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r-------- LEGAL NOTICE --------

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the Depart
ment of Energy, nor any of their employees, nor any of their con
tractors, subcontractors, or their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness or usefulness of any information, appa
ratus, product or process disclosed, or represents that its use would 
not infringe privately owned rigflts. 
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APPLICATION OF TilE OPTICAL ABSORPTIO:\ TECHNIQUE TO TilE CHARACTERIZATION OF THE CARBONACEOUS COMPONENT OF 
MfilIE:-'T A."D SOURCE PARTICUL\TE SMIPLES t " 

H. Rosen, A. D. A. Hansen, R. L. Dod, and T. Novakov 
Energy and Environment Division 
La~Tence Berkeley Laboratory 
University of California 
Berkeley, CA 94720 

ABSTRACT 

The optical absorption properties of some ambient 
and source particulate samples have been measured. 
These results suggest that the absorptivity is due to 
"graphitic" soot and that a major fraction of the 
ambient carbonaceous aerosol in the ~'inter and swnmer 
episodes investigated is primary in origin. 

ONE ~IAJOR 'UNCERTAINTY in the air pollution field is 
the extent to which the carbonaceous aerosol particle 
burden is due to secondary reactions or is of primary 
origin. Such a determination is clearly necessary for 
designing an effective control strategy; but due to , 
the complex nature of the samples, it has been a diffi
cult analytical problem to develop methods for dis
criminating between these two sources of carbon. One 

. distinct feature of primary emissions, however, is 
that they appear to have a large "graphitic" soot com
ponent. This component offers an attractive tracer 
for primary emissions since it has some unique physical 
properties. These include a rather high oxidation 
threshold and a large and uniform absorptivity through
out the vis] ble spectral region, which I~e suggest leads 
to the blackish or grayish appearance of ambient and 
source particulate samples. It should be emphasized 
that "graphitic" soot represents only one component of 
the primary carbonaceous aerosol particles, which, in 
general, also contain a large nonabsorbing and volatile 
organic fraction. 

EXPERHIENTAL. 

Parti cui ate samples were collected simul taneously 
on 1.2-\lm ~Ii llipore filters and on quartz fiber filters 
that had been prefired to remove all combustible car
bon. The total carbon on the quartz fiber filters was 
determined by combustion in an oxygen atmosphere, fol
lowed by separation and measurement of the evolved C02 
with a gas chromatograph/thermal conductivity detector 
$ystem (1)*. After correction for differing flow 
rates, these values were then used to calculate the 
total carbon loadings on the corresponding ~1illipore 
filters. Optical attenuation measurements were made 
on the loaded ~lillipore filters by an apparatus incor
porating a I-mW He-Ne laser as a light source (>. = 
.6328 pm) and a photomultiplier as a detector. Essen-_ 
tially all of the light transmitted through the filter 
was colI ected and focused onto the photomul tiplier by 
an f/l lens, and compared with the average transmission 
through blank filters, which was assigned a value of 
100%. Thi s technique for measuring absorpti vi ty is 
based on a principle similar to that of the opal glass 
technique developed by Lin et al. (2). The attenua
tion measured in the above fashion should be primarily 
due to absorption rather than scattering because most 
of the radiation scattered from abmient aerosol par
ticles is in the forward direction and therefore should 

* Numbers in parentheses designate references at the. 
~nd of the paper. 
t Work supported by ERDA and NSF-RANN. 

not contribute to the attenuation since it is collec
ted by the small-f-number lens. 

The particulate samples used in these experiments 
were '(I) ambient samples collected in the winter in 
Berkeley, California (sampling times, from 15 min-4 hI'; 
flow rate, " 70 liters/min); (2) ambient samples col
lected in the summer in Anaheim, Cal i fornia (sampl ing 
time, 24 hI'; flow rate, " 7 liters/min); (3) tunnel 
samples collected in a storage room between two hores 

,of the Caldecott Tunnel, on a major San Francisco Bay 
Area commuter route with a traffic flO\~ of approxi
ma'tely 105 vehicles/day; (4) garage samples collected 
from the rear of an underground parking garage, in 
which the automobile traffic flow was approximately 
35 vehicles/hI' with an average stay of 1-2 hr; (5) 
diesel exhaust samples from a small air-cooled engine; 

'(6) motor scooter exhaust samples from a two-stroke 
engine operating at a slOl~ idle; and (7) soot samples 
generated by a very rich acetylene flame. 

RESULTS. 

The absorbing properties of ambient samples col
lected in Berkeley, California, in the Idnter and in 
Anaheim, California, in the summer can be compared 
with measur~ments made on various source particulate 
samples. In all cases a strong correlation between 
the carbon content and the absorptivity of the collec
ted particuiates is observed. This correlation, in 
combination with measurements of the I~avelcngth depen
dence and temperature dependence of the absorptivity, 
suggests that the absorbing species is "graphitic" 

'soot. A striking similarity is observed in the depen
dence of the absorptivity on the carbon content for 
the Berkeley and Anaheim particulate samples (Fig. la). 
This is true in spite of the fact that several of the 
Anaheim samples were taken under high oxidant condi
tions, which are expected to promote secondary produc
tion of aerosol particles. Also, the absorptivity pe~ 
unit mass of carbon for these ambient samples is quite 
similar to that of various mobile source exhaust sam
ples (Fig. Ib). These results may indicate that a 
large fraction of the carbonaceous aerosol particles in 
the summer and winter episodes investigated is primary 
in origin. Further studies are under way to test the 
generality of these results under a wide range of 
atmospheric conditions and for a variety of combustion 
sources. 

Figures la and Ib show measurements of the atten
uation vs. total carbon content of a number of ambient 
and mobile-source exhaust samples. There is a strong 
correlation between the carbon content and the atten
uation. Since sulfur and nitrogen species in the form 
of common sal ts such as ammonium sui fate and ammonium 
nitrate arc nonabsorbing in the visible region, and 
since there are no significant amounts of transition 
metals like Fe in these samples, we suggest that the 
absorption is due to the carbonaceous component of the 
aerosol particles. 

It should he emphasized that the coverage of 
these samples is very light (" 1 monolayer or par
ticles or less); and yet the absorptivity is quite 
high, imp] )'i'ng that the refractive index of the 
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Fi gure I. (a) Optical attenuation vs. total carbon 
loading for ambient samples collected in Berkeley, 
C,llifornia, in the winter and in Anaheim, California, 
in the summer. The peak ozone levels for the daily 
summer samples ranged from 30 ppb to 270 ppb. The 
points designated by a solid circle have ozone levels 
~ 250 pph. The dashed line corresponds to the theore
tical prediction from a mass balance calculation using 
Ph as a tracer and assuming the dominant sources of 
primary particulate carbon arc automobiles. 

(b) Optical attenuation vs. total carhon 
loading for various mobile source samples. 

i1bsorhing species has a I arge imaginary part. The 
material most likely to be responsible for this absorp
tion is "grnphitic" soot, which has the requisite high 
imaginary index of ~efraction (nT = .46) (3) and has 
hoon shOlm to be a major species in both ambient and 

source samples (4) (sec data in Paper 187 which shows a 
direct correspondence between the absorptivity and the 
Raman intensity of the "graphitic" modes). 

In order to gain a better understnnding of the 
nature of these highly absorbing species, we have 
measured the wavelength and temperature dependence of 
the absorptivity for ambient, tunnel, and laboratory
generated soot samples (Figs. 2 and 3). The absorpti
vity shows a 1/1 wavelength dependence to within 20\ 
over the visible spectral region (~500 X - 7000 X), as 
evidence the gray or black color of tlll'se samplt's. 
This result is consistent with the hypothl'sis that the 
absorption is due primarily to "graphitic" soot since 
it has been shown that the imaginary index of refrac
tion of both acetylene and propane soot is essentially 
constant throughout the visible region (3). Tn fact it 
is difficult to find many organic species which meet 
this criterion: of the 13,000 organics listed in the 
54 th edition of the CRC lIandbook, only 5 are gray or 
black in appearance. 

The temperature dependence of the absorptivity was 
determined by measuring the absorptivity of particu
Jates 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 Figlll'e 3, 
which shows clearly that in all cases the absorbing 
species are stable in ail' until approximately 400°C, 
'and then undergo what is presumably a rapid oxidation 
process to essentially disappear by 500°C. Note that 
this threshold is similar to that of polycrystallille 
graphite (5). The stability of the absorbing species 
at elevated ten~eratures again suggests that they arc 
graphitic in structure, as most other organic sl'l'cies 
expected to be present in ambient and tunnel samples 
should oxidize or vaporize at significantly lower 
temperatUl'es. 

The characterization of the carbonaceous component 
of ambient aerosol particles in terms of primary and 
secondary sp'ecies is crucial to the determination of 
any effective control strategy. In this respect the 
results shown in Figures la and Ib could hnve important 
impl icat ions. The similari ty betl~een the absorbi ng 
properties of the winter and summer ambient samples and 
the mobile source samples is quite striking and can b~ 
interpreted to indicate that a large fraction of 
ambient particulate carbon is primary in origin. It 
would seem quite fortuitous for secondary a tmospheri c 
processes to generate carbonaceous species which just 
happen to have similar absorbing properties as mobile 
source samples. It is also evident from the strong 
correlation between the absorptivity and carbon content 
that "graphitic" soot seems to constitute an approxi
mately constant fraction of the total carbon content of 
the ambient samples even for oxidant levels exceeding 
250 ppb (see Fig. la). This is expected from primary 
emissions, but not from secondary processes wh i ch Iwuld 
be expected to show more variability depending on 

'atmospheric conditions (relative humidity, gas concen
trations, oxidant level, etc.). 
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It has been suggested that most of the carbona
ceous species in the Los Angeles Air Ilasin in the slIm
mer arc of secondary origin, based on the concept of 
mass balance using Pb as a tracer (6,7). Most of the 
primary carbon is assumed to originate from mobile 
sources, while the contribution of other sources rela
tive to the automobile is estimated from an emission 
inventory. The contribution of mobile sources is 
determined by assuming that such emissions arc char
acterized by a C/l'b ratio of '" I. 7 (7). In the ambient 
sampl es, C/Pb ratios of the order of 10 arc found, and 
the deviation from the automotive C/Pb ratio, after 
taking into account a small contribution from other 
sources, is attributed to the secondary production of 
organic carbon. Both t.he summer and winter episodes 
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Figure 2. Plot of the product of absorpti vi ty 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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that we have investigated show a similar discrepancy 
(C/Ph in the ambient samples, " 10, and C/Ph in the 
tunnel samples, ,,1). If we were to use the same anal
ysis as above and further aSSlUne that black species 
("graphitic" soot) are not produced in secondary pro
cesses, an approximate prediction of the absorptivity 
versus carbon content for our ambient samples would be 
given by dividing the slope of least squares fit of 
the tunnel points by 10. This is shown as a dashed 
line in Figure la and clearly does not agree with the 
ambient measurements. This disagreement may be due to 
the fact that sources other than automobiles make a 
major contribution to the carbon balance (e.g., die
sels, hOlnl' hl'ating, aircraft, industry). It is also 
possible that there are some difficulties in using Pb 
as a tracer for mobile source emissions. For example, 
differences in the transport properties of lead and, 
carbon could affect the C/Pb ratio. Also, we have 
found that the C/Pb ratio may depend markedly on dri
ving conditions. Tunnel samples t)l)ically had a C/Pb 
ratio of ~ 1 while parking garage samples taken under 
"start-stop" conditions had a C/Ph ratio of "8. This 
is quite reasonable since under these conditions we 
would expect the combustion process to be more incom
plete and 'therefore produce more carbonaceous 
emissions. 
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