of samples given static ex
posures to sulfur-containing gases can delineate 
the conditions under which surface uptake of sul
fur takes place, and thus provide guidelines for 
more sophisticated kinetic studies. It is also 
apparent that this technique can be applied to a 
wide range of sample types, including powders, 
vapor deposited materials and bulk metal and oxide 
surfaces. Surface reaction kinetics of such pro
cesses as adsorption-desorption and reactive re
moval of previously adsorbed species may also be 
monitored by Auger spectroscopy and by temperature 
programmed desorption. The molecular beam scat
tering technique lvhich has been shmm, in other 
systems, to provide information on the rate of the 
surface reactions and on the nature of the reac
tion products is also available but as yet 
unexploited in the present system. All that 
remains is to apply these techniques fully to 
the systems of interest in the area of atmospheric 
chemistry. 
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DISCUSSIONS 

Discussion, Glen E. Gordon (University of Maryland) 

Are Carbon Soot Particles Important in the Conver
sion of so2 to Sulfates? 

A major focal point of this Conference is the 
question: "Do carbon soot particles play a major 
role in the conversion of so2 to sulfates and sul-

furic acid?" Many mechanisms have been proposed, 
especially gas-phase oxidation and heterogenous 
reactions such as the "dirty-water" mechanism in 
which the oxidation of so2 in water droplets by 

dissolved oxygen is catalyzed by Fe, Mn, or V ions. 
Although most gas-phase reactions studied are too 
slow to be important, it appears that reactions of 
radicals such as OH, H0 2, and their organic homo-

logs are fast enough to account for much of the l 
to 2%/hr conversion typically observed over long 
distances during sunny, warm days. However, those 
photochemically produced species are surely not the 
major reactants with so2 during fall and winter, 

especially during pollution episodes, which are 
accompanied by low temperatures, haze or fog, and 
little sunshine. Under those conditions it is 
likely that heterogeneous reacti'ons account for 
most of the conversion. 

The dirty water mechanism was postulated years 
ago, but we still don't have quantitative estimates 
of its importance. Various groups have measured 
rates of Fe-catalyzed oxidation of so2 in solution; 

however, they have not determined the humidities at 
which particles bearing Fe, Mn, and V take on water 
nor have they measured the solubility of those 
metals in the water layers. Until these key inter
mediate steps are investigated, no model for the 
rate of so2 conversion by this mechanism in plumes 

or ambient air has any validity. Thus, while this 
reaction may be important, its quantitative signif
icance is now indeterminant. 

In 1973, Novakov et al. at Berkeley demonstrated 
in the laboratory that so2 oxidation is catalyzed 

by carbon soot particles. However, it's been only 
during the past year that the atmospheric chemistry 
community has begun to take serious note of this 
mechanism, as little field data relevant to it 
existed. But now the Berkeley group has developed 
various lines of evidence that point towards the 
possible importance of the soot mechanism: (1) 
Raman lines of soot are found in most ambient 
samples; (2) soot particles on filters cause most 
of the attenuation of transmitted light; (3) the 
light attenuation correlates strongly with total 
carbon mass; (4) data from several areas under 
different conditions (photochemical and otherwise) 
fall about a single line (attenuation vs. total 
carbon) which has the same slope as a plot for 
primary particles from several sources, suggesting 
that typically half of the particulate carbon is 
primary soot; (5) soot in water catalyzes sulfite 
oxidation and is not inhibited by low pH; and (6) 
so4;so2 ratios in Berkeley during winter are com-

parable with those of Los Angeles in summer. 
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Although the case for the carbon soot mechanism 
is now much stronger, a number of points should be 
subjected to further discussion and additional 
experiments: 

1. At this conference there has been much debate 
about the fraction of particulate carbon that is 
primary and/or soot. One problem is that there 
are many different definitions of types of carbon 
dependent on the type of experiment done, e.g., 
extractable, primary, organic, volatilizable, water
soluble non-carbonate carbon, etc. A major step 
towards resolving this controversy could be taken 
if the investigators involved would all analyze 
samples of the same material (e.g., the soon avail
able NBS Standard Reference atmospheric particulate 
material) in order to establish firm relationships 
between these variously defined fractions. 

2. Both correlations and lacks thereof between 
sulfate and carbon on ambient particles have been 
been reported, but there is not necessarily a con
flict here: such correlations are neither necessary 
nor sufficient to prove the importance of the soot 
mechanism. Since other mechanisms surely play an 
important role, especially gas-phase during summer, 
sulfate levels might often be uncorrelated with 
carbon, even if the latter is the most important 
under different conditions. Conversely, so many 
atmospheric variables correlate with meteorological 
parameters (especially wind speed and mixing height) 
that most have positive correlations with most 
others. Thus, the observation of a correlation on 
bulk samples does not prove the case. I would be 
much more impressed by a particle-by-particle 
correlation, i.e., at certain times, virtually 
every individual sulfate particle having a large 
soot component. (Or is there some natural atmos
pheric process by which sulfate once formed on 
soot can subsequently leave the particle?) 

3. There appears to be a controversy about the 
yield of sulfate on soot as a function of humidity. 
Appel's experiment (covered informally during the 
discussion period) with so2 and soot generated 

from acetylene yielded little sulfate at humidi
ties below 90%. The Berkeley group finds enhanced 
yields 1vi th increasing humidity, but an appreciable 
yield even at low humidity. Coupled with this 
question is the fact that, just as in the case of 

the dirty water mechanisms, the humidity at which 
soot particles take on water has not been 
established. 

4. Is there enough soot released from various 
sources to account quantitatively for a substantial 
fraction of sulfate observed on an area or regional 
basis? What is the capacity (i.e., the maximum 
S/C ratio) of soot to produce sulfate? Experiments 
at Berkeley suggest that this ratio can go as high 
as 0.6. This high ratio surprises me, as I visual
ize the sulfate as forming a monolayer on the 
-looK soot spheres within the agglomerates. Is it 
possible that the 0.6 ratio reflects only the 
surface concentrations? 

5. Several other inconsistencies have arisen 
at this Conference, e.g., Whitby's indication 
that sulfate and carbon are on different sizes of 
Aitken nuclei, Mohnen' s finding of only superficial 
attachment of so2 to carbonaceous particles at low 



temperatures, and O'Brien's failure to observe the 
growth of sulfate on soot particles in the TEM 
chamber. 

In summary, great progress has been made in 
studies of heterogeneous conversion of so2, espe-

cially the soot mechanism. Although many uncer
tainties and inconsistencies remain, we at least 
have enough information to design definitive 
experiments to answer some of the outstanding 
questions. 

Discussion by J. Freiberg (Rutgers University) 

Chang et al. (1978) and Eatough et al. (1978) 
found that S(IV) species (i.e., H2o·so2, Hso;, 

so;) are oxidized to sulfate in aqueous suspensions 

containing carbonaceous particles. Chang et al. 
(1978), who performed their experiments in bulk 
solutions, found the rate of oxidation to be inde
pendent of pH. This led commentators to suggest 
that this oxidation path might account for the "for
mation of acid in the presence of acid" in the 
atmosphere. But consideration of the solubility 
of gaseous SO in atmospheric droplets, the thermo-

dynamics of equilibrium among S(IV) species in 
droplet solution and the kinetics given by Chang 
et al. (1978) suggests that, in droplets, sulfate 
formation in the presence of carbonaceous catalysts 
is pl-l dependent. 

When a droplet is exposed to ambient so2, so2 
dissolves into the droplet as H2o·so2, which dis

sociates into Hso; and so;. With an increase in 

pl-l, the concentration of H2o·so2 in solution will 

remain constant (assuming constant temperature and 
S0

2 
partial pressure- Henry's Law), and the concen-

tration of Hso; and so; will increase, Thus the 

overall solubility of S(IV), where S(IV) ~ H2o·so2 
+ Hso; + so;) varies directly with pH; and, to the 

extent that so2 oxidation in carbonaceous suspen

sion relies on Hso; (as Eatough et al. [1978] have 

found that it does) or on so;, the oxidation rate 

can be expected to increase with pl-l. 

The pH independence found by Chang et al. (1978) 
can be explained by the fact that their experiment 
involved a bulk sulfurous acid solution rather than 
a water droplet. Being "stocked" with S(IV), the 
solution did not depend on the atmosphere as its 
source of so

2
. The initial S(IV) "load" (which the 

-6 authors varied over only a narrow range: 6.56 x 10 
-4 . to 8.85 x 10 M) was such as would occur 1n nature 

only at high [S02]g (i.e., high concentrations of 

atmospheric so2). Moreover, it was observed that 

the reaction occurred quickly and that sulfur mass 
balance in the reaction was preserved (i.e., no so2 
diffused into the atmosphere during the reaction). 
Thus, by virtue of the way the experiment was struc
tured, the gas-to-liquid phase solubility of S(IV) 
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was a factor of negligible relevance. In this way 
the influence of pl-l on the oxidation would not show 
up. 

That the oxidation may be pH-dependent in atmos
pheric droplets is also supported by the fact that 
the Chang mechanism yields a rate expression which 
is independent of pl-l only for K2 [so 2 ·H20] >> K_

2 
and K3 [so2 ·H20] :0: K_ 3 . Clearly, if [S(IV)] is 

small enough, the inequalities will not hold and 
the pH independent rate expression will be 
inapplicable. 

Chang et al. (1978) and Eatough et al. (1978) 
have presented important preliminary information 
on the role of carbonaceous particles in atmos
pheric S02 oxidation. But it is premature to con-

clude on the basis of the present data that the 
rate of the oxidation is independent of pH. Experi
ments more closely simulating atmospheric condi
tions (e.g., using atmospheric size droplets) are 
warranted. 
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I vranted to share Hi th you vhat I thinl<: this 
conference has demonstrated Hith respect to the 
mechanism of conversion of SO? to sulfate, medi
ated by carbon. I vill be referring to '\ret" and 
dry mechanisms vhere the former refers to the 
oxidation of dissolved S0 2 by a slurry of carbon 
in vater. I am persuaded by the papers presented 
that the Het mechanism is effective in acceler·
ating the oxidation of sulfite to sulfate. One of 
the remaining challenges will be to demonstrate 
the relevance of the \·ret mechanism to arnbient air. 

With respect to the mechanism, vrhich 
I'll define as operative at up to 90% R. H. , I 
1wuld make the follm-ring comments. First of all, 
Techa Novakov noted that the amount of S02 con
verted to particulate sulfur vras "a couple of 
percent." Secondly, in the 1-rork I described to 
you previously, vre demonstrated that the amount 
of sulfate formed by the dry mechanism represented 
5 to 15% of the vreight of carbon. He found, 
furthermore, that this carbon vas subsequently 
inactive for the oxidation of S0 2 at R.H. values 
up to 90%. I left open the possibility that the 
initial 5 to 15% sulfate (as a percent of carbon) 
might have been formed as a result of a catalytic 
process on the surface of carbon. Ho1·rever, l·re 
heard from Ken Whitby this morning that there are 
t1-ro distinct size modes in the nuclei region for 



particulate sulfur and flame-derived carbon, 
0.03 ~m for sulfur and 0.06 ~m for carbon. This 
suggested to him that there 1ms no mechanistic 
link betlveen them. Opposing this is the 1mrk of 
Bob 0' Brian l·rhich suggests substantial grovrth, 
presumably by sulfuric acid formation on the sur
face of carbon particles as vielfed by EM. That 
work, hm·rever, \vas performed at l torr or about 
1000 ppm of S02. One has to question the rele
vance of that experiment to ambient air. 

The experiments I've described for the dry 
system are far from perfect, hmvever. He' ve 
heard from Dave Kittleson vhat may be one of the 
major limitations of these experiments. As a.n 
example, about 40% of the particulate carbon de
rived from the acetylene flame in the experiment 
I described earlier 1ms lost by heating to 200°C. 
This volatile portion 1-ras certainly not graphitic 
soot but may have been a liquid hydrocarbon clog
ging the pores of any soot formed. The particu
late matter I·Jas black so we presume some soot l·ms 
present. vJe heard from vlilliam Pierson that 
solvent extraction of such material can increase 
its surface area and, P"'esumably, its catalytic 
activity. Possibly the failure in our experiments 
to observe oxidation reflects the degree of clog
ging. Another 1-1eakness in experimental studies 
of the dry mechanism is the lack of hygroscopicity 
of carbon, alone. Perhaps in mixtures with hygro
scopic salts one might see catalytic activity. 

Considering these linli tations I l·rould recommend 
three experiments relevant to the dry mechanism. 
First, collect carbon from propane flames on 
filters, 1msh 1·1i th cyclohexane or benzene to re
move the layer of organics and then expose the 
carbon to moist air 1·ri th S0 2 . Secondly, mix 
aerosols of carbon and ammonium nitrate, a 
hygroscopic salt, and 1-rhile still airborne, all01-1 
them to coagulate, add S02 in moist air, collect 
on a filter and analyze for carbon and sulfate. 
This could also be done by initial collection on 
filters, washing with organic solvent to increase 
surface area and then expose to so 2 in moist air. 
The third exneriment is an evaluation of the 
t~ansition r~gion bebreen 90 and 100% relative 
humidity. 

Discussion by P. T. Cunningham (Argonne National 
Laboratory) 

I am a little disturbed by the observation of 
hydrocarbon material in association with acidic 
aerosols. Over several years of analyzing materials 
with infrared spectroscopic methods, we have 
observed a strong negative correlation between the 
occurrence of hydrocarbons, as evidenced by the 
appearance of the carbon hydrogen stretching bands, 
and the occurrence of acidity in aerosol samples. 
This is not to say that carbonaceous materials may 
not be associated with acidic aerosols, but it does 
seem to suggest that these carbonaceous materials 
are not properly characterized as hydrocarbons. 
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Discussion by B. R. Ap:eel (Air and Industrial 

flYgiene Laboratory, California Dept. of Health) 

I vrant to describe the results of three experi
ments conducted jointly by AIHL and LBL personnel 
to evaluate the effects of combustion derived 
carbon ("soot 11

) in converting* S0 2 to sulfate at 
relative humdities up to 90%. The sulfate observed 
represented not only sulfate and/or sulfite asso
ciated ~orith carbon-S02 interactions (both suspended 
carbon and carbon on filters) ·but also sulfate 
from 802-filter media interactions, and 803 and 
sulfate formed in the flame from sulfur compounds 
i.n the acetylene used as the fuel. The experiments 
were as follovs: 

l. 802 was injected dmmstream of an acetylene 
flame in a region with temperature about 300°C. 
Filter collection of the aerosol was made 
using 47 mm Gelman A (pH~ 7.6) glass fiber 
filters at 1.32 cfm. ~vo filters sampled for 
10 hours continuously while, on the remaining 
tvro holders, filters were changed after five 
hours. 

2. As in 1, but no SOz injected. This experiment 
1-ras made to evaluate the significance of sul
fate formed from sulfur compounds in the acet
ylene fuel. In addition, the volatility be
havior of the soot collected on the filters 
was evaluated to obtain the proportion of 
relatively volatile, organic carbon. 

3. No 802 injected. Two sets of four filter 
samples were collected sampling for five hours 
l·ri th each set. The filters were subsequently 
exposed to S02 under varying humidity condi
tions using an AIHL exposure system. 

The results of Experiment l are summarized in 
Table l and indicate a sampling precision of ll% 
(C. V. ) or better for car·bon. The sulfate levels, 
~oTi th one exception, 1·rere significantly greater 
than those from S02-clean filter inter-
actions alone ca.. 50 ~g) . It 1ms previously 
established that clean Gelman A exposed to 0 .l-0. 5 
ppm S0 2 is saturated 1dth S0 2 in 10 minutes at the 
flov rate used here (l. 32 cfm). If most of the 
observed sulfate resulted from S02-filter inter-· 
actions then the ratio sulfate/carbon should 
decrease 1·rith increasing sampling time. The 
observed ratio 1-ras not significantly different for 
samples collected for five and ten hours. Accord
ingly much of the sulfate and/or sulfite appears 
to relate either to fuel sulfur oxidized in the 
flame or to carbon-SOz interaction. 

The sulfate levels in Experiment l represented 
5-15% of the l·reight of carbon collected and 0.1-
l.O% of the S0 2 passing through the filter. If 
carbon collected on a filter 1ms able to convert 
S02 to sulfate ( or fix so2 as sulfite) 1·rithout 
being saturated then the sulfate observed on 10-
hour filter samples 1-rould exceed the sum of the 



sulfate observed on the t1vo successive five-hour 
samples. The observed mean sum, for hro trials, 
85 ~g compares to the mean 10-hour value 95 ~g. 
Thus, if carbon was functioning as a catalyst, it 
was relatively ineffective. 

The SOz concentration measured near the filters 
varied from 0.18 to 0. 3Lf ppm as five-hour average 
values. At the conclusion of the experiment the 
flame 1fas turned off and the instantaneous 802 
concentrations was observed to decrease from 0.41 
to 0.13 ppm. This implied that the difference, 
0.28 ppm 802 , resulted from oxidation of the 
sulfur compounds present in the acetylene. The 
ratio of fuel-related/added SOz was, at that 
moment, 2.2. This ratio at other times during 
the experiment is unknmm. 

. The LBL staff tried various techniques to ob
tain sulfur-free acetylene but was unsuccessful. 
Accordingly, the second experiment 1>ras run to 
serve as a "blank" for Experiment 1; no S0 2 was 
added to the system. The results are shown in 
Table 2 and indicate a reduced level of sulfate 
collected, in vg, but a similar level of sulfate, 
expressed as a percent of carbon, to that in the 
first experiment. Thus, it appears that most, if 
not all, of the observed sulfate in Experiment 1 
was due to fuel sulfur which had been oxidized to 
S03-, and/or sulfate by the flame and that 
S02 added dmmstream of flame remained almost 
completely unconverted even though the tempera
ture vras initially high. In two cases, the 
sulfate observed vras less than that expected 
from SOz-filter interactions. The cause of this 
behavior is unclear. 

As part of Experiment 2 the volatility be
havior of the collected soot 1-ras studied in air 
at atmospheric pressure. The results indicated 
40-45% loss of carbon on heating the collected 
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soot to 200°C. The carbon remaining non-volatile 
at :::._ 200°C, can be used as an upper limit esti
mate of the graphitic carbon present in the soot. 

In the third experiment the carbon-loaded fil
ters were subsequently exposed to 0.1 ppm S02 at 
two relative humidities, 50 and 90%. Because of 
the fuel sulfur, filters contained an initial 
sulfate level prior to deliberate S02 exposure. 
The results are shmm in Table 3. Interpretation 
of these results is complicated by several fac
tors. Carbon vras collected on the filters in hro 
batches of four each. \h thin each batch the 
carbon level collected varied from filter to 
filter (mean C.V. "'25%). Since the filters were 
collecting fuel-related sulfate as well, the wg 
sulfate 1wuld be expected to sho1f similar varia
tion . 

In Experiments 1 and 2 the sulfate observed 
ranged from 5 to of the carbon formed. The 
sulfate observed in Experiment 3 remains in all 
cases, within this following so 2 exposures. 
In the series run at R.H. the sulfate, as a 
percent of carbon, appears to decrease vith in
creasing exposure to S0 2 while at 90% R.H., an 
increase vas noted. Hovrever, the 
bili ty in the control samples ( 
S02 exposure, prevents conclusions of 
sulfate formation at 90% R.H. 

We conclude that conversion of so 2 to sulfate 
on soot at relative humidities 30 to 90% does not 
appear to be a significant phenomenon either on 
suspended soot particles or on soot pre-collected 
on filters under the conditions studied. 

FOOTNOTES 

*The 1>ret chemical method used for sulfate did not 
distinguish sulfate and sulfite. 



Table 1 

Results of Experiment la 

Average Carbon Sulfate 
Filter Sampling so2 Collected Collected Sulfate as 
~ Time (hrs) ~ ()lg) ()lg) % of Carbon 

l.;lA 1st 5 0.18 457.7 

70.3b 9 

45A 2nd 5 0.34 307.1 

42A 1st 5 0.18 534.1 82.0 15 

46A 2nd 5 0.34 321.2 17.2 5 

43A 10 0.26 828.3 107.5 13 

44A 10 0.26 750.7 83.0 11 

aExposure conditions: Average Relative Humidity at filters 32% 
Temperature at filters ~ 24.6 + .9°C 
Temperature at so2 injection point = 297 ~ 6°c 

% B02 
Converted 

to Sulfate 

0.32 

1.03 

0.12 

0.49 

0.37 

bFilters 41A and 45A combined and extracted together. The amount shown is the total 
sulfate for the two 5-hour filters. 

Table 2 

Results for Experiment 2a 

Average Carbon Sulfate % S02 
Filter Sampling S02 Collected Collected Sulfate as Converted 
I. D. Time (hrs) ~ (~!l) (~!;l) % of Carbon to Sulfate 

47A 1st 5 .16 412.4 56.8 lh 0.81 
5lA 2nd 5 .14 383.8 28.8 8 0.47 
48A 1st 5 .16 427.6 64.8 15 0.91 
52A 2nd 5 .14 369.5 26.7 7 0.44 

49A 10 .15 693.6 89.4 l3 0.69 
50 A 10 .15 705.4 65.4 9 0.51 

aExposu.re conditions: Average Relative Humidity at filters 41% 
Temperature at filters = 28 ! 2°c 
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Table 3 

Results of Experiment 3 

0.1 EJ:>m S02 50% R.H. 

Sampling Sulfate 
Filter Time Carboll Collected Sulfate as 
I. D. (Hours)a ~ (~g) % of Carbon 

B 0053A 0 391.7 52.5 13 

B 0054A 6 442.9 50.3 ll 

B 0055A 6 449.2 47.9 ll 

B 0056A 24 633.7 51.4 8 

0.1 :er:m so2 90% R.H. 

B 0057A 0 299.4 21.4 7 

B 0058A 6 353.6 23.8 7 

B 0059A 24 527.2 44.3 8 

B 0060A 24 517.5 55.6 ll 

aExposure time to 0.1 ppm SOz not including the time for pre
loading the filters. 

bConditions during the initial exposure for loading filters 
with carbon : 

802 concentration (from fuel) ~ .19 ~ .01 ppm 

Relative Humidity at filters 7l ~ 3% 

Temperature at filters = 29 ~ 2°C 
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CHEMICAL AND BIOLOGICAL ASPECTS OF ORGANIC PARTICULATES 
IN REAL AND SIMULATED ATMOSPHERES 
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Joachim P. Schmid and Dennis R. Fitz 
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Riverside, CA 92521 

and 

William L. Belser, Jr., Gregory B. Knudson, and Paul M. Hynds 
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ABSTRACT 

The discovery of direct mutagenic activity, as determined by the Ames Salmonell~ typhimurium rever
sion assay, in the organic fractions of ambient aerosols collected throushout Sourpern C~Jifornia, led 
us to investigate the reactions of benzo(a)pyrene (BaP) deposited on glass fiber filters with ambient 
photochemical smog, as well as with 03, N02, and peroxyacetyl nitrate (PAN) in simulated atmospheres. 
A variety of products are readily formed, including phenols, diphenols, dihydrodiols, quinones, etc. 
Directly mutagenic nitroderivatives are formed upon exposure of BaP (a carcinogen) and of perylene 
(a non-carcinogen) to 1 ppm of N02 in air containing traces of nitric acid (~10 ppb). If such reactions 
occur in urban atmospheres they may account in part for the "excess" carcinogenicity (over BaP and 
certain other polycyclics)observed in organic particulates collected from smog and exhausts of gasoline 
and diesel engines. Howeve~ historically, such gas-solid interface processes may also have occurred on 
the filters used in particulate sampling. Thus the possibility of "filter artifacts" must be recognized. 

It has been known for over two decades that 
extracts of the organic fraction of condensates 
from auto exhaust and from particulates collected 
in ambient urban air in the U. S. are carcino
genic \vhen administered subcutaneously to mice 
1,2, Subsequently, this effect was seen in 
experimental animals administered extracts from 
ambient particulates collected in 1954 from Los 
Angeles photochemical smog3 and in seven U. S. 
cities4. Similar results have been found \·dth 
ambient samples collected in major urban centers 
throughout the world. 

The carcinogenicity of the neutral fraction of 
organic particulates has been mainly attributed 
to the presence of PAH such as BaP and benz(a)
anthracene. However, a large number of other 
PAH have also been identified recently in ambient 
rarticulates5,6, auto exhaust7 , diesel engine 
exhaustS and in soil near mountain highways9. 

In addition to PAH, other chemical carcinogens 
have been identified in ambient particulates, 
especially aza-arenes such as benzocarbazoles 
in the neutral fraction and benzacridines and 
dibenzacridines in the basic fractionlO,ll;l2,13, 
14 

However, it is noteable that the observed car
cinogenicity in animals or transformation in 
cell cultures is significantly greater than can 
be accounted for by the amounts of carcinogenic 
polycyclics present in the samples administered 
3,4,15-19, 'thus, Gordon and coworkers 
reported that in airborne particles collected 
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in the Los Angeles area, the benzene extract had 
100 to 1000 times the cell transformation 
activity attributable to its BaP content. 
Furthermore, the methanol extract, while con
taining only about 1/30 of the BaP in the total 
sample, had activity comparable to the benzene 
extract 20 

With respect to auto exhaust, Mohr and coworkers 
studied the effects of the condensate on the 
Syrian golden hamster lung. They concluded not 
only that the condensate displayed a carcinogenic 
effect (100% rate of multiple pulmonary tumors) 
but also "Considering the relatively low total 
dose of BaP contained in the condensate, this 
pronounced neoplastic response cannot be 
explained alone by the effects of this well knmvn 
carcinogenic hydrocarbon".18 

Elucidation of the compound(s) responsible for 
this "excess carcinogenicity" is complicated by 
the fact that, during transport in the atmos
phere, in the presence of light, oxygen, water 
and a spectrum of co-pollutants, such as N02, 03, 
etc., primary organic pollutants, including PAH, 
may undergo a variety of chemical and physical 
transfonnations. Thus, ambient organic particu
lates are very complex mixtures and their 
detailed analysi.s by conventi.onal chemical (e.g., 
ge-ms) techniques alone is diffi.cult i.ndeed. 
However, it is axi.omati.c that reli.able evaluati.on 
of the impact on man of environmental contam
inants requires accurate delineation of the dose
response curves. Thus, despite the complexity 
of the system, it is essential that we acquire 
detailed knowledge of the physical and chemical 



We first performed experiments in which BaP, 
deposited cw ,.;rashed and fired glass fiber filters 
of the type used in ambient sampling, \vas 
exposed in the dark to particle-free, pure air 
containing (a) 03 [11 parts per million (ppm), 
exposure time 24 hours at a flmv rate of 3 cubic 
feet per minute (cfm)], (b) N02 (1. 3 ppm, 24 hr, 
1 cfm), and (c) PAN (1.1 ppm, 16 hr, 3 cfm). All 
these exposures resulted in the formation of 
directly active mutagenic products. Control runs 
\vith BaP exposed to pure air (24 hr at 3 cfm) and 
with blank filters exposed to N02, 03 or PAN were 
also included. These did not yield any direct 
mutagens. 

After extraction, of the filters, the products 
and unreacted BaP \vere separated by thin layer 
chromatography (TLC). The major TLC bands were 
then analyzed by mass spectrometry and were 
tested for mutagenic activity with Salmonella 
typhimurium strains TA1535, TA1537, TA1538, TA98 
and TAlOO, with and without addition of a 
mammalian metabolic activation system [0.5 ml of 
rat liver S-9 mix.] For comparison purposes, a 
sample of 9 mg of BaP incubated for 30 minutes 
at 37°C with liver S-9 mix was analyzed and 
tested in the same way. 

As shown from the TLC bands in Figure 1, BaP 
reacted with 03 and Pili~ to form a variety of 
oxygenated products and \vith N02 to form 
nitro derivatives. As expected, the TLC bands 
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containing the unreac ted BaP (Rf = 0. 7 7) were 
not directly active and required metabolic 
activation. The bands containing the BaP
quinones (Rf = 0.54) were complex and contained, 
in addition to the inactive quinones, a directly 
active compound as yet unidentified. 

Treatment of BaP with liver S-9 mix resulted 
in the appearance of a complex TLC band as seen 
with ambient smog but not with the single gases 
(Figure 1). This contained directly active 
mutagens. Its Rf (0.35) and the molecular 
\veight of its components (MW = 268) are consis~· 
tent with those of isomers of hydroxybenzo(a)
pyrene. 

Exposure of BaP to 1 ppm of N0 2 containing 
traces of nitric acid (~lo ppb) resulted in the 
appearance of only one major TLC band. This 
contained a directly active mutagen \vhose Rf 
(0.74) and MW (297) \vere consistent \vith the 
nitrobenzo(a)pyrene (nitro-BaP) structure. 

By changing the TLC solvent system described 
in Figure 1 to toluene alone, the band contain
ing nitro-BaP \vas further resolved into t;vo 
bands, one yellmv and one orange, the latter 
having a lower Rf value. From the mass spectra 
and ultraviolet-visible spectra shown in Figure 
2, and by comparison with those of authentic 
samples synthesized according to Dewar65, we 
assign the structure 6-nitro-BaP to the component 
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Figure 1. Thin layer chromatograms of products formed upon exposure of BaP (6-10 mg, deposited on tvo 
8 x 10 in. Gelman AE glass fiber filters) to pure air, ambient smog, 03, PAN and N02 and upon 
treatment of BaP \vith liver S-9. Each TLC band (separation on Merck silica gel plates No. 
5763) vas recovered in methanol and analyzed by methane chemical ionization mass spectrometry 
(CI-MS, direct introduction probe). Each band (solid line= major, dashed line= minor) shows 
the molecular weight(s) of the product(s) found in it. Also shmvn are the products identified 
by CI-MS in each band (first column from left) and the TLC Rf values (second column). See 
text for exposure levels, experimental conditions and results of mutagenic assay. 
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nature of the constituents of particulate matter, 
both PM{ and others. Furthermore, we must do so 
insofar as possible, at, or near, the site of 
their impact upon the biological target. 

Because of the chemical complexity of ambient 
particulates and auto exhaust,and because 
animal tests for suspected carcinogens are time 
consuming and expensive, experiments directed 
to establishing the identity of the compounds 
responsible for the "excess" carcinogenicity 
have been in general relatively limited. Recent
ly however, a rapid and relatively inexpensive 
microbiological assay for mutagenic activity has 
been developed by Ames and co-workers21-23 
It is a reverse mutation system employing 
histidine-requiring mutants of the bacterium 
_Salmonella typhimurium. In tests of some 300 
compounds, about 85 to 90% of the known carcino
gens were also found to be mutagens, while the 
number of false positives and negatives ranged 
from 10 to 15%24. This observation has been 
confirmed by other investigators25 and the Ames 
test is no\·l generally recognized as a useful, 
though by no means exclusive, screening test for 
chemica 1

6 
mutagens in complex environmental z -32 

samples . 

We have been using the Ames te?t to screen for 
mutagenic activity in particulate samples 
collected from real and simulated atmospheres, 
and as a means of obtaining microbiological clues 
to the chemical nature of the compounds respon
sible for the "excess" carcinogenicity. 

In 1975 the mutagenicity of organic fractions 
from particulates collected at several sites in 
the Los Angeles Basin \vas demonstrated using the 
Ames assay system33. This phenomenon has now 
been reported in studies in Ohmura and Fukuoka, 
Japan34, Kobe, Japan35, Buffalo, New York and 
Berkeley, California36"' New York City, New York37 , 
and Chicago, Illinois36. 

Recently, He collected 23 samples of airborne 
particulates at 11 urban sites in California's 
South Coast Air Basin39,40. Results of the 
Ames tests can be summarized as follo\vs: 

e All 23 samples exhibited frameshift-type 
mutagenic activity \vi thou t requiring metabolic 
activation with strains TA1537, TA1538 and TA98. 

e All solvent and filter blanks 11ere inactive. 

® Typically, assay of 0.1 to 2 mg of airborne 
organic particulates resulted in a five to 20-
fold increase in the number of histidine revert
ants per plate above the background of spontan
eous revertants in strains TA1537, TA1538 and 
TA98, and in up to a two-fold increase in strain 
TAlOO. 

e No activity 1vas observed in any of the 
assays with strain TA1535, which is reverted by 
base-pair substitution mutations. 

® Hicrosomal activation by S-9 solution did 
not increase the activity of the majority (20 
out of 23) of the samples tested. 
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e Assay of extracts of a size-resolved sample 
collected in downtown Los Angeles revealed that 
all mutagenic activity was associated with 
organic species present in particles of diameter 
1.1 micron or less. This is consistent with the 
well-documented distribution of organic particu
late pollutants such as BaP with respect to 
particle size41-44 

As noted earlier, the carcinogenic activity of 
organic fractions extracted from ambient partic
ulates taken from the Los Angeles atmosphere is 
\vell kn01vn, so that our finding frameshift-type 
mutagenic activity in all urban samples is not 
surprlslng. m1at is interesting chemically is 
that metabolic activation was not required for 
any sample. In fact, addition of S-9 had an 
enhancing effect in only three out of 23 samples. 
Thus, these urban particulates must contain 
mutagens other than the carcinogenic PN1, such 
as BaP, ~Vhich require such activation. This is 
consistent ~Vith the numerous observations of 
"excess" carcinogenicity in animal or in cell 
transformation activity discussed above, and the 
low average csncentrations of BaP in the Los 
Angeles Basin . 

We recently proposed that the presence of these 
direct mutagens in ambient particulates may be 
clue in part to the reactions of BaP and other 
PAH ~Vith such species as nitrogen dioxide, ozone, 
peroxyacetyl nitrate (PAN), singlet molecular 
oxygen (0216), and free radicals present in 
photochemical smog such as OH and H0245,46. If 
some of the products formed in these reactions 
are analogous to the metabolites of BaP and other 
PM{ in mammalian cells47,48,49, reactions of PAH 
in exhaust effluents and in the atmosphere could 
account for the presence of directly active 
mutagens in urban particulates. 

Relevant to the postulated importance of oxida
tive processes during atmospheric transport of 
PAH are several reports of the carcinogenic 
activity of polar fractions of organic particu
lates4,20, 50-52, products of ozonized gaso
lines53 and eroducts of oxidation of aliphatic 
hydrocarbons:>4 and of the toxicity of the photo~· 
oxidation products of a commercial fuel oil55. 

There are also several reports that BaP and 
other PAH readily undergo photochemical trans
formations when adsorbed on a variety of support 
materials such as filters. silica gel and carbon 
(soot) particles3, 7,56-59. 

Finally, there is evidence that polycyclic 
quinones are present in ambient particulates 
and that they may be formed atmospheric 
photooxidation of PAH60-63 

In order to test our hypothesis that oxidative 
reactions of PAR in the atmosphere may lead to 
the formation of directly active mutagens, we 
conducted one set of experiments in which the 
carcinogen BaP, and perylene, reportedly a non
carcinogeni4 ' 64 , \vere each exposed to pollutant 
gases under simulated atmospheric conditions and 
one set in which BaP was exposed to the gases in 
ambient photochemical smog. 
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Figure 2. Ultraviolet-visible (uv/vis) spectra in methanol (left)and electron impact mass spectra 
(right) of 6-nitro-BaP, 1-nitro- and 3-nitro-BaP, and 3-nitro-perylene fonned upon exposure 
of BaP or perylene to N02. Also shown are the formulas and uv/vis spectra of the parent 
PAR (left). 

present in the yello>v TLC band while the orange 
TLC band consists of a mixture of the 1-nitro 
and 3-nitro isomers. 

As shown in Figure 3, both 6-nitro-BaP and the 
mixture of the 1-nitro- and 3-nitro-BaP isomers 
are direct mutagens in the Ames test. They are 
directly active with strains TA1537, TA1538, 
TA98 and TAlOO which are reverted by frameshift 
mutagens. Addition of liver S-9 significantly 
enhanced their activity in strains TA1537, TA1538 
and TA98, and reduced the activity of the 1-nitro
and 3-nitro-BaP mixture with strain TAlOO. 

Dose-response curves for the authentic samples, 
also shown in Figure 3, are in good agreement 
with those of the nitro-BaP isomers formed upo~ 
exposure of BaP to N0 2• No activity was found 
with strain TA1535 which is reverted by base
pair substitution mutations. 

Since exposure of BaP, a knmm carcinogen and 
activatable mutagen, to ppm levels of N02 results 
in the formation of mutagenic nitro-derivatives, 
it seemed interesting to see if, under the same 
conditions, similar products could also be formed 
from a non-carcinogenic PAH. To address this 
point, N02 exposure studies were repeated with 
perylene, an isomer of BaP present in ambient 
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14 64 air and emitted in many combustion processes ' , 
including vehicle exhaust. Unlike BaP, we found 
perylene to be non-mutagenic with or without S-9 
in the Ames reversion assay (Figure 3d). 

Perylene deposited on glass fiber filters was 
exposed to 1 ppm of N02 for 24 hours at a flo1v 
rate of 1 cfm. The major resulting TLC band 
(brick-red color on silica gel) consisted of 3-
nitroperylene, identified on the basis of its 
mass spectrum and by comparison of its UV 
spectrum with literature data66,67. Both 
spectra are shown in Figure 2. When tested 1vith 
strains TA98 and TA1538, 3-nitroperylene was 
found to be a directly active mutagen 1vhose 
activity was significantly enhanced by the 
addition of liver S-9 (Figure 3). 

The above studies conducted in simulated atmos
pheres clearly demonstrate that directly active 
mutagens, including nitro-derivatives, can form 
upon exposure of PAH to gaseous pollutants. 
Additional evidence for the possible occurrence 
of such transformations in real atmospheres was 
obtained by drmving ambient photochemical smog 
through two glass fiber filters mounted in series 
for 72 hours at a flow rate of 40 cfm using BaP 
as our "model" PAH. The upstream filter col
lected ambient particulates, thus allowing BaP 
deposited on the downstream filter to be exposed 
only to gaseous pollutants. 
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Figure 3. Mutagenic activity of BaP (A), 6-nitro-BaP (B), 1-nitro- and 3-nitro-BaP (C) and 3-nitro
perylene (D) in the Ames assay system. Dose-response curves are sho\vn only for the most 
sensitive strain, TAlOO (A,B), TA98 (C) and TA1538 (D) with (+S9) and without (-S9) 
metabolic activation. Each point represents the mean of at least triplicate plates. 
Subtracted spontaneous revertant backgrounds \vere: TA100:118-130 (-S9), 130-152 (+S9); 
TA98:24 (-S9), 44 (+S9); TA1538:12 (-S9), 41 (+S9). Also shown (full circles) are the 
corresponding curves

5
for perylene (D) and for the nitro-BaP isomers (B,C) synthesized 

according to Dewar 6 . 

The results are shown in Figure 1 along with 
those of the BaP-exposure studies conducted in 
simulated atmospheres. Many of the resulting 
products \vere analogous to those formed in the 
laboratory exposures of BaP to the individual 
gaseous pollutants or in solution to the liver 
S-9 mix. On the basis of their molecular weights, 
determined by C.I.-mass spectrometry, and their 
Rf values, these oxidation products appear to 
include hydroxy-, dihydroxy- and dihydrodiol
derivatives. These are known metabolites of 
BaP in mammalian cells47. 

Since N0 2, BaP, perylene (and a host of other 
PAll) are present in auto exhaust, as well as 
emissions from, for example, coal burning fossil 
fuel power plants, it seems possible that the 
compounds 6-nitro-, 1-nitro-, and 3-nitro-BaP and 
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3-nitroperylene we isolated in these experi
ments using simulated atmospheres may also be 
formed in real atmospheric systems. Indeed, 
such nitro-PAR and/or their photodegradation 
product systems may be responsible for 
at least part of the direct mutagenicity we 
observed in the urban aerosol samples, and the 
"excess carcinogenicity" in animals cited above 
for auto exhaust and ambient particulates. 

Finally, we would like to reemphasize that our 
studies were conducted \·lith PAH deposited on the 
surface of glass fiber filters. Whether PAH 
adsorbed on the surface of airborne particles 
(soot, fly ash, etc.) will react in a similar 
fashion in the atmosphere is a matter of conjec
ture and will be investigated. This is a complex 
problem because atmospheric reactions of PAH may 



be influenced by many factors typical of surface 
chemistry as well as by pollutant levels, particle 
size, sunlight intensity, atmospheric mixing and 
transport time. Similarly, little is known 
about the extent of possible reactions of PAH 
on glass fiber filters cvidely employed for 
decades to collect ambient particulates; our 
results suggest that they may indeed be signifi
cant. Therefore, the determination of possible 
filter "artifacts" is of major importance since 
historically most evaluations of the carcino
genic and mutagenic activity of organic partic
ulates have been based upon filter samples. 
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ABSTRACT 

on the metabolic activation and carcinogenicity of polynuclear aromatic hu<trc)ca.rb<Jns 
are process in metabolic activation of some common PAH such as 
pyrene, and chrysene and their methylated derivatives is formation of 
angular ring in which one carbon terminus of the is in a 
Among the four ring unsubstituted PAH, one structural for car•cirw 
peri position to an SubstituUon of a group in the angular 
c.rease carcinogenicity while at other positions may carcinogenicity, 
when the molecule becomes Three bioassay systems ~ corrrplete and 
initia-tion on mouse skin, and mutagenesis in S. typhimuriwn TA ZOO were PAH deriva-
tives. Complete were the most sensitive to mino.r Tumor 
initiation and the of lower material results. 

INTRODUCTION 

The metabolic activation and mechanism of act~ 
ion of polynuclear aromatic hydrocarbons (PAH) has 
been the subject of intense research beginning with 
the earliest studies on the structural requirements 
for the carcinogenicity of coal tar derivatives. 
A number of reviews have thoroughly discussed de~ 
velopments in this field, especially in the period 
up until 1975 l-8. In the last 2~3 years, re-
markable progress has been made towards a thorough 
understanding of the mechanism of PAH carcinogenesis. 
This has been due, in part, to the development of 
new techniques such as high pressure liquid chroma~ 
tography and mutagenicity assays with~ typhimurium 
which are particularly well suited to studies of 
PAH activation. In addition, organic chemical 
methods of synthesis for many of the important 
metabolites have been developed and refined. In 
this review, we wi l1 d·i scuss the most recent work 
on BaP and other unsubstituted and methylated PAH. 
Structure-activity relationships among the four
six ring PAH will also be considered. Finally, we 
will discuss some results of comparisons between 
mutagenicity assays inS. typhimurium TA 100 and 
bioassays for carcinogenicity in mice. 

RECENT STUDIES ON THE METABOLIC ACTIVATION OF PAH 

The earliest evidence for the important role 
played by non~K~region dials of BaP (l, F·ig. l) in 
activation of this compound was obtained by Borgen, 
Yang and coworkers9. These workers found that 
the binding of BaP~7,8~diol (2, Fig. 1) to DNA in 
the presence of rat liver microsomes was favored, 
suggesting that this compound was a proximate form 
of SaP. Subsequently, Sims and Grover demonstrated 
that BaP-7 ,8-d·iol (in the presence of m·icrosomes) 
and the corresponding dial epoxides (3 and/or 
F·ig. n gave binding products to DNA which were 
chromatographically identical with those formed 
from BaP and DNA in the presence of liver micro-
someslO. Further studies by the same group 
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showed that hydrocarbon-DNA adducts formed in BaP 
treated human bronchial mucosa and mouse skin were 
chromatographically indistinguishable from those 
formed by reaction of land/or 1 with DNA in 
solutionll. 
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Fig. 1. Intermediates and products involved in 
metabolic activation of BaP. 

Detailerl studies on the metabolic formation of 
dial epoxides 3 and 4 and on the nature of the 
adducts formed-by reaction of BaP dial epoxides 
with nucleic acids in vitro and in vivo have been 
carried out. The structure and absolute configu~ 
ration of the major adduct formed by reaction of 
BaP with the RNA of cultured bovine bronchial 
mucosa was determined by Weinstein, Nakanishi, 
Harvey, and coworkers to be 5, which resulted 
from reaction of a single ena-ntiomer of 3 with 
guanosine 12-14. Similar results were-obtained 



after application of BaP to mouse skin; the major 
adducts resulting from nucleic acid binding were 
formed from a single enantiomer of 3, but adducts 
resulting from one enantiomer of .1 were also ob-
served 15. Diol epoxide 3 can be formed from 
BaP by stereospecific oxygenation of the 7,8 bond 
to give a single enantiomer of the 7,8-epoxide 
followed by stereospecific enzymatic hydration to 
optically pure (-)trans-7,8-diol and further 
stereoselective oxidation to a single enantiomer of 
las demonstrated by Yang and Gelboinl6. The 
formation of las the major 7,8-diol-9,10-epoxide 
isomer from BaP was demonstrated in several st~ie~ 
including an investigatifn of metabolism of BaP by 
cultured human bronchusl -20. 

Bioassays for mutagenicity, transformations 
in vitro, and carcinogenicity have, for the most 
part, supported the results of the studies of the 
molecular mode of action of BaP discussed above. 
The diol epoxide 3, (Fig. 1), a powerful mutagen, 
was more mutagenic than the isomer 4 or th]!•5 
efoxide of BaP in Chinese hamster V79 cells • 
2 -23. When the 7,8-diol was assayed in these 
cells in the presence of hepatic enzymes, it was 
also more mutagenic than BaP, but the other diolf? 
tested (4,5- and 9,10-) showed little activity . 
In the Ames assay, both diol epoxides 3 and 
4 were oowerful mutagens with 4 being the more 
active 22. Malignant transformation of M2mouse 
fibroblasts was observed to the greatest extent 
with di o 1 epoxi de l 23. 

The carcinogenicity of the 7,8-diol 2 and the 
diol epoxides 3 and 4 has also been studTed. The 
tumor initiating effect of the (+)and (-) enan
tiomers of 2 was studied. The (-) enantiomer was 
a more potent tumor initiator (promotion by tetra
decanoylphorbol acetate) than BaP and the (+) 
enantiomer was less active than BaP. These results 
support the conclusions of the ~4inding and met-
abolic studies discussed above . The racemic 
diol 2 was also active as a tumor initiator and 
complete carcinogen on mouse skin, with activity 
comparable to BaP; saturation zsf lJre 9,10-double 
bond in 2 eliminated activity ' . In another 
study, the d·iol 2 ·isolated from metabolism of BaP 
by liver microsomes, and presumably (-),was as 
active as BaP as a tumor initiator, whereas the 
~~-and 9,10-diols were significantly less active 

. All these results support the role of 2 as 
a proximate carcinogen of BaP and of 3 or 4 as an 
ultimate carcinogen. H01vever, assays-of the iso
mers 3 and 4 as tumor initiators on mouse skinhave 
shown-little activity. In one study, the anti 
isomer 3 gave only 22% tumor bearing animals, com
pared to 94% for BaP, when the compounds were 
applied in acetone26. When the diol epoxide 3 
was applied as a tumor initiator on mouse skin fn 
THF so 1 uti on, the tumor yield was increased}, but 
was still less than that obtained with BaP26 . 

Both 3 and 4 were also less active than BaP as 
init~~tors when applied to mouse skin in acetone/ 
DMSO . Neither 3 nor 4 was active as a com-
plete cal'Cinogen on mouse skin25. These nega
tive results may be due to the high reactivity of 
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epoxides 3 and 4 which may undergo solvolysis to 
inactive tetraoTs before reaching the critical 
targets. However, in another carcinogenicitystudy 
the anti-diol epoxide 3 was as active as BaP in 
inducing pulmonary adenomas in newborn mice when 
given at one fiftieth the dose. In addition, the 
racemic 7,8-diol was more active than BaP in this 
sys tern30. 

The carcinogenicity of a number of other BaP 
derivatives has also been tested. All of the 
twelve possible monohydroxy-BaP derivatives have 
been tested as complete carcinogens on mouse skin 
and all were inactive except for 2-hydroxy-BaP 
which was as active as Ba~l ,32. However, 
2-hydroxy-BaP has not been detected as a metabolite 
of BaP. The 4,5-, 7,8-, 9,10- and 11,12-epoxides 
of BaP were also tested for carcinogenic activity 
on mouse skin. Only the 7,8-epoxide showed activ
ity and this activity was less than that of BaP 
32,33. Recently we completed a bioassay of 
7,10-dimethyl-BaP as a tumor initiator. These 
studies were done in collaboration with Professor 
M. Newman, who synthesized the compound. This 
compound was inactive at the doses studied, in 
contrast to BaP. These results provide further 
evidence for involvement of the 7,8-diol-9, 
10-epoxide. 

The involvement of a 7,8-diol-9,10-epoxide as 
an ultimate carcinogenic form of BaP gave rise to 
the 11 bay region 11 theory of hydrocarbon ca r

3
c
4
i rto

genesis, proposed by Jerina and coworkers ,J5. 
According to this concept, ring opening of an 
epoxide with one carbon atom in the bay region 
(positions 10-11 in BaP) will give rise to a 
stabilized carbonium ion at the bay region (benzy
lie) position. Thus, ring opening of the 9,10-
epoxide of BaP to give a carbonium ion at position 
10 would be favored. This is supported by experi
mental data, as described above. The same reason
ing can be applied to other PAH. Thus, these 
investigators predicted that the diol epoxides 6 
and 7 (Fig. 2) derived from benz(a)anthracene and 
chrysene would be more active than the other 
possible diol epoxides which did not have a bay 
region epoxide. 

10 

Fig. 2. Structures otdenvat1ves or Denz(aJ
anthracene and chrysene and structures of 
dibenz (a,i)pyrene and 3-methylcholanthrene. 



To test this hypothesis for benz(a)a~5hracene 
the corresponding dials were synthesized and 
tested for mutagenic and carcinogenic activity. 
In the case of benz(a)anthracene, the 1,2-, 3,4-, 
5,6-, 8,9- and 10,11-diols were assayed. The most 
mutagenic and carcinogenic diol was the 3,4-diol 
wh~9h ~s capable of transformation to diol epoxide 
6 ,3 . The diol epoxide isomers of 6 and the 
Tsomers of the 10,11-diol-8,9-epoxide and the 8, 
9-diol-10,11-epoxide of benz(a)anthracene, as 
well as the 1,2-epoxide and 3,4-epoxide of 1,2,3, 
4- tetrahydrobenz(a)anthracene were also synthe
sized and tested for mutagenicity in s. typhirnuriwn 
and Chinese hamster V79 cells. Ins. typhimurium, 
the isomers of 6 were both highly active, as was 
the 1,2-epoxide-of tetrahydrobenz(a)anthracene. 
The least active derivative was the 10,11-diol-8, 
9-epoxide. Similar results were obtained with the 
hamster cells39. The metabolic formation of 
the dials of benz(a)anthracene and of the 8,9-dio~ 
lO,ll~ep~~ide Q5s 4~een described, although not 
quant1tat1vely - . 

Both 7-methylbenz(a)anthracene (7-MBA) and 
7,12-dimethylbenz(a)anthracene (7,12-DMBA) are 
carcinogenic and evidence is mounting that these 
hydrocarbons may be activated through formation of 
bay region diol-epoxides. Studies with the diols 
of 7-MBA indicated that the 3,4-diol was the most 
mutagenic and most capable of inducing cell trans
form~tion, when activated with liver microsomes 
4J,44. The 8,9-dihydrodiol of 7-MBA was more 
active than the parent hydrocarbon in inducing 
transformation of M-2 mouse fibroblasts45. 
However, the 3,4-diol of 7-MBA was the most active 
of the 7-MBA dials, when tested as a tumor ini
tiator on mouse skin, and was more active than the 
parent hydrocarbon46. These results suggest 
that the 3,4-diol-1,2-epoxide of 7-MBA may be the 
ultimate carcinogen derived from this hydrocarbon. 
Bioassay of monofluoro-7-MBA derivatives indicated 
that 5-fluoro-7-MBA was the least active and that 
fluorine substitu§~ou 7 in the 1-4 ring also de
creased act·i vi ty ' . The 1 ow activity of these 
derivatives agrees with the bay reg·ion hypothesis. 

In the case of 7,12-DMBA, a recent study by 
Baird, Dipple and Moschel indicated that binding 
of this carcinogen to DNA took place in the 1-4 
ring; this was established by comparing the uv 
spectra of_ the bound carcinogen to those of model 
compounds 48. A study of fl uori na ted- D~IBA deri
vatives was also carried out by J. t~iller, E.~liller 
and M. Newman. The results were similar to those 
found in the 7-HBA series35,47. A study of the 
binding of the 7,12-DMBA-5,6-epoxide to polyguany
lic acid showed that the adducts were formed by 
reaction of the epoxide with the 2-amino group of 
guanine, as was found for the BaP epoxide-diols49. 
However, in the case of 7-MBA, the binding prod
ucts bf the 5,6-epoxide with RNA were not iden
tical to those formed from the parent hydro
carbon50. 

Evidence for bay-region activation in the 
chrysene series is also developing (see z, Fig.2 
for nomenclature). The 1,2-, 3,4- and 5,6 dials 
of chrysene, as well as the 1 ,2,3,4,-tetrahydro-l, 
2-diol were synthesized and tested for mutagenic 
act"ivity ins. TA 100 with activation. 

179 

The 1 ,2-diol was the only active compound indi
cating activation of chrY-sene via a bay region 
dial epoxide (7, Fig. 2) 51. However, chrysene, 
like benz(a)anthracene is only weakly carcinogenic 
and it is expected that metabolic formation of 
7 would be minimal. By contrast, 5-methylchrysene 
T5-MeC, 8, Fig. 2) is a str~n% carcinogen with 
activity-comparable to BaP5 - 4. Interestingly, 
the other me;'¥·~~hrysene isomers are only weakly 
carcinogenic ' . Of further interest is the 
environmental occurrence of the methylchrysenes 
which are found in tobacco smoke at levels com
parable to those of BaP 52. 

In our laboratories, a detailed study of the 
metabolic activation of 5-MeC was undertaken using 
the Miller-Newman fluorine. probe approach. The 
following fluorinated 5-MeC derivatives were syn
thesized by unambiguous methods; l-fluoro-5-methyl
chrysene (1-F-5-MeC), 3-F-5-MeC, 6-F-5-MeC 7-F-5-
MeC, 9-F-5-MeC, 11-F-5-t~eC, and 12-F-5-MeC5'6 .. 
Each compound was tested for mutagenic-ity in 
s. typhimurium and for tumor initiating and com
plete carcinogenic activity on mouse skin. The 
results of the assays as tumor initiators indicated 
that the least active fluoro derivative was 3-F-5-
MeC; l-F-5-MeC and 12-F-5-MeC yere also signifi
cantly less active than 5-Mec5 ,58. Complete 
carcinogenicity studies gave similar results. 
These results are summarized in Fig. 3 which in
dicates that 5-MeC has 2 bay regions, 2 K-regions, 
2 non-K-regions, and 2-peri positions, but that 
only half the molecule (positions 12, 1-4) is in
volved in metabolic activation. 

Fig. 3. Metabolic activation of 5-methylchrysene 
according to the fluorine-probe approach. The 
starred positions are involved in metabolic acti
vation and the circled positions are not involved. 

To investigate the nature of the proximate 
form(s) of 5-MeC, high pressure liquid chromato
graphic (HPLC) analysis of metabolites formed in 
vitro from 5-MeC was combined with mutagenicity 
as says of these metabolites in s. typhimw'i-um 
TA 100 59. Figure 4 shows an HPLC trace of 
metabolites formed from 5-MeC upon incubation 
with Aroclor induced rat liver homogenates. Each 
peak was collected and assayed for mutagenicity 
with activation. 



The peak corresponding to the greatest activity 
was E which was identified. as the l ,2-di hydrodi o 1 of 
5-MeC (9, Fig. 2). Some activity was alsodetected 
for peak D, which was the 7,8-dihydrodiol. No 
significant activity was detected for the 9,10-
di hydrodi o 1 (peak A), 5-hydroxymethyl chrysene 
(peak F),or the chrysenols (peaks G-I). These re
sults demonstrate that 5-MeC-1 ,2-diol is a major 
proximate form of 5-MeC and are in agreement with 
the fluorine-probe studies described above.Quanti
tation of metaholite formation in this experiment 
using 5-MeC-5-l4c showed that formation of the 
1,2-diol was favored over the 7,8-diol. Bothdiols 
caul d give rise to the corresponding bay reg ·ion 
diol epoxides but, clearly, the extent to which 
these metabolites are actually formed is critical 
in determining the pathway of metabolic activation. 
Nevertheless, these experiments agree with the bay 
region hypothesis of Jerina and provide further 
evidence for its extenstion to methylated PAH. 
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Fig. 4. High pressure liquid chromatogram of 
metabo"li tes formed from 5-methyl chrysene in vitro. 

The fluorine probe approach has also been 
applied recently to di benzo (a, i) pyrene (.lQ, Fig. 2). 
In studies by Boger and coworkersbO, it was 
demonstrated that substitution of fluorine at the 
2-, 3-, or 2,10-positions of 10 resulted in a de
crease in activity, as testedby subcutaneous in
jection. Thus, the angular rings of this hydro
carbon may be involved in its activation. 
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A recent study has indicated possible bay 
region activation of the potent experimental car
cinogen, 3-methylcholanthrene (3-MC, 11, Fig. 2). 
The major metabolites from 3-MC forme~in vitro 
from rat liver microsomes were the 1-hydroxy and 
2-hydroxy derivatives, with only minor amounts of 
diols being formed. This is somewhat surprising 
since 3-MC is a powerful carcinogen. However, 
diols were formed when l-hydroxy-3-MC was in
cubated with rat liver microsomes. These diols 
were identified as the 2 diastereomeric 9,lO~iols 
of 1-0H-3-MC. Both were more active than 3-MC 
towards s. TA-100 with activation6l 

STRUCTURE-ACTIVITY RELATIONSHIPS 

The carcinogenic activities of some unsubsti
fu§eg 4-6 ring PAH are summarized in Fig. 5-8 

' ' 2. While one still cannot generalize com
pletely about structure activity relationships in 
this class, an understanding of the metabolic 
activation of certain PAH now permits more ac
curate predicliun of ctcLivlty. Among the tetra
cyclic compounds (Fig. 5), moderate activity is 
observed only when there is a free peri-position 
adjacent to an angular ring. 

The presence of a free peri position and ad
jacent angular ring is also evident for the car
cinogenic pentacyclic PAH shown in Fig. 6. Both 
dibenz(a,h)anthracene and dibenz(a,j)anthracene 
have this structural feature. However, the in
active isomer, dibenz(a,c)anthracene, has no free 
peri position adjacent to the angular rings. A 
similar explanation could account for the differ
ence in activity between benzo(a)pyrene and benzo
(e)pyrene. Some of the other compounds in Fig. 6 
f~lfill, the structural requirement forcarcinogeni
Clty but nevertheless do not show activity. 

. Among the dibenzopyrenes shown in Fig. 7, only 
d1benzo(e,l)pyrene does not have a free peri posi
tion adjacent to an angular ring and this is the 
only inactive isomer. Similarly, thefluoranthenes 
(~ig. 8) show greatest activity when an angular 
r1ng and adjacent free peri position are present. 
Thus, the most active isomers are benzo(j)fluor
anthene, benzo(b)fluoranthene, and dibenzo(a,e)
fluoranthene. Dibenzo(b,k)fluoranthene appears 
to be an exception. The activity of compounds 
having an available angular ring is consistentwith 
the "bay region hypothesis", as discussed in the 
previous section. However, metabolic studies are 
necessary on many of these compounds to define the 
nature of the active forms and the role of the ad
jacent peri position. 

Among methylated PAH, substitution of a methyl 
group in the angular ring which would be involved 
in activation of the parent hydrocarbon may de
cre~se activ~ty. T~us, 7,10-dimethylBaP was in
actlve when tested 1n both rats and mice 63,64. 
Both 7-methylBaP and 10-methylBaP were also less 
active than BaP, but 2-,3-,4-,11-, and "12-methyl
BaP were an highly carcinogenic64,-ts. 
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Substitution of a methyl group at positions 
other than the angular ring, for example in chry
sene and benz(a)anthracene, can markedly increase 
carcinogenicity, especially when the substitution 
results in steric deformation of the molecule. 
The best examples of this are 5-MeC and 7,12-DMBA. 
In the methylchrysene series, the structural re
quirement favoring carcinogenicity is a bay region 
methyl group and a free peri ~osition adjacent to 
an unsubstituted angular ring52-58. Only 5-MeC, 
the most carcinogenic isomer, fulfills this re
quirement. Similar generalizations apply to 7,12-
DMBA derivatives and to cyclopentaphenanthrenes 
47,66-68. However, exceptions are also noted; 
tor example, 4,7,12-trimethylbenz(a)anthracene, 
which has substitution in the angular ring, is 
nevertheless a potent carcinogen64. 

COMPARISON OF CARCINOGENICITY AND MUTAGENICITY 
ASSAYS FOR S0~1E PAH 

Assays for mutagenicity ins. typhimurium 
TA 100 have been used widely in studies on PAH. 
In recent work on the methylchrysenes, this assay 
as well as assays for tumor initiating activity 
and complete carcinogenicity on mouse skin were 
used to evaluate the biological effects of a series 
of closely related compounds. A comparison of the 
results in the three systems is instructive incon
sidering the most suitable bioassay for PAH. 

These comparisons can be readily made since 
all assays for tumor initiating activity and com
plete carcinogenicity have been done in our lab
oratory under standard conditions. To determine 
tumor initiating activity, groups of 20 Ha(ICR) 
female outbred Swiss albino mice were treated with 
an initiating dose of the PAH during the early 
part of the second resting phase (50-55 days) of 
the hair cycle. Each compound was applied in so
lution to the shaved mouse back. Each initiating 
PAH was given in 10 subdoses; one dose every other 
day. Ten days after initiation, promotion began 
with application of 2.5 yg tetradecanoylphorbol 
acetate (TPA) three times weekly. Promotion con
tinued for twenty weeks and tumors were counted 
weekly. For complete carcinogenicity assays on 
mouse skin, treatment also began during the second 
resting phase of the hair cycle. The PAH was ap
plied three times weekly for 65-75 weeks. Typi
cally, a dose of 5 yg PAH/100 wl acetone was ap
plied each time. At the termination of these as
says, all skin tumors were processed by standard 
histopathological techniques. 

When the six isomeric methylchrysenes were 
compared as mutagens in s. typhimuriurn TA 100, 
with activation, 5-MeC was the most mutagenic 
69,70. This agrees well with assays for tumor 
initiating activity and complete carcinogenicity; 
in both cases, 5-MeC was more active than the 
other five isomers 52. In the tumor initiation 
assays of the methylchrysenes, 3-methylchrysene 
and the other isomers also showed activity, al
though less than 5-MeC. 
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The difference between 5-MeC and the other isomers 
was much more pronounced in the complete carcino
genicity assay. This is an example of a phenomenon 
which we have frequently observed; namely, that 
mouse skin is often more sensitive to the effect 
of a PAH as an initiator, with TPA as the promoter, 
than to the PAH as a complete carcinogen. There
fore, the complete carcinogenicity assay is often 
superior for distinguishing between closely related 
compounds. However, it requires more material and 
takes longer than the initiation assay. 

A comparison of results among sevenfluorinated 
5-MeC derivatives showed that the mutagenicity as
say in S. typhirmArium TA 100 was less sensitive 
to minor differences in structure than the mouse 
skin assays. For example, the mutagenicity of 
3-fluoro-5-MeC and 5-MeC is compared in Fig. 9. 
The two compounds were equally mutagenic towards 
S. typhimurium TA 100 with activation. However, 
inspection of Fig. 10 shows that 3-fluoro-5-MeC 
was significantly less active than 5-MeC as both 
a tumor initiator and complete carcinogen; infact, 
no significant activity was detected for 3-fluoro-
5-MeC in these assays. A similar comparison is 
shown for 12-fluoro-5-MeC and 5-MeC in Figs. ll 
and 12. In both the mutagenicity and tumor initi
ation assays, the relative activity of the two 
compounds was dose dependent. At the lower doses 
in both cases, 12-fluoro-5-MeC was less active 
than 5-MeC, but this difference disappeared at 
higher doses. However, in the complete carcino
genicity assay, 12-fluoro-5-MeC was significantly 
less active than 5-MeC. These results indicate 
that the mutagenicity and tumor initiation assays 
are less able to distinguish between compoundswith 
minor structural differences than the complete car
cinogenicity assay. Nevertheless, we have found 
the Ames assay to be extremely useful in studies 
on PAH carcinogenesis, especially for detection of 
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Fig. 9. Mutagenic activity of 3-fluoro-5-methyl
chrysene (3-F-5-MeC) and 5-methylchrysene (5-MeC) 
in S. typhimurium TA 100. 



activated metabolites as discussed in the first 
section. The differences observed between these 
mutagenicity and carcinogenicity assays may bedue, 
at least partially, to differences in the activat
ing systems (rat liver homogenates vs.mouse ~kin) 
or to actual differences in mutagenic vs.c~rcino
genic activity of the metabolites formed. 
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Fig. 10. Tumor initiating activity (upper) ~nd 
complete carcinoqenicity (lower) of 3-fluoro-~
methylchrysene (:---) and 5-methylchrysene ( ---) 
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Fig. ll. Mutagenic activity of 12-fluoro-5-
methylchrysene (12-F-5-MeC) and 5-methylchrysene 
(5-MeC) in S. typhimurium TA 100. 
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Fig. 12. Tumor initiating activity (upper) and 
complete carcinogenicity (lower) of 12-fluoro-5-
methyl chrysene ( ----) and 5-methyl chrysene (--) 
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ABSTRACT 

Airborne particulate matter collected recently in New York City was sequentially 
extracted with cyclohexane, dichloromethane and acetone respectively, to extract non
polar and polar organic compound fractions. The fractions were assayed for mutagenic 
activity with the Ames Salmonella typhimurium test system. Direct-acting mutagens (no 
microsomal activation) of a wide range of polarity have been found in both the winter and 
summer aerosol samples. The moderately polar, dichloromethane extractable compounds 
exhibited the greatest activity. These results indicate the presence of biologically 
active compounds other than polycyclic aromatic hydrocarbons. Ongoing separation work 
indicates the presence of more than one compound or class of compounds although structures 
have yet to be determined. 

INTRODUCTION 

Despite many studies, relationships 
between air pollution and the etiology of 
environmental diseases remain unclear. 
One reason for this may be our limited 
knowledge of the organic compound fraction 
of the urban aerosol. It has been esti
mated that "over 99% of the organic 
pollutants in the air have never been 
determined". 1 In view of the large 
numbers of organic compounds present 2 

and the complex problems of sampling and 
analysis, identification and quantitation 
of all compounds present for the purpose 
of making judgments on possible human 
health hazards is clearly an extremely 
difficult task. 

Short-term bacterial mutagenicity 
tests 2

-
4 provide an alternate and com

plementary means for screening organic 
compound fractions of the aerosol for 
biological activity as well as a criter
ion for deciding which fractions should 
be subjected to more intensive fraction
ation and chemical characterization. The 
significance of those compounds which are 
isolated and identified with the aid of 
such a screening program can then be 
evaluated on the basis of available toxi
cological information. For those com
pounds for which such information is 
unavailable, their identification in the 
aerosol should provide an impetus for 
toxicological testing. 

We have begun such a screening 
program with the objectives of separating 
and identifying previously unidentified 
compounds which may be of significance to 
human health. Our results to date are 
reported here. 

EXPERIMENTAL 

Twenty-four hour total suspended 
particulate samples (TSP) which were 
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collected in New York City during Summer, 
1976, and Winter, 1977, were sequentially 
extracted with increasingly polar sol
vents, cyclohexane, dichloromethane and 
acetone, respectively, to separate non
polar, moderately polar and polar organic 
compounds. Extracts were filtered and 
then reduced to a 10 ml volume with a 
rotary evaporator (35-40°C). The indi
vidual cyclohexane and dichloromethane 
extracts of daily samples or composites 
of these extracts were evaporated just to 
dryness under argon at 35-40°C and re
dissolved in acetone for testing. The 
acetone extracts were reduced in volume, 
but not taken to dryness. Final sample 
concentrations, determined by weighing 
duplicate 100 yl aliquots which had been 
taken to dryness, were generally in the 
range of 0.5-5 mg/ml. 

A composite of dichloromethane 
extracts of particulate samples collected 
in August, 1977, was taken to dryness, as 
described above and redissolved in methan
ol for a chromatographic fractionation on 
a Waters Associates Model 440 High 
Pressure Liquid Chromatograph with a 
Model 660 Solvent Programmer. Separation 
was effected on a ll-Bondapak c18 column 

using 90% methanol in water at a flow of 
2.0 ml/min. Ultraviolet absorbance was 
monitored at 254 nm and 280 nm. The 
collected fractions were reduced to a 
1.0 ml volume and weights of the frac
tions were determined by weighing dupli
cate 100 yl aliquots, which had been 
taken to dryness, on a microbalance. 

Fractions were generally screened 
for the presence of direct-acting (no 
microsomal activation) bacterial mutagens 
using the Ames Salmonella typhimurium 
assay system. 3 Aroclor 1254-induced rat 
liver microsomal fraction S-9 and co
factors were used for tests employing 



microsomal activation. Testing was 
carried out at levels ranging from about 
50 to 540 vg per plate (0.1 ml). 

Results, in units of revertants per 
plate (control subtracted) are expressed 
as averages of duplicate plates. The 
standard deviation of a particular value 
is calculated as [Total revertants per 
plate pl'lE' revertants per plate for the 

1/2 control] . 

The uncertainty in values of rever
tants per yg or per m3 of air is esti
mated from the standard deviation calcu
lated above plus the uncertainty in the 
weighing procedure (approximately 10%). 

RESULTS AND DISCUSSION 

As an initial experiment, solvent 
extracts of individual 24-hour TSP 
samples were screened with 5 strains of 
Salmonella typhimurium. Mutagenic 
activity at levels 2 to 14 times higher 
than controls was found for all three 
solvent extracts. Solvent extracts of 
filter blanks were found to be inactive. 
S. typhimurium strains TA-1537, TA-1538 
and TA-98, which respond to frame-shift 
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S. !yphimurium TA-98 

Dichlorome!hane Extract 

400 
fig/Plate 

600 

mutagens, and TA-100, which responds to 
base-pair substitution mutagens, exhi
bited the greatest number of histidine 
revertants per plate. Strain TA-1535 
(base-pair substitution) showed signifi
cant activity over the control only for 
the acetone-extractable compounds. 

Dose-response relationships were 
determined for composites of Summer, 
1976, and Winter, 1977, solvent extracts 
with S. typhimurium TA-98 and TA-100. 
Results are shown in Figures l and 2. 
A summary of the results in terms of 
revertants per microgram of extractable 
organic material is presented in Table l, 
Mutagenicity, in the linear region of 
the dose response curves (Figures l and 
2), was found to be greatest for the 
dichloromethane extractable compounds 
followed by the acetone and cyclohexane 
extractable compounds. The dichloro
methane extract (Summer, 1976) exhibits 
some toxic effects on TA-100 at higher 
doses as can be seen in Figure 1. 

200 

S. typhimurium TA-100 

Dichloromethane 
Extract 

600 

Figure l. Mutagenic activity of several organic solvent extracts of airborne particu
late matter collected in New York City during August, 1976. Extracts were tested with 
S. typhimurium strains TA-98 and TA-100. 
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Two dichloromethane composites, #1 
and #2, covering the first and third 
weeks, respectively, of February, 1977, 
were tested to determine week-to-week 
variability" As can be seen in Figure 2, 
no significant difference was found for 
these two composites for either bacterial 
strain. The response of TA-100 to each 
of the extracts is somewhat higher than 
that of TA-98 for both the summer and 
winter composites. 
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Bacterial mutagenicity on a rever
tants per m3 of air basis, has been 
calculated and is reported in Table l. 
The order of activity here is acetone 
~ dichloromethane > cyclohexane. The 
shift in order occurs because acetone 
extractable materials are a larger pro
portion of the organic fraction of the 
aerosol. 

Figure 2. Mutagenic activity of several 
organic solvent extracts of airborne 
particulate matter collected in New York 
City during February, 1977. Extracts 
were tested with s. typhimurium strains 
TA-98 and TA-100. 

Table l. Bacterial mutagenicity of organic solvent extracts of total suspended 
particulate matter from New York City. 

Organic 
Solvent Extract 

CYCLOHEXANE: 
Summer, 1976 
Winter, 1977 

DICHLOROMETHANE: 
Summer, 1976 
Winter, 1977 

ACETONE: 
Summer, 1976 
Winter, 1977 

Revertants/~g-Extract 
TA-98 TA-100 

0.28±0.06 
0.34±0.06 

1.6±0.05 
L3±0.3 

0.31±0.06 
0.46±0.10 

0.9±0.2 
1.1±0"3 

2.50±0.04 
2.8±0.5 

L 9±0. 2 
0.5±0.3 
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Revertants/m3 - Air 
TA-98 TA-100 

2.0±0.4 
L 9±0. 3 

5.1±1. 6 
4.2±0.8 

L 8±0. 3 
6.5±1.4 

6. 0±1. 2 
6 .l±L 7 

8.0±0.1 
8 .6±1.6 

10.9±1.4 
7.2±4.1 



Non-polar compounds extracted with 
cyclohexane, including polycyclic aro
matic hydrocarbons (PAH) were tested both 
with and without microsomal activation. 
Slightly reduced activity was found with 
microsomal activation, as shown in 
Figure 3. Since most PAH compounds are 
not active without microsomal activation, 
this suggests the presence of other 
active mutagens. Similar results, i.e., 
somewhat reduced activity with microsomal 
activation, have been reported for ex
tracts of particulate samples collected 
in Berkeley, California 5 and Los Angeles. 6 

Seasonal differences in the response 
of S. typhimurium strains TA-98 and TA-

S typhimurium 
G No microsomal activation 
o Microsomal activation 

200 400 

fig/Plate 

TA-100 

TA-98 

600 

Figure 3. Effect of microsomal activation 
on the bacterial mutagenicity of the 
cyclohexane extractable fraction of 
aerosol samples collected in New York City. 
Aroclor 1254-induced rat liver microsomal 
fraction S-9 and co-factors were used. 
2-Acetylaminofluorene was used as a positve 
control for confirmation of the S-9 mix. 

190 

100 to the solvent extracts on a rever
tant per microgram basis are shown in 
Table 1. No significant seasonal dif
ferences were found for the cyclohexane or 
dichloromethane extracts. The acetone 
extracts, which contain polar organic 
compounds and some inorganic material, 
exhibited significantly higher levels of 
activity for the Summer, 1976, composite 
than for the Winter, 1977, composite with 
S. typhimurium TA-100 (Figure 4). 
Seasonal differences in levels of alkyla
ting agents in the acetone extracts 
paralleled the results for bacterial 
mutagenicity 7 suggesting that some of 
this activity may be due to such compounds. 

800 

600 

400 

200 400 

Summer, 1976 

S. typhimurium 
TA-100 

Winter, 1977 

S.lyphimurium 
TA-98 

Winter, 1977 
Summer, 1976 

600 800 1000 

,u.g/Piate 

Figure 4. Seasonal comparison of the 
bacterial mutagenicity of composite 
samples of the acetone-extractable 
fraction of New York City aerosol samples. 
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Additional insight into seasonal re
lationships is provided by correlations 
found between aerosol concentrations of 
the organic solvent extracts and certain 
other aerosol variables. Aerosol concen
trations of the dichloromethane extracts 
from Summer, 1976, were highly correlated 
with the cross-product of the concentra
tions of lead and ozone suggesting that 
these materials were strongly related to 
automotive emissions. 6 The dichloro
methane extracts for Winter, 1977, in 
contrast, correlated significantly only 
with vanadium 9

, a tracer for oil burning. 
Thus, while no seasonal difference in 

Table 2. Bacterial 
extract of total 

mutagenic activity was found for the 
dichloromethane extractable fraction, the 
nature and source of the materials within 
the fraction may differ from one season 
to the next. 

As the dichloromethane extractable 
material exhibited the greatest bacterial 
mutagenicity (on a revertants/~g basis) a 
composite sample of dichloromethane 
extracts was fractionated by HPLC and the 
fractions were tested. Results are 
presented in Table 2 for the original 
composite and for the fractions. Frac
tions 4 1 and 5', of intermediate polarity, 

of composite dichloromethane 

Revertants/~g ± S.D. 
~g per Plate TA-98 TA-100 

ORIGINAL COMPOSITE: 414 

207 

103 

FRACTIONS: 

(1) 
(2) 
(3) 

11 

21 

3' 

4 I * 
5 I * 
6 I 

7 I * 
8' 

10.4 

23.0 

40.0 

40.8 

22.6 

55.0 

21.5 

25.5 

High pressure liquid chromatography. 
12-hr. samples, New York City, August, 1977. 
Toxicity noted at this concentration. 

1.19±0.06 0.56±0.05(3) 

1. 36±0. 09 1.31±0.11 

1.64±0.14 1. 55±0 .19 

1.7±2.1 1.2±1.7 

0.7±0.8 0.7±0.8 

1.5±0.6 0.5±0.5 

3.8±0.9 3.1±0.7 

5.1±0.9 5 .1±1. 3 

1.7±0.5 1.0±0.5 

1.7±0.9 2.8±1.1 

0.8±0.7 0.9±0.6 

* Fractions exhibiting activity significantly higher than original composite 
sample. 
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showed 2-3 times higher levels of activity 
than the original material with both 
strains of bacteria while fraction 7' 
showed about twice as much activity with 
TA-100 only. While no gross toxic effects 
were observed for the plates, the numbers 
in Table 2 must be interpreted with 
caution as they were determined from a 
single dose (duplicate samples) rather 
than a dose-response curve due to the 
limited amounts of material available. 
The doses for the fractions were, however, 
2-10 times lower than the lowest dose 
tested for the composite sample and the 
sum of the activity of the fractions was 
equal to the activity of the original 
composite, within experimental uncertainty. 

SUMMARY AND CONCLUSIONS 

The presence of direct-acting bac
terial mutagenic compounds of a wide 
range of polarity has been demonstrated 
at comparable levels for both the winter 
and summer aerosols of New York City. 
Although the chemical identities of the 
compounds responsible for this activity 
remain to be determined, the results to 
date indicate the presence of compounds 
other than PAH in the aerosol which may 
be of concern to human health. Addition
ally, the nature and source of some of 
these materials may differ from one 
season to the next. Work is now in 
progress in our laboratory to identify 
and test the compounds responsible for 
the observed bacterial mutagenicity. 
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ABS'ERACT 

The methylene chloride extracts of several soots, containing the polycyclic aromatic hydrocarbon 
fraction, were examined for their mutagenic activity in typhimurium. Resistance to the purine 
analog 8-azaguanine was used as a genetic marker. To allow metabolism of pro-mutagens to their biologi
cally active forms, a postmitochondrial supernatant drug-metabolizing system derived from livers of pheno
barbital and/or aroclor pretreated rats was incorporated into all assays. The observed mutagenicity of 
the soot extracts was ten to twenty ·times higher than could be accounted for by ·the amount of benzo(a)
pyrene present. Synergistic activity between benzo(a)pyrene and other components of the soot extracts 
was discounted by the simple additive mutagenicity of soot extract and added benzo(a)pyrene. The pre
dominant polycyclic aromatic hydrocarbon components of a representative soot extract were quantitatively 
assayed for ·their mutagenic potential. Nine of these components were found to be mutagenic to ~~Yf:lhi

Two components, perylene and acepyrylene, exhibit more mutagenic activity than benzo(a)pyrene 
on a equimolar level. Utilizing the measured mutagenic activities of the polycyclic aromatic hydrocarbon 
components of a fresh kerosene soot sample, we were able to account for the mutagenicity of the methylene 
chloride extract by an additive contribution of its various components. 

INTRODUCTION 

Byproducts of fossil fuel combustion processes 
are found distributed throughout the environment. 
Polycyclic aromatic hydrocarbons (PCAH) are formed 
as a resul·t of the incomplete combustion of any 
organic material, and are generally found bound to 
particulate matter such as soot or fly ash. Two to 
fifteen percent of the fine particle mass in the 
atmosphere of a typical city is soot. The size 
range of these particles, 0.01-10.0 wm in diameter, 
makes the bulk of this material very likely to be 
retained in the lower respiratory tract (1). 

It has now been two centuries since the biohaz
ards of soot were first suspected. Percival Pott, 
a British physician, noted a high correla'cion be-
tween ·the occurrence of cancer of the scrotum and 
the occupation of chimney sweep (2). Since that 
time, numerous experiments have demonstrated soot 
as an animal carcinogen (3-10). Extracts of atmos
pheric particulate matter have been shown to induce 
transformation in rat and hamster embryo cells in 
culture (11) and mutation in the bacteria Salmon-----
ella typhimurium (12-16) . 

Although the mutagen/carcinogen benzo(a)pyrene 
(BaP) has been identified as one component of soot, 
fly ash, and particulate atmospheric matter, it is 
not present in high enough concentration to account 
for the high activity of these substances. 

We present here the results of our investiga
tions, demonstrating the full accounting of muta
genicity of soot extracts, utilizing a new quanti
tative bacterial mutation assay which is particu
larly well suited for the analysis of complex mix
tures (17). 
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RESULTS AND DISCUSSION 

Mutation was measured as the fraction of the 
treated bacterial culture resistant to the purine 
analog 8-azaguanine. A complete description of 
the procedure has been previously reported (17). 
BaP-induced mutation was carried out in each assay 
to act as an internal control. 

Using this assay, the methylene chloride ex
tracts of soots produced through the combustion of 
high nitrogen-, high sulfur-, and kerosene-contain
ing fuels were all found to be mutagenic at con
centrations of 20 to 50 )Jg/ml in a two-hour expo
sure (Figure 1). Initial slopes of the concentra
tion dependence of induced mutation divided by 
background mutant fraction show ·the kerosene soo'c 
to have 20 percent of the activity of pure BaP, 
the S-containing soot 13 percent, and the N-con
taining soot 11 percent. 

As BaP constitutes less than one percent of 
these soot ex·tracts, its presence could not account 
for the high activity of the soot extracts. Two 
possible explanations for this activity were ex
amined: mutagenic components could act synergis
tically with each other and non-mutagenic compon
ents with respect to their mutagenic acti vi·ty; or 
there may be other components of the soots with 
undiscovered mutagenic activity which could cumu
latively account for all of the activity of the 
soot extracts. 

The mu·tagenic activity of a soot extract and 
added BaP appears to be completely additive over a 
wide range of BaP concentrations (Figure 2) . This 
would indicate that synergism of the order neces
sary to explain soots' high activity is not occur
ring. 

To test the alternative hypothesis of other com
ponents having undiscovered high mutagenicity, the 
major components of a kerosene soot ex-tract were 



assayed for their mutagenic potential. Nine of 
the fourteen major components of a kerosene soot 
extract exhibited significant mutation in ~yphi
murium (Figures 3-·10 and Table). 
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Fig. 1. Dose-dependent mutagenicity of methylene 
chloride extracts from kerosene, nitrogen-, and 
sulfur-containing soots to S. typhimurium TM677 
in the presence of aroclor-induced post-mitochon
drial supernatant (PMS) . Each point represents 
the average of two independent determinations. 
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Fig. 2. Dose-dependent mutagenicity of benzo(a)
pyrene to S. typhimurium TM677 in the presence 
and absence of 80 yg/ml of a methylene chloride 
extract of a nitrogen-containing soot. An aroc
lor-induced PMS drug-metabolizing system was in
corporated into the assay. Each point represents 
the average of two independent determinations. 
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Fig. 3. Dose-dependent mutagenicity and toxicity of acenaphthylene to S T/16 77 in the pre-
sence o:E aroclor-induced PHS and phenobarbital-induced PMS. Each ooint reoresents the average of hvo 

independent determinations. 
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point represetns the average of two indepen
dent determinations. 
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Fig. 6. Dose-dependent mutagenicity anu toxi
city of anthanthrene to S. typhimurium TN677 
in the presence of aroclor-induced PMS and 
phenobarbital-induced PMS. Each point repre
sents the average of two independent determina
tions. 
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Fig. 9. Dose-dependent mutagenicity and toxi
city of benzo(e)pyrene to S. typhimurium TH677 
in the presence of aroclor-induced PHS. Each 
point represents ·the average of two independent 
determinations. 
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Of particular interest is the high mutagenicity 
of perylene which induced six times the amount of 
mutation as BaP on an equimolar level (Fig. 7). 
Perylene is widely distributed throughout the en
vironmen"t and although it was found to be non
carcinogenic when painted upon the skin of mice 
(18), it appears "tO be responsible for the finding 
that 40 percent of a certain population of sala
manders developed skin tumors (19). 

Acepyrylene [cyclopenta(c,d)pyrene] also exhi
bits high mutagenicity in S. typhimurium (Fig. 4). 
It constitutes 15 percent of the weight of the 

Compound 
Relative 
Mutagenic 
Activity 

Acenaphthylene 

Acepyrylene 

Pyrene 

Benzo(ghi)perylene 
+ Anthanthrene 

Coronene 

Fluoranthene 

Naphthalene 

Benzo(ghi)fluoranthene 

Phenanthrene 
+ Anthracene 

Benzacenaphthalene 

Benzofluoranthene 

Perylene 

Acenaphthalene 

Indeno(l,2,3-cd)pyrene 

Benzo(a)pyrene 
+ Benzo(e)pyrene 

4H-Cyclopenta(def)
phenanthrene 

Benzofluorene 

Fluorene 

J 

J 

J 
J 

Uncharacterized Material 

!: COMPONENTS 

MeC1
2 

Extract 

0.07 

1.5 

0.07 

<0.01 
0.09 

<0.01 

<o.o1 
<0.01 

6.0 

0.01 

l.OO 
0.11 

0.08 

<0.01 

0.20 

kerosene soot extract, and appears to be one "tO 
two times as active as BaP on an equimolar level. 
Thus, acepyrylene alone can accoun"t for almost all 
of the mutagenicity of the soot extract. 

As can be seen in the Table, the mutagenicity of 
the kerosene soot extract can now be totally ac
counted for through the additive contribution of 
i"tS PCAH components. That the complex mixture now 
appears to be somewhat less active than would be 
expected on the basis of its components may be due 
to either the impression of our estimates to to a 
partial competition for the metabolizing reactions. 

Weight 

23 

15 

8 

8 

5 

4 

3 

3 

2 

2 

2 

2 

1 

1 

1 

1 

0.4 

0.3 

18.3 

100.0 

Expected 
Relative 
Weighted 
Activity 

0.02 

0.23 

0.01 

0.00 

0.00 

0.00 

0.12 

0.00 

0.01 

0.00 

0.00 

0.39 

0.20 

Table 1. Mutagenic Activity Accounting of Kerosene 
Soot Mecl

2 
Extract. 
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SIZE DISTRIBUTION AND PHYSICAL PROPERTIES OF COMBUSTION AEROSOLS 

Kenneth T. Whitby 
Department of Mechanical Engineering 

University of Minnesota, Minneapolis, MN 55455 

ABSTRACT 

The results from combustion aerosol research on diffusion flames, premixed propane flames, diesel 
aerosols, and aerosols from automobiles on Los Angeles freeways and from catalyst-equipped cars are de
scribed. Aerosol size distributions have been modeled by fitting three log-normal distributions to the 
observed modes. The nuclei mode usually has a geometric mean diameter by volume, DGVn' in the 0.005 to 

0.04~m range, and a~ in the 1.3 to 1.7 range, and may account for most of the aerosol mass for clean-g 
burning fuels such as propane or methanol. The accumulation mode usually has a size in the 0.15 to 
0.5~m range with a ~g of from 1.6 to 2. The higher the concentration of aerosol, the greater the mass 

fraction found in the accumulation mode. If the log of the mass concentration of combustion aerosols is 
plotted vs. the log of DGV overall, then most rapidly diluted combustion aerosols are found to the left 
of a line given by mass concentration,fig cm-3, "'1.14 x l08(DGV) 6· 35 • It has been found that the ex

haust aerosol from moving vehicles is diluted very rapidly by 103 to 104, effectively stopping coagula
tion and condensation after the aerosol leaves the exhaust pipe. 

Introduction 

Since 1965, there have been significant ad
vances in our ability to measure atmospheric aero
sols, which in turn have led to a good understand
ing of the physical and chemical size distributions. 
However, these techniques have only been recently 
applied to combustion aerosols because high concen
trations, high temperatures, and the great variety 
of different sampling situations encountered make 
good size distribution measurements of combustion 
aerosols much more dHficuH than for atmospheric 
aerosols. 

Much of the work on combustion aerosol size 
distributions has concentrated on either the aero
sols produced by quite dirty combustion resulting 
from problems with the combustor itself or on the 
details of the aerosol formation process itself in 
the flame. However, the combustion aerosol charac
teristics of interest in air pollution also include 
aerosols produced by combustion that is in compli
ance from an air pollution point of view as well as 
the many processes which affect the growth and 
chemical characteristics of the aerosols from the 
flame to the mixing of the plume into the ambient 
atmosphere. 

This paper will review the combustion aerosol 
research performed by the University of Minnesota 
group over the past eight years. Since our in
terests have been primarily in the contribution of 
primary aerosols from clean combustion to the am
bient atmosphere, and because our early capabil
ities were limited mostly to size distribution 
measurements, this paper will be limited to the 
discussion of combustion aerosol size distribu
tions. 

Following are the main combustion aerosol
related experiments in which our group has been 
involved. 
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* Electrical aerosol analyzer size distribu
tion measurements of simple diffusion flames (1970). 

*Size distributions, concentration and humid
ity dependence of aerosols from premixed propane 
flames (1972 to 1977). 

* Size distributions and chemistry of aero
sols measured alongside of the Harbor Freeway in 
Los Angeles as part of the ACHEX program (1972). 

* Size distributions and chemistry of aero
sols on and alongside of the General Motors test 
track during the GM sulfate experiment (1975). 

* Size distributions and chemistry of aero
sols on Los Angeles freeways (1976). 

*Size distribution, sampling problems and 
dilut<ion of diese·l aerosols in the ·laboratory and 
on the roadway (1974 to present). 

*Size distribution modeling studies of com
bustion aerosols (1974 to present). 

Early Size Distribution Measurements of Aerosols 
from Clean Diffusion Flames 

In 1970, Husar and Whitby1 used the newly 
developed electrical aerosol analyzer (EAA) to mea
sure the size distributions produced by diffusion 
flame, burning such fuels as alcohol, wax, kero
sine, and benzene. In these experiments, a small 
wick burning the fuel was placed in a glove box 
supplied with clean air for dilution, and the aero
sols measured at the outlet after the combustion 
products had been diluted with from 100 to 400 
1/min of clean air. Typical surface area size dis
tributions showing a nuclei mode and an accumula
tion mode are shown in Fig. 1. Modal parameters 
are shown in Table 1. 

Two submicron modes, one at about 0.01 flm 
called the nuclei mode, and one in the 0.1 to 
0.5fim range called the accumulation mode, were ob
served. The cleaner the flame, the greater the 
fraction in the nuclei mode. Dirty flames from 
benzene-kerosine produced mostly accumulation mode 
particles. From Table 1, it will be noted that 



Table l. Modal and overall distribution parameters of selected combustion aerosol size distributions, 

Nuclei r~ode 

DGV, ,.urn ~ 
3 -3 

, 1um em No. Aerosol and Source 

Diesel 9 - 1.8 Kw o. 016 1.21 392 

2 Diesel 11 

3 Premixed acetylene - 0.03 1,5 L 7 X 1 o4 
oxygenl6 

5 Premixed propane3 0,007 - 1.3 - 2-5000 X 
0,05 1.6 1 o-4 

6 Premixed kerosene 17 0.05 1.5 3, 5 X 103 

7 Jet engine18 

8 Auto engine - 0.03 - 1.7 7-44 X 103 

leaded fue1 4 0.06 
30 & 50 mph 

9* 30 m from 
Harbor Freeway4 0.04 1.7 17 

16* Freeway average in 0.029 1.7 8.7 
Los Angeles 

17* G. M. Sulfate Study, 0.033 1.6 21.0 
parallel wind5 

18* G. M. Sulfate Study, 0.025 1.5 3.32 
typi ca 15 

19 Candle flame 0.020 1,56 .25 

20 Tobacco smoke 
off of end 

22 Acetone diffusion 0.017 1.42 0.26 
flame 

23 Acetone diffusion 0.028 1.44 0.64 
flame - rapid dilution 

24 Methanol diffusion 0,016 1.49 0.52 
flame 

* Difference distribution roadway - background, 

L::.S 
S L::.log Dp 

FT. COLLINS 
200 

Fig. 1. Surface size distributions of the aerosol 
produced by several diffusion flames with moderate 
dilution. Numbers under each label are the total 

. 2 -3 surface area 1n }1m em • 

202 

Accumulation Mode Overall Distribution 

DGV, 1um l 
3 -3 , ,.urn em DGV, ;urn 3 -3 VT, ;m em 

o. 12 1.9 1.8 X l 04 o. 12 l.8x 104 

0.2 1.7 5 x 1 o4 0.2 5 X l 04 

0.03 1.7 X 1 o4 

0.007 - 2-5000 X 

0.05 1 o-4 

0.05 3,5 X 1 o3 

0.15 1.8 7 X 103 0.15 7 X l 03 

0.03 - 7-44 X 1 o3 

0.06 

0.04 17 

0,17 1.9 15.2 0.09 23.9 

0.31 1.8 12.6 0.08 33.6 

0,025 3.32 

0.29 1.58 5,6 0.26 5.85 
0.64 1.9 414 0.64 414 

0.33 1.56 31.4 0.32 31.7 

o. 31 1.69 129 0.31 129.6 

0.016 0.52 

the volume in the nuclei mode, Vn, is relatively 

constant for these aerosols even though the volwne 
in the accumulation mode, Va, varies from 6 to 

414;Um3cm-3• Since the t·ime between formation in 
the flame and sampling was relatively constant at 
a few seconds, this suggests that if a higher mass 
concentration is formed by the flame, the extra 
mass coagulates over to the accumulation mode, 
leaving a relatively constant amount in the nuclei 
mode, 

Size Distributions, Concentration and Humidity De
pendence of Aerosols Produced by Premixed Flames 

In 1972, Fissan2 found that the aerosols pro
duced by a clean propane premixed flame were very 
hygroscopic, and that the number concentration 
seemed to depend strongly on the relative humidity 
of the air surrounding the flame. He found that 
the size of these aerosols was very small, on the 
order of 0.01 Jlm, 

This \vas followed up by Barsic, 3 who made a 
thorough study of the variables affecting aerosol 



size and concentration from a propane diffusion 
flame. Using a small premixed flame with as rapid 
a dilution as could be accomplished without ad
versely affecting the flame, he studied air fuel 
ratios from 0.5 to l .4, relative humidities around 
the flame from 31 to 92%, commercial and research 
purity propane, and some of the effects of varying 
the sulfur content of the fuel. Number concentra
tions were measured with a G.E. Aitken nuclei 
counter, and size distributions were measured with 
an EAA, a diffusion battery, and a parallel plate 
ion counter. 

A typical size distribution is shown in 
Fig. 2. For a fuel-rich flame diluted with unfil
tered air, three modes could be observed in the 
submicron size distribution. There were two nuclei 
modes, one a little smaller than 0.01 ~m and one 
around 0.03 ~m. An accumulation mode was only ob
served when the flame was diluted with unfiltered 
air. Apparently this mode came from transformed 
or untransformed aerosols already in the dilution 

r II<ST 
/UTl;I;.( 
i~UCLE l 

Fig. 2. Typical aerosol from a rich propane flame 
diluted with unfiltered air. Nuclei mode l is pro
duced by sulfur in the fuel; nuclei mode 2 is 
carbon, dependent on the A/F ratio. The accumula
tion mode is only observed when unfiltered air is 
used for dilution. 

Figure 3 shows that when the A/F ratio was 
stoichiometric, the volume of aerosol in the ANl 
mode was much larger than the volume in the AN2 
mode, and the volume was very dependent on the RH. 
From the fact that the volume concentration of ANl 
was dependent on the sulfur content of the fuel, 
Barsic concluded that ANl probably consisted of a 
hygroscopic sulfur compound, probably H2so4. El ec-
tron microscope examination combined with the rel
atively hydrophobic nature of the AN2 mode suggest 
that it is carbon. 

Barsic's work shows that at least three modes 
having different chemical composition and different 
origins may be observed from propane combustion. 

Size Distributions and Chemistry of Aerosols 
f~easured alongside of the Harbor Freeway in 
Los Ange 1 es dur·i ng__ the ACHE;{_ Program in 1972 

In 1972, as part of the Aerosol Characteriza
tion Experiment (ACHEX) sponsored by the Air Re-
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Nuclei mode I 

0.4 

0.3 

0.2 
<I 

' E 
0.1 

0.01 0.1 

Dp, 
Fig. 3. Nuclei modes measured by Barsic3 in the 
products of combustion of a sulfur-containing pro
pane flame at a stoichiometric A/F ratio. Mode l 
is quite hygroscopic while ~1ode 2 is not. It is 
believed that f~ode 1 is formed by the sulfur in 
the fuel. Mode 2 is carbon. 

sources Board of the State of California, aerosols 
and gases were measured at a distance of about 
50 m in the plume from the Harbor Freeway in Los 
Angeles.4 During the morning rush hour, the param
eters of the difference distribution (observed 
distribution - the background distribution) were 
found to be DGV = 0.04~m, <Yq = 1.73, and volume 
concentration, Vn = 17 ~m3cm- 3 The resolution of 
the techniques used in that study was not suffi
cient to determine whether there was a significant 
addition to the accumulation mode. However, it 
was clear that most of the aerosol was in the 
nuclei mode and smaller in size than that usually 
reported from laboratory studies in dilution tun
nels at that time. It thus appeared that the dilu· 
tion behind moving automobiles was more rapid than 
in most dilution tunnels. This rapid dilution 
stopped coagulation and condensational aerosol 
growth at a smaller size than was the case in many 
dilution tunnels. 

Size Distributions Measured on and alongside of 
the Test Roadway during the General Motors 
Sulfate Experiment 

In 1975, measurement of the size distribution 
and concentration of aerosols on and about 50 m 
from the GM Milford test track were made using a 
specially instrumented Ford sedan on the track and 
the EPA large moveable laboratory alongside.5 The 
design and major results of the overall experiment 
have been described by Cadle et al.6 and Wilson 
et al.7 Because the cars were all new, well-tuned 
and -operated automobiles equipped with catalysts, 
it was expected that the emitted aerosols would be 
primarily H2so4• Except for one run where the wind 
was almost exactly parallel to the roadway, the 
aerosols showed only a single mode having DGV = 

n 
0.025~m, Cl'g = 1.5 and Vn = 3.5~m3 cm- 3 . For the 

parallel wind case, sufficient aerosol had coagu
lated to form an accumulation mode. Parameters of 
the two modes are in Table 1. 



Size Distributions and Chemistry of Aerosols 
Measured on Los Angeles Roadways in 1976 

In 1976, as part of an EPA-sponsored roadway 
study, the University of Minnesota used its mobile 
laboratory to make measurements of aerosols and 
gases on several Los Angeles freeways under a var
iety of traffic conditions"8 Because upwind dis
tributions were easy to measure accurately, differ
ence distributions could be obtained under all 
conditions" Under all conditions of traffic, it 
was found that aerosol was added to both the nuclei 
and accumulation modes" 

Figure 4 shows the grand average size distri
bution from the seven best runs. The grand average 

3 -3 amount added to the nuclei mode was 9,2 )Jm em , 
3 -3 and to the accumulation mode, 16.3 )Jm em . Com-

parison of these 6V's with the 6V's in Fig. 4 shows 
that because of the Santa Anna conditions prevail
ing during these experiments, most of the aerosol 
measured on the freeways came from the vehicles on 
the freeway. 

<I 
; 10 

<I 

NUCLEI MODE 
DGv• 0.029pm 
SG • 1.7 
V ; 9.8 pm' /em~ 1 

I 
I 

\ I 
\ I 
I I 
I I 
I I 
I f 
\ I ACCUMULATION X OGV~ 0.!9 pm 

/\ ~G"s2::i pm3!cm5 
I \ 

I \ 
I \ 

/ ' / ' 

Dp, I'-m 

Fig. 4. Grand average volume size distribution of 
aerosol measured on several Los Angeles freeways 
showing the predominant two modes. This distribu
tion was calculated by averaging the modal param
eters and then calculatinag the distribution from 
them. 

During this study, the concentration as a 
function of distance, with the wind in cross-flow, 
was measured up to ·1 Km from the freev;ay, Exami na-
tion of the size distribution data and comparisons 
with plume models showed that the decay in nuclei 
mode concentration was entirely by dilution. This 
means that chemica ny different aerosols emitted by 
different vehicles will not coagulate together un
til long after the roadway plume has been diluted 
by the ambient aerosol if the wind is across the 
roadway at anything near normal velocities. Coagu
lation in the roadway plume will only be signifi
cant if the wind is parallel to the roadway or is 
very low in ve·locity, 

Diesel Exhaust Aerosol Size Distributions 

Beginning in 1975, Kittelson and his students 
began to apply the EAA to the measurement of diesel 
aerosols. Since he has presented a separate paper 
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at this conference describing this work, only a few 
important findings and some work on the modeling 
and comparisons of diesel exhaust size distribu
tions will be discussed here. 

One of the early size distributions is pre
sented in Fig. 5. This figure shows that a nuclei 
and an accumulation mode are observed and that they 
are strong functions of the load, 

" X 106 

'7 

' 

1:: 
\J 

£: 
:::( 

<L 
D 
Cl 

4 

;> 

~ 

Dp 

~~ I 
l( !Ollb~J~~~-'-~'-'-1-U-"-~~-

Fig. 5, Surface area-size distribution of a 6 cyl. 
open chamber diesel at idle, l/4 and full load, 
The amount in the nuclei and accumulation modes 
changes significantly with load. 

Dolan9 made an extensive study using a much 
improved sampling system developed by Verrant,lO 

Most size distribution studies have been made 
using a cascade impactor or an optical particle 
counter. Figures 6 and 7 compare one of Dolan's 
average size distributions obtained at a medium 
load with an impactor distribution measured by Vuk 
et al ,11 and an optical counter distribution mea
sured by Laresgoiti et al.12 These figures show 
that if the various kinds of data are modeled and 
compared correctly, they are in substantial agree
ment. These figures also show that the diesel aer
osol also may have a small coarse particle mode 
with a geometric mean size in the 3-4~m range. 

The procedures by which the amounts in the 
three modes can be obtained by the fitting of three 
log-normal size distributions to the individual 
modes have been descr·i bed recently by \~hit by, 13 

Thus diesel aerosols may have a nuclei, an 
accumul on, and a coarse particle mode, It is 
known that the nuclei and accumulation modes are 
primarily carbon that has stayed suspended through 
the exhaust system. The coarse mode may be aerosol 
which has been deposited on the exhaust system, ag
glomerated, and resuspended. 

Figure 7 also shows that by themselves, the 
cascade impactor (CI), the electrical aerosol ana
lyzer (EAA), and the optical particle counter (OPC) 
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are incapable of characterizing the entire diesel 
size distribution. The CI has inadequate resolu
tion below 0.5 ).lm, the EAA cannot measure above 
1 Mm, and the OPC cannot obtain reliable data below 
a'few Mm without extensive dilution. Of the three, 
the EAA probably provides the best data because 
most of the mass to be measured is normally below 
1 ,um, and the measurement can be made in situ with 
less dilution than is required by the OPC. 

Kittelson's work, as discussed by him at this 
conference, has shown that unless diesel aerosol 
is diluted to ratios in excess of 500 to l, con
densation of volatile vapors in the dilution system 
may have a significant effect on the size distribu
tion and mass concentration of the sampled aerosol~ 
Furthermore, the 1976 Los Angeles roadway studies, 
plus some more recent unpublished studies presently 
underway in our laboratory, suggest that real road
way dilution is very rapid due to the turbulence 
behind moving vehicles under most conditions. 
These recent experiments suggest that beyond 5 m 
behind a moving diesel automobile, the dilution is 
already between 103 and 104. 

Fig. 6. Comparison of three diesel engine aerosol 
number size distributions. Further data on these 
aerosols is given in Table l. 

Size Distribution Modeling of Combustion Aerosols 

It will already have been noted that the geo
metric standard deviation and geometric mean of 
multiple log-normal modes have been used to charac
terize combustion aerosols, This scheme, which was 
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originally developed for the description of atmo
spheric aerosols,.l3,14 has also been found to be 
useful for the description of combustion aero
sols.3,15 Apart from the fact that it is conve
nient, examination of combustion aerosol size dis
tributions shows that they can have up to three 
modes. Typically they have a nuclei mode with a 
DGVn in the range from 0.007 to 0.04;um, an accu-

mulation mode with a DGVa ·in the 0.1 to 0.6;um 

range, and sometimes a coarse particle mode at 
several JJm. In the case of vehicle emissions, the 
coarse particle mode seems to result from precipi
tation of fine particles on the walls of the ex
haust system and subsequent reentrainment. 

The accumulation mode seems to result primar
ily from coagulation and condensational growth of 
the nuclei mode-sized primary particles, The modal 

5 

+3 
4 

parameters of many of the aerosol size distribu
tions that have been discussed previously are tab
ulated in Table l along with a few from the litera
ture. The geometric mean diameter of the overall 
distributions is plotted in Fig. 8 vs. the total 
volume concentration. The numbers in the figure 
correspond to those in Table l. Although comparing 
these DGV's and VT's is a little like comparing 
apples and oranges, there are some general conclu
sions that may be drawn from this figure. 

Note that except for some of the diffusion 
flame aerosols (19, 20, 22, and 23), all of the 
aerosols are to the left of the dashed line. All 
of the aerosols to the left of the dashed line, 
whether measured in the laboratory or in the envi
ronment, have been diluted rapidly. It is observed 
that their size is considerably smaller for a given 
concentration. However, the more slowly diluted 
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diffusion flame aerosols have a significantly 
larger size for a given concentration. 

For the roadway aerosols (9, 16, 17, and 18), 
the concentration bar has been extended three orders 
of magnitude to higher concentrations in order to 
provide an estimate of what the probable tailpipe 
concentration was. The position of these aerosols 

to the left of the dashed line, even after 103 

dilution, shows just how effective is the rapid 
dilution at the tailpipe of a moving automobile. 

Nomenclature 

I~ 

n 

a 

volume geometric mean diameter, }Jm 

particle diameter, ,um 
-3 mass concentration, ,ug m 

-3 number concentration, no. em 
. 2 -3 

surface area concentrat1on, ~m em 

l • d l t L • 3 -3 nuc e1 mo e vo ume concen raLlOn, pm em 
. d l t t. 3 - 3 accumulat1on moe vo ume concen ra 1on,)1m em 

overall distribution volume concentration, 
3 -3 )Jm em 

oxidation ratio 

Subscripts 

nuclei mode 

accumulation mode 
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A ROLE FOR CARBON AND CARBON COMPOUNDS IN THE PARTICULATE 
EMISSIONS OF SMALL WOOD STOVES 

Samuel S. Butcher 
Chemistry Department, Bowdoin College 

Brunswick, Maine 04011 

ABSTRACT 

Emission factors for particulate matter have been measured for small wood.stoves operated under a 
variety of conditions. The emission factors, which range from 1 to 25 g(part1culate matter)/kg(fuel), 
may be represented as a simple function of stove operating parameters. The pa~ticulat~ matter samples 
lose up to 55% of their weight on heating to 175°C, indicating that a substa~t1al port1on of the 
material collected on the filters consists of volatile or decomposable organ1c matter. 

INTRODUCTION 

The northern New England states have heating 
loads which range from 6,000 to 10,000 heating 
degree days per heating season and rely heavily 
on #2 oil for residential space heating. The 
increasing cost of oil has already brought about 
a shift toward the use of indigenous fuelwoodl, 
which is mainly used in small stoves2. 

A few measurements of the em1ss1ons from fire
places and industrial scale forced-draft wood 
burners have been reported in the literature. 
On the other hand, very few measurements have 
come to light on small stoves (natural draft sys
tem, less than 100,000 BTU/hr fuel input) which 
appear to be coming into common use for cooking 
and residential space heating. 

A significant feature of many of these stoves 
is that the superfluous air leaks are minimized 
so that the combustion rate may be controlled 
by the air supplied through the inlet draft sys
tem. Convenience (longer refuel times) and 
comfort (smaller room temperature fluctuations) 
considerations cause these stoves to frequently 
be operated in an air-poor mode which results in 
incomplete combustion of the fuel. 

This paper reports an extension of our pre-
1 iminary study3 to conditions which are felt to 
more closely represent actual operating condi
tions. Measurements have also been made on an 
additional type of stove and some preliminary 
measurements have been made on a chip burner which 
employs a forced draft system and higher tempera
tures than the small stoves. A simple model has 
been developed which represents the emission 
factor as a function of stove operating conditions. 

EXPERIMENTAL 

The emission factors have been measured by a 
method described earlier3. A weighed charge of 
wood is placed on a bed of coals in a preheated 
stove and allowed to burn at a constant draft 
setting until it is reduced to an amount of coals 
similar to that present initially. The partic
ulate matter from the entire flue gas stream is 
collected on a series of glass fiber high volume 
filters. The emission rate during the combustion 
of a charge of wood is shown in figure 1. The 
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emission rate is integrated over the time of the 
burn to determine the total amount of particulate 
matter emitted for a known charge of wood. 
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Fi~. 1. Emission rate during the combustion of 
2.'17 kg of oak. 

The report describes the measurements made on 
three small stoves (Jotul #602, Franklin #2, and 
Rite1-1ay #2000) and on a ch·i p burner described by 
Riley4. The stoves are felt to be representative 
of those in common use; the chip burner has a 
greater capacity (~. 200,000 BTU/hr) and has been 
developed for commercial and light industrial 
applications. Red Oak (({uercus ~~.2_) and eastern 
white pine (Pinus _o;j:_rol:l_u.2_) have been used as fuel. 

The emission factors for the three small stoves 
range from 1 to 25 g(particulate matter)/kg(fuel) 
and are sensitive functions of the manner in which 
the stoves are operated. It has been found, how-" 
ever, that the emission factor (E) is fairly well 
represented by a function of the fuel load (m) 
and the fuel combustion rate (q). (The combustion 
rate is taken to be the heat of combustion of the 
fue·l (corrected for mo·isture content) divided by 
the length of the burn.) A number of functions 
relating E to m and q have been examined; the 
relationship E ~ A + Bm/q accounts for as much of 
the variance in the data as any of the other 
functions. The regression line for E as a func
tion of m/q is shown in figure 2 for oak and in 
figure 3 for pine. These figures include the data 
collected ear·J·ier3 and 27 burns conducted more 
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DYNAMICS OF SAMPLING AND MEASUREMENT OF DIESEL ENGINE EXHAUST AEROSOLS 

David B. Kittelson 
Daniel F. Dolan 

Department of Mechanical Engineering 
University of Minnesota 

Minneapolis, Minnesota 55455 

ABSTRACT 

This paper examines the dynamics of sampling and measurement of diesel exhaust aerosols and presents 
the results of measurements made on the exhaust of a single cylinder prechamber diesel engine. Diesel 
engine exhaust aerosols appear to consist primarily of approximately 0.02 vm diameter carbonaceous nuclei 
which have grown by coagulation into chain aggregates of approximately 0.1 to 0.2 vm diameter. These ag
gregates may also contain condensed hydrocarbons, sulfates, and other materials. The form in which these 
particles appear in the atmosphere depends not only upon processes occurring inside the engine and exhaust 
systems, but also upon the dynamics of the process of dilution in the exhaust plume, and finally upon co
agulation and condensation processes which occur after emission into the atmosphere. Because of the com
plex nature of these interactions, great care must be taken in attempting to relate laboratory measure
ments of diesel exhaust aerosols with their potential atmospheric impact. In this study an electrical 
aerosol analyzer, transmission electron microscope, and filter sampler were used in conjunction with a 
rapid dilution sampling system for measurements of particle size distribution, particle morphology, and 
total particle mass concentration. Particle size distributions were found to be bimodal with modes at 
approximately 0.02 and 0.10 vm diameter. Total aerosol mass concentrations in the exhaust were found to 
vary from about 10 to 110 mg m-3 and depended on engine load and fuel. 

INTRODUCTION 

Diesel engine exhaust particles consist pri
marily of carbonaceous nuclei which have grown by 
coagulation into chain aggregates of approximately 
0.1 to 0.2 vm mass mean diameter. A typical parti
cle is shown in Fig. 1. These particles may also 
contain condensed hydrocarbons, sulfur compounds, 
and other materials. They may contribute to en
vironmental problems including: health hazards as
sociated with the·fr inhalation and visibility re
ductions associated with light scattering and ab
sorption. Such problems may be further compounded 
by interactions between these particles and other 
atmospheric pollutants. Both health effects and 
optical properties of the particles depend on their 
particle size distributions and chemical composi
tions, which in turn depend not only upon proces
ses taking place within the engine but also within 
the exhaust plume where dilution with ambient air 
occurs. 

EXHAUST AEROSOL DYNAMICS 

It is important to examine the relationship 
between the roadway dilution process and the lab
oratory dilution process. Figure 2 compares the 
roadway dilution process with a typical di"lution 
tunnel measurement system. Measurements made by 
Verrant and Kittelsonl in the exhaust plume of a 
diesel car on a roadway suggest that at a speed of 
20m s-1, a dilution ratio of more than 100 to 1 
is reached in less than 0.5 s. Tunnels, on the 
other hand, typically achieve maximum dilution ra
tios between 5 and 20 and have transit times of 
1-5 seconds. Processes which may lead to differ
ences between dilution tunne 1 aero so 1 s and roadway 
aerosols are coagulation, condensation, evapora
tion, and chemical reactions on the particles. 
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Fig. 1. Transmission Electron Microscope Photo 
of Large Diesel Exhaust Particle 

Coagulation results from interparticle colli
sions which lead to clusters of sman primary par
ticles l"ike those shown in Fig. 1. The rate of 
coagulation given by: 

dN 2 
~-"' -kN dt ( 1) 

where N, t, and k are the number concentration, 
time, and coagulation coefficient, respectively. 
For thermal coagulation k is a function of size 



recently. Care should be exercised not to extend 
the emission factor model beyond the range of 
values of m and q represented by the experiments. 
Fuel loads ranged from 0.49 to 5.23 kg and burn 
times ranged from 0.26 to 1.95 hr in these studies. 

All data have been included in the analysis 
except where noted. The observation of occasional 
high emission factors for dry wood is consistent 
with the report by Shelton5 that significantly 
lower combustion efficiencies are observed with 
very dry wood. Apparently this results from a 
greatly increased combustion/pyrolysis rate (since 
there isn't as much water to evaporate) which, for 
constant draft setting, results in a reduced air/ 
fuel ratio. 

The measurement of the emission factor for the 
chip burner was hampered by the lack of accurate 
flow rate data. A best estimate for the chip 
burner emission factor is 0.8 g/kg, with an upper 
limit of 1.4 g/kg. 

Previously dried particulate matter samples 
from the small stoves are typically black, lose 
up to 21% of their weight on heating to 65°C, and 
about 55% of their weight on heating to 175°C. 
The particulate matter from the chip burner is very 
light in color and loses about 6% of its weight on 
heating to 175°C. 

DISCUSSION 

The particulate matter yields per unit of fuel 
energy from this work are collected in the follow
ing table along with the value for #2 oil and the 
range of values expected for the inorganic ash 
content of wood. 

Particulate matter yields per energy unit 
for residential heating systems 

System grams/l09joules 

#2 oil 
Small stoves 
Chip burner 
Ash content of fuelwood 

30 
80-1600 

60 
100-500 

The amount of particulate matter obtained from 
small stoves as well as its appearance and the fact 
that much of the inorganic ash remains behind in 
these stoves all suggest an important role for car
bon and carbon-containing compounds in the partic
ulate matter emitted to the atmosphere. On the 
other hand, the properties of the particulate 
matter obtained from the chip burner and the knowl
edge that the temperature is higher and the tur
bulence is greater than in the small stoves suggest 
a relatively more important role for inorganic 
species in the emissions from these units. 
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The results from the small stoves point out 
that those operating conditions which are most 
convenient for the stove user (large m/q and thus, 
longer refuel times) tend to produce the most 
particulate matter. At present, there seems to 
be no data available which indicates just how 
people operate their stoves. 

Two surveys1 •2 in Maine and New Hampshire sug
gested that fuelwood was providing 4-8% of the 
space heating requirement in 1976. The emission 
data, when combined with heating requirements, 
meteorological data, and an assumption of a one 
hour refuel time indicates that ambient 24 hr 
average particulate matter concentrations could 
reach 100 ~g;m3 under poor atmospheric dispersion 
conditions in northern New England communities if 
the entire space heating load were carried by wood. 
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distribution, pressure, and temperature2. Within 
the exhaust system k and N are approximately 

-9 3 -1 8 -3 2 x 10 em s and 5 x 10 particles em , re-
spectively. The pseudo first order time constant 
associated with Eq. (1) is T "' 1/kN, which is 1 s 
for the stated conditions. Under roadway condi
tions similar to those described above, dilution 
is so rapid that negligible coagulation should 
occur. However, in a typical tunnel with a 10:1 
dilution ratio and a 5 s residence time, signifi
cant coagulation may occur. 

ROADWAY DILUTION 

typical time scale <I second 

typical dilution ratio > 100 

AMBIENT AIR 

"" 
ST PLUME 

LABORATORY TUNNEL DILUTION 

typical time scale 1-5 seconds 

typical dilution ratio s- 20 
----------~~-----------

AMBIENT 
AIR 

EXHAUST PLUMM:_ T 
~" 1 PORT 

~ If------~ 
SAMPLING 

FROM 

ENGINE 

1,1 
I 

TO FILTER 
SAMPLERS ETC 

Fig. 2. Comparison of Typical Roadway and Labora
tory Dilution Processes 

Condensation and evaporation processes are 
considerably more difficult to quantify because 
neither the condensing species nor i~s concentra
tion i4 known. However, Hare et al. , Laresgoiti 
et al. , and numerous other investigators have re
ported significant organic extractable fractions 
in diesel exhaust particles collected on filters. 
This material apparently condenses on the surfaces 
of primary combustion particles sometime during 
the exhaust, dilution, or sample collection pro
cess. A simple analysis was performed in order to 
examine condensation and evaporation of a single 
component during exhaust dilution. The following 
assumptions were made: 

a. The exhaust is adiabatically diluted with 
clean, dry air 

b. The specific heats of the dilution air 
and exhaust are constant and equal. 
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c. The condensible material obeys Trouton's 
rule, i.e., 6Hvap/RT8 ~ 10.5 where 6Hvap 
is the molar heat of vaporization, R is 
the gas constant, and T8 is the boiling 
temperature. 

d. The variation of vapor pressure with tem
perature is given by the Clasius
Clapeyron Equation with 6Hvap assumed 
constant. 

e. The initial mole fraction of condensible 
in the undiluted exhaust is 20 ppm. 

f. The dilution air temperature is 300 K. 

These assumptions have been used to calculate the 
variation of the degree of saturation of the con
densible species with dilution ratio for various 
exhaust temperatures and condensible boiling 
points. Figure 3 shows the results for exhaust 
temperatures of 480 K and 600 K and condensible 
boiling points of 720 K and 810 K. All curves 
exhibit a maximum in the intermediate dilution 
ratio range between about 5 and 50 to 1. It is 
in this range that the maximum driving force for 
condensation or adsorption onto the exhaust par
ticles exists. 

DILUTION RATIO 

Fig. 3. Calculated Saturation Ratios for Conden
sible Hydrocarbons in an Exhaust Stream Undergo
ing Adiabatic Dilution with Clean Ambient Air. 
The saturation ratio isthe ratio of the partial 
pressure of the condensible to its vapor pres
sure. TE is the exhaust temperature and Ts is 
the boiling point temperature of the condensible 
species. The exhaust mole fraction of condensi
ble is assumed to be 20 ppm. Dilution air is 
assumed to be at 300 K. 



The rate of mass transfer by condensation to 
submicron particles may b2 calculated using ex
pressions given by Fuchs. These expressions may 
be rearranged to give: 

1/T = (1/m)dm/dt = D(p
00

- p
5

)f(dp,Kn)/pp (2) 

where T is the condensation time constant, m is 
the particle mass, t is time, D is the diffusion 
coefficient, p

00 
and Ps are the bulk and surface 

densities of the condensible, Pp is the particle 
density, dp is the particle diameter, and Kn is 

its Knudsen number. Using the results shown in 
Fig. 3 for exhaust and condensible boiling temper
atures of 480 and 720 K, respectively, a dilution 
ratio of 13, which gives the maximum saturation 
ratio of 1.23, a condensible molecular weight of 
400, a diffusion coefficient of 3 x 10-2 cm2 s- 1, 
and a particle diameter of 0.1 vm, gives a charac
teristic time for condensation of 81 ms. Under 
roadway conditions dilution ratios greater than 
100 are achieved in less than 0.5 s; thus the 
time available at dilution ratios between about 5 
and 50 (where the highest saturation ratios are 
obtained) may be long enough to lead to some con
densation. This may be followed by reevaporation 
at higher dilution ratios and consequently lower 
saturation ratios. Dilution tunnels operating in 
the dilution ratio range of 5 to 20 with resjdence 
time of 1-5 s make long times available at high 
saturation ratios and thus maximize the possibili
ty of condensation. In addition, particle samples 
are usually obtained using filters which are ex
posed to a stream of aerosol from the tunnel for 
many minutes. This should further encourage con
densation. Since typical filter sample collection 
times are 10-30 min, species that would condense 
and then reevaporate in a roadway situation could 
undergo chemical reactions on the surface of the 
particles (or filters). The carbon or other mate
rials in the particles might even act to catalyze 
these reactions. 

It is clear that both coagulation and conden
sation make it difficult to obtain meaningful sam
ples of diesel exhaust particles. Consequently, 
great care must be taken in interpreting measure
ments made on such particles, particularly those 
dealing with the chemical composition of condensed 
materials. 

MEASUREMENT OF EXHAUST AEROSOLS 

A program is currently under way in the Uni
versity of Minnesota Power and Propulsion and Par
ticle Technology Laboratories to develop methods 
for the sampling and measurement of diesel exhaust 
aerosols. Emphasis has been placed on physical 
measurements; i.e., size distribution measure
ments in the .01 to 1.0 vm diameter range using 
an electrical aerosol analyzer (EAA), particle 
morphology studies using a transmission electron 
microscope (TEM), and total mass measurements using 
a filter sampler. A single-cylinder precombustion 
chamber Onan MDJA engine running at 1800 RPM has 
been used as an aerosol source in all tests. The 
two-stage dilution sampling system shown in Fig. 
4 has been developed to attempt to minimize the 
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problems associated with coagulation and condensa
tion discussed previously. Dilution ratios are 
measured for each operating condition using NOx 
as a tracer. The first stage provides aerosols 
for filter sampling. Dilution ratios between 5 
and 50 and a residence time of 8 ms are typical. 
Condensation could influence filter samples ob
tained in this manner. The extent of this pro
blem is currently being explored by investigating 
the variation of total mass collected with dilu
tion ratio. 

Fig. 4. Two Stage Exhaust Dilution System 

The overall dilution ratio leaving the second 
stage is between 400 and 2000 and the total resi
dence time is 0.1 s. Consequently problems asso
ciated with condensation and coagulation are mini
mized. The second stage provides aerosols for the 
EAA. Figure 5 shows the results of the EAA mea
surements made using several different test fuels. 
In all cases the engine was operated at 1/3 load 
at 1800 rpm. The volume distribution function, 
6V/6log Dp' has been plotted against particle di-
ameter. The total volume (or mass assuming con
stant density) of aerosols is proportional to the 
area under the curve. Note that the results are 
bimodal with modes at approximately 0.02 and 0.1 
~m diameter. Little volume appears in particles 
larger than 0.5 vm diameter. The mode at 0.02 ~m 
is probably associated with primary particles 
formed by the combustion process whereas the mode 
at 0.1 ~m probably results from coagulation of 
these particles during the expansion stroke. Such 
size distribution measurements are useful for 
several reasons: health effects of small particles 
appear to be size dependent, the optical proper
ties of aerosols are strongly size dependent, and 
because size distributions provide important addi
tional information about the mechanism of forma
tion and growth of these particles within the en
gine. 
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Fig. 5. Diesel Exhaust Aerosol Volume Distribu
tion Function, 6V/6log Dp' plotted against parti-
cle diameter. The exhaust is from an Onan MDSA 
prechamber diesel engine operating at 1800 rpm and 
1/3 load. 

Figure 6 shows the variation of total aero
sol mass determined with filters and total aero
sol volume determined with the EAA with load for 
the four fuels. The results for no. 1 and no. 2 
diesel fuels (both with a cetane number of about 
50) and 50 cetane reference fuel fall on essen
tially the same lines. The 40 cetane number ref
erence fuel produces both significantly smaller 
aerosol concentrations than do the other fuels and 
mean particle diameters. This fuel should have a 
longer spontaneous ingition delay period than the 
other three; apparently more complete mixing of 
the fuel and air occurs before combustion begins, 
and a smaller, more uniform concentration of par
ticles is formed within the combustion chamber. 
A more detailed examination of this behavior will 
be described by Kittelson et al.5 in a forthcom
ing paper. 

In all cases the filter mass and EAA volumes 
shown in Fig. 6 track one another very well. For 
perfect agreement and a particle density of 1 gm 
cm- 3, the curves would be coincident. The rather 
good agreement between these two very different 
measurement techniques is encouraging and adds con
fidence to the size distribution results obtained 
with the EAA. 
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ANALYSIS OF CARBONACEOUS DIESEL EMISSIONS 

D. E. Seizinger 
Department of Energy 

Bartlesville Energy Research Center 
Bartlesville, Oklahoma 

ABSTRACT 

Carbonaceous diesel emissions were sampled before and after exhaust treatment devices--catalyst, partic
ulate trap and water scrubber--for determination of particulate size distribution, particulate mass load
ing, polynuclear aromatics levels, and hydrocarbon character. Results show particulate size was on the 
order of 0.1 micron mass median diameter. Although the exhaust treatment systems exhibited no significant 
effect on particulate size, mass loading was reduced from 20 to 70 pet dependent on device. Polynuclear 
aromatics and hydrocarbon levels were reduced after exhaust treatment with the degree of reduction depen
dent on engine speed and load. 

INTRODUCTION 

The Department of Energy's Bartlesville (Okla.) 
Energy Research Center (BERC) has an ongoing pro
ject of measuring diesel emissions produced by 
engines typically used in underground mines. 
Since engine emissions are exhausted into the mine 
atmosphere, pollution levels in the mines are de
pendent on mine ventilation; therefore, reduction 
of diesel emission levels using add-on exhaust 
treatment devices could result in reducir.g mine 
ventilation requirements and may be necessary or 
desirable for environmental purposes. 

In view of these concerns, an investigative 
program is being conducted to evaluate the effect 
of exhaust emission control add-on devices on the 
carbonaceous diesel emissions including particu
late size distribution, particulate mass loading, 
polynuclear aromatics (PNA) characterization, and 
hydrocarbon characterization. 

EXPERIMENTAL EQUIPMENT AND METHODS 

Two diesel engines #1 and #2 were used as ex
haust generators with maximum horsepower ratings 
of 100 and 80, respectively. Both engines were 
four-stroke cycle, indirect-injected, light-to
medium duty engine types. These engines are used 
in light-duty trucks and mining equipment. The 
engines were operated at four steady-state speed 
and load modes (idle, idle-light load, mid-speed 
and load, full speed and load). The engines were 
fueled with #20 diesel fuel commercially available 
·locally. 

Exhaust treatment devices including oxidation 
catalysts, particulate traps and water scrubber 
were installed in the exhaust system individually 
or in series combination as shown in Fig. 1. 
The noble metal catalysts were experimental units 
of both monolithic and pelletized types. The 
particulate traps were 7~ inches 0.0., either 11-
or 22-inches long, and packed with alumina coate~ 
steel wire. An experimental water scrubber with 
improved exhaust-water contact for cooling the 
exhaust to <200° F was used. 
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Fig. 1. Diesel emission reduction devices 
installed singly or in serial combination. 

Vent 

Water 
scrubber 

Emission measurements of carbon monoxide (CO), 
carbon dioxide (C02), total hydrocarbons (HCT), 
oxides of nitrogen (NOx), (NO+ nitrogen dioxide), 
and smoke (exhaust opacity) were monitored contin
uously before and after exhaust treatment devices. 
Batch samples for hydrocarbon characterization by 
carbon number and class, oxygenates (formaldehyde, 
acrolein, and total aldehydes plus ketones), 
particulate-size distribution, mass loading! and 
PNA, benzo(a)anthracene (BaA) and benzo(a)pyrene 
(BaP), and sulfur oxides (sulfur dioxide and sul
fates) were collected and measured for all operat
ing modes before and after exhaust treatment 
devices. This discussion is limited to exhaust 
hydrocarbons in the vapor phase and exhaust partic
ulate. 

RESULTS 

Particulate Size Distribution 

Size distribution measurements of diesel ex
haust particulate produced by engine 1 were 
measured before and after 11- and 22-inch particu
late traps; and particulates produced by engine 2 
were measured before and after catalyst plus water 
scrubber. These data (Fig. 2) show the particulate 
aggregate mass diameter ranges from 0.05 to 0.25 
micron with a mass median diameter of approxi
mately 0.13 micron. 
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Fig. 2. Particulate size distribution measurements before(B) and after(A) 11-
and 22-inch particulate traps and catalyst plus water scrubber. (The solid 
bar on each size range is the mass median diameter.) 

Diesel exhaust size distribution measurements 
made at BERC using electron microscopic and elec
trical aerosol analyzer techniques show the par
ticulate size data were independent of the engines 
tested, engine operating modes, fuels tested, and 
the emission control devices tested. Kittleson, 
et. al. ,2 has reported similar diesel exhaust 
particulate size distribution data using a four
stroke cycle diesel ne fueled with #1 and #2 
diesel fuels. 

fu_<:irocarbon Characterization 

Diesel exhaust hydrocarbons from engine 2 were 
character-ized by carbon number (Cl through C23 
range) and class (saturates and unsaturates) using 
GLC techniques. 3 , 4 Samples were collected before 
and after catalyst plus water scrubber. The 
resulting hydrocarbon characterization data (Fig. 3) 
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represent only the vapor state hydrocarbons since 
the exhaust was filtered through a glass wool plug 
during hydrocarbon sample collection. 

The amount of unsaturated hydrocarbons in the 
exhaust ranged from 50 to 80 pet of the total 
hydrocarbons. C2 unsaturated hydrocarbons ranged 
from 9 to 36 pet of the total hydrocarbon depen
dent on engine mode and exhaust treatment. Usually 
c2 through c7 unsaturates were the principal light
end hydrocarbons, especially at higher power engine 
operating modes. Hydrocarbon exhaust samples col
lected after exhaust water scrubber (exhaust tem
perature <180" F) show that appreciable levels of 
C10 + hydrocarbons were not condensed by the 
scrubber and not oxid-ized by the catalyst. 
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Fig. 3. Exhaust hydrocarbon characterization by carbon number and class-
saturates vs unsaturates measured at four different engine speed and load 
operating modes. 

A Samples collected before catalyst plus water scrubber. 
B Samples collected after catalyst plus water scrubber. 
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Table 1. Diesel emission measurements before(B) 
and after(A) exhaust treatment. 

Engine mode 

Idle, 0 load 
Idle, light load 
Mid-speed and load 
Fu 11-s peed and 1 oad 

Idle, 0 load 
Idle, 1 i ght 1 oad 
~1i d-speed and load 
Full-speed and load 

Particulate 
mass loading, 

mg/m3 

B A 

CATALYST 

66 56 
63 58 

100 71 
119 93 

TRAP (11 in. long) 

79 26 
89 45 

109 70 
112 52 

A 

1.7 0.9 
1.6 0.4 
3.5 0.4 
9.6 0.1 

0.5 0.3 
0.9 0.5 
2. 3 
5.4 0 

Exhaust 
temperature, 

OF 

178 
191 
5 73 

1 '150 

160 
166 
522 

l '137 
~--------~---- -----------------

Idle, 0 load 
Idle, light load 
Mid-speed and load 
Full-speed and load 

CATALYST + TRAP 

122 34 
57 32 
90 32 

129 58 

Particulate Mass Loading 

1.4 1.0 
1.5 1. l 
1. 7 0. 7 
9. 7 0.6 

174 
148 
600 

l, 170 

Mass loading levels ranged from 25 to 130 mg/m 3 

dependent on engine operation and exhaust treat
ment (Table 1). The catalyst reduced mass loading 
levels by 20 to 30 pet compared to non-catalyst 
operation. The 11- and 22-inch particulate traps 
reduced mass loading levels about 50 and 70 pet of 
the untreated exhaust respectively; however, a 
penalty of increased backpressure (from 15 to 60 
inches of water) was experienced during prolonged 
operation (6 to 8 hours at steady-state mode) with 
exhaust temperature <850° F. The trap was self 
cleaning at exhaust temperatures >850° F (full 
speed and load) or the trap could be regenerated 
by backwashing with detergent, water, and oven 
drying while removed from the exhaust system. 

PNA Measurements 

PNA measurements were made on the benzene ex
tract of the particulate deposited on the filter. 
Liquid chromatograms of PNA extracts from partic
ulate filters collected before and after a cata
lyst with the engine operated at full speed and 
load are shown in Fig. 4. The principal peaks 
of interest are BaA and BaP which have been 
indentified as carcinogens. 5 These chromatograms 
show the catalytic reactor was 80 to 100 pet 
effective in reduction of all PNA compounds. BaP 
levels (yg/m3) measured before and after different 
exhaust treatment devices are included in Table 1. 

Table 2 shows the pet reduction of BaP, and 
pet reduction of particulate, after catalyst, 
after particulate trap, and after catalyst plus 
particulate trap with the engine operated at four 
different engine modes. These data show BaP re
duction was directly associated with increasing 
exhaust temperature through the exhaust treatment 
devices. These data also show that catalytic 
exhaust treatment reduced particulate levels only 
about 20 to 30 pet; whereas, BaP levels were 
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reduced from 45 to 99 pet with increased engine 
power. The particulate trap was more effective in 
reducing particulate levels (about 50 to 70 pet) 
and less effective in BaP reduction--approaching 
100 pet reduction of BaP only at full speed and 
load. Emission levels for the case of the catalyst 
coupled with the particulate trap were similar to 
the particulate trap data. In this series combina
tion, the catalyst appeared to have only limited 
effect on emissions. 
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Fig. 4. Liquid chromatograms of exhaust samples 
collected before and after catalyst and analyzed 
at different excitation(Ex) and emission(Em) 
wavelengths of BaA and BaP. 
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Table 2. Pet reduction of BaP and particulates vs 
engine operating mode using different exhaust 
treatment devices. 

BaP, pet Particulates, 
E::.:n'-"g.c.:i nc.::e:__:_::mo"-'d::.::e'---------'-'re'""d~u"-'ct"-'i~on"--~·_[J(;j: _ _r_~<iu_ctLo_ll 

Idle, 0 load 
Idle, light load 
Mid-speed and load 
Rated speed and load 

CATALYST 

45 
73 
88 
99 

TRAP (11 in. long) 

Idle, 0 load 
Idle, light load 
Mid-speed and load 
Rated speed and load 

29 
41 

100 

CATALYST+ TRAP 

Idle, 0 load 
Idle, light load 
Mid-speed and load 
Rated speed and 1 oad 

Sut~MARY 

25 
35 
57 
94 

15 
8 

29 
22 

67 
49 
36 
56 

72 
44 
64 
55 

The particulates in diesel exhaust range in 
size from 0.05 to 0.25 micron in diameter; the 
size appears to be independent of four-stroke 
cycle engine types tested, engine operating mode, 
and exhaust treatment devices tested. All par
ticulates were in respirable size range. 

Vapor phase exhaust hydrocarbon characteriza
tion shows 50 to 80 pet of the hydrocarbons to be 
unsaturated. 

Particulate mass loading was reduced 50 pet 
using a particulate trap at a penalty of increas
ing engine backpressure at all modes except at 
rated speed and load. The trap was regenerable 
by backwashing with detergent and water. 

PNA levels in diesel exhaust can be reduced 
significantly by catalytic treatment of the ex
haust. 
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PARTICULATE ORGANIC MATTER AND TOTAL CARBON FROM VEHICLES ON THE ROAD 

William R. Pierson 
Scientific Laboratory, Ford Motor Company 
P.O. Box 2053, Dearborn, Michigan 48121 

ABSTRACT 

Experiments in urban and highway vehicle tunnels have indicated the emission rates and characteristics of carbona
ceous aerosol directly emitted by vehicles on the road. Advantage is taken of the fluctuations in traffic composition to 
differentiate the emissions according to vehicle type. The heavy-duty Diesel trucks play the dominant role, emitting 
some 700 mg/km of aerosol carbon, elemental and combined. Carbonaceous material comprises some 2/3, by mass, of 
the vehicle aerosol. The elemental and combined carbon are present in comparable amounts, the latter primarily as long-

chain alkanes. The particles have large surface areas, reaching 90 m 2 /g when the hydrocarbon material is extracted, 
suggesting structures that are very porous and very much plugged with hydrocarbon material. Perhaps it is for this 
reason that the oxidation of so2 to sulfate on the vehicle aerosol particles is only ~ 2% even after several minutes 

residence time in the tunnel. Light scattering by the vehicle aerosol is inefficient and appears minor compared to light 
absorption, mostly by the carbon from Diesels. A simple projection of urban aerosol loadings indicates that extensive 
conversion from gasoline to Diesel automobiles could add a considerable amount of carbonaceous aerosol. 

Beginning in 1970, we have studied vehicle particu
late emissions at the Detroit & Canada Tunnel and two 

tunnels on the Pennsylvania Turnpike. 1- 9 In the Turnpike 
tunnels (Allegheny Mountain, Tuscarora Mountain), the 
average traffic composition is ~ 90% gasoline-powered 
vehicles (predominantly cars) and 10% Diesel trucks. 
Enormous variations in traffic composition (Fig. 1) permit 

"" " " " 
" " "" " 10 w " "" " 1- " ;:) 

" " z 
:i " " " " " a: " 

A 

w A 

" a. A A A A A 

" if) 
A • .. A w A A A • • .d 

" 
A® 

A A u A 

i: • A ... 
AA w " > 

®•Automobiles 

uHeavi{!r Vehicles 

0.1 
WEDNESDAY I THURSDAY 

I 
FRIDAY 

SIS S/9 SilO 

" " 
" 

... 

" " A 

" 

one to separate the contributions of cars and Diesel 
trucks to the various particulate species. The vehicle 
aerosol is isolated from the ambient aerosol by concur
rent measurement and subtraction of the latter. With 
known fluxes of ventilation air and traffic, the mg/km 
emission rates for the various species are computed. 
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Fig. 1. Visual counts of eastbound traffic, by categories, in the Allegheny Tunnel 4 to 13 August 1973. Patterns in later 
years are similar. Note that the ordinate is logarithmic. 
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The purpose of our discussion is to describe some 
chemical and physical characteristics of the carbonaceous 
component of the particulate matter from vehicles in 
roadway driving - as observed near the source, before 
photochemical processes have had a chance to act. 

Two thirds of the airborne particulate mass emitted 
by vehicles in the Turnpike tunnels is carbon - free and 
combined (Table 1 ). Of this carbon, about 40% consists of 

Table !. Average composition of vehicle aerosol, from 
the Turnpike tunnels, % by mass. 

Extractable a 28 + II 

Hb 5.5 + 0.5 

C (total) b 68 + 11 -

N 1 4 + 0.4 

Sulfate 3.7 + 2.0 

Pb 5.6 + 2.0 c 

Other elements measured (total - 8%): 
Li, B, Na, Mg, Al, Si, P, Cl, K, Ca, Sc, Ti, 
V, Cr, Mn, Fe, Zn, Br, Sr, Zr, I, Cs, Ba 

(Tuscarora Tunnel, 1977). 

alkanes. 

bFigures for Hand C include the extractable material. 
c 

Depends very much on time of year, traf:ic composition, 
etc. 

long-chain alkanes and the rest appears to be elemental 
carbon. That is, about 40% of the carbon from vehicles 
exists as CH 

3 
and aliphatic CH 2 groups extractable into 

benzene or orthodichlorobenzene, and the infra-red spec
trum (Fig. 2) shows little else. Aromatic and olefinic lines 

WAVELENGTH (MICRONS ) 

5 6 7 9 10 

2000 1800 1600 1400 

WAVENUMBER ( cm-
1 
l 

Fig. 2. Infra-red spectrum of benzene extract of airborne 
particulate matter collected in the Allegheny Tunnel 
eastbound tube 0754-1959 EDT Sunday 5 August 1973. 
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are essentially absent, aside from a small amount (more 
apparent in the o-C l {b extracts) attributable to tire 

rubber . 1- 5 There are no lines of nitro or other sub
stitutional groups, and no significant carbonyl beyond 
what was already present in the tunnel intake air (Fig. 3). 

WAVELENGTH ( MICRONS) 
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3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 
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Fig. 3. Infra-red spectrum of benzene extract of airborne 
particulate matter in the intake air (east fan room) of the 
Allegheny Tunnel 1 to 12 August 1973. 

The atom ratio H/C - 0.9 of the (unextracted) vehicle 
aerosol material (Table I) is consistent with the ratio 
(0.4) between extractable CH

3 
+ CH

2 
and total carbon. 

The diurnal and weekly patterns of particulate extract
able hydrocarbon concentration (illustrated in Fig. 4), 
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Fig. 4. Concentrations of airborne particulate alkanes 
(extractable CH + CH ) in the Allegheny Tunnel east
bound (solid JineYand in the ambient air (dashed line), 1 to 
13 August 197 3. 



total carbon, and total mass are all strongly correlated to 
truck traffic (e.g., r- 0.97) and to one another. 

At the relatively slow and erratic speeds character~ 
1st1c of the Detroit & Canada Tunnel, about half of the 
airborne particulate carbon emitted by vehicles was 
extractable (Table 2). 

Table 2. Composition of vehicle aerosol from Detroit & 
Canada Tunnel (197 3), % by mass. 

Extractable a 24 

C (total) b 43 + 5 

Pb 11 + 6 

a Not analyzed. 

bFigure for C includes the extractable material. 

The ambient aerosol, in contrast to the vehicle 
aerosol, contains by mass only - 20% carbon (Table 3) ~ of 
which the % extractable covers an enormous range. 
Especially notable is the extensive oxygenation of the 
extractable organic material (the bands at- 1710 to 1770 

em -l in Fig. 3; compare with Fig. 2). 

The vehicle~generated ~ C/ ~Pb mass ratio in the 
tunnel can be divided by the C/Pb ratio in the local air to 
give an upper limit on the fraction of the carbonaceous 
particulate matter in the outside air that could be of 
motor-vehicle origin (given that the atmospheric Pb is 
predominantly from gasoline~powered vehicles and that 
some of the carbonaceous material, unlike the Pb, is 
labile). Table 4 suggests that the upper limit is 1/4 
(driving in Detroit) to 1/2 (highway driving). 

The measurements in the Detroit & Canada Tunnel 
in Table 3 also fix an upper limit of ~ 4 for the C/Pb 
aerosol mass ratio from automobiles in an urban driving 
regime (fluctuating speeds, speed limit 30 mi/hr). 

From measurements at the Summer Tunnel in 1961 
and 1963, the motor vehicle was estimated to be the 
source of some 47 to 74% of the airborne extractable 

. . 10~12 
carbonaceous particulate matter m Boston. Our 
data at Allegheny, showing particulate-mass HC/Pb- 4.5 
from vehicles and - 9 in the outside air (Table 4), suggest 
that at least half of the hydrocarbon particulate matter at 
this rural site was from non-automotive sources even 
though the roadway and tunnel were nearby. 

There are several detailed studies 13- 17 of the 
organic particulate matter from spark-ignition and Diesel 
engine exhaust; hundreds of compounds have been identi-

fied, 14, 15 the commonest by mass being alkanes of chain 
lengths in the c24 to c33 region, generally presumed to 

represent or originate from the engine lubricant and the 
heavier fuel hydrocarbons. It should be noted that the 
presence of these compounds in the particulate phase is in 
spite of gas-phase partial pressures far below saturation. 

Table 3. Composition (examples) of ambient aerosols,% by mass. 

Extractable CH 3 + CH 2 
H c 

c c 

N 

Sulfate 

Pb 

Allegheny and 
Tuscarora 
Mountains a 

4.3 d 

4 + 4 d 

21 + 9 d 

6.5 + 0.6 d 

21+ + 10 d 

0.4 e 

Detroit 
(16m above 
street 

22 

19 

1.3 

Dearborn 
( 12 m b 
from road) 

25 

19 

f 

f 

2.7 

a Also measured (total- 7%): Li, B, Na, Mg, AI, Si, P, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, 
Zn, Se, Br, Rb, Sr, Zr, Ag, Sb, I, Cs, Ba, La, Ce, Eu, Lu, 
Hf, Ta (Tuscarora, 1977). 

bRotunda Drive, a 4-lane suburban artery. 

cFigures for H and C include the extractable material. 

dTunnel intake air. ---

eOn radio tower on top of Allegheny Mountain. 

fNot measured. 
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Table 4. Summary of vehicle and ambient C/Pb and HC/Pb mass ratios. 

C/Pb (CH
3 + CH 2 )/Pb 

Vehicle a Ambient Vehicleb Ambient 

Detroit & Canada 4 + 15.5 + 3 -
Allegheny, Tuscarora 13 + 5 25 + 10 4.5 9.4 

concentrations corrected for intake-air concentrations, i.e., /':, C/ /':, Pb. 

b /':,(CH/CH2)/ /':,Pb. 

Rubber tire debris comprises 1 to 15% (depending on 
driving conditions, road surface, etc.) of the airborne 

carbonaceous mass from vehicles. 1- 5 Part of it is rubber 
hydrocarbon, some of which is degraded (devulcanized, 
etc.); and part of it is carbon black. 

Certainly one of the salient features of the vehicle 
aerosol is its large BET specific surface area - up to 30 

m 2/g, or as high as 90 m 2/g after removal of extractable 
organic material (Table 5). The fact that the extraction 
of the organic material representing only ~ l/4 of the 
mass produces a many-fold increase in specific surface 
area, and the fact that the size distribution of the 
extractable hydrocarbon (extrapolated mass median equiv
alent diameter - 0.5 ]lm, Fig. 5) resembles that of the 
gross particulate mass (m.m.e.d.- 1 ]l m), evokes a picture 
of the vehicle aerosol particles as porous or open networks 
very much plugged with condensed hydrocarbon material. 

The foregoing picture may explain why the 

SOi'" so4- 2 conversion in the Turnpike tunnels was only 

- 2%, despite carbon loadings and so 2 concentrations 

"' 1 o2 
Jl g/m 3, several minutes residence- time, and many 

hours exposure of the aerosol deposit to so
2 

during 
5-7 

collection; namely, a layer of hydrocarbon on the 
carbon surface may quench the process. (In the labora-

tory, very rapid and extensive so
2 

+ so
4
- 2 conversion on 

combustion-soot-particle surfaces had been reported.) 18 

The so2 and airborne carbon generated in the tunnel 

originate mostly from Diesel trucks. 5-7 The 2% conver
sion is the same as is found in dynamometer/dilution-tube 

studies of Diesel exhaust. There is some evidence 19 that 

the % -2 so2 +SO 4 conversion and gross particulate 

loading in Diesel exhaust tend to track each other. To
gether, these observations suggest that Diesel-exhaust 
so 2 oxidation on carbon occurs, but only within the ex--

haust system (or at least faster than - 2 seconds, the 
residence time of exhaust in a dilution tube) before being 
quenched by hydrocarbon condensation, and that little 
further oxidation occurs in the tunnel air. A corollary of 
this scenario is that so 2 oxidation on carbon explains the 

SO 4- 2 emissions from Diesel vehicles - 30 to 35 mg/km in 
5-7 the case of the heavy-duty rigs. 

Table 5. Summary of BET specific surface areas (Kr at 77°K), m 2/g. 

Initial After extraction 
by benzene by o-C 1

2
(/J 

Detroit & Canada Tunnel 
aerosol 1+. 7 42 
wall deposit 0.45 9.1 

Allegheny Tunnel 
aerosol 31 57 91 
dustfall in tunnel 0.3 1.3 7.7 

Ambient 
Detroit 3.1 11.2 

Dearborn a 
I to 3 6 12 to 25 

al2 meters from a 4-lane suburban roadway (Rotunda Drive) 
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PERCENT OF MASS IN PARTICLES 
SMALLER THAN STATED SIZE 

Fig. 5. Size distribution of extractable alkanes in the 
airborne particulate matter in the Allegheny Tunnel 
eastbound tube 10 to 13 August (Fri.-Mon.) 1973. 

Light scattering in the Tuscarora Tunnel is dom
inated by the Diesel trucks, but even so is inefficient; 
the mass attenuation coefficient for scattering is only 

1.8 ± 0.4 m 2/g (or, for Diesels alone, 3.1 m 2/g).8 But the 
total light extinction coefficient of Diesel aerosol -
scattering plus absorption (from opacity and mass meas-

20 2 
urements) - appears to be ~ 8 m /g. And from data 

from the Caldecott TunneJ 21 one can extract a mass 

absorption coefficient of ~ 5 m
2
/g carbon for the carbon 

in a vehicle aerosol. Thus it seems probable that light 
extinction along a roadway, to the extent that it is sig
nificant at all, consists mostly of absorption by aerosol 
carbon - which comes mostly from Diesel vehicles. 

Diesel trucks are responsible for most of the 
airborne particulate mass, total carbon, and hydrocarbon 
generated by vehicles in the Turnpike tunnels; the 
respective average percentages are 89%, 91%, and 80%. 
The mg/km emission rates from cars and Diesels are listed 
in Table 6. These rates were determined by regression of 
emission rate (mg per vehicle-km) vs. traffic composition 
(% Diesel trucks) as detailed in reference 7 and as 
illustrated in Fig. 6. 

Undoubtedly, the exhaust is the ongm of the car
bonetceous aerosol associated with Diesels. The relatively 
low carbon content of the dustfa!l, wall dirt, and gutter 
debris in the tunnels ( ::._ 20%, Table 7; compare with 
Tables 1 and 2) shows that re-entrainment is unimportant. 
A tendency of filters in the tunnel to clog is strongly 
associated with Diesel traffic, reminiscent of the be-

havior 22 of Diesel exhaust particles in dynamometer 
experiments. The composition (Table l)- that is, the H, 
C, N content - and the apportionment of carbon between 
elemental and combined are consistent with reported 
properties of Diesel exhaust (refs. 16, 17, 19, 20, 22-26; 
also see Table 13 of ref. 5). The infra-red spectrum of the 
extracted material (Fig. 2) is indistinguishable from the 

spectrum 16 of extractable Diesel-exhaust particulate 

matter. Diesel exhaust particles have 28 to 50 m 2/g 

specific areas, 27 ' 28 similar to that encountered at 
Allegheny (Table 5). Specific surfaces of that magnitude 
would correspond to carbon spheres in the nuclei-mode 
size range, typical of combustion/condensation aerosols 
and typical also of the individual spherical carbon par-

ticles in the Diesel-exhaust-aerosol agglomerates. 20 

Finally, our inferred hydrocarbon coating appears amply 
demonstrated in recent studies of Diesel exhaust aero-
sol. 20,28 

Table 6. Airborne particulate emission rates, mg/km - averages from the Turnpike 

tunnels. a 

Cars Diesel trucks 

Total mass 20 + 14 988 + 103 - -
Carbon c 9 lJ 695 + 290 + -

Hydrocarbon ll + 5 272 + 50 -

aThe results are the least-squares regr·essions of the form 

~~ = a + b • (% Diesel-powered) 

where mg/km from cars = a 

and mg/km from Diesels = a + l OOb. 

b Average correlation coefficients from the various experiments. 

cTotal, free and combined. Includes hydrocarbon listed in next row. 
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0.98 

0.97 

0.85 



mgC 
Km 

% GASOLINE POWERED 

Fig. 6. Plot of particulate carbon emission rate (mg per 
vehicle-km) vs. traffic composition (gasoline-powered 
vehicles, % oftotal), Tuscarora Tunnel eastbound 18 to 24 
August 1976. Each point represents one of 10 consecutive 
12-hour runs. Least-squares regression in this example 
gives 3 ± 7 mg/km from gasoline-powered vehicles (pre
dominantly cars), 661 ± 24 mg/km from Diesel trucks, 
!ri=0.99L 

Table 7. Carbon and Pb content of tunnel dustfall, wall 
deposit, and gutter debris, %by mass. 

c Pb 

Dust fall a 20% 0.53% 

Wall d . b eposJt 19 0.35 

Walkway gutters a 17 0.28 

Roadway gutters a 8.8 0.19 

Topsoi{ 0.0013 

a Allegheny Tunnel 

bDetroit & Canada Tunnel 

c70 meters from Turnpike near Allegheny 

The amount of settleable particulate matter gen
erated by vehicles in the Allegheny Tunnel (- 9 g/km 
over-all) outweighs the amount of airborne material 
(0.16 g/km over-all average) by nearly two orders of 

magnitude.5 The chemical differences between the 
airborne and settled material (compare Table VII with 
Table I) indicate that most of the latter does not come 
from engine exhausts. Despite the low carbon content of 
the settled material, the g/km amount far exceeds that of 
the airborne carbon. Tire debris accounts for a few 
percent of the carbon in the gutters but about half of the 
carbon in the wall deposits and dustfall in the tunnels. 

To summarize: Our experiments demonstrate the 
dominant role of Diesel exhaust in the area of primary 
automotive particulate emissions, and the dominant role 
of carbonaceous matter in these emissions. Elemental and 
combined carbon are seen in comparable amounts, the 
latter mostly as alkanes. The material is found to have a 
huge surface area per unit mass, which signifies that 
environmental assessment of vehicle emissions should give 
serious attention to this feature. Further work on optical 
effects should consider light absorption, the light scat
tering being relatively feeble. Other questions that call 
for further study are: What is the adsorption process by 
which so much hydrocarbon is held in the condensed 
phase? Since so much of the carbonaceous material is 
alkanes, what happens to them in the atmosphere? 

Finally, one should consider carbonaceous Diesel 
particulate from the standpoint of what it would do to Los 
Angeles if present-design Diesel cars supplanted some 
fraction x of the spark-ignition cars (0 < x<l). It would 
increase the particulate loading in Los Angeles by some 

30x 11 g/m 3, i.e., by 30x96, mostly carbonaceous ma
terial. If x becomes large enough, this could be a serious 
problem. [ The estimate is obtained by noting that 

atmospheric Pb levels in the LA. basin are a few 11g/m 3 

(e.g., 3 ].Jg/m 3 in 197229), that airborne Pb emission rates 
5 10-12 . 

on the road ' or m dynamometer simulations of 

urban driving30- 38 at the 1972 prevailing Los Angeles 
gasoline Pb levels are - 25 mg/km, and that the average 
particulate emission rate from a light-duty Diesel is ~ 300 

/k 
17,19,22-24,26,39,40] mg m. 
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CARBONACEOUS PARTICLES IN COAL FLY ASH 
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ABSTRACT 

The relative mass contribution and numerical abundance of carbonaceous particles in coal fly ash is 
described. The materials studied ~Vere stack-collected fly ash samples obtained by in situ size-classi
fication into four fractions. The carbon content based on residue analysis of the four fractions was 
less than 0.3% of the total mass. Light microscopic analysis indicated that the abundance of carbonaceous 
particles was small relative to other particle types. Single particle X-ray analysis supported the light 
microscopic identification of the carbonaceous particles. The relative abundance of carbonaceous par
ticles increased with the size of the particulate fractions. In contrast, mutagenicity studies indicated 
increased biological activity with decreasing particle size. 

INTRODUCTION 

In our assessment of the bio\)nvironmental sig
nificance of combustion by-products associated 
with fossil fuel utilization in electric power pro
duction, we are evaluating in detail the physical 
and chemical properties and biological activity 
of coal fly ash. We 1 have estimated that, in 
1974, coal-fired power plants generated 60 million 
metric tons of fly ash of which 2.4 million metric 
tons were emitted to the atmosphere. The fly ash 
resulting from conventional coal combustion tech
nologies consists predominantly of aluminosilicate 
spheres, although a variety of morphological par
ticle tn)es are present. 1 Volatile trace elements 2 

as well as relatively refractory elements 3 have 
been demonstrated to be enriched in fine fly ash 
fractions. A surface enhancement of many trace 
elements has been observed. 4 Organic compounds 
including polynuclear aromatic hydrocarbons have 
also been reported to be associated with fly ash 
surfaces. 5 ,6 Furthermore, it has been postulated 
that surface crystal growth may result from S02 
oxidation to H2S04 with subsequent formation of 
alkaline-earth sulfates. 7 Also, matrix hetero
geneity of morphologically similar fly ash parti
cles has been demonstrated. 8 Thus, the existing 
data on the physical and chemical properties of 
fly ash indicate the complexity of this material 
in terms of physical and chemical heterogeneity 
and size-dependent properties. 

This report will evaluate the relative abun
dance of carbonaceous particles in coal fly ash 
and will compare the abundance to the demonstrated 
biological (mutagenic) activity of fly ash ex
tracts. 
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~1ATERIALS AND ~-1ETHODS 

As previously described, kilogram quantities 
of fly ash were aerodynamically fractionated in 
situ from the stack breeching after the electro
static precipitator of a coal-fired electric power 
plant, burning low-sulfur, high ash, high moisture 
coal.lO The specifically designed fractionator 
consisted of a series of two cyclone separators 
and a 25-jet centripeter. The resulting four frac
tions were collected directly in aluminum hoppers 
(cyclone fractions) or on fiberglass fabric fil
ters which were pulsed at 2-minute intervals with 
high velocity jets of air and thence to aluminum 
containers (centripeter fractions). The four size
classified fractions had volume median diameters 
(VMD's) of 20.0, 6.3, 3.2, and 2.2 ym with asso
ciated geometric standard deviations of approxi
mately 1.8. 

Chemical analysis of matrix and trace elements 
have been performed by atomic absorption spectro
scopy (AAS) at the Radiobiology Laboratory, by ion 
chromatography at Brigham Young University, and by 
instrumental neutron activation analysis (INAA) at 
the Lawrence Livermore Labor a tory .11 Sample pre
paration for AAS analysis involved room temperature 
digestion in HF-H3B03. 12 

Light microscopic investigations of the fly 
ash fractions indicated that the fly ash was com
posed of a variety of morphological particle types .1 
We have defined eleven major classes of coal fly 
ash particles: (A) amorphous, non-opaque; (B) 
amorphous, opaque; (C) amorphous, mixed opaque and 
non-opaque; (D) rounded, vesicular, non-opaque; (E) 
rounded, vesicular, mixed opaque and non-opaque; 
(F) angular, lacy, opaque; (G) non-opaque, ceno
sphere (hollow sphere); (H) non-opaque, plerosphere 
(sphere packed with other spheres) ; (I) non-opaque, 
solid sphere; (J) opaque, sphere and (K) non-
opaque sphere with either surface or internal crys
tals. On the basis of these morphological classes 



Table 1. Hajor Element Composition (%) of Fly Ash Fractionsa 

Element Fraction Fraction 2 Fraction 3 Fraction 4 
(VHD = 20 vm) (VMD = 6. 3 vm) (V~·1D = 3. 2 vm) (VMD = 2. 2 vm) 

Si 29.6 28.0 27.5 26.8 
Al 13.8 14.4 14.2 14.1 
Fe 2.55 3.09 3.14 3.44 
Ca 2.12 2.23 2.30 2,38 
rig 0.47 0.56 0.60 0.63 
Na 1.19 1. 75 1.83 1. 85 
K 0.74 0.80 0.82 0.81 
Ti b 0.62 0.76 o. 77 0.78 
so4 0.15 0.67 0.99 1. 62 
co 0.18 0.23 0.15 0.27 

Undissolved 0.22 0.20 0.21 0.27 
residue 

Total d 100.7 101.0 100.3 99.9 
as oxides 

aAnalysis by AAS 
b Aquaeous extract analyzed by ion chromatography 

°Carbon analysis by high temperature COz evolution 

dOxide totals assuming simple oxides of the major elements excluding 
carbon and undissolved residue contribution 

and their probable matrix compositions we have de
veloped a particle genesis scheme. Opacity, shape 
and type of inclusions were used as characteristics 
for classification. 

Mutagenicity studies were performed w'th the 
five Ames tester strains with and without addition 
of rat liver homogenates (S-9) which 1vere derived 
from rats ~reviously treated with polychlorinated 
biphenyl.l Tests were performed using the spot 
test methodology, as well as soft top agar pour 
plates. Extraction of the fly ash was performed 
at 37°C over a 7-day period with pooled horse 
serum. 

RESULTS AND DISCUSSION 

Major elemental composition determined by AAS 
of the four size-classified fly ash fractions is 
presented in Table l. On the assumption that the 
major elements existed as simple oxides, mass re
covery ranged from 99.9 to 101.0%. Carbon analyses 
by gravimetric COz evolution from the undissolved 
residues, which accounted for 0.15 to 0,27% of the 
total mass, indicated that the residues are predom
inantly composed of elemental carbon. Previous 
analysis of electrostatic precipitator-collected 
coal fly ash samples indicated that the carbon con
tent of the undissolved residue was similar to 
that of the parent coal. 

Based on light microscopic studies of the 
four fly ash fractions, the relative abundances of 
the 11 morphological particle types has been quan
titated as a function of particle size. 1 Two mor
phologies appear carbonaceous upon examination 
under the light microscope, i.e., class B, the 
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opaque, amorphous particles which appear similar 
to unburned coal and class F, the opaque, lacy 
particles which are sootlike. 

Elemental analyses of individual particles 
representing the eleven morphological classes have 
also been performed. 14 Scanning electron micro
scopy in combination with energy dispersive X-ray 
analysis was utilized to study the light-micro
scopically determined particle types. The amor
phous, opaque particles (class B) and angular, 
lacy opaque particles (class F) were composed of 
low atomic number matrices as determined from 
measurements of total count rates and characteris
tic X-ray production, The total count rates of 
classes B and F are significantly (p < 0.001) less 
than class I, a major morphological class. Class 
I is composed of non-opaque, solid spheres which 
appear to have aluminosilicate matrix composition. 

The relative abundances determined by light 
microscopy of classes B, F and I in the four size 
fractions are presented in Table 2. These data 
indicate that the carbonaceous particles are most 
abundant in the coarser fly ash fractions and are 
generally small contributors to the total particu
late composition. 

We have performed mutagenicity assays on 
serum extracts from the four fly ash fractions 
utilizing the Ames Salmonella assay system (Fig. 
1). Analyses of the finest fraction indicated 
that the bulk of the mutagenic activity is probably 
associated with compounds deposited on fly ash sur
faces. Furthermore, preliminary analyses indicate 
that the mutagenic activities of the coarser frac
tions, with VMD's of 20 and 6.3 vm, are approxi
mately one-tenth and one-third that of the fine 
fractions, respectively. 



Table 2, Frequency Distribution (%) of Particle Classes in 
Size-Classified Coal Fly Asha 

Particle Class Fraction 
(20 )Jffi) 

Fraction 2 
(6.3 )Jffi) 

Fraction 3 
(3.2 )Jm) 

Fraction 4 
(2. 2 )Jm) 

Class B 0.4 0,2 
opaque, amorphous 

Class F 1.3 0,6 0.3 0,3 
opaque, lacy 

Class I 25,6 56.0 79.2 87.0 
non-opaque, solid 
sphere 

a3000 particles were classified in each fraction 
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Fig. l. Effect of particle size on the mutagenic 
act1v1ty of serum extracts of size-classified fly 
ash fractions. Tests were performed with TA 1538 
utilizing 80 mg of fly ash per ml of serum, 

sm~lARY 

In summary, our studies indicate that the vast 
majority of particles in samples of western fly ash 
collected from the stack of a power plant over a 
thirty-day period are aluminosilicates. Carbon
aceous particles provide small contributions to 
either the total mass or the total light-microscop
ically determined number distribution of coal fly 
ash particles. Hutagenicity testing indicates 
that although light-microscopically classified 
carbonaceous particles are most abundant in the 
coarser fly ash fractions, the finer fly ash frac
tions are most mutagenic. 
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ABSTRACT 

The elemental and mineralogical composition and the microfossil and detritus content of particulate 
fallout from the lower marine troposphere has been extensively documented in earlier work, and it was 
possible to associate terrigenous source areas with such fallout. The lipids of eolian dusts trapped from 
the lower tropospheric air mass over the Atlantic, Pacific and Indian Oceans, and Sea of Japan have been 
investigated in this work. 

The solvent soluble organic matter consists mainly of normal alkanes (C 25 -C 33 , strong odd-to-even 
carbon number predominance), fatty acids (C12-C 26, strong even-to-odd carbon number predominance), and 
fatty alcohols (C 12 -C30 , even-to-odd carbon number predominance), with relative amounts and molecular 
weight distributions varying according to the terrigenous source area. These lipids have distributions 
predominantly characteristic of vascular plant waxes. The non-soluble organic matter consists mainly of 
plant detritus, carbon particulates and probably humates. 

Compounddistribution patterns attributable to terrigenous sources, superimposed on the autochthonous 
marine lipids have been described for Deep Sea Drilling Project sediment samples from the North Atlantic 
Ocean, where no potamic influx was evident. The major terrigenous compound series encountered are normal 
alkanes maximizing at C29 or C31 with strong odd-to-even carbon number predominances and normal fatty 
acids maximizing at C2tf or C26 with strong even-to-odd carbon number predominances. 

Based on these data it was concluded that the organic compound distributions and the mineralogy of 
eolian dusts could be correlated with the same species in certain deep sea sediments. Hence, eolian 
transport can contribute significant amounts of organic matter to certain marine sedimentary environ
ments over geologic time periods. 

INTRODUCTION 

Natural particulates from non-anthropogenic 
sources in tropospheric air masses contain bio
genic lipids (Simoneit et al., 1977). These lipids 
are derived from terrestrial vascular plants and in 
part from dessicated lacustrine muds. The parti
cles consist of plant detritus, soil and mineral 
fragments. In urban areas, the particulates and 
the associated organic compounds are derived pre
dominantly from anthropogenic activity (e.g., 
Hauser and Pattison, 1972; Simoneit et al ., 1975; 
Karasek et al., 1978). However, the-natUral back
ground o~biogenic lipids is not always supressed 
by the anthropogenic components. It is this back
ground of biolipids and particulate matter which 
will be described here in further detail. These 
examples are derived from the large tropospheric 
wind masses over the ocean. 

Darwin (1846) and Ehrenberg (1847) described 
the earliest examinations of eolian dust fallout 
in the Atlantic Ocean. They concluded that Africa 
was the most likely source of the dust based on 
the fresh-water fossil content. The identification 
of eolian material in marine sediments was initi
ally made by Radczewski (l937a,b). He used iron 
oxide-coated quartz particles (Wustenquarz) as a 
diagnostic marker for eolian dust derived from 
Central Africa. The presence of Melosiragranulata 
·in the eolian dust collected at Barbados (Delany 
et £I., 1967) and the report that this same 
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freshwater diatom species was present in deep
sea sediments of the tropical belt of the At
lantic Ocean (Kolbe, 1957) indicated the wind 
transport of these diatoms across the ocean from 
Africa. They originate in Central African lakes, 
rivers, and swamps, where after the dry season 
desiccation the fine dust from the bottom muds 
(often with plant ash and detritus) is taken up 
by the trade winds and blown out to sea (Delany 
et£I., 1967; Kolbe, 1957). 

Various dust storms blowing out to sea from 
the North African continent have been observed by 
satellite imagery and some were correlated with 
dust samples collected over the ocean at the same 
time (e.g., Prospera, et al., 1970; Parkin et al. 
1972). An example of suc~a satellite photograph 
is shown in Fig. l. It depicts a portion of the 
dust storm at 1102 GMT on May 5, 1973 (Lepple, 
1975) at Cape Timiris, Mauritania. The diffuse 
dust is seen over the dark background of the 
coastal waters (cf. insert Fig. l) and some 
cloudiness is present at the base and left edge 
of the photograph. 

Rex and Goldberg (1962) have surveyed wind
transport mechanisms and summarize three genetic 
classes for such materials: 

1. extra~terrestrial materials 
2. solids of biological origins from the 

Continents 



N 

I 
50 100mi 

,.--, 
0 100 km 

Figure l. Photograph of Cape Timiris, Mauritania obtained 
by NASA ERTS satellite (ID No. E-1286-11020, MSS 7) 
from an altitude of 910 km at 1102 GMT on May 5, 
1973. The approximate magnitude of the dust cloud 
is indicated on the insert. 
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3. solids of inorganic or1g1ns from the 
lithosphere, including debris from vol
canic activity 

The genetic class (2) above is the major contri
butor of organic matter to eolian dust and it 
includes man's activities. 

The major provinces in the World Ocean where 
eolian input to the sediments is presently signi
ficant are mainly the Atlantic Ocean (l5°N-50°N, 
jet stream; l5°S-l5°N, trade winds and rivers; 
15°5-50°5, jet stream); Indian Ocean (l5°S-20°N, 
trades; 20°S-50°S, jet stream); and some areas of 
the Pacific Ocean (l5°N-50°N, jet stream; l5°N
l50S, trades; 15°5-50°5, jet stream)(Griffin, 
al., 1968). The eolian dust veil over the At
lantic has been investigated more extensively 
than any other area (Chester, 1972). This area 
is used here as a type setting for an attempted 
correlation of organic matter in deep-sea sedi
ments with the organic matter of eolian dust. To 
illustrate the distribution of terrigenous organic 
matter in deep-sea sediments removed from river 
input, the lipids of some core samples from the 
Deep Sea Drilling Project (DSDP) are described 
here. The organic matter of some dusts from 
other areas is a 1 so detailed. 

Experimental 

The dust samples were collected by both the 
net technique (Chester et ~·, 1972) and by high 
volume filtering (Lepple, 1975). The experimental 
details of the sample handling, preparation and 
analyses have been discussed (Simoneit and 
Eglinton, 1977; Simoneit, l977a). Briefly, the 
parameters for a typical net sampling (e.g., 
sample 5 in Table l) are: 28 hours, clear 
weather, wind SSW-SW force 3-4, anemometer 697 km 
(corresponds to about 7xl0 5m3 of air sampled). 
The high volume air samplers were operated from 
5 to 60 hours per filter, depending on conditions 
(Lepple, 1975). The net collection efficiency 
is about 50% of the <2 ~m size fraction and about 
70% of the <4 ilm size fraction (Goldberg, 1971). 
The high volume air sampler traps essentially 
100% of all particles 0.3 ~m or greater india
meter (Pate and Tabor, 1962). The dusts were 
removed from both nets and filters by agitation 
and settling in distilled water (recovery about 
90%). 

The dusts were extracted with two aliquots 
of toluene and methanol (3:1) only. After cap
illary gas chromatographic (GC) and gas chroma
tography-mass spectrometric (GC/MS) analyses all 
total extracts were treated with diazomethane in 
ether in order to esterify free fatty acids and 
reanalyzed by GC and GC/MS. Some extracts were 
further derivatized with BSA reagent to silylate 
the fatty alcohols and subjected to GC and GC/MS 
analysis. The extracts from large samples were 
separated by thin layer chromatography (TLC) on 
silica gel with hexane:ether (9:1) as eluent into 
fractions corresponding to the retention times of 
hydrocarbons, esters and alcohols. These 
fractions were also subjected to instrumental 
analysis. 

The total extract fractions from the DSDP 
samples were treated with diazomethane in ether 
and subjected to silica gel TLC. The hydro
carbon and ester bands were scraped off, eluted 
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with ethyl acetate, concentrated and analyzed 
by GC and GC/MS. Preliminary analyses of the 
total extracts of these samples have appeared 
(Simoneit et al., 1973; Simoneit, l977b); 
Simoneit and Mazurek, 1978). The details of the 
instrumental analyses are found elsewhere 
(Simoneit 1977a; Simoneit and Eglinton, 1977). 

Results 

The sample locations are given in Table l 
and shown in F·igure 2. The dust loadings and 
lipids yields are also cited in Table l. The 
Saharan dusts (samples 2 and 3) are beige in 
color and yielded relatively low amounts of sol
vent-soluble organic matter. The dust loading is 
high, resulting in the high concentration of 
lipids (5-10 ng/m3). The dusts from the more 
tropical and more vegetated environments 
(samples 1, 4-10, 12-14) are gray to brown in 
color and yielded large amounts of solvent
soluble organic matter. The dust loading in most 
of these cases is low, resulting in lower over
all concentrations of lipids. 

The contents of organic carbon and clay 
minerals of these dusts have been presented 
(Simoneit and Eglinton, 1977; Simoneit, 1977a). 
Some examples of distribution diagrams for the 
n-alkanes and n-fatty acids are shown in Figure 
3. Then-alkanes exhibit maxima at mainly n-C 27 , 
n-C 2 9 and n-C31, with strong odd-to-even carbon 
number predominances (cf. CPI in Table 1). The 
n-fatty acids maximize at n-C1 6 and either n-C24 
or n-C 26 , with strong even-to-odd carbon number 
predominances (cf. CPI in Table 1). Both n
alkanes and n-fatty acids of all samples were 
distinguished from iso-, anteiso- and isopre
noidal compounds by-cDinjection of suitable 
standards on capillary GC, mass fragmentography 
and interpretation of individual low reso·lution 
mass spectra from GC/MS analyses. Mono
unsaturated fatty acids (mainly C18 • 1 and C1s:l) 
are present in most samples as significant 
components (cf. Figure 2). Some examples of 
n-fatty alcohol distributions for dusts are given 
Tn Figure 4. The n-alcohols exhibit a maximum 
at n-C 28 , with a strong even-to-odd carbon number 
predominance. Trace amounts of triterpenoidal 
compounds have been detected in samples 4-10, but 
not in samples l-3. Diterpenoidal compounds, 
which have been proposed as terrigenous markers 
of resinous higher plants (Simoneit, 1977c) and 
sesquiterpenoidal compounds have not been det
ected in these dusts. Polynuclear aromatic 
hydrocarbons have also not been detected. TLC 
analyses of some of the dust extracts showed no 
fluorescence and in the GC/MS analyses no poly
nuclear aromatic hydrocarbons could be detected 
to a limit of about 0.1 ppm. All dust samples 
contained significant amounts of phthalate esters 
(various C2 , C4 and C8 diesters), probably 
derived from mainly the nets, polyethylene bags 
and sample vials. 

Dust sample 1 was taken off the coast of 
Morocco and represents mainly trade wind flux of 
North African material (cf. Figure 2). Samples 
2 and 3 were taken essentially in the same area 
along the coast of Mauritania, but in different 
seasonal times. They represent trade wind flux 
of Saharan material. Samples 4 and 5 were 



Table l. Dust sample descriptions and analytical results 

Sample (cf. 
n-all<anes n-fatty aci as 

Fig. 2) Dust Total Approx. Approx. 
Ship's Tracks1 loa~~~} 1ipids2 yie1d 2 Max. at yield 2 Max. at 

(nglm3 } (ldglg) CPI 3 c no. 4 (ldglg 1 CPI 3 C No. 4 

34°44'N, 13°38' w 0.18 0.13 10 10.2 27 740 n.d. 16 
28°30'N, l5°54'W 

2 2l 0 4l'N, l7°4l'W 36 4.7 40 1.4 25,~ 20 6.1 1.§_,24 
l4°04'N, l8°07'W 

3 1J047'N, 1JC42' w 20 10.0 400 7.5 27"'29 35 22 1.§_,24 
19°24'N, l7°40'W 

4 03°44'N, l2°00'W 9.6 8.0 340 5.0 29 160 11.6 1.§_,20 
08°50'N, 15°44'W 

5 01°l4'S, 08°0l'W 0.4 1.0 860 3.2 29 900 7.5 1.§_,24 
03°44' N, l2°00'W 

6 07°l2'S, 04°02'W 0.18 1.8 2200 5.6 29 3400 14 1.§_,24 
02°37'S, 07°42'W 

7 11°52'5, 00°29'W 0.08 0.03 45 6.0 29 n.d. 
07°12'5, 04°02'W 

8 09°40'5, Ol 0 3l'W 1.4 3.8 1150 5.2 29c,31 400 4.1 26 
14°42'5, 02"06'E 

9 22°26'S, 07°58'E 0.29 0.08 120 6.5 29"'31 40 26 1.§_,26 
17°01'5, 03°30'E 

10 l4°42'S, 02°06'E 2.0 0.2 40 5.2 31 12 7.5 16,~ 
19°26'S, 05°47'E 

ll 29°03'S, 13°22' E 5.6 n.d. n.d. hump n.d. 
25°06'S, 09°59'E 

12 30°03'S, 3P03 IE 4.0 12.0 1050 7.5 27 260 8.4 16,26 
24°24'S, 24°07'E 

13 04°38'S,106°44'E 0. l 0.12 1180 4.6 27"'29 300 10.0 16,24 
08°02'S,l02°02'E 

14 33°55'N,l32°40'E n.d. n.d. 80 7.1 29 25 l 0. 3 1.§_,26 
34°37'N,l35°07'E 

15 20°56'N, 1JC02' w l3 ,420 1.5 74 l . 6 19,29 3 8.2 l§_, 24 

16 20°56'N, l7°02'W 2,520 O.ll 30 1. 6 JL,23,29 'I 9.9 1.§_,22 

17 13°08' N, 59°28'W n.d. n.d. 40 2.0 27"'29 n.d. 

l Indicates the ship position at the start and finish of each sampling run (except for stationary 
land sampling, numbers 15 to 17). 

2 Determined by weighing an aliquot of extract on a microbalance (±20%) or by GC quantitation 
3 CPI - carbon preference index, summed from C1o to C3 s. 
4 The predominant homolog is underscored. 

n.d. - not determined 
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Figure 2. Map showing the sample locations(- dust collection; *,•- DSDP sediments; 

m- land-based dust collections). 

collected off West Africa and probably represent 
both Saharan and West African material carried 
by the Harmattan winds. Samples 6-10 represent 
fall-out from the south-east trades, deriving 
material mainly from the soils of southern Africa, 
the Namib and Kalahari deserts and probably from 
the lower Guinea area of Africa. Samples 9 and 
10 were taken in the same geographic area but at 
different seasonal times. A seasonal variation 
of lipid content was observed on a qualitative 
level. Sample 12 represents material derived 
from the soils of south-eastern Africa. Sample 
13 was collected through the Sunda Strait and 
represents material blown off tropical Indonesia. 
Sample 14 was collected on the Inland Sea off 
Japan and consists of predominantly urban mat
erial. Samples 15 and 16 were sampled on land 
at Nouadihbou, Mauritania and were analyzed here 
in order to assess the contribution of lacustrine 
lipids to the dusts. Some prelim·inary analyses 
of samples 15 and 16 have been carried out 
(Lepple and Brine, 1976). Sample 17 was taken 
on land at Barbados. 

Three examples of marine sediments, where a 
significant eolian input of organic matter has 
occurred, are illustrated by then-alkane and 
~-fatty acid distributions in Figure 5. Sample 
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18 (cf., Table 2) is a near-surface sediment 
from the continental shelf off Cape Blanc in the 
fall-out zone of the northeast trades. It has a 
low clay content (high marine carbonates) and 
exhibits a strongly terrigenous distribution 
pattern in then-alkanes and n-fatty acids 
(Gaskell et al.: 1975). This distribution is 
similar tothOse of dust samples 8 and 9 (cf., 
Table l). The DSDP samples 21 and 22 (cf., 
Table 2 and Figs. 5b and e) are from the contin
ental slope off Spanish Sahara and the eastern 
edge of the Cape Verde Basin, respectively. They 
are both of Pliocene age and consist of nanno
plankton marl. Then-alkanes and n-fatty acids 
exhibit mainly allochthonous terrigenous distri
butions with a minor autochthonous marine ( < C2 o) 
component. Sample 20 (cf., Table 2 and Figs. 5c 
and f) is from the abyssal plain at the foot of 
the continental rise about 850 km northeast of 
Cape Blanc. This site was at the base of the 
continental rise off West Africa during the Oli
gocene. The sample exhibits ~-alkane and ~-fatty 
acid distribution patterns resembling those of 
dust samples 3, 6 and 14. The clay content of 
this sample is high and coated quartz grains 
(Wilstenquarz) have been identified in some of the 
DSDP Leg 14 samples (Simoneit and Eglinton, 1977). 
Samples 23 and 24 (cf., Table 2) also exhibit 
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Table 2. Marine Sediment Descriptions and Analytical Results 

Sam 1 e Org. 
n-all<anes n-faUy ac1as 

Number 
(cf. Designation c Approx. Approx. Max. at 

Location (%) yie1dl Max.at yie1d1 C no. 3 References 
El9_._,2) (vg/g) CPI 2 C no. 3 (vg/g) CPF 

18 Cap Blanc 20°45'N, 1.3 0. l 2.6 29"'31 l.O 8.2 16,~ Gaskell ( 1974); 
(Continental l8°02'W Gaskell, et al. 

shelf) (1975)-

19 12-114-5-5 59°56'N, 0.2 290 5.8 29 48 7.8 16,£! Simoneit and 
(80-140 em) 26°48'W Burlingame (1973) 

20 14-138-2-6 25°55'N, 2.3 710 5.2 29 500 5.2 16,24 Simoneit et a1., 
(12-13 em) 25°34'W (1973)-

21 41-367-4-3 12°29.2'N, 0.2 2.7 4.0 31 0.1 3.6 16,£! Simone it (1977b) 
(0-10 em) 20°02.8'W 

22 41-369-2-6 26°35.6'N, 0.1 0.7 3.6 31 0.8 3.2 16,~ Simone it (1977b) 
(135-140 em) l4°59.9'W 

23 47A-397-2-5 26°50.7'N, 0.47 2. 1 1.7 23 ,II_ 5.7 5.5 16,~ Simone it & Mazurek 
(120-150cm) 15° 10.8'\v (1978) 

24 47A-397-6-3 26°50.7'N, 0.81 0.8 1.8 17,23,ll_ 3.3 6. l 16,26 Simone it & Mazurek 
(120-l35cm) 15°10.8' vJ ( 1978) 

Determined by GC integration. 
2 CPI-Carbon preference index, summed from C10 to C35 

The predominant homolog is underscored 

evidence for influx of eolian lipids. T~ese sam
ples are derived from the continental slooe off 
Cape Bojador and are of Pleistocene age (Simoneit 
and. Ma~ure~, 1?78). The IJ.-alkane and n-fatty 
ac1d d1str1but1ons are predominantly >TI-C 23 with 
strong carbon number predominances analogous to 
those of the other sediments. Sample 19 (cf., 
~able 2) is from th~ flank of the Reykjanes Ridge 
1n ~h~ No~th At1antlc Ocean and consists of glau
conltlc s1lty clays of Pliocene age. The n
alkane and IJ.-fatty acid distributions resemble 
those of dust sample 4, 5 and 12. This sediment 
may be a borderline case, as the deposition 
~ccurred by redistribution of sedimentary mater
lal from the south of this site (Simoneit and 
Eglinton, 1977). The .!1-alcoho.ls of this sample 
ranged from C14 to C32 , with a maximum at C28 
and a strong even-to-odd carbon number pre
dominance (cf., Fig. 4d). 

Discussion 
Then-alkanes, n-fatty acids and n-alco

hols of these eolian dusts can be correlated 
with predominantly terrestrial sources. 

In the lipids of a typically marine sedi
ment, without a terrigenous component as in
ferred by the absence of terrestrial detritus 
and minerals, the observed n-alkanes maximize 
at <C 2 o and sometimes also at C22 or C23 , with 
no homologs >C 26 ; and then-fatty acids maxi
m~ze a~ C16 only with no homologs >C 21 (e.g., 
S1mone1t, 1977c; 1978a). By contrast, in the 
lipids of marine sediments with a major terri
genous component, as inferred by the high con
tents of clays and quartz, the n-alkanes maxi
mize at either C2 7, C29 or C31 -with essentially 
no homologs < C25 ; and the IJ.-fatty acids 
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maximize at C24 or C26 (sometimes C28 ), with only 
minor homologs <C 20 of a probable autochthonous 
origin (e.g., Simoneit, l977d; l978a). 

The IJ.-alkanes observed in these dusts have 
essentially no homologs lower than about C22 and a 
strong odd-to-even carbon number predominance. 
This corroborates their terrigenous origin since 
~imilar alkane distributions are encountered only 
1n vascular plant waxes (e.g., Eglinton and 
Hamilton, 1963; Kolattukudy and Walton, 1972). 
Fragments of vascular plants have been identi
fied the eolian dusts collected at Barbados in
dicating wind transport of thatmaterial acr~ss 
the Atlantic Ocean from Africa (Delany et al., 
1967). Thus, the IJ.-alkanes ( > C25 ) of these dusts 
represent higher plant wax as is the case for the 
sediments with a high terrigenous influx. 

The n-fatty acid distributions of the dusts 
exhibit a strong even-to-odd carbon number pre
dominance and a bimodal pattern with maxima at 
C1 6 , usually the dominant homolog, and at C24 or 
C26 . These distributions can be considered -as 
typically lacustr·ine (Eglinton et al., 1974· 
Cooper and Bray, 1963), or the homOTogs <C 2 ~ can 
also be derived from marine sources (Barger and 
Garrett, 1976; Simoneit, l978a), and the homologs 
> .C 20 from vascular plants (Kvenvolden, 1967; 
H1tchcock and Nichols, 1971; Simoneit, '1978a). 
The lacustrine origin fits with Kolbe's proposal 
(1957) that eolian dusts have a component derived 
from desiCcated lake muds. This is further cor
roborated by the analytical results on samoles 
15 and 16, which were sampled on land and do not 
contain a marine component. The n-fattv acids 
< C20 of these two samples are therefore derived 
from lacustrine sources. The relative 



concentrations of the lipids in these samples are 
low, probably due to the content of coarse mineral 
detritus. 

Then-alcohol distributions of the dusts, 
with the maxima at c28 and the strong even-to-odd 
carbon number predominances, are directly cor
relatable with the fatty alcohol contents of 
higher plant waxes (Eglinton and Hamilton, 1963; 
Simoneit, 1978b). They also correlate well with 
the sedimentary n-alcohols (e.g., sample 19, 
Fig. 4d). -

The absence of diterpenoids, which have 
been used as molecular markers of resinous plants 
(Simoneit, 1977c), may reflect the over
abundance of plant wax rather than resin residues 
in the dust, especially in those dusts from the 
more vegetated areas of the African steppes. The 
triterpenoidal compounds were detected in samples 
with a high wax content. 

Waxy material has also been identified by 
microscopy in eolian dusts collected at Barbados 
(Delany et al., 1967). A series of scanning 
electronmicrographs for some typical morpholo
gies of surface waxes from vascular plants is 
shown in Fig. 6 (I am grateful for Dr. P.J. 
Holloway, Long Ashton Research Station, Univ
ersity of Bristol, Bristol,England and Academic 
Press, Ltd. for kindly providing these photo
graphs). The extreme fragility of the white 
wax protrusions is evident from the photomicro
graphs. Wax particles are easily sloughed off 
from plant surfaces and can become airborne. 

The distributions of then-alkanes from 
the dusts do not resemble the distributions of 
these compounds in urban dusts. An example of 
then-alkane distribution from particulates 
sampled in Los Angeles is shown in Fig. 3j 
(Hauser and Pattison, 1972). Then-alkanes of 
urban air particulates are present-as minor 
components as part of a general "hump" typical of 
petroleum products. They range from "-' C20 to 
C33 , with a maximum at "-' C28 and no carbon num
ber predominance (e.g., Hauser and Pattison, 
1972; Grimmer and Bohnke, 1972; Cukor al., 
1972). -

The n-alkanes, n-fatty acids and n-alco
hols with such terrigenous distributions-have 
been identified in various marine sediments 
ranging in age from Recent to Cretaceous (Sim
oneit, l978a; Simoneit and Burlingame, 1972; 
1974). Some of these sediments were deposited 
in paleoenvironments where no obvious potamic 
influx had occurred and thus the allochthonous 
terrigenous lipids may have been brought in by 
eolian transport. 

The minerals composing eolian dusts that 
are considered terrigenous markers are clays, 
quartz (usually coated with iron oxide) and 
feldspars (Chester, 1972; Chester and Elderfield, 
1970). The clays consist of montmorillonite, 
illite, chlorite and kaolinite and are all of a 
land-derived origin (Aston et al., 1973). The 
clay content of these dusts-rs-greater than 80% 
of the total minerals (Aston et al., 1973). 
The mineralogy of eolian dusts-correlates well 
with that of sea-bed sediments under the fallout 
blanket. The clay mineral distributions in the 
World Ocean have been mapped (Griffin et il·• 
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1968). Quartz has also been documented in the 
oceanic sediments (e.g., Beltagy et al., 1972; 
Rex and Goldberg, 1958). The major transport 
mechanisms of these minerals to the marine env
ironment are potamic, eolian, and/or ice rafting 
(e.g., Griffin AL·, 1968; Chester, 1972). 

The problem of organic contamination with 
phthalate ester plasticizers could not be 
avoided entirely with these dusts. The presence 
of phthalates on the eolian dusts can therefore 
not be demonstrated. Shipboard stack contamin
ation was not a problem. Moyers et al. (1972) 
found that to be minimal when colTectTons were 
made in the bow. A sample (#ll, Table l) con
taminated by the ship's stack has also been 
examined. This black dust contained about 80% 
organic carbon mostly derived from the burning 
of marine fuel oil in the vessel's steam turbine. 
The yield of solvent-soluble organic matter was 
low. It appears that the bulk of this organic 
carbon is amorphous ("lampblack"). The GC 
analysis of the total extract exhibits a hump in 
the C20 retention region with no obvious high 
molecular weight n-alkanes. 

Conclusions 

Tropospheric dusts from non-urban areas con
tain plant wax and natural biogenic detritus. 
The relatively high concentrations of this wax 
can make it a significant component of suburban 
particulates. 

Eolian transport is a significant mechanism 
for the input of organic material to some marine 
environments and ultimately to sediments. The 
n-alkanes, n-fatty acids and n-alcohols of eolian 
dusts were found to have homologous distributions 
similar to those of marine sediments recovered 
from areas where eolian dust falls out and no 
obvious river and ice-rafting inputsoccur. The 
presence of terrigenous organic markers in sedi
ments remote from potamic inputs indicates eolian 
fallout in that particular paleoenvironment. 
Thus, the identification of eolian input, both 
organic and inorganic, in old sediments may be 
a useful tool in the assessment of paleoenviron
ments. 

Eolian transport is a rapid dispersal mech
anism for organic matter over vast global areas. 
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SUMMARY 

The solar radiation absorption properties of 
graphi·tic carbon and soots are well documented. 
What is not as well known is that small carbon 
particles less than 0.1 ~m in radius are extremely 
effective absorbers per unit mass; this suggests 
that a small amount of submicron particles of 
graphitic carbon has a large effect on atmospheric 
radiation. Figure 1 shows the absorption and 
light scattering per unit mass for a variety of 
indices of refraction. For nonabsorptive parti
cles, those from 0.1 to l ~min radius are the 
most effective light scatterers per unit mass, 
thus explaining the importance of secondary 
aerosols to visibility and atmospheric radiative 
properties. As the absorption index increases, 
small particles become more effective scatterers 
per unit mass. 

the absorption efficiency for the entire particle 
is actually larger than that for a particle with 
no coating. The coating of water/sulfate acts as 
a lens in focusing the radiation onto the particle. 

Previous calculations have shown that large 
heating rates (about 1 degree per hour) could 
occur for polluted atmospheres containing a small 
amoun·t of carbon particles. Such rapid heating is 
important to local dynamics and global climate 
energetics. However, these calculations assume 
that all of the energy absorbed by the particles 
contributes to the bulk properties of the air. It 
has not yet been established whether the carbon 
particles have the same tempera·ture as the sur
rounding air. After studying the energetics of 
\vCLtl<ly absorbing particles, Fiacco, Grams, and 

Fig. l. Extinction and Absorption Coefficients per Unit !'lass 
as a Function of Particle Radius for Four Different Refractive 
Indices at a Solar Wavelength of 0.55 ~m 

Further enhancing the role of carbon parti
cles, a coating of nonabsorbing material (water/ 
sulfate compound) increases their abosprtion. 
This result has been shown by Kattawar and Hood 
(1976), who computed the absorption cross section 
as a function of the ratio of the core radius 
(carbon) to the total particle radius (carbon plus 
water/sufate). For values between 0.85 and 1.0, 
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Mugnai (1976) concluded that the temperature of 
the particles may differ from that of the ambient 
gas. Also, if the particle is coated with water, 
a significant fraction of the energy can be re
leased through evaporation. Baker (1976) studied 
the energetics of a weakly absorbing particle with 
properties similar to water and determined that a 
0.5 ~m particle evaporates in several minutes as a 



result of absorption of solar radiation. She 
found that roughly half of the energy was accounted 
for by evaporation. 

The presentation discussed (l) the effect of 
a small amoung of submicron carbon particles on 
atmospheric radiative properties and (2) the various 
processes that govern the energetics of highly 
absorbing particles. 
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ABSTRACT 

We have measured the imaginary index of refraction for Denver, Colorado urban aerosols. The 
absorptive properties of these aerosols are strongly influenced by the absorptive properties of both 
elemental carbon and the benzene soluble organics. The consequences of the change in absorption due to 
the carbonaceous compounds on the optical effects of the aerosol will be discussed. 

INTRODUCTION 

Carbon and carbonaceous compounds are known 
to be important components of the Denver, Colorado 
urban aerosol; and it is reasonable that the 
presence of these carbon compounds will affect the 
absorptive properties and, possibly, the optical 
effects of the aerosol. We have made a number of 
measurements of the optical properties of the 
Denver urban aerosol that have been related to the 
size distribution and composition of these 
aerosols. We have found that the absorptive 
properties of the aerosol are strongly influenced 
by the absorptive properties of two general types 
of carbonaceous material: elemental, possibly 
graphitic, carbon and benzene soluble organics 
(BSO), two types of material with very different 
absorptive properties. We will discuss some 
probable sources for the carbonaceous material in 
the Denver aerosol and will relate the properties 
of the source material to the measurements of the 
optical properties. We will also discuss some of 
the consequences of the presence of the carbon
aceous material on the aerosol optical effects. 

HETHOD OF ANALYSIS 

The optical effects of an aerosol will be 
determined by the size-distribution for the 
aerosol, the shapes of the aerosol particles and 
the optical properties of the aerosol material. 
The optical properties of an aerosol material may 
be described by a complex index of refraction 

(1) 

where the nRE is the usual real index of refrac

tion and niM' the imaginary index of refraction, 

is an absorption parameter that is related to the 
usual Bouguer-Lambert absorption parameter, k, by 
the equation nRE for the aerosols may be 

determined by optical microscopic techniques 1 ; niH 

may be determined as a function of \vavelength in 
the visible by means of transmission measurements 
on suitable samples, a method that was used for 
the determination of the absorption of the benzene 
soluble component or by means of measurements of 
sample reflectance, such as our measurements of 
the total diffuse reflectance of a sample with 
analysis using the Kubelka-Munk Theory. 

247 

Kubelka-Hunk Theory 

The Kubelka-Hunk (K-M) theory is a phenome
nalogical theory that relates the total diffuse 
reflection from a material to the effective 
scattering and absorbing properties of the mate
rial. As discussed by Kortum2 , the K-M theory is 
a two-flux theory in which the radiation is 
assumed to be composed of two oppositely directed 
radiation fluxes through a continuous medium. 
This material is assumed to have an absorption 
coefficient per unit distance k and a scattering 
coefficient per unit distance s, with the term 
scattering referring only to radiation redirected 
into the backward hemisphere. The K-M theory 
assumes diffuse radiation onto the surface of the 
material, as \vell as diffuse radiation \vithin the 
material, which results in an increased effective 
path length within the material. The scattering 
and absorption coefficients are generally re
defined as S = 2s and K = 2k, to take into account 
this increased path length. Gate3 has shown that 
the K-M constants S and K are related to the 
usual scattering and absorption cross sections, 
o

8 
and oA, and are defined for radiation transfer 

calculations by the equations 

K"' 2oA (2) 

and 

s = (3/4)os (3) 

which are valid for isotropically scattering, 
weakly absorbing materials (K/S < 0.01). These 
relations have been verified experimentally 

[Gate3, Brinkworth4] and have been found to be 
valid within approximately 5%. 

Since the definitions K = 2k and S = 2s 
have been made, these results imply that the 
quantity k is the same as the usual Bouguer
Lambert absorption coefficient, although 
s = (3/8)o

8
. The difference in the scattering 

coefficients arises because s is defined as 
scattering into the backward hemisphere. Since 
k is the usual Bouguer-Lambert absorption coef
ficient appropriate to a bulk material, the 
values for niM may be determined from k using 

Eq. (2) . 



According to K-M theory, the total diffuse 
reflectance from a semi-infinite thickness of 
material, R

00
, will depend only on the ratio k/s 

by means of the equation 

(l-R) 2 
k 

F(R) (4) 
s 

F(R) for any reflectance is called the Kubelka
Munk function for R. Kortum has shown that the 
K-M scattering coefficient S may be determined 
from measurements of the reflectance of a thin 
layer of material against a dark background if the 
layer thickness, d, and Roo for the material are 

known. The absorption coefficient k may then be 
determined from a measurement of R if the scat-

co 

tering coefficient has been measured. Kortum 
has shown that there are deviations from K-M 
theory under conditions of high absorption, but 
that the K-M theory is applicable when the highly 
absorbing material whose absorption is to be 
measured is diluted with an excess of a white 
standard. These are the same conditions under 
which the relationships discussed by Gate are 
valid. Under these conditions, also, directed 
incident radiation may be used in place of the 
diffuse incident radiation and the applicability 
of the K-M theory is maintained. Because the 
K-M theory is based on multiple scattering cal
culations, the K-M theory is completely independ
ent of the usual Mie theory analysis and is not 
dependent on the shape of the particles. 

Measurements Procedures 

Aerosols were collected at surface stations 
and aboard an aircraft during a series of studies 
of Denver area pollution aerosols using high
volume samplers operated at flmv rates of ap
proximately 1-2 m/ min. Collection \vas made onto 

both fibreglas and Delbag®polystyrene filters; 
a series of size separated aerosol collections 
was made wi.th a high-volume cascade i.mpactor. 
Benzene extractions of the materi.al on the fi.bre
glas fi.lters were made and the absorpti.ve prop
erties of the benzene soluble fraction were de
termined as a functi.on of wavelength using stand
ard transmission techni.ques on the sample dis
solved in benzene. 

The aerosol material on the polystyrene fil
ters was analyzed using the reflectance method, 
following the general procedures described i.n 

Patterson et Briefly, the aerosol material 
was separated from the polystyrene filters by 
dissolving the polystyrene materi.al in toluene 
and sedimenting out the aerosol materi.al. The 
collected aerosol was washed several times with 
toluene to remove the remai.ning plastic material, 
with the toluene remaining after the last wash 
removed by evaporation. The reflection measure
ments were made with a C-14 spectrophotometer 
equipped with a 15 em integrating sphere coated 
with a barium sulfate paint. The total diffuse 
reflectance was measured for pure barium sulfate 
and for a mixture of the barium fulfate and the 
aerosol sample. 
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The dilution ratios of aerosol and barium sulfate 
are chosen so that the scattering is determined 
by the barium sulfate whose scattering properties 

have been previously measured ( 6 ~ With the 
knmvledge of the optical properties of the barium 
sulfate, the K-M theory may be used to determine 
k and niM for the aerosol. 

The method described is similar to that 

used by Lindberg and Laude 7 to measure niM for 

atmospheric dust in the south1vestern United 
States and has been used by us in a number of 
measurement programs. In one particular study, 
1ve have measured niM for Saharan soil aerosols 

as a function of wavelength in the visible as 

shown in Fig. l.from Patterson et als. These 
measurements were in agreement with measurements 
of n

1
M for the same aerosols made using a direct-

diffuse radiati.on method by Carlson and Caverly 8 

also shovm in Fig. L 

MEASUREMENT RESULTS 

The results of measurements of niM for two 

different aerosol samples obtained under condi
tions of relatively light pollution are shown in 
Fig. 2. The mass distributions for these aerosol 
samples were dominated by the mineral aerosol 
component 1vith radii greater than approximately 
0.5 ~m, and so the measured absorption is domi
nated by aerosols in this size range. The lower 
curve shows the values of n

1
M measured for an 

aerosol sample obtained when the wind direction 
was from a predominately rural area; values of 
niH measured for this aerosol are similar to 

our measured values for Saharan aerosols and 
appear to be typical of soil aerosol n

1
M measure-

ments. The upper curve in Fig. 2 is more typical 
of our measurements when the wind direction \Vas 
from the city center. The values of niH for this 

aerosol are generally uniform across the visible 
spectrum and considerably higher than those for 
the lower curve, although the mass distribution 
was again dominated by mineralogical aerosols. 
The high and relatively constant values of n

1
M 

across the visible lead us to identify the source 
of increased absorption as elemental, probably 

graphitic, carbon. (See for example Rosen et al.9) 
Hicroscopic analysis of the aerosol particles 
sho~Ved that the sample contained an appreciable 
amount of black particles, some of which appeared 
to be tire rubber fragments. Tire rubber contains 
an appreciable amount of carbon black lvhich has 
the required absorption properties. 



n 1 t.~~ DATA COMPARISON 

i0- 3 k-~~--~~--~----~--~----~ 
200 300 400 500 600 700 800 

WAVELENGTH 

Figure 1. Measurements of the imaginary index of refraction for Saharan and other soil-derived aerosols. 
The solid curve represents our best estimate of the imaginary index of refraction as a function 
of wavelength for the Saharan aerosols. The circles at 375, 468, and 610 nm are from measure
ments of Carlson and Caverly for Saharan aerosols; the circle with error bars at 500 nm 
represents an average of some measurements of soil derived aerosols by Grams et , and the 
solid line (---) at n1M = 0.008 represents an average value measured by DeLuisi et for 
similar aerosols in the Southwestern U.S. 

DENVER BROWN 
HIGH VOLUME AEROSOL SAMPLES 

ro-1 ~~~~~~~~~~-----.--~-.~--~ 

10-iobo~~J-----~--~5~00~--~~--~----~aoo 

WAVELENGTH (nm} 

Figure 2. Imaginary index of refraction for two samples of Denver aerosol. The upper curve is the 
imaginary index for a sample containing a relatively large amount of a dark uniformly absorbing 
material; the lower curve is for a sample not containing this material. 
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The identification of a component may be 
checked by a consideration of the optical proper
ties of the components since the relative concen
trations for t>vo components needed to account for 
a given value of n1M for a mixture may be calcula-

ted if the values of n
1

M for each component are 

known. The value of n
1

M for carbon is known to be 

approximately 0.6 so that with the knowledge of 
n1M for the soil aerosol \Ve can calculate the 

relative concentrations of carbon and soil-aerosol 
particles needed to account for the measured 
absorption. We have made these calculations 
assuming bJth carbon particles, (soots for example) 
and carbon that is a component of tire rubber and 
have compared the calculated concentrations with 
relative concentrations observed with optical 
microscopy. The observed concentrations of black 
particles are consistent with the identification 
of the carbon as a component of tire rubber but 
not as pure carbon particles. We must emphasize, 
however, that these were measurements on samples 
of the larger particles and the soots w-ould be 
expected to be concentrated in the smaller size 
fraction. We can estimate that the relative 
concentration of elemental carbon in our absorbing 
sample in Fig. 2 is approximately 3% by volume, 
although the relative concentration of tire 
particles is of course higher. 

The results of the measurements of n
1

M for 

the benzene soluble component of the aerosols 
are shown in Fig. 3. The imagina-ry index of 
refraction is quite different from that of ele
mental carbon, being relatively low throughout 
much of the visible and showing a sharp rise with 
decreasing >vavelength. The low value of the 
imaginary index throughout the visible implies 
that if the benzene soluble organic component of 
the aerosol is present in large quantities then 
it will tend to decrease the average absorption 
of the aerosol rather than increase it, as does 
the elemental carbon. This is potentially impor
tant because our cascade impactor measurements 
show that a significant portion of the benzene 
soluble organic was concentrated in the small 
fraction and can thus serve to reduce the average 
absorption of this size fraction. 

DENVER BROWN 
BENZENE SOLUBLE ORGANICS 

!0-lr-~-y~~~~~,~~~~--~~~ 

Figure 3. Imaginary index of refraction for the benzene soluble organic component of the Denver aerosol. 
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CONCLUSIONS 

Our measurements indicate that the Denver 
urban aerosol is relatively highly absorbing, 
in agreement \vith results reported by Haggoner 

and Charlson10 with a relatively constant value 
of niM across the visible. The source for this 

absorption is likely elemental carbon, with tire 
rubber possibly accounting for a significant 
portion of the absorption in the larger size 
ranges. The benzene soluble fraction, unlike the 
elemental carbon fraction has a lmv value of niM 

throughout much of the visible and will thus serve 
to reduce the absorption when this aerosol compo
nent is present in large quantities. 

This relatively high aerosol absorption will 
affect the haze coefficient measurements and \vill 
affect the atmospheric heating rates for the 
aerosol, possibly affecting the dynamical be
havior of the regional pollution cloud. 

We have hmvever calculated the 1vavelength 
dependence of the phase function for these ab
sorbing aerosols and have found that the wave
length dependence does not appear to be signifi
cantly different from that determined for the non
absorbing case. These calculations indicate 
that the observed optical effects of the aerosols 
will not be highly sensitive to the absorption 
properties of the aerosol. 
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LIGHT ABSORPTION j\'IEASUREMENTS IN EUFOPE 

Jost Heintzenberg 
International Meteorological Institute in Stockholm 
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S-106 91 STOCKHOLM, SWeden 

ABSTRACT 

European studies on the absorption of electromagnetic radiation by atmospheric aerosol particles in 
the wavelength range 0.2 to 17r-m are reviewed, starting with the first radiation models which incoq:o
rated light absorption, Mass absorption indices derived with an integrating sphere and a spectrorreter 
from impactor aerosol samples under various continental and maritime conditions are shown. The paper 
includes results for size-segregated aerosol samples together with those for precipitation recidues and 
fog-activated aerosol samples. In a preliminary analysis of the latest field experirrent in southern 
SWeden a combination of optical and chemical characteristics of the haze layer over Europe is presented. 

Atmospheric aerosol particles play an important 
role in the processes of scattering and absorption 
of electromagnetic radiation in the atmosphere. 
Here we concentrate on the absorption of light 
(and other electromagnetic radiation) by the 
atmospheric aerosol and review European research 
in this area. The paper is based on studies co
vering the wavelength range which contains the 
major part of the solar input into the troposphere 
(2 to 2.4)'<-r>1-) as well as on investigations of the 
long-vawe range between 2 . 4_,um and l 7 pm where the 
heat radiative transfer in the lower atmosphere 
is most intense. 

long before the first reliable experirrental 
results on the absorption properties were derived, 
a grey aerosol absorption had been suspected and 
used successfully in radiative transfer calcula
tions to explain measurements cf direct and diffuse 
sun radiation 1.2. 

Even though various experirrental attempts had 
been made to establish quantitative results on 
the aerosol absorption, tt'l.e numbers were rather 
uncertain because of the weak bulk absorption 
effect of atmospheric particles: When comparing 
air to grQund transmission with light scattering 
measurements Waldram found cases with high aero
sol absorption 3 . Volz 4 found high UV absorption 
by soot-free precipitation residues from European 
locations with a very fast decrease with increa
sing wavelenghts i.e. about a factor of 10 from 

o.22JM'1' to 0.6;.Amwavelength In the sixties 
the amount of energy absorbed by aerosol particles 
was deduced from several ~opean studies of radi
ation in the atmosphere, 5 . In urban aerosol an 
average amount of 30% of the extinction of sun 
radiation was attributed to light absorption. 

F'or a reliable determination of bulk absorption 
properties of the aerosol material such as the 
imaginary part k of the complex refractive 
index, particle collection tehniques had to be 
applied to enhance the observed op'cical effects. 
Furthermore an integrating sphere was used to 
discriminate between the pure absorption of an 
aerosol sample and the combined light scattering 
and absorption effects which are seen by a regular 
photometer 'J • 

With je'c impactors collecting particles above 
0 .lS,Mm aerodynamic radius Fischer sampled probes 

under various continental and maritime conditions. 
The samples are deposited eit.her on glass slides 
for wavelengths below 2.4rm or on silver chloride 
plates for the analysis of the infrared absvrption 
spectrum. The collection times vary from hours in 
polluted air to more than a week in clean air 
masses. 

Only up to wavelenghts of 2/~~is scattering a 
significant part of the total extinction by an 
aerosol collection. Therefore a simple spectrograph 
without integrating sphere could be used for the 
infrared analysis 11. 
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A s1JI1'!T\ary of his results is present in figure L 
Since the absorption rreasurerrents require an inde
pendent measurerrent of the bulk density 9 of the 
collected material (which rrost of the tirre was not 
available) the results are given in terms of the 
so called mass absorption index k/5'. One should 
use values between 1.8 and 3 for the density to 
convert the results to the imaginary part of the 
refraction index 10 . The full bars give the range 
he found for urban aerosols in the visible while 
the dashed bar shows results derived with a diffe
rent technique by Chin i Lin et al. in New York 
city. As spectra typical continental (Namibia) , 
high tropospheric (Jungfraujoch) ·and maritirre (~1ace 
Head) aerosol absorptions are depicted. 

Infrared absorption spectra taken from 11 are 
plotted on the right part of fig. 1. With the ex
ception of the maritirre sarrples all of Fischers 
aerosol probes have absorption bands in the region 
of atmospheric transparencey between 7.5 and l2,.u in 

wavelength. The dominating bands can be attributed 
to the oscillations of certain ato!lFgroups like the 
SO =-ion (9.2, 16.3 , the NH4+-ion (3.2, 7.1_.«,) 
an~ silicates 8-10 ,,.,.,) . However, quantitative che
mical analysis is ~fficult without additional se
paration techniques because of the coincidence of 
bands of inorganic and organic substances and the 
shift of absorption bands with the size of the par
ticles (surface-phonon-modes in particles with a 
size « than the wavelength compared to bulk-phonon· 
nodes of compact cristalline sul-:>stances). Further
oore internal mixing of different salts within 
aerosol particles soooths the band structure. 



I 
T 
.J. 

Fischt;;>r, Muinz 

Chin :( Lin et al. 1 N.'t . 

Fischer, Namibia 

Fischer, Jungfrau)och 

=·~·=·""Fischer, Mace Head 

Fig. L Spectra of mass absorption indices under various cont.inental and mari tirre conditions 8, 9, ll. 

The spectral mass absorption indices, hewever, 
have been used in radiative transfer models to cal
culate heating or coolin~ effects of the atmosphe
ric aerosoL Eschelbach I showed that in the vi
sible and near infrared part of the spectrum absor
bing particles lead to a heating of the f:article -
loaden layers of the atmosphere. Grassl 3 included 
the terrestrial part oJ: L'le spectrum in the oodel 
calculations and calculated net effects of heating 
d>.•e to short wave absorption and cooling due to 
long wave emission. The absorption index strongly 
depends on relative humidity in both parts of the 
spectrum. Therefore he always finds a distinct re-
lative where cooling balances heating. 

In recent studies size-segregated aerosol sa~ 
les have been analyzed together with precipitation 
residues and fog-activated aerosol samples Mlich 
had been collected with several stages of impactors 
14, In figs. 2 and 3 the results are sumnarized. 
The curves shew a distinct decrease of the absorp
tion index wiL~ particle size in the dry aerosol 
as well as in aerosols vihere condensations prcr 
cesses have activated larger particles. 

In the latest field eXJ:erirrent in Velen, Sv12den 
1977, optical in situ rreasurerrents were conbined 
with physical and c~emical analysis of aerosol 
samples in study of charecteristic parameters of 
the European smoke cloud, Le. an aerosol layer be
ing centered over VJestern Europe having an extent 
of about 1000 Jan. 

The changes in optical and chemical parameters 
of the aerosol with the transition from air rrasses 
with direct European influence to those without is 
dem:mstrated with the results of four consecutive 
sampling periods. In fig. 4. 7'2 hours trajectories 
to Velen are collected for each of L'le sampling 
intervals. They indicate that sample one is under 
strong influence of England and Northern Ireland. 
Sanple 2 covers a longer period of tirre with highEr 
wind speeds and trajectories scattering fmm 
Southern No:rvlay over the British Isles dcwn to the 
Biscaya. Sample 3 is characterized by lew wind 
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Fig. 2. Spectra of mass absorption indices for 
size-segregated aerosol samples and precipitation 
residuesl4. Dashed areas indicate uncertainties 
due to systematic rreasuring errors. 

Fog activated particles 
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Fig. 3. Srectra of mass absorption indices of non 
activated and fog activated aerosol particlesl4, 
Dasted areas indicate uncertainties due to syste-
matic rreasurinq errors. 



Fig. 4. 72 h, 8~0 mb trajectories to Velen, Sweden 
for the 4 sarrpling periods analysed in tabel 1, 2. 

speeds and trajectories from North West Scandinavia. 
Sample 4 is ooder clear poLar influence with high 
wind speeds and trajectories leading far out into 
the sea between Iceland and Norway. In table 1 and 
2 the results from the investigated physical and 
chemical parameters (integrated or averaged over 
each of the 4 sampling periods) are collected. 
Table l concerns particles with radii between 0.2-

0.3;-'"m and about L5JLm while table 2 gives re
sults for larger particles up to radii of 8 r m. 
Let us see now how the origin of the air masses is 
reflected in the physical and chemical parameters 
of the respective sarrples. 

In the fine particle fraction the following pa
rarreters show a downward trend from sarrple 1 to 4: 
scattering coefficient, total particle concentra
tion, light absorption per volurre of air, the wa
ter uptake by the particles at 90%rel. humidity, 
the hysteresis in the water uptake, in the absolute 
NH4+,so4=,and iron-concentrations and the relative 
NH4+ concentrations. 

An increase from sarrple l to 4 is observed in 
the herr~spheric backscattering ratio, the light 
absorption per particle and in the relative con
centrations of Na, K, Mg, ca and CL 

In the coarse particle fraction the trends with 
air mass are less obvious. Water uptake and its 
hysteresis and absolute and relative concentrations 
of clorine are the only pararreters which vary for 
the large particles as they do in the fine particle 
range. However, several other parameters form a 
group with sirr~lar variation with air mass (or just 
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sample nunber): The total particle concentration, 
the optical depth for absorption divided by the 
volurre of air or by the nurrber of particles in 
that volurre and the iron-concentration. 

How do these observations fit into our know
ledge of the atmospheric aerosol? In the fine par
ticle fraction the relation between scattering co
efficients, total particle numbers and light ab
sorption per volume to 'che air mass origin is ob
vious. More difficult to explain is the trend in 
the light absorption per particle which increases 
with decreasing European influence. This apparent 
increase can be explained by a change in the size 
distribution and by a change in the state of in
ternal or external mixture of light absorbing ma
terial such as soot in the total aerosol popula
tionl2. 

When relating the chemical variables to the 
aerosol orgin we include the concentrations rela
tive to those for SO 4 = in the analysis. This is 
done wib~ the followlng reasoning. Rodhel5 has 
shown that 80-100% of the sulfur in the European 
aerosol cloud is of anthropogenic orgin. V.lith in
creasing distance from the source its concentra
tion should go down according to our knowledge of 
long-range transport and wet/dry deposition rrecha
nisms. For elerrents with other sources such as Na, 
Ca and Cl the relative concentrations should go up 
with distance from the sulfur source. Allowing a 
maritirre source for Na, Ca and Cl the trends in 
the elerrentary concentrations with sarrple nurrber 
are consistent with the trajectory analysis. The 
hygroscopic behaviour and the hemispheric back
scatter ratio should be analysed together because 
they are closely related. It has been shown that 
the backscatter ratio of continental aerosol is 
directly proportional to the real part of the re
fractive index. On the other hand aquous solutions 
like droplets formed by strongly hygroscopic aero
sols have a lo;,, refractive index compared to that 
of an oodissolved salt crystaL For instance the 
transitition from an aerosol consisting of an acid 
liJ'e H2S04 to the neutralized salt is characte
rized by an increase in the backscatter ratio due 
to the increase in refractive index 16 . 

On the other hand the humidity uptake of an 
HzS04 aerosol d.Js far above that of ·the neutralized 
salt and these acid droplets have no hysteresis in 
their water uptake while neutralized salts usually 
foood in the atmosphere have distinct. deliquescence 
points between 70 and 80% reL humidity with hy
steris occuring above 50% rel. humidityl7 . So ex
cept for the hysteresis behaviour of sarrple 1 
(where no wet chemical analysis was available) the 
changes in bac~scatter ratio an.d hygroscopic be
haviour vii -G'1 air mass can be e:xplained bv a chan<1e 
in the acidity of the aerosoL · . J 

With the exceptions of t-he hygroscopic beha~ 
viour and the clorine concentrations the large 
particle fraction seems to be rather decoupled 
from the accumulation mode indicating a more local 
origin of the aerosols. Here the light absorption 
per particle follows a different trend than in the 
accumulation r.nde vlhich is also seen in the total 
particle nurrber and in the iron-concentration. 
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Accumulation mode 
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I 
JL/; I ::.·(> I 

s ·~aN w I I 
Sample o55rl't1 ~ ) • 3f'm J-<' ,1-J-S [; pG ur~ /'r 

i 
Nr, 

·~ 
km -1 cm- 3 f·. 9 f, b 5 

1 .079 • ll 24 • 7.9 3. 2 3.5 ! 2.8 . /. ./. ./ . . /. I . / . . / . ./ . ./ . 21.9 

.12 .02 .04 ( .Ol .86 .14 .06 1.12 

2 .033 .13 9.4 4.2 5.0 . /. ./ . i 10.3 

( .ll) ( .018) ( .036) • 77) ( .12) ( .054) (1. o) 

.03 ~01 .Ol ,01 • 20 .12 .Ol • 33 

3 .021 .15 3.0 1.55 6.3 . /. ./ . 15.2 

( ,091) ( .03) ( .03) ( .03) • 61) (. 36) ( .03) (1.0) 

.06 .03 .02 .02 ,04 .16 o03 .17 

4 ,012 .17 2, 3 . /. ./ . 2.6 1.1 8. 5 

( .35) ( .18) ( .ll) ( .12) (. 24) ( .94) ( .18) ( 1.0) 

VELEN 1977 

Coarse particle mode 
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1 • 28 • 79 2.3 2.3 3.6 . /. . /. ./ . ./. . /. . / . ./ . i ./ . 26.51 

.ll .01 .03 .01 <.01 .05 .06 I 0" 

2 .on .26 .40 . /. ./ . 
~ c .55) ic .66) 

10.0 

(1.2) ( .ll) ( .33) ( .ll) (1.0) 

.01 .01 <.01 .02 (.01 .06 .01 ,01 

3 .026 .37 1.3 . /. ./ . 
( 1.0) I 19.5 

(1.0) (1.0) (2.0) 1 (6 .o) (1.o) 

.04 .01 .01 .02 .01 .17 
.021 .02 

4 .028 I .40 1.4 2.1 1.5 25.7 

(2,0) (.50) (.so) (1.0) (.50) (B. 5) (1.0) (1.0) 

Table l, 2. Optical and chemical characteristics of atrrospheric aerosols vlith varying influenoe from wes
tern Europe. 

List of sy:IDols 

N 

Fe 

./. 

scattering coefficient at . 5'J n rn wavelength 

ratio ot heidspheric backscattering ooefficient to scattering ooefficient 

particle oonoentration 

optical depth for absorption divided by 'L'le sampling volurre of air 

optical depth for absorption di.vided by the nunber of particles in the sarrpling volurre 

the rrass of water taken up by the sanple at 90% reL humidity divided by the dry mass 

the mass of water in the sarrple when decreasing 'L'le reL humidity to 50% divided by the mass 
of water taken up when increasing the rel. humidity to 50% 

elerrentary conoentrations from wet chemistry analysis of filter samples. The nunbers in paren
thesis give the oonoentrations relative to those for S04 

elementary conoentrations from PIXE-analysis of filter samples 

no data 

Iron conpounds like hematite are strongly light ab
sorbing. Under clean air oonditions we can expect 
the rrajor anthropogenic particulate light absorber, 

i.e. scot, to have a greatly reduoed effect and 
other light absorbing materials like hematite 
might have to be accounted for. 
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ABSTRACT 

The optical, physical and chemical characteristics of light absorbing aerosol particles are investi
gated and the results for several urban and rural locations are compared. In addition, a simple tech
nique for measuring the absorption coefficient of an aerosol is discussed and calibration results are 
shown. The results indicate that: (1) The average values of the single particle scattering albedos 
range from 0.5 to 0.7 for urban areas and 0.8 to 0.95 for rural areas, (2) with the exception of 
samples from Barbados, B.W.I. absorption was wavelength independent for all sampling locations, (3) 
particles of diameter less than 2.5 ~m dominated absorption at all sites where the aerosol was size 
fractinated and (4) solvent washes of nuclepore filters containing aerosol removed most of the aerosol 
mass but essentially none of the gray absorbing material indicating it is probably a graphite like 
material (e.g. soot). 

INTRODUCTION 

Of the aerosol optical properties useful in 
modeling effects on climate and weather, least is 
known about light absorption. Distributed in the 
ambient air, absorbing particles heat the atmos
phere, cool the surface and reduce optical trans
parency. 

An aerosol absorbing quality is described by 
an absorption coefficient, bap' or an imaginary 

part of a complex refractive index, K. bap is a 
property of the system of particles in air that 
describes absorption of optical radiation passing 
through the system. K is a property of the bulk 
material composition of the particles. Optical 
effects are due to bap· However, K can be used to 
calculate b if the size distribution is known ap 
and the particles are assumed to be spherical. 

The Integrating Plate Nethod 
Filter Aerosol/ 

filter 

Lamp 

Opal glass 

Fig. 1. The optical system of the Int-
2grating Plate Method. 
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We have developed a simple technique to 
directly measure the absorption coefficient of an 
aerosol that is independent of assumptions about 
the physical properties of the aerosol particles 
(e.g. size, shape, refractive index). Named the 
Integrating Plate Method (I.P.M.), the technique 
is based on comparing the transparency of a nucle
pore filter containing a small amount of aerosol 
with that of a clean filter. The original paper 
describing the method reported its accuracy to be 

within a factor of two1; testing included in this 
report suggest that accuracies are much better. 

Utilizing the I.P.M., three areas of 
research regarding the optical and physical 
properties of ambient absorbing aerosols are 
described in this report: (l) 'laboratory and 
field experiments checking the accuracy of the 
I.P.M. for measuring light absorption extinction 
coefficients, (2) absorption data from several 
urban and rural locations comparing 1-w; bap(A); 

bap/p; K and bap vs. size (above and below 2.5 ym) 
a~d (3) results of chemical stripping technique 
indicating that for all but one sampling location 
the ambient light absorbing material collected is 
resistant to solution when washed with several 
solvents and acids; a characteristic of graphitic 
or amorphous carbon. 

Tests of the IntegraJlrrg Plate Method 

A. Laboratory Test 

The method was originally tested by comparing 
calculated and measured absorption coefficients of 
a dyed lacquer aerosol. The absorption properties 
of the dyed lacquer were determined from trans
mission measurements of carefully prepared thin 
films of the material. There are several disad
vantages to this approach: (l) thin, uniform 



layers of known thickness are difficult to prepare, 
(2) the aerosol must be accurately sized from 
scanning electron micrographs and (3) the shape 
of the lacquer particles are highly irregular but 
must be approximated as spheres for Mie calcula~ 
tions. Uncertainties in the calibration method 
limited confidence in the accuracy of the I.P.M. 
to within a factor of two. 

These disadvantages can be largely eliminated 
if colored, monodispersed particles, large enough 
to be opaque are used for comparison of calculated 
and measured bap values. The absorption cross 

2 

101 

ABSORPTION/VOLUME FOR 
DIFFERENT REFRACTIVE INDEX 

5 N:::1.57-.5I 

N:::l.SS-.051 

N:::1.55-.02I 

I 
2 

10-2.~-L~dJ.lillilii--~I_L!~I~!~II~!I~I--LI~i_LI !WI~IIWII 
10-2 10-1 100 101 

DIAMETER( MICRONS) 
Fig. 2. Mie calculations of absorption 
cross sections per unit volume. Particles 
in region I absorb proportionally to 
their volume whereas those in region II 
absorb proportionally to their cross 
sectional area. 

section is independent of refractive index for 
these particles (non-metallic) and depends only on 
the geometric cross section (figure 2). One 
micron or larger particles of moderate to high 
absorbing materials (e.g. 1) are essentially 

opaque so only the size and concentration (or 
mass) are needed to calculate the absorption 
cross section. 

Monodispersed aerosols of Methylene Blue 
were prepared with a Berglund-Liu vibrating ori
fice aerosol generator and collected on nuclepore 
filters. A scanning electron microscope was used 
to determine the size of the particles; filters 
were weighed with a model 4700 Cahn electro
balance. For the range of particle sizes 
(DP = .8 to 2~m), measured absorption is within 

10 percent of the calculated value (figure 3). 
The experimental error is estimated to be on the 
order of 10 percent. 
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Fig. 3. Measured absorption efficiency 
factors for monodispersed Methylene Blue 
particles using the Integrating Plate 
Method. The absorption efficiency factor 
should be approximately equal to l for 
opaque non-metallic particles. 

Field Test 

In November, 1974 and November, 1977, the 
University of Washington and LovJell Observatory 
(Hall & Riley) cooperated in field experiments to 
compare horizontal extinction as measured by high 
sensitivity, "long path transphotometry with that 
measured from combined absorption and scattering 
measurements. The earlier experiment was done on 
a plateau outside of Flagstaff, Arizona where 
aerosol absorption was thought to be less than 10 
percent of extinction; the latter at Phoenix, 
Arizona where absorption is generally greater than 
30 percent of extinction. 

The total extinction coefficient, b t' was ex 
measured by the Lowell Observatory using long path, 
high sensitivity spectrophotometry at eleven wave-

Flagstaff, AZ 



length bands from .3225~m to .665~m2 . The scat~ 
tering coefficient was determined with a 3~wave~ 

length integrating nephelometer3 at Flagstaff 
(A=.45~m •. 55~m •. 65~m) and two single wavelength 
nephelometers at Phoenix (A=.45~m •. 5~m). Absorp~ 
tion was measured using the I.P.M. At Phoenix, 
mirrors were used to fold the optical path of the 
transphotometer (see figure 4). 

2 
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Fig. 5(a). Measurements of b (A) by 
long path extinction and by n@~Nelometer. 
Data taken near Flagstaff, AZ on 6 Nov 74. 

The results for two nights are shown in 
figure 5. The aerosol extinction at Flagstaff 
was dominated by scattering and good agreement 
exists between the transphotometer and the nephel~ 
ometer. The absorption to extinction ratio was on 

COMPARISON OF ABSORPTION, SCATTERING 
AND EXTINCTION MEASUREMENTS 

z BSP 
~ 1~-1 

~ 6 
~ 4 

--- BAP 

w 

2 

QJ LONG PATH EXTINCT I ON 
--- BRP+BSP 

1o-2•L------L------L-----~---~ 
0 1 2 3 4 

TIMEC23NOV77 PHOENIX) 
Fig. 5(b). Comparison of bext measured 

by long path extinction and bext= bsp+ bap 
as measured with a nephelometer (b

5
p) and 

t1:2 I .P.t~. (bap). Data was taken at Phoenix, 
AZ., 23 Nov., 1977, ;\=.55~m. 
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the order of 5 percent. However at Phoenix, ab
sorption was generally 35 to 45 percent of aerosol 
extinction. The results for the evening of Novem~ 
ber 23 are shown as time plots of the three extinc~ 
tion coefficients. The sum of absorption and 
scattering coefficients agree with total extinc~ 
tion for measurement periods when the air was 
spatially homogeneous. During the period from 
0215 to 0245 the wind was changing direction and 
the air was not spatially uniform; cleaner air 
was moving through the transmissometer path before 
reaching the nephelometer~ a disadvantage of 
comparing point and line measurements. The good 
agreement suggest the I.P.M. as a useful and 
accurate technique for measuring absorption ex~ 
tinction coefficients. 
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Fig. 6. 1-w averages for several 
locations (bglow). The bars represent 
the range of values. 

l. Industrial Seattle, ~lA. 9. Tyson, 1~0. (1973) 
2. Downtown Portland, OR. 10. Tyson, MO. (1975) 
3. Industrial St. Louis, MO.ll. Milford, MI. 
4. Denver, CO. (fairgrounds)l2. Hall Mt., AR. 
5. Denver, CO. (trout farm).l3: Puget Island, WA. 
6. Central Phoenix, AZ. 14. Flagstaff, AZ. 
7. Residential Seattle, WA. 15. Mauna Loa 
8. Residential St. Louis, t·10 Observatory, HI 

Absorption Data 

The sources of absorbing materials in the 
ambient air have not been specifically identified 
but are suspected to be primarily urban effluents. 
If true, then urban and rural aerosols are likely 
to have dissimilar optical characteristics. Ab~ 
sorption and related properties for several urban 
and rural locations are compared below. 

A. 1-w 
0 

The sites are arranged on the abscissa of 
figure 6 so that interurban sites or sites strong~ 
ly affected by industl'ial plumes are on the left 
and residential, rural and remote areas are on the 
right. Average values for the urban/industrial 
areas range from 0.36 to 0.47 compared with 0.07 
to 0.26 for the residential/rural areas. 



B. bap vs. A 

The absorption wavelength responses 
(A~.3~m to .7~m) for all the sites listed in 
figure 6 are essentially gray. Characterisitic 
examples from four sites are shown in figure 7. 
Also shown in figure 7 is a characterisitic wave
length response of filter samples from Barbados, 
B.W.I. indicating strong blue absorption. The 
Barbados aerosol is suspected of being Saharan 
dust from long distance transport. The wavelength 
dependence is similar to that measured from flux 
divergence and satellite measurements4. 
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CHARACTERISTIC ABSORPTION WAVELENGTH 
DEPENDENCE MEASUREMENTS 

~ 10-
.-< ._, 

~ 5 ~MILFI3RD, MI w ,_, 
u ,_. 
tt: 2 
~ 
L) 10-5 
z 
0 ,_, 
I-
(L 
0::: 
e:J 
(}.) 
co 
a: 

5 

2 

10-6 
,3 

BARBADOS 

.4 .5 .6 .7 .8 
WAVELENGTH( MICRONS) 

Fig. 7. Absorption wavelength depen
dence measurements. The Milford, 
Tyson and Hall Mt. curves are typical 
of the sites listed in fig. 6. The 
strong wavelength dependence curve 
is characteristic of all the Barbados 
samples. 

C. bap vs. Size and p 

Suspensions of particles in the atmosphere 
comprise a broad range of sizes from molecular 
clusters on the order of .OOl~m to dust particles 
of lOO~m or larger. Due to production mechanisms, 
coagulative and settling processes, particle mass 
tends to accumulate in two modes: above and below 
diameters of about 2~m5 (figure 8). Because the 
sources and production mechanisms of the two modes 
are different, the chemistry and optical constants 
are likely different. 

The two modes were separated with a dichoto
mous sampler6 and collected separately on filters. 
The absorption coefficients of the two modes were 
then measured. The absorption coefficient for the 
large particles was corrected for fine particles 
on the filter. 
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Fig. 8. (a) Typical atmospheric 
volume (mass) distributions (b) a 
dichotomous sampler schematic. 
source: Higy (1972). 

(a) 

(b) 

At all the sites, urban and rural, absorption 
is dominated by the fine particles (<2.5~m); 
values of the ratio of fine to coarse particle 
absorption varied from four to fifty. The fine 
particles are generall ten times more effective as 
absorbers on a per unit mass basis. However, the 
data is not sufficient to say that the absorbing 
material is primarily in the fine fraction since 
small particles are more efficient absorbers on a 
per mass basis. 

D. Imaginary Refractive Index 

Precautions must be taken in assigning a 
single imaginary refractive index, K, to an aero
sol particle or a collection of particles: (l) 
ambient aerosol particles are highly non-uniform 
and the apparent value of K depends not only on 
the chemical composition of the particles but also 
on the distribution of material within the parti
cle (2)K may be size dependent due to source dif
ferences associated with the different particle 

. 1 6 s12e c asses. 

An estimate of the lower limit of K can be 
made using the I.P.M. if we assume (1) the parti
cles are unifo~m and (2) that the absorption cross 
section of the particles is proportional to their 
volume (or mass). Then, 

b ap 

oap(r) ~ K MP(r) 

Joap(r)M(r)/Mp(r)dr 

bap a K J M(r)dr = KMtot 

( l ) 

(2) 

(3) 



The second criterion suggest that the particles 
must be small. Consequently these calculations 
were done only on the less than 2.5 ~m size 
fraction. 

Imaginary refractive indices for the fine 
particle fractions are shown in figure 9. Values 
range from .05 to .09 for the urban areas and 
.002 and .05 for the others. If graphite were the 
absorbing material, this would iDply mass fractions 
up to about 20 percent. 
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Fig. 9. Calculated, average imaginary 
refractive indices (A=.55~m) for fine 
~articles (<2.5 ~mY at the sites 
1 isted in fig. 6. At sites 3,4,5,8, 
9 and 15 there was no dichotomous 
sampler for size fractionating the 
particles. 

Chemical Composition of the Absorbing Material 

We have developed a technique to determine 
the resistance of the absorbing species collected 
on nuclepore filters to various solvents and acids. 
Solutions of H20, dilute and concentrated HCL, 

HF and Aqua Regia (3 parts HCL and 1 part HN03) 

were aspirated sequentially through the sample 
filters; differential mass and absorption measure
ments were taken after each elution step. The 
pretreated filters were analyzed for elemental 
concentration by x-ray florescence; effluents 
after each treatment were saved for future ion 
analysis. Scanning electron microscope photo
graphs taken before and after treatments indicated 
that the particles on the filters were not severe
ly altered by the stripping procedure. 

The results of differential mass and absorp
tion measurements are shown in figure 10. For all 
the samples that were gray absorbers little change 
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in absorption occurred though from 49 to 96 per
cent of the mass was removed from the filters. 
The absorbing material was removed from the Barba
dos sample (not a gray absorber) which appeared to 
be a soil derivative material. 

Graphitic or amorphous carbon is the most 
likely material to be gray, resistant to these 
solvents and a ubiquitous aerosol component. 
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Fig. 10. Shows the effectiveness of 
the solvent washes (abscissa) on re
moving both the mass and the absorbina 
material from typical urban and rural~ 
samples. The absorbing material on 
the Barbados sample (the only non
gray absorber) was effectively removed 
by the washes. 

Conclusions 

A. The I.P.M. is accurate to much better than a 
factor of two. It provides a technically simple, 
inexpensive method for determining the aerosol 
absorption coefficient. 

B. Absorption is usually a significant fraction 
of optical extinction by aerosols; particularly 
in urban-industrial areas where it generally ex
ceeds 30 percent. 

C. Particles less than 2.5 ~m in diameter domi-
nate absorption except during periods when the 
large particle mass fraction is many times that 
of the fine fraction (e.g. dust storms). 

D. Graphitic or amorphous carbon is probably 
the gray absorbing material that controls absorp
tion at U.S. urban and rural locations. 



Definitions 

bext - aerosol ext,inction coefficient 

bsp - aerosol scattering coefficient 

bap - aerosol absorption coefficient 

oap - absorption cross section 

A - wavelength 

p - mass density 

K - imaginary part of the refractive index 

w - single particle scattering albedo, 
0 

bsp/bext 

l-w - bap/bext 0 

MP(r) - mass of radius r particle 

r~( r) - mass concentration of radius r 
particles 
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EFFECT OF CARBONACEOUS PARTICLES ON VISIBILITY 

Thomas A. Cahill 
Department of Physics and Crocker Nuclear Lab 

University of California, Davis, CA. 95616 

ABSTRACT 

Investigations made of fac·tors statistically associated with visibility reduction in four California 
cities included a short study of the role of fine (<0.6 micron) carbonaceous particles during one sunmer 
month in the Los Angeles air basin. Visibility degradation at this site, Los Alamitos, was dominated by 
intermediate size ( 0.6 to 3. 6 micron) sulfur containing particles, and gaseous N02, while negligible 

1~provement in fit resulted through addition of fine carbonaceous particles. However, negligible improve
ment in fit was also exhibited by fine sulfur containing particles. Intermediate size carbonaceous 

were not studied. 

INTRODUCTION 

In &~ effort to establish the sources of vis
ibility impairment in California, long term studies 
have been initiated in the statistical associations 
between visibility reduction and atmospheric con-
ditions. The and chemical complexit--y 
of the atmosphere especially under the highly pho
tochemical conditions common during summer months 
demands an approach that does not prejudge the 
factors that may be influential at any given time 
and place. The method of multiple regressions can 
provide a method that is able to encompass the 
large data sets that are generated in such studies. 
The data set consists of weather data (usually 
from NOAA and originating at airports) and pollu
tant data (originating from air monitoring sta-
tions run either local districts of the Cali-
fornia Air Board) . The effort is based 
upon the changes in visibility that occur under 
synoptic weather changes, which have a typical 
time period of 5 to 7 days , and thus must last 
many such in order to have statistical 

Long study durations are also demanded by 
of the data sets, as the initial set 

included 8 weather variables, 8 gas pollu
tants, and about 50 elemental values on particu-
lates in three size (20 to 3.6, 3.6 to 0.6 , 
0.6 to 0 microns). , at least 67 2~- hour 

ter 

required in the variable, 
which was also from airport 

day were chosen, 
sunmer (July, August, and 

, February, and 

Fo:.-:' these rea
coinciding with 

and win
,1) 

STATISTICAL METHODOLOGY 

The data sets were first examined via bivari
ate COl"r€lations in order to strip out strongly 
correlated variables. Ar'j example would be soil
derived particles, which at most locations, in
cluded Al, Si, K, Ca, Ti, t1n, and Fe containing 
particles in large size r&!ges. 2)Another involves 
all the oxides of nitrogen. Initial tests also 
showed that any influence that the largest parti
cles had on visibility was also mirrored in the 
intermediate sized particles, 0.6 to 3.6 microns, 
and thus large particle data could be omitted from 
the search. In these cases, one parameter was 
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retained, such as Si for soils and N02 for the ox

ides of nitrogen. 

The remaining parameters were used in the 
multiple regression fit via the physically rea
sonable equation, 

b 
scatt = A (Pl) 

b 
(P ) 2 

2 

b 
(P ) n+ E , 

n 

in which P, P, ... P are values of the param-
1 2 n 

eters (weather and pollutant), and A, b1 , b2 , ... 

, and E are constants that are fixed by the fit 

to the 90 days of visibility data, 3). 

RESULTS 

In the initial study, four sites were in-
cluded for sunmer, 1973: , Los Al--
amitos, Bakersfield, and representing 
three major atmospheric California. 
The fit to the visibility varied from site to 
site, but generally it v-1as with multiple 

values rwming from 0. 63 (Oakland) to 0. 85 (Los 
Alamitos) (Figure 1). The significant beta 
coefficients were limited to only 15 of the pa
rameters, and at each site only a few parameters 
dominated the fit to the visibility data. At this 

, one has to reiterate the caution that asso
ciation does not prove causality, al-though lack of 
association can deny a direct causal relationship. 
Results are shown in Table 1. 

Table 1 
All Significant Beta Coefficients 

Parameter Sources Los Alamitos Los Angeles 

Sodium (2) Sea Salt -0.189 -0.172 
Silicon(2) Soils none +0.201 
Sulfur (2) fuels +0.386 +0.283 
Lead (2) Autos none none 
Sulfur ( 3) Fuels none none 
Lead (3) Autos none -0.369 
Humidity +O. 61+4 +0.62~ 
Temperature +0.198 none 
Oxidant +0.240 none 



N0
2 so2 

Hultiple R2 fit 

(2) 
(3) 
+ 

Table l 
(con't) 

+0.296 
+0.233 

+0.848 

+0.282 
not measured 

+0.730 

particles 0.6 to 3.6 microns diam. 
particles less than 0. 6 microns 
parameter assoc. vJith visibility 

loss 

Some of the effects seen are a result of 
wind direction (i.e. sea salt on brisk ocean 
breezes, fine lead at Los Angeles), but the corre
lation vJi th intermediate size sulfur particles 
occurred at all sites and no correlation was ever 
seen with fine sulfur particles. The elements H, 

1 

Fit to Visibility at Los Alamitos 

o VISIBILITY 

& PREDICTED VISIBILITY 

0 2 4 6 8 10 12 14 16 

26L; 

C, and 0 1,;~ere also studied at the Los Alamitos 
site, and negligible in the fit and 

qualitative fit shot-Jed -that 
was not important. Unlike the sulfate frac

tion, the fine carbonaceous fraction appears to be 
relatively non-hygroscopic and possessed median 
diameters much smaller -than the of 
light, hence limiting its influence on visibility. 
Carbon ~"as not studied in the intermediate size 
range that had the most correlation vJi-th visi
bility, and so some correlation with carbon is 
possible. 
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Neasurement of Light Absorbing Aerosols 
from Combustion Sources 

James L. Nolan 
Rhode Island Department of Health 

Providence, Rhode Island 

ABSTRACT 

The absorption coefficients of the exhaust gas streams from a forest slash burn, a coal fired boiler, 
an oil fired home heating furnace and a natural gas fired home heating furnace were measured by diluting 
the samples dynamically and analyzing the filters via the Integrating Plate Method. Using a simple 
inversion technique, the average imaginary index of refraction was then calculated for each source. 
The results indicated that the forest fire and the coal boiler were not appreciable sources of highly 
absorbing aerosol. Since the calculated imaginary index of refraction of both the fuel oil and natural 
p,as furnaces were comparable to the value reported for carbon, the particulate emissions from these 
sources were concluded to be comprised primarily of carbonaceous soot. Finally, an attempt \vas made 
to estimate emission rates of soot from these sources. 

INTRODUCTION 

It has been known for many years that black 
particles known as soot are commonly found in 
filtered samples of polluted air. In fact, a 
number of measurement techniques are based on 
the principle that such particles absorb visible 
lightl, These techniques consist of measuring 
either the change of reflectance or transmittance 
of a filter after a known amount of air has been 
sampled. 

This study was designed to identify some of the 
sources of these soot particles by measuring the 
absorption coefficient in the exhuast gas stream 
of various combustion sources. 

The sources chosen to be tested included a coal 
fired boiler, a laboratory burn of forest slash 
material, an oil fired home heating furnace and 
a natural gas fired home heating furnace. 

Since carbonaceous soot is believed to result 
from pyrolitic reactions of unburned fuel vapors 
in the exhaust streams of combustion sources, 
the samples were diluted with filtered ambient 
air to assure that all particles were condensed 
prior to collection on a nuclepore filter. To 
accomplish this, a stack sampling probe 1vas 
designed \vhich dynamically mixed the sample gas 
Hith filtered air at a knoHn dilution ratio to 
simulate conditions that Hould exist just as the 
gas was released into the air. A portion of the 
diluted sample was then drawn through a nuclepore 
filter and the absorption coefficient \vas 
measured using the Integrating Plate Nethod 
developed by Lin2. The average imaginary index 
of refraction was then calculated using an 
inversion technique suggested by Lin. 

Sampling Probe 

The dilution probe designed by Nehra3 is 
depicted in Figure 1. It Has constructed from 
aluminum irrigation conduit, reinforced wire mesh 
screen covered Hith cotton cloth, aluminum end 
plates and a high volume air sampler. According 
to the original design, the incoming air would 
be filtered by a glass fiber filter on the high 
vol head and the cotton cloth on the inner 
screen would maintain a pressure drop across 
the screen to assure that particles lvould remain 
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in the inner tube. During the initial tests of 
this probe it was found that there was significant 
particle deposition on the cotton cloth,indicating 
that the desired pressure drop was not being 
maintained. To alleviate this problem, the high 
val head was removed from the probe and the lvire 
mesh inner screen was covered with glass fiber 
filter paper rather than cotton cloth. Further 
tests showed that the pressure drop with the neH 
design was adequate to eliminate particle 
deposition on the screen and still maintain the 
flexibility to throttle the dilution air through 
the port left by the removal of the high val head. 

While the total flow through the system was 
constant, the flmv across the orifice was a function 
of the chosen dilution ratio. Sampling probes were 
chosen for each source so the flow across the 
orifice would be within 10 percent of isokinetic, 
therefore the size of the probe was a function of 
the exhaust gas flow rate and the dilution ratio. 
A single size sampling thimble \Vas used to take 
the grab sample from the chamber prior to the 
high val blo\Ver since the flo\V through this region 
was independent of the source sampled. 

Integrating Plate Method 

This technique developed by Lin2 required that the 
particles be concentrated on a filter, thus 
increasing the measured extinction and removing 
the effect of all the scattered light, so that the 
measured extinction is due solely to absorption. 
As shown in Figure 2, the clean nuclepore filters 
are zeroed and then read again after particles 
have collected on them. The amount of light 
absorbed by the particles on the filter is 
measured and the absorption coefficient can be 
calculated using the Beer-Lambert relationship: 

where x 

I/I 0 = exp (-bap x) 

the length of the air column drawn 
through the filter (m) 

10 = the intensity of light transmitted 
through the clean filter 

(1) 

I the intensity of light transmitted 
through the filter with particles on it. 

bap the absorption coefficient (m-1) 



Figure l. Diluting probe. Material of construction is aluminum. 

(o) (b) 

Figure 2. (app.) The experimental arrangement used in the opal glass method: 
(al filter without aerosol, (b) filter with aerosol. 

266 



The absorption coefficient is a function of the 
shape of the particles, the size of the particles, 
the mass concentration of particles, the imaginary 
part of the complex index of refraction and the 
wavelength of light. For spherical submicron, 
homogeneous particles Lin2 suggested the follmving 
inversion was good to within a factor of 2: 

where: n2 = 

v 

bap 

m 

n2 = bap,>wP 
4 7T m 

imaginary part of the complex 
of refraction (nl - Ln2) 

volume of air sampled (m3) 

absorption coefficient (m-1) 

wavelength of light (m) 

density of particles (gjm3) 

index 

mass of particles collected (g) 

(2) 

Coal Fired Boiler This boiler was a Riley 
StokerCompany unit rated at 45,000 kg steam/hr 
at maximum continuous load. It burned pulverized 
coal through horizontal flare-type forced draft 
burners and was equipped with both a multiclone 
collector and an electrostatic precipitator. 
Throughout the test period this unit burned low 
sulfur (0.6%) Utah coal with a gross heating 
value of 12,847 Btu/lb, an ash content of 
approximately 10% and equal amounts of volatile 
and fixed carbon. During the sampling the 
boiler was operated in a steady state mode at 
approximately 50% capacity. 

The laboratory burning facility of the Forestry 
Department of the University of Washington was 
used to simulate a burn of Ponderosa Pine slash. 
This fuel was collected from a selectively logged 
area near Cle Elum, Washington. The procedure 
Has to cut an area of the forest floor material 
and place it in a wire basket under a large hood 
in the laboratory. The bed 1-1as lit from one end 
and flamed vigorously until the entire bed was 
ignited; the flaming then stopped and the bed 
continued to smolder. One sample was taken 
during the flaming and the rest 1vere taken during 
the smoldering. 

The residential oil furnace was a forced hot air 
type, approximately 15 years old. The burner was 
an atmospheric pressure, conventional head type 
of one gallon per hour capacity, which had been 
serviced just prior to the test. The natural gas 
furnace was a forced hot air unit approximately 
ten years old. It had a capacity of 200 cubic 
feet per hour of gas and was equipped 1-1ith a 
conventional head, atmospheric pressure burner 
and a primary air control orifice. This burner 
had also just been serviced prior to the test. 
The procedure for sampling both furnaces was the 
same; the first filter \vas taken during coldstart 
and the subsequent filters reflected steady state 
operation. 
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Discussion 

A summary of the results from the four sources is 
contained in Table I. As noted previously, the 
coal boiler was tested while operating in steady 
state and the low error bars reflect this fact. 
The slash burn, distillate oil and natural gas 
lvere sampled from start-up through steady state. 
The start-up filters contained much more soot as 
could be expected, and caused large errors in the 
mean bap and n2. When the steady state results 
alone are considered the error is decreased 
dramatically. 

The n2 of 0.02 for the coal fly ash sho1-1s good 
agreement lvith the value of 0.01 reported byTwitty 
and Weinmann4 and indicates that coal fly ash does 
not contain an appreciable amount of soot. This 
result is also in good agreement with the findings 
of Fisher, et al5 , that the vast majority of such 
particles are aluminosilicates and that carbonoceus 
particles represent a very small percentage. 

The mean of all the slash burn samples was roughly 
the same as the coal, but the filters \vere not 
as consistant. The start-up filter contained an 
appreciable amount of soot but the subsequent 
smoldering filters contained little if any soot. 
The mean n2 of 0.009 for all the samples, however 
is probably representative of a forest fire since 
it contains both flaming and smoldering particulate. 

Both the distillate oil and natural gas samples 
were composed of highly absorbing aerosol since 
the mean n2 for each \~as on the order of 0. 45. 
This is in good agreement with the value of 0.66 
reported for the graphite6. The steady state 
values are reported in the table to show the 
smaller error bars for those samples. Again the 
start-up filter for each contained much more mass 
than the steady state filters, but it is assumed 
that the mass on all the filters is predominantly 
carbonaceous soot. It is interesting to note that 
the absorption coefficients for both sources are 
so similar. 

The gas furnace was 45 percent larger than the oil 
so this might account for some of it; but even if 
the bap 1vas normalized for heat release the oil 
furnace put out only 3.5 times the soot emitted 
from the gas furnace. This initially was a 
surprise but a check of the EPA emission factors 
for such sources 7 show·ed that oil furnaces put out 
approximately 4,5 times the soot emitted from 
natural gas, therefore, these numbers are quite 
consistent. 

Conclusions 

As a result of this study it is possible to 
conclude that sources such as forest fires, wood 
and leaf burning and coal fired boilers are not 
significant producers of carbonaceous soot. 
However, the aerosols from such sources can absorb 
an appreciable amount of light when found in high 
concentrations. Conversely, fuel oil and gas 
fired furnaces are sources ofgraphiticsoot and 
have the same order of magnitude emission rate. 
Assuming that the particulate emissions from such 
sources is almost all soot, the EPA emissionfactors 
in Table II might be a good approximation of the 
soot emission rates from these sources. 



TABLE 1. 

Absorption Coefficients at 530 nm Wavelength 

% Attenuation 
Source baJ2 (m-1) ~) (g/lObBtu) n2 

coal boiler 4Xlo-2:±:3.6xlo-2 1.5 0.26 0.02 :±: 0.01 

slash burn 4Xl0-2:±:1.6XlO-l 1.3 0.27 0.009 :t 0.04 

(w/o start-up) 4Xl0- 3:±:4X.l0-3 1.3 0.08 0.0004 :±: 0.0002 

distillate oil 7Xl0-3:±:6Xl0-3 2.5 3.33 0.45 :±: 0.27 

(w/o start-up) 5xl0-3:t4Xlo-4 2.5 3.5 0.39 :t 0.11 

natural gas 3Xlo- 3:t5. zno- 3 2.5 3.44 0.45 :±: 0.68 

(w/o start-up) 2Xl0-3:t8Xl0-4 2.5 2.8 0.30 :±: 0.11 

all values reported to the 2.11 level 

TABLE 2. 

ENVIRONMENTAL PROTECTION AGENCY PARTICULATE EMISSION FACTORS 

Source Emission Rate (g/106Btu) 

distillate oil 33 

natural gas and propane 7 

residual oil 76 
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SPECTROPHOTOMETRIC MEASUREMENTS OF EXTINCTION 

J. S. Hall and L. A. Riley 
Lowell Observatory 
Flagstaff, Arizona 

ABSTRACT 

Nighttime extinction measures made with a transmissometer and interference filters over the spectral 
range of 0.32 to 0.66 ~mat ten carefully selected sites are discussed in this report. The main purpose 
of the program was to obtain absolute and objective baseline data which can be used at some future time 
for comparison. Data obtained at nine of the ten sites b~lieved to be generally outside the normal air 
flow patterns from industrial and smog-producing areas have air of very high quality, with aerosol extinc
tion in the visual region of the spectrum of less than a factor of two or three times Rayleigh extinction 
alone. Several different procedures tried in an effort to make accurate extinction measures in full 
sunlight are described. 

BACKGROUND 

We have been using astronomical photometric 
techniques since 1971 to determine atmospheric ex
tinction (the total loss of transparency caused by 
absorption and scattering by both aerosols and 
gases) over horizontal paths of from one to twenty 
kilometers and in at least nine wavelength bands 
within the spectral domain bounded by ozone and 
water vapor absorption (0.32 to 0.66 ~m). 

We have had three objectives in mind: 1) to 
determine very accurate extinction coefficients at 
Flagstaff, Arizona, and in other areas of different 
elevation in the United States where clear air is 
most likely to be found, in order to establish base
line data so that a future po~sible influx of man
made pollutants can be monitored quantitatively; 
2) to find a simple means of making accurate mea
surements of both background intensity and extinc
tion in full daylight for the purpose of determining 
reliable and objective values of visibility; and 
3) to determine, if possible, the nature of the 
aerosols responsible for the extinction observed in 
each environmental situation. We believe that a 
good way to do this is to start from very clear air 
and learn what happens whenever a known aerosol is 
introduced by man or nature. 

The only comparable spectrophotometric data 
which we have found are those obtained in Pasadena 
by Baum and Dunkelman 1 and near Chesapeake Bay by 
Knestrick et aZ. 2 These data were used extensively 
by Elterman3 in compiling his tables of "represen
tative" aerosol extinction for different wave
lengths at low elevations. For higher elevations, 
the tabular values are derived by combining these 
data with observations made in the upper air by a 
variety of techniques. The data presented here 
include some of that previously published by the 
authors. 4 • 5 

APPARATUS AND METHODS 

The data presented here have all been obtained 
at night using a very carefully regulated quartz
halogen 45-W lamp powered by two 12-volt storage 
batteries. Immediately in front of the lamp is a 
thin 20-mm quartz disk, which has been ground on 
both sides to produce what is essentially an iso-
tropic beam in the forward direction. The 
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receiving equipment consists of a six-inch reflect
ing telescope, a set of narrow-band interference 
filters, an EMI 6526Q photomultiplier, high-voltage 
supply, and pulse-counting components. The data 
from the pulse counter can be stored and reduced 
on-line by a 9815-A Hewlett-Packard programmable 
calculator. Figure 1 is a schematic diagram of 
the observing equipment. 

Early in the program we measured the same light 
source placed alternately at two different dis
tances from the telescope. This procedure provides 
good absolute extinction data but requires a sig
nificant amount of time to move the source and an 
easily traversable terrain. More recently, in an 
effort to provide data of greater accuracy and to 
avoid physical limitations imposed by certain 
sites, we have attached the light source to the 
telescope and measured the energy reflected from 
two mirrors placed at widely separated distances. 
These mirrors must be optically flat, firmly 
mounted on a stable base, and aimed so that the 
reflected beam is precisely centered on the tele
scope. The aperture of the telescope accepts an 
isotropic beam reflected from an area on the flat 
mirror of half the diameter of the primary mirror 
of the telescope. The reflectivity of the two 
mirrors at the same distance was compared at regu
lar intervals to an accuracy of one quarter of one 
percent using the same filters and light source as 
those used in the observing program. The ratio of 
their reflectivities is close to unity and varies 
very little when measured at monthly intervals. 

The use of two mirrors rather than alternate 
locations of the light source proved to be advan
tageous at Mount Hopkins and near the center of 
Phoenix, where there were severe restraints on the 
choice of sites. At Bryce Canyon the light beam 
passed within a few feet of the ground and on one 
calm night jumped around to such a large extent 
due to rapid changes in refraction that the return
ing beam was not always centered on the telescope. 
Thereafter the configuration used at Bryce Canyon 
and elsewhere was selected on the basis of 
weather conditions and the nature of the terrain. 
At Lake Powell, Organ Pipe Cactus National Monu
ment, and White Sands National Monument, the 
direct beam method gave excellent results because 
of the long path lengths (more than 4 km) and 
stable atmospheric conditions. 



Fig. 1. Schematic diagram of our equipment, 
illustrating the two modes of observation. The 
same light source can be measured at two differ
ent positions, d1 and d2, or optical flats at d1 
and d2 reflect the light source (attached to the 
telescope) at essentially normal incidence back 
to the photometer. 

Since, in the absence of any extinction, the 
amount of light entering the telescope aperture 
varies as the square of its distance from the 
source, the pertinent distances must be accurately 
determined. A Wild theodolite and a good tape mea
sure were used in measuring distances. These were 
measured to better than one part in 2000. 

In order to present the data in an homogeneous 
and objective form, we have used a power relation 
of the form y ~ axb to compute a curve representing 
a least-squares solution for each set. Except at 
the two ends of the spectral range, the output from 
the light source alone has shown a standard devia
tion of one-half percent at all wavelengths; at 
each end it has been about twice this value. In 
the field there are additional errors due to scin
tillation and short-term transparency changes dur
ing a run. Under good atmospheric conditions, the 
observed error in Sp(km- 1 ) is usually between 0.005 
and 0.010. When least-square solution power curves 
are used to provide the value of Bp(km- 1) in the 
visual range, the error whould be about one-third 
these values, which is probably comparable to 
atmospheric fluctuations. 

It is easy to convert the values of Sp in the 
graphs to the range of visibility. One will make 
only a very small error if the Rayleigh coefficient 
at 0.550 vm is assumed to be 0.012 km- 1 at all ele
vat·ions. The range of visibility for a two-percent 
threshold is simply 3.9 divided by (Sp + 0.012). A 
value of Sp(km-1) of 0.020 therefore corresponds to 
a visual range of visibility of 122 km; 0.050 would 
be 63 km. 

We normally used a Gardner Small Particle 
Detector to measure the number of condensation 
nuclei per cubic centimeter. The size range of 
these particles is 0.001 to 0.1 vm, which is just 
below the size range causing visual extinction. 
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Experimental Daylight Observations 

For three months in 1975 we collaborated with 
Drs. Kenneth O'Dell and William Malm of the Physics 
Department at Northern Arizona University to take 
advantage of their experience in laser technology. 

With a helium-neon laser at a distance of 3 km 
and a narrow-band interference filter at 0.6328 vm, 
it was not difficult to produce intensities which 
greatly exceeded ambient daylight. Presumably 
because of the unstable image patterns which we 
always observed, we were not able to obtain 
consistent results. 

We then decided that a mercury arc might be an 
ideal light source for daylight observations, as a 
low-pressure mercury arc provides several very 
narrow emission lines extending from the yellow to 
the ultraviolet. Many of these individual lines 
produced by a 100-watt arc have about a thousand 
times more power than the single wavelength pro
duced by a standard laser having a power output of 
one or two milliwatts. Furthermore, the mercury 
green line at 0.5461 vm is very near the 
wavelength of maximum sensitivity of the eye. 

Several attempts to modulate the beam and to 
use synchronous detection failed, probably because 
of the highly random energy fluctuations introduced 
into the beam by the atmosphere under the influence 
of sunlight. The simple pulse-counting techniques 
used in our nighttime work have proven to be ade
quate. In full sunlight, over a round-trip range 
of 2 km, with no lenses or mirrors to concentrate 
the beam and with interference filters 5 ~ngstroms 
wide, the observed background intensity was less 
than 10 percent of that from the mercury green 
line. 

The remaining problem is to minimize the 
effects of the relatively large seeing fluctuations 
which occur in full or intermittant sunshine. It 
seems probable that errors caused by these fluctu
ations can be reduced to reasonable limits by the 
use of a larger telescope (with correspondingly 
larger mirrors) and by selecting sites well above 
the terrain. Our limited experience with an over
water site (Lake Powell) provided very consistent 
results during early evening hours. 

Laboratory Measures of Extinction by Selected 
Aerosols ---

A plastic cylindrical container with quartz 
windows at each end has been constructed in such a 
way that aerosols can be easily introduced. The 
light source and receiving equipment already des
cribed can be used to obtain the wavelength depen
dence of the extinction of selected aerosols. We 
hope to make a few measures of this type before 
the termination of this project. 

DISCUSSION OF OBSERVATIONS 

The air quality to be found at a given site 
should, of course, be judged by measures made over 
a long period of time. in different seasons of the 
year and different times of day. However, one can 
observe for a short period at a given site and, by 
taking several factors into account, use his 



observations to predict the probable long-term air 
quality at that site. For instance, the very clear 
air found on a run of only two nights at Lake 
Powell could not be expected to be present when 
the winds come from the general direction of the 
Navajo Power Plant or when stagnant air conditions 
exist. 

All of our observations were made along light 
paths which were inclined less than three degrees 
from the horizontal. After the light intensity is 
corrected by the inverse-square law, the observed 
intensity I is related to the initial intensity I0 
by the relationship I~ I0 e-S(h,A)d, where s is 
the total extinction coefficient at an elevation h 
above sea level and d is the path difference 
(d2- d1 in Fig. 1). When intensities from two 
mirrors at different distances are compared, small 
corrections must also be made for the ratio of 
their reflectivities at different wavelengths. 

The Rayleigh extinction due to air molecules is 
subtracted, and the extinction coefficients due to 
aerosols only, (Sp)• expressed in units of 
reciprocal kilometers, are plotted against wave
length. The Rayleigh values were interpolated 
from Elterman's Tables for the elevation of a 
given site. No corrections were applied to account 
for the atmospheric pressure at the time of obser
vation. (These would be very small corrections.) 
A discussion of the accuracy of the Rayleigh scat
tering coefficients is not within the scope of this 
paper. 

Data have been obtained at night at ten differ
ent sites with elevations ranging from zero to 2.3 
km. Conditions have been encountered at both low 
and high elevations under which the visibility was 
not significantly affected by the presence of 
aerosols. 

At Flagstaff, Arizona (elevation 2.2 km), in 
October of 1973, measures obtained over a 3.3-km 
differential path well above a sparsely settled 
area showed virtually no aerosol extinction on two 
nights when the air movement was gentle and down
slope from the nearby San Francisco mountains. 
The absence of aerosols was indicated on these two 
nights alone from a total of 25 nights. 

Observations made across Lake Powell and the 
Grand Canyon (elevation 1.2 km) over a 6.6-km path 
on two nights showed no significant departure from 
Rayleigh scattering throughout the entire spectral 
range (Fig. 2). Under favorable wind conditions 
this area, which has only desert vegetation, can be 
remarkably clear. (The Navajo power station was 
about 3 miles east and downwind from the line of 
sight.) The Gardner counted 1000 particles per 
cubic centimeter, which is about one-quarter the 
number usually measured in the vicinity of the 
Lowell Observatory. 

Conditions of Rayleigh scattering only were 
also found in March 1977 on several occasions 
immediately after rainy periods on Puget Island, 
Washington, a few meters above the Columbia River 
and about 50 km from its mouth. 
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Fig. 2. Extinction data obtained across Lake 
Powell and the Grand Canyon on two nights of 
excellent transparency. 

We have encountered a wide variety of aerosol 
sizes which produce effects ranging from dominant 
absorption to dominant scattering, that is, from 
aerosols large to small when compared to visual 
wavelengths. All of our aerosol extinction data 
for Flagstaff are represented by the four power 
curves in Fig. 3. The mean values for all nights 
(curve C) are 25 percent smaller than Elterman's 
tabulated data for the visual wavelengths and 
about equal to them in the ultraviolet. (The 
abrupt change in the shape of curve B is at the 
junction of the data published by Baum and Dunkel
man1 and that of Knestrick et al.2) The Flagstaff 
data include nights in which the aerosol extinction 
is nearly constant with wavelength (curve D), sug
gesting absorption by large particles, and other 
nights in which the ultraviolet data show pro
nounced selective scattering by small particles 
(curve E); as mentioned above, on two nights the 
aerosol extinction was close to zero. 
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Fig. 3. Summary of aerosol extinction data for 
Flagstaff, Arizona. The mean best-fit power 
curves only are plotted. Curve C represents a 
mean of 25 nights of observations; compare this 
to curve B, which represents data interpolated 
from Elterman's Tables for 2.2 km. Curve A is 
the mean of seven poor nights; curve E repre
sents five nights affected by forest fire parti
cles or similar small particles. CurveD is a 
mean of the 13 clearest nights, including nights 
in which the extinction is nearly constant with 
wavelength. 



Observations were made on eight nights at 
Mount Hopkins, Arizona (elevation 2.3 km), 55 km 
south-southeast of Tucson, over a light path well 
above the local terrain. The data for those 
periods which were free of aerosols brought in by 
high winds show mean extinction coefficients in 
the visual which are comparable to those obtained 
on the 13 best nights in Flagstaff (Fig. 3, curve 
D). In the far ultraviolet, however, the extinc
tion is less than at Flagstaff, presumably due to 
the absence of nearby auto fumes and wood fires. 
Typical clean air data obtained at Mount Hopkins 
are plotted in the lower half of Fig. 4. 
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Fig. 4. Aerosol extinction coefficients ob
tained at Mount Hopkins, Arizona (2.3-km ele
vation). Typical clean air data are plotted 
in the two lower curves, while the two upper 
curves show the effect of continuously 
increasing extinction by large particles. 

On two nights at Mount Hopkins, the aerosol 
extinction increased markedly during the course of 
the evening. This was particularly so on 
November 29, 1976, when the winds were very strong 
and dust either from local roads or from the fields 
several thousand feet below was observed on hori
zontal surfaces. On such nights, the extinction 
curves were essentially horizontal straight lines 
with increasing ordinate as the number of particles, 
large compared to wavelength, increased. Examples 
are shown in the upper half of Fig. 4. 

Observations were also made at an elevation of 
2.3 km at the airport just west of the entrance to 
Bryce Canyon, in southeastern Utah. Data obtained 
on nine nights indicated that this region had 
clearer air than any we have found. 

Ray Weiss (University of Washington) worked 
with us at Bryce Canyon with a variety of 
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instruments designed to measure air quality. Among 
these were instruments for measuring scattering 
coefficients and size distributions of large and 
small particles. The purpose of this collabora
tion (and several other joint efforts) was to cali
brate the Integrating Plate Method of determining 
absorption coefficients which he has developed. 
The absorption encountered at Bryce Canyon, how
ever, proved to be so small that no reliable cali
bration could be obtained. (The comparison was 
later made in Phoenix.) 

On three of the nine nights on which we 
observed, the aerosol density was below our limit 
of detection; there were about as many negative 
coefficients (due to errors of measurement) as 
there were positive ones. Graphs showing data 
obtained on nights of good and poor transparency 
are included in Fig. 5. Weiss returned later in 
November and made further measurements which con
firmed his op1n1on that Bryce Canyon has exception
ally clean air . 
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Fig. 5. Aerosol extinction data obtained 
near Bryce Canyon (elevation 2.3 km). 

Observations made on a number of nights near 
the center of Phoenix showed large variations in 
air quality, depending on the time of night and on 
wind direction. On an exceptional night, however, 
about twelve hours after a rain shower, the aerosol 
extinction in the visual was only three or four 
times the Rayleigh extinction, or comparable to the 
air quality found in isolated areas. Data obtained 
in Phoenix on November 23, 1977, showing widely 
different degrees of extinction. are shown in 
Fig. 6. 
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Fig. 6. Extinction data obtained near the 
center of Phoenix, Arizona (elevation 0.3 km) 
on November 23, 1977. 

While the comparison of our data with Elter
man's Tables is reasonably good for clear air at 
high elevations, there are large differences at 
elevations of 0.2 km and less. Figure 7 shows 
observations made at Gila Bend, Arizona, and 
Richland, Washington. These aerosol extinction 
values are only one-sixth as large as the tabulated 
values. Measures made on Puget Island, Washington, 
show low values similar to those made in the much 
drier Richland area, in the southeastern corner of 
Washington State. It was found that a humidity of 
90 percent did not necessarily mean large 
extinction (see Fig. 8). 

The most significant set of measures made at 
low elevation (0.5 km) was that made on ten con
secutive nights within the boundaries of the Organ 
Pipe Cactus National Monument in Arizona. This 
desert area has sufficient vegetation to inhibit 
the development of numerous dust devils. It is 
roughly 500 km east-southeast of San Diego, 
bordered on the west by a government proving 
ground and on the south by Sonora, Mexico, with 
the Gulf of California and Baja California to the 
southwest. The lands south of the Mexican border 
are used for grazing. We found no evidence of 
contamination from a copper smelter at Ajo, 72 km 
north of our site. 

With the exception of the second run on 
April 15, 1978, and both runs on the following 
night when strong winds associated with a frontal 
passage were present, the air quality was high. 
As shown in Fig. 9, on about half the nights the 
computed extinction curves were virtually straight 
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lines and close to horizontal. On other nights 
they slope upward slightly in the ultraviolet. 
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Fig. 7. Aerosol extinction coefficients 
obtained near sea level at Gila Bend, Arizona, 
and Richland, Washington, This visual extinc
tion is about one-sixth as large as values 
shown in Elterman's Tables. 
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Fig. 8. Aerosol extinction coefficients 
obtained at Puget Island, Washington. The 
extinction increased rapidly, particularly 
in the ultraviolet, as the number of 
condensation nuclei increased. A heavy fog 
developed a few hours later. 
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Fig. 9. ~erosol extinction data obtained 
during April 1978. The influx of strong 
frontal winds almost doubled the extinction 
on 15 April and kept it at a high level 
through 16 April. 
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The generally flat curves with small or no 
slopes suggest large aerosols, perhaps stirred up 
by local winds (dust devils). Vehicles travelling 
over unpaved roads within the Monument also create 
small amounts of dust . 

Very recently we have measured air quality on 
seven consecutive nights at the White Sands 
National Monument. This Monument, at an elevation 
of 1.23 km, is surrounded on the north, west, and 
south by desert. Alamogordo, a city of 22,000 
people, is 25 km to the east, Las Cruces (43,000) 
is 80 km to the southeast, and El Paso (370,000) 
is 110 km to the south. The prevailing winds from 
the west and southwest have blown the gypsum sand 
from a nearby lake bed to form the dunes. 

On the nights of May 23 to 26, 1978, the winds 
were light and variable; on May 27 the wind was 
about 15 km/hr from the southwest. On May 29 it 
was 20-25 km/hr from the south-southeast. On 
May 28 there was little or no wind and a very large 
temperature gradient, a condition which caused very 
large and variable refraction of the light beam. 

Air quality data secured on the nights of 
May 23-27 inclusive were so similar that they were 
combined and plotted at the bottom of Fig. 10. The 
vari ab 1 e refraction of ~1ay 28 caused such a seri
ous loss of accuracy that the data are not pre
sented. The data of May 29, plotted at the top of 
Fig. 10, show a definite increase in aerosol 
extinction toward the ultraviolet. It is quite 
possible that the air quality on this night was 
degraded by aerosols from the El Paso area . 

The data for May 23-27 show low extinction with 
only a small increase toward the ultraviolet. There 
was no noticeable change based on wind direction. 
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Fig. 10. Aerosol extinction data obtained 
during May 1978. The data for five nights 
shown at the bottom indicate a range of visi
bility of 100 km, a value very similar to 
that for the average of the last five nights 
of observation at Organ Pipe Cactus National 
Monument (see Fig. 9). 



Puget Island was the only site where observa
tions were made under very humid conditions. As 
shown in Fig. 8, on March 15, 1977, the aerosol 
extinction coefficients increased rapidly as the 
night progressed, particularly in the ultraviolet, 
and a nearby nephelometer showed a rapid increase 
in the number of particles. These evidently were 
the result of emission from a pulp mill about 2 km 
to the south, which always had plumes of water 
droplets associated with it. At sunrise on the 
next day, a heavy fog covered the island from the 
surface to a height of perhaps 50 meters. 

Accurate measures were made during a severe 
dust storm at Gila Bend, Arizona, on March 26, 
1975. The particles were large compared to a wave
length of visible light, and the visual extinction 
was about twelve times larger than that observed 
on the following clear night. The Gardner indi
cated a very low particle count (1000 per cc) dur
ing the dust storm. It appears that the large 
particles swept out the very small condensation 
nuclei. 

During measures made while a forest fire was 
burning near Flagstaff, unusually large extinction 
in the ultraviolet and blue was observed (curve E, 
Fig. 3). A similar result was obtained on two 
nights in late July of 1976, also at Flagstaff, 
under very dry conditions. 

Measures were made from the Observatory's dark
sky site 16 km southeast of Flagstaff over a 20.3-
km path to the Flagstaff Station of the Nava 1 
Observatory, 8 km west of the city. The light 
path extended 100 to 300 meters above wooded ter
rain and over several roads, including I-17 from 
Flagstaff to Phoenix. These data also show an 
abnormal amount of extinction in the ultraviolet. 
which could be due in part to automobile emission 
and/or smoke from a few local dwellings (curve E, 
Fig. 3). 

CONCLUSIONS 

1. Spectrophotometric observations of atmo
spheric extinction made at ten sites have shown 
three general classes of extinction: 

a) Very high ultraviolet extinction com
pared to that in the visual due to a preponderance 
of small (relative to the wavelength) particles. 
This occurred in the presence of smoke from a 
fares t ,'ire. 

b) Moderately high ultraviolet extinction 
in areas with heavy motor vehicle traffic. 

c) Flat or nearly flat extinction curves 
(large particles). These can result from the 
presence of windblown dust. 

2. Very clear air was encountered at all ele
vations. At inland sites this was the case for 
air which had descended from high elevations or 
had been cleaned by rain showers. Measures on 
Puget Island showed that air coming in from the 
Pacific Ocean appeared to be very clear. 

3. Three sites at high elevation were exam
ined. Although Flagstaff and Mount Hopkins 
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usually exhibited very clear air, we are led to 
believe that Bryce Canyon would prove to have 
clearer air on a year-round basis. 

4. The data we obtained for lake Powell and 
White Sands, two sites at intermediate elevation, 
do not appear to be typical of steady-state condi
tions. The lake Powell results were obtained 
under better conditions and the White Sands results 
under poorer conditions than those of average 
visibility. This opinion is based on the judge
ment of people who live in the areas and who have 
an interest in air quality. 

5. Measures madeatfive low-level sites indi
cate that Organ Pipe Cactus National Monument con
sistently had the clearest air. At Richland and 
Gila Bend, the slopes of the aerosol extinction 
curves showed some evidence of motor vehicle emis
sion. (The shapes of the curves of the Phoenix 
measures, when scaled down by a constant factor. 
are very similar to those found at Gila Bend and 
Richland.) The Organ Pipe Cactus site showed some 
evidence of dust but little or no evidence of 
emission from motor vehicles. 

6. For carefully selected inland sites exam
ined under dry, steady-state conditions. the 
extinction observed near sea level was not radi
cally more than that found at higher elevations--a 
factor of two or three at most. 

7. The air quality at even the carefully 
selected sites we visited is doubtless degraded 
occasionally by man-caused aerosols. However, 
most of the time the man-made contribution does 
not substantially change the visibility. 

8. Attempts made to obtain accurate measures 
of extinction in the visual spectrum in full sun
light gave promising results. The remaining prob
lems to be solved involve means of controlling the 
ill effects of atmospheric fluctuations. 
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LIGHT SCATTERING PARAtviETERS OF INTERNAL AND EXTERNAL MIXTURES OF SOOT AND NON-ABSORBING 
MATERIAL IN ATMOSPHERIC AEROSOLS 

Jost 

International Meteorological Institute in Stockholm, 
Arrhenius Laboratory, S-106 91 Stockholm, S>·reden 

ABSTRACT 

Extinction, scattering and absorption coefficients of single particles are calculated allovring three 
different >mys of mixing a fixed volume fraction of soot >·rith ammonium sulfate: 
1. one homogeneous sphere 1-rith the soot being 'dissolved' in the ammonium sulfate, 
2. an external mixture of tvro scattering soot and ammonium sulfate spheres, 
3. two concentric spheres with the soot being the kernel. 
The results are integrated over Wnitby's Los Angeles Grand Average aerosol size distribution to demon
strate the influence of the state of internal or external mixture on the light parameters 
of an urban aerosol. Four different of distributing a fixed total soot volume over the 
three modes of the size distribution have been . The calculated extinction coefficients 
for the 4 models differ only by 5% lvhile the scattering coefficients vary by 10% depending 
on the state of mixture. The absorption coefficients ho>·rever vary by a factor of 3 ,,ri th changing loca
tion of the fixed absorber volume vithin the particles and/or vithin the size distribution. 

INTRODUCTION 

In this study the location of the absorbing 
material is varied vrithin a trimodal urban aero
sol model (Hhitby' s L. A. grand average 1

) and the 
effect on integral light scattering and absorp-
tion properties has been . Soot with 
a complex refractive index of 1.57 - .48i 2 is 
assumed to be the light absorber l·rhile ammonium 
sulfate l·rith a real refractive index of 1. 525 
represents the non-absorbing fraction of the atmo
spheric aerosol. For each individual particle 
size three different ways of a given 
absorber volume vrere considered: 

1. volume mix: The absorber is 'dissolved' J.n the 
non-absorbing material homogeneous 
particles of a complex refractive index of 
1.53 - .Oli, a frequently published value for 
the refractive index of atmospheric aerosol. 
The volume mix though chemically unsound rep
sents about the state of the art in the optics 
of the atmosphere, 

2. external mix: Absorbing and non-absorbing mate
rial exists as two separate particles acting 
as independent scatterers, 

3. internal mix: The absorber is the kernel of 
two concentric spheres vrith ammonium sulfate 
as the shell. 

Four different possibilities for locating a 
absorber volume 1-1ithin the over all size 

have been used. 

1. symmetrically, leading to the same volume frac
tion of absorber/non-absorbing material in all 
theree modes, ), 

2. the total absorber vol~~e ln the fine particle 
mode, (M4), 

3. the total absorber volume ln the accumulation 
mode, (M5), 

4. internal mixing in the accumulation mode >·rhile 
the rest of the absorber volwne is externally 
mixed into the fine particle mode, (M6). 
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Fig. 1 Aerosol models used in the light 
scattering calculations. Dashed area.s 
stand for a. volurne mix. Dotted areas 
stand for an internal mixture. Blacll: 
areas represent pure soot. 



RESULTS 

Results of the calculations are 
first given for individual particles to demon
strate the effects of the different internal or 
external mixtures of and 
material on single particle scattering and 

. Here the fraction of soot to total 
volume is kept the same for all particle sizes. 
Setting it to about 2% yields a bulk value of 
l. 53 - .Oli for the refractive index at each 
radius. Figures 2-4 show extinction, scattering 
and per volurae as a function of 
particle slze. 

iotGfnol mixture 

-0.1 in Uw noo- obsorb1ng materiel 
-.01\ 111 the bulk mot~r1ol 

m~<157-48iintMob-sofb-w 

m .. tSlS -0.1 in t:l'w non-OOS<lf"blng motorial 
m .. t53-.01iintl» bolkfl\Qtenol 
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Fig. 2-4 Extinction, scattering and absorption 
coefficients per volume as a function 
of particle size. 

As for the extinction coefficient, no striking 
differences appear betveen the 3 ;rays of distri
buting s. given volume fraction of soot ~Vi thin 
each particle. The external mixture sets the 
lmrer limit for the first 2 decades of particle 
slze but above that the 3 mixtures follo•v the 
same curve liith only slight deviations. 

For the scattering coefficients the differences 
betveen 3 kinds of mixture are even smaller for 
particle radii up to about .2 ~. For larger sizes 
ho~Vever the curves diverge markedly. The volume 
mixture sets the lo-.rer limit and the external 
mixture sets the upper limit for the scattering 
coefficients per volume. 

Holiever, the most striking effects of varying 
the distribution of a fixed volu~e fraction of 
absorbing material can be seen in the absorption 
coefficients. For particles -.rith radii above 
.01 )lm the curves spread increasingly >Vith more 
than one order of magnitude bet>Veen external and 
volume mixture at the upper end of +-he investi
gated size range. The external mixtc1re yields the 
lo~iest absorption coefficients for all particles 
sizes. Particles with a soot kernel show strange~ 
absorption up to the maximal radius at about 
.2 )lm. For larger sizes, the volume mixture causes 
increasingly stronger light absorption than the 
other two mixtures. 

For the extinction, being the sum of absorption 
and scattering it does not matter hovr the ab
sorber is distributed within the aerosol particle. 
Spreading it over the total particle volume maxi
mizes its damping effect on the electromagnetic 
field, causing highest absorption and lo•·rest 
scattering. Hovrever, below the main resonance 
maximum a significant part of the light entering 
the particle traverses the center of the sphere. 
Through this focussing effect a soot kernel 
causes higher absorption than the volume mixture. 



For larger particle slzes a concentric absorber 
still yields light absorption than an ex
ternal soot particle absorbing independently but 
distributing the same absorber volume over the 
entire particle volume causes the strongest damp
ing of the internal field. 

Extinction, scattering and absorption spectra 
are presented for Whitby's L. A. grand average 
size distribution (note that the total volume 
soot is the same in all 6 aerosol models). 

of 

Fig. 5 
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Extinction coefficients for Whitby's 
Los Angeles Grand Average 1 and the six 
aerosol mixtures Ml-M6. 

I'lO% 

.2 

.5 

Fig. 6 Scattering coefficients for ~lhitby' s 
Los Angeles Grand Average 1 and the six 
aerosol mixtures Ml-M6. 
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Fig. 7 Absorption coefficients for \fui tby' s 
Los Angeles Grand Average 1 and the six 
aerosol mixtures Ml-M6. 

As expected from the results on 
les the integrated extinction spectra 
are very insensitive to variations in 
tion of the absorbing substance. Only 
rences occur betvJeen the extreme values for model 
1 and model 4. The scattering spectra 
in Fig. 6 also exhibit little to the 
absorber location. The differences behreen the 
extreme cases are less than 10%. The absorption 
spectra (Fig. 7) however, are very sensitive to 
the location of the absorber material. The symmet
rical external mixture (M2) sets the lmrer limit 
while the symmetrical volume-mixture causes the 
highest absorption 1·ri th three-forld values, 
(see Fig. as explanation). The results for the 
other four models scatter 1-rith varying l·ravelength 
dependence within the range set by M2 and Ml. 

In table l characteristical parameters of the 
carbon containing urban aerosol models used in 
this study are swmnarized. In addition to the co
efficients presented before the 
albedo w is listed. l -- w describes hm·r much of 
the light the aerosol population 
ls converted into radiation of another \·ravelength 
or into another form of energy. 

CONCLUSIONS 

The commonly used methods for 
light and absorption parameters of 
the aerosol use the volume-mixture 
(i,11) to locate the substance in the 
particle size distribution. The results presented 
here show that this a.pproach yields the lmrest 
extinction and scattering and the ab-
sorption coefficients of all investigated models 

the distribution of a given absorber 
volume in the aerosol. 



-· 
aerosol material \ ~ , 55 ll m 

extinction scattering absorption single-
model mode 1 mode 2 mode 3 coefficient coefficient coefficien+, scattering 

km 
~1 km~ 1 km 

~1 albedo 
' ~~--~---

I 

,281 ,257 ,0246 
I 

M1 volume-mix volume~mix volume-mix .91 

--I M2 external mix external mix external mix ,284 .275 ,00898 .97 

M3 internal mix internal mix internal mix ,280 ,263 ,0173 <>94 
~-- -

N4 soot (NH
4

)2so
4 j (NH~ )2so 4 ,293 .279 ,0144 .95 

-~ 

(NH
4

)
2
so

4 
soot,(NH

4
)2so 

4 
(NH 

4
) 2so 

4 M5 .285 ,274 ,0107 
I .96 

r· ·- '9 3,, ___ ·-I M6 soot internal mix (NH
4

) 2so
4 

,288 .267 ,0209 i 
i 

Table l Characteristic parameters of a carbon containing trimodal urban aerosol s1ze distribution 1 • 

The aerosol can cause either cooling or heating 
of the atmosphere depending on the relation 
behreen its absorption and its scattering pro
perties (including the angular distribution of 
the scattered radiation 3). In aerosol particles 
with radii comparable to the 1mvelength, the ab
sorption influences most strongly the radiation 
scattered into the backward hemisphere. Therefore 
in a separate study the effect of the absorber 
location on the angular distribution of scattered 
light will be investigated. In conclusion it is 
recommended that the commonly used models for 
locating the absorber material in the aerosol 
be revised and more knowledge about the state of 
internal and external mixture of soot and non
absorbing substances gathered before assessing 
the netto effect of aerosol on the atmospheric 
heat balance, 
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