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ATMOSPHERIC AEROSOL PROJECT 

INTRODUCTION 

T. Novakov 

The principal research interest of the Atmos
pheric Aerosol Research group i s in determining 
the role of primary particles in atmospheric chem
istry and physics. Speci f ical ly , we are interested 
in heterogeneous atmospheric chemical reactions 
that involve primary part ic l e s , such as soot and 
fly ash, and gaseous species , and in the ef fects 
of primary part ic les on v i s i b i l i t y and climate. 
This research entai ls laboratory studies comple
mented by se lec t ive f ie ld sampling and experiments. 
All our studies rely on analytical chemistry and 
othei measurement sciences . We axe therefore 
act ive ly developing methods for chemical charac
terization of aerosol particles and for determining 
their optical properties. 

In the f ield of atmospheric chemistry, we have 
primarily focused on the formation of sulfates by 
aqueous reactions catalyzed by solid particles and 
dissolved metal ions. In addition, the role of 
the oxides of nitrogen in SO3 oxidation was also 
studied. 

During recent years, we have def ini te ly estab
lished that black graphitic carbon i s a major 
constituent of the carbonaceous fraction of urban 
aerosol par t i c l e s . During the past year, measure
ments were extended to the Arctic region, where a 
substantial concentration of these part ic les was 
determined. The impacts of these highly absorbing 
species on climate have not yet been assessed, but 
preliminary studies indicate that they could be 
very important, especial ly over regions with a 
high surface albedo, such as the polar ice caps. 

In methods development, we have been working 
on determining aerosol absorption coef f i c i ents , 
developing thermal analysis methods (combined with 
optical measurements and solvent extraction proce
dures) to study carbonaceous and nitrogenous spe
c i e s , and further developing deuteron and ^He-
induced activation analysis for determination of 
low-Z elements in aerosol part ic les . 

ACTIVATED CARBON CATALYZED OXIDATION OP AQUEOUS S(IV) SPECIES* 

R. Brodzinsky, S. Chang, S. Markowitz, and T. Novakov 

INTRODUCTION 

The formation of acid rains is a source of 
major interest and concern. Acid rain is caused 
by nitric and sulfuric acids that are formed by 
the oxidation of nitrogen oxides (N0 X) and sul
fur dioxide (S02)« The precipitation's increased 
acidity as much as pH —3 in parts of New England 
and Europe instead of the "normal" of pH -5.6) has 
had many deleterious effects. Many lakes have be
come too acidic to sustain aquatic life; moat fish 
cannot live in water with a pH <4.5.* The acidity 
also affects plant life, both by attacking the 
vegetation's leaves and branches and by leaching 
nutrients from the soil. Acidity also has its ef
fects on buildings and statues. Many older struc
tures, especially those constructed of sandstone 
or marble, are literally dissolving. 

*This work was supported by the Assistant 
Secretary for Environment, Office of Health and 
Environmental Research. Division of Biomedical and 
Environmental Research of the U.S. Department of 
Energy under Contract Ho. W-7*05-ENC-fc8 and by the 
National Science Foundation under Contract Ho. 
AIM 80-13707. 

Many mechanisms are known for the oxidation of 
SO^* We have been studying the catalytic effects 
of carbonaceous soot particles and activated car
bons on this reaction.-' Carbonaceous paiticles 
in aqueous suspension were found to be efficient 
catalysts for the oxidation of aqueous sulfur (IV) 
(S(IV)] species. 

Those studies' kinetic results showed that the 
reaction followed a Langmuir adsorption isotherm 
for its rate dependence on dissolved f>2 a n (* t^ i e 

product of two adsorption isotherms for S(IV). 
The rate of reaction is linearly dependent on the 
concentration of carbon particles in the solution. 
(Note: Hydrated sulfur dioxide (S0 2*H 20) is also 
known as "sulfurous acid" (H2S03>t but this 
molecule has never been observed. Within this 
work the symbol S(1V) and the formula H2SO3 are 
used to signify all the S(IV)-containing species 
in solution (SO2"H20, HSO3, and SO* -). The 
symbol C x signifies the carbonaceous particle 
surface, while the term "carbon" refers to the 
particles of activated carbon or soot and not the 
element C.) 

We propose a possible four-step reaction 
mechanism which consists of the adsorption of a 
dissolved 0 2 molecule onto the carbon surface. 
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followed by the adsorption of 2 SClV) molecules or 
iom. These are oxidized on the surface to sul
fate, which desorbs from the surface, regenerating 
the catalytically active site. 

We have extended this research to other acti
vated carbons and to soot collected in a highway 
tunnel. 

ACCOMPLISHMENTS DURING FY 1980 

The Aktivkohle is a 30-50 mesh activated car
bon for use in gas chromatography. It was ground 
in an agate ball mill for 15 h to produce a powder 
of --200 mesh. The two Nuchars are decolorizing 
carbons of 200-400 mesh. The manufacture of C-L90 
was discontinued in 1978. The activated carbons 
were washed three times with boiling water to re
move water soluble sulfates and nitrates that were 
adsorbed on the surface, and then the carbons were 
dried. Elemental analysis and physical properties 
of the activated carbons are shown in Table I. 

The following experimental methods weie used. 
A known amount of S(IV) was added to the basic 
reaction system, consisting of a flask in which 
carbonaceous particles were suspended in deionized 
water. Three different commercially available 
activated carbons were used: Nuchar C--190 and 
Nuchar S-N, manufactured by the West Virginia Pulp 
and Paper Co- (Wesvaco), and EM Reagents, 
Aktivkohle, manufactured by E. Merck. 

Automotive soot was collected in the ventila
tion duct above the Caldecott Tunnel, a 1.5-mile 
highway tunnel on California Route 24 beneath the 
Berkeley hills between Oakland and Orinda. A ven
tilation tunnel above the roadway is coated with 
automotive soot. This soot was scraped from the 
walls with a plastic scraper into a large plastic 
bucket. It was then washed three times with boil
ing water and dried. The water wash removed the 

Table 1. Elemental analysis of carbons (vZ). 

Element C-190 SN Aktivkohle Tunnel Method 

C 74.7 77.7 88.1 14.2 ) 
11 0 .9 1.56 1.60 1.75 Combustion 
N 0 .1 0.23 1.17 0.30 J 

Ca 0.221 b . d . 0.025 1.98 \ 
S 0.116 0.07 0.39 1.15 1 
Si >U.1U b.d. b .d . > 1 0 . 1 | 
Fe 0.117 0.011 0.018 2.83 1 
K 0.091 b .d . b .d. h .d . j 
Al >0.055 b.d. b .d. >4.05 1 
Ti 0.016 0.0017 b.d. 0,122 1 
Mn 0.013 0.0012 b .d . 0.022 1 
Cr 0.002 0.0011 b.d. 0.014 1 
Cu 0.002 0.0007 b .d . 0,018 I 
Zn 0.002 0.0006 0.117 0,122 \ XRF 
Sr 0.002 b .d . b .d. 0.086 / 
Ni 0.001 b .d . 0.002 0.108 
CI 0.001 b .d . 0.001 0.101 ( 
As 0.0004 b .d . b .d. b .d. 1 
Br 0.0004 b .d . 0.001 0,007 1 
Rb 0.0004 b .d . b .d . b .d. 1 
Zr 0.0004 b .d . b .d . b .d . 1 
Pb 0.0004 b.d. 0.007 5.06 1 
Ga 0.0001 b .d . b .d . b .d . / 
Ba b .d . b.d. b.d. 0.158 / 

0 23.6 20.4 8.57 <57.8 Difference 

Surface area 
<» 2 /g) 550 1150 1130 6 

Aril-ration temperature 
(°C> 650 650 

P H U g / O 5*4 

coal coal peat 

b.d., * below detection limits. 
XRF • X-ray fluorescence technique. 
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water soluble organic*, as well as the inorganics, 
which had adsorbed onto the soot surface. The 
composition and physical properties of the tunnel 
soot are shown in Table 1. 

The dependence of the reaction rate on S(IV) 
concentration for the four different carbons is 
shown in Figure 1. Oxygen- and temperature-
dependence data for the activated carbons are 
shown in Figures 2 and 3 respectively. Table 2 
summarizes the coefficients for the experinentally 
seen rate law for the activated carbons. Oxygen 
and temperature studies were not performed on the 
tunnel soot. Within the experimental rate lav for 
the tunnel soot. 

-Ea/RT Y [ Q 1 

10* 

l+v[o2J - 1.97 x 10 mol/g-s 

a = 6.36 x 10* l 2/mol 2 

8 * 9.93 x 10 2 1/mol 

Ea * activation energy 

R = gas constant 

T * temperature 

Y * adsorption constant 

Our proposed mechanism for this reaction is: 

1 
c x • o 2u„) * c .0 

k-l 

C^-Oj • S(1V) ^ C -0 -SUV) 
"-2 

(1) 

(2) 

It -• ' 

IE -? 

^•^ 4 

/ 2 A '1* l _ , ^ 

y I' 

IE -a // V / 
// • t 

// / t 

IE •» 
f 1 NCnWSHX 

/ / 
/ 2 NOV* C-1M / 

/ 3 MJCMft Stt IC-1I // // / 
/ A TUMI, n n 

/ / / 
i t -? « - • ie -« i t -

tS(tV>] <M> 

IE -S It -I 

Fig. 1. Normalized rate of reaction veraus total 
S(IV) concentration for various activated carbons 
and tunnel soot. ( M L 8010-12601) 

0) _7 
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0> 
o 

10 
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- ^ A Aktivkohle 

/ • A 

• ^ — • 

— • / ' Nuchor C-I9Q. 

\ y 

' l l -
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-
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• 
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[02](M) 10" 

Fig. 2. Normalized rate of reaction versus 
dissolved oxygen concentration. 
[S(IV)| - 5 x 10" A M. (XBI. 8010-2279) 

C -0 -S(IV) * S(1V) != C -0,-S (IV) (3) 
x 2 x 2 

k-3 

C -0,.S2(IV) -i C • 2S(V1) (4) 
x 2 x 

with 

dlSCVDi . 2 k [ c / W \( «2t«iv)l \ dt " V V\l * K,|02]/yi • K2[S(IV)]/ 

/ K3IS(IV)) \ 
\l • K |S(1V)1/ 
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where K, Vk-1- K 2 * k 2 / k - 2 a n d K3 V-r 

1/T(I0"3K") 

Multiplication of the S(IV) terns yields the 
experimentally seen expression where K2K3 * ct 
K 2 + K3 - 6 and K t - Y. 

PLANNED ACTIVITIES FOR fi 1981 

Work is currently in progress to determine the 
catalytic activity of true attbient aerosols. The 
results of these experiments will be of immeasur
able help in determining the contribution of the 
carbon-catalyzed oxidation of SO2 to Che forma
tion of atmospheric sulfates and acid rain. 

REFERENCES 

1. S. West, "Acid from Heaven," Science News, 
vol. 117, 1980, p. 76. 

2. D. Moller, "Kinetic Model of Atmospheric S0 2 

Oxidation," Atmospheric Environment, vol. 14, 
1980. p. 1067. 

3. R. Brodzinsky, S. G. Chang, S. S. Markowitz, 
and T. Novakov, "Kinetics and Mechanism for 
the Catalytic Oxidation of Sulfur Dioxide on 
Activated Carbon in Aqueous Suspension," 
Journal of Physical Chemistry, vol. 84, 1980, 
p. 3354. 

Fig* 3. Normalized rate of reaction versus 1/T 
(Arrhenius plot). (XBL 8010-2280) 

Table 2. Summary of kinetic data for S(IV) oxidation on activated carbons.1" 

Act ivated-Carbons 

C-190 SN Aktivkohle 

A (nole/g-sec) 0.874 0.158 2.47 

E a (kcal/mole) 8 . 8 8 .1 8 . 8 

>{i /mole) 2 .10xl0 3 7.43xl0 3 4.37X10 3 

a U^/mole 2 ) 2 . 4 0 x l 0 1 2 4 .92xl0 8 9 . 5 2 x l 0 1 1 

Bt-Vmole) 1.22xl0 7 2.96xl0 5 3.74xl0 7 

r 2 (oxygen) 0.978 0.851 0.925 

r 2 (Arrhenius) 0.961 0.952 0.993 

d ' s ° r ' . -Ei/RT 
' * ' H ° 2 » J ll-SlSUV))* 

- ±101 

- 15X 

a 6 1 
•11 

alS(IV)) : 
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OXIDATION OF S0 2 BY WET SOOT PARTICLES: 
APPLICATION TO CLOUDS, FOGS, AND PLUMES* 

W. Banner, R. Brodzinsky, and T. Novakov 

INTRODUCTION 

Concentrations of SO]; and H* ions in acid 
rain are strongly correlated} and therefore the 
formation of atmospheric SO4 is thought to be 
related to the formation of acid rain.* We are 
constantly revising our understanding of the chem
ical and physical processes that introduce sulfate 
into the atmosphere. Our recent studies have been 
directed towards sulfate formation pathways which 
involve liquid water. Work in our laboratory^ 
has shown that aqueous suspensions of diesel, pro
pane! and natural gas soot particles and several 
activated carbons oxidize SO2 to SO4, The work 
reported here is an extension of these earlier 
findings and focuses on the oxidation of SO2 by 
dispersed water droplets that contain soot 
particles. 

In laboratory studies, the exposure of dis
persed wet soot particles to SO2 simulates reac
tions which could occur in clouds, fogs, and 
plumes. Such dispersed droplet studies would also 
supply information that could be introduced into 
computer models to evaluate the relative impor
tance of the soot-fog-502 mechanisms for sulfate 
formation in the atnosphere* To meet our experi
mental objectives, we constructed a fog chamber in 
which stable fogs could be exposed to pollutant 
gpses. The fog chamber work presented in this 
paper is not intended as a rigorous kinetic study; 
these experiments were conducted to show that 
SO2 can be oxidized in droplets that contain soot 
particles. 

ACCOMPLISHMENTS DURING FY 1980 

Particles of Nuchar-SN, pre-extracted to remove 
SO,, were resuspended by nebullzation, and the 
resultant mist was passed over heated water and 
subsequently cooled to cause the nebulized parti
cles to grow into larger droplets (Fig. l). These 
droplets were exposed to SO2 and introduced into 
the bottom of the fog chamber. The fog droplets 
were forced upwards through the chamber at a velo
city which permitted an approximately 30-min reac
tion time between droplets and SO2. A prefired 
quartr fiber filter and a Fluoropore (O.S-pm pore) 
filter were used simultaneously to collect samples 
from the top of the chamber. The filter holders 
and tubing leading to the filter* were heated to 
decrease the relative tumidity of the air stream 
to at least 301, and reactions involving liquid 
water were thereby prevented. After collection of 
the sample, the Fluoropore filter was extracted in 

1 B 0 O U A * 
HEATED FILTER 

""r~"-"T "• MANIFOLD 

*This work was supported by the Department of 
Energy under Contract Mo. W-7405-EHG-A8 through 
the Environmental Protection Agency under Contract 
No. 79-D-X-0533. 

FOG CHAMBER -

PULSED 
FLUOUCSCENCe 

SO* 
OCTECTOft 

HCATEO SAMPLING LINE 

CASCADE WPACTOR 

BW- Soiling «otir 
F • Filler 
HM- HMlmg mwittl 
N • N*kvliz»r 
0 • OfUict 
T • Trap 
WC« WiMt con4MMr 

Fig. I. Laboratory fog chamber and associated 
equipment. (XBL 804-4124) 

water and analyzed for SO, using ion chroma
tography. A portion of the quartz filter was 
analyzed for total carbon by combustion analysis. 

When pure water droplets were exposed to S0 2 

in the fog chamber, the rate of SO^ formation 
(ug SO^/m^.h) equals 4.06 (ppm S 0 2 ) ' 0 0 0 7 (Fig. 2). 
If the droplets contained Nuchar-SN particles, the 
rate of SO^ formation was found to be significantly 
fester than Cor pure water droplets. For example, 
wet soot particles exposed to 0.007 ppm SO2 pro
duce* SO4 faster than pure water droplets exposed 
to 222 ppm S0 2. The data for SO4 formation by 
wet soot particles is plotted with open circles in 
Figure 2. Uhen the soot-droplet data in Figure 2 
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Fig. 2. Production of SO, in fog droplets 
versus S t y (XBL 809-1861) 

are normalized to |C|, the carbon-normalized rate 
of SO4 formation can be plotted aa ahown in 
Figure 3 (open circlet). The equation which best 
fits the carbon-normalized soot droplet data is 
S02-/Oh - 0.222(S0 2)' 1* 7. 

In Figure 3, a family of curves is presented 
which shows the rate of SO4 formation, normalized 
to C, as a function of [SO2] for various initial 
lH*]'s. This family of curves was calculated 
from the following rate expression:3 

/PH 0 =7 

Rote = .022 [S02J 

/PH 0 =7 ~s2^F7 
EC 

ê .01 

°^/ ''/ / 
Ji*V / / / / -*« / / / / / / / / / / / / / / / 

CO 
/o 

/ / / / / / 1 / 1 l 
l r 1 1 

Ao= 6 
/ H o = 5 / / H o - " 4 / H o = 3 / H o = 2 

/ / / / ft f / ' / / / / / / / 

nn i 
/ / 
1/ .001 .01 .1 ID 10 100 1000 

[S02],PPM 
Fig. 3. The normalized rate of SO4 formation 
in wet soot droplets vs. SO2. The open circles 
and the solid line drawn through the circles were 
obtained from fog chamber data. The family of 
curves labelled pHn " 2 through pHg " 7 was cal
culated from Equation 1. pHn is the pH of drop
lets in equilibrium with SO2 and CO2 before 
the start of the reaction. The dashed line shows 
the rate for SO4 formation (Eq. 1) for wet soot 
droplets whose pH before exposure to 502 a n t* 
320 ppm CO2 is determined by SO2-CO2-H2O equilib
ria* The dashed line is juxtaposed on pH coordi
nates created by the family of curves labelled 
pH 0 - 2 through pHn » 7. (XBL 809-1860) 

d[S(IV)| 
dt k(C) [S(IV)r 

• BIS(IV)] + a|S(IV)r 
(1) 

where iCl * soot concentration in droplet, (g/K) 

IS(1V)}- |SO 2-H 20) • IHS0") • |S0 3) 

a - A.915 x 10 8 l 2/mol 2 

S • 2.956 x 10 5 l/mol 

k • 1.336 x I0" 7 mol/g-s 

The family of curves in Figure 3 indicates a 
pH effect on sulfate formation, but pH only becomes 
a factor when soot suspensions are exposed to 
S0j. The pH effect is related to the absorption 
of S0 2 by the droplet. For example, two drop
let*, one of which hat an initial pH of 3 and the 
otner a pH of 5, are equilibrated with 1 ppm SOj. 
Tne droplet with the lower initial pH will have a 
lower equilibrium |S(IV)| and the oxidation rate 
will be similarly slower. The family of curves 
was calculated assuming that the droplet had a 
specified initial pH and equilibrated with S 0 2 

and 320 ppm CO z to produce a certain equilibrium 
)S<IV» before the oxidation started. The resul
tant |S(IV)1 wa» then used to calculate the T*ac-
tio* rate usins Equation I. 

The dashed line in Figure 3 shows the S(IV) 
oxidation rate expected for wet soot particles in 
equilibrium with SO2. This curve was calculated 
assuming that the soot droplet initially had a pH 
of 7 and was then equilibrated with SO2 and 320 
ppm CO2 to produce a certain equilibrium |S(1V)) 
and equilibrium pH before oxidation started. The 
resulting (S(IV)] was used to calculate the reac
tion rate using Equation 1. It was also assumed 
in the calculation that the soot possessed no pH-
altering species. 

The difference between the fog chamber data 
and the dashed line in Figure 3 is due to the 
alkaline nature of Nuchar-SN. The release of 
alkaline species into the droplet from the 
Nuchai SK neutralized some of the absorbed SO^-HjO 
and/or HSO3, and thus the equilibrium (S(IV)J 
was larger than that predicted by Henry's Law 
for pure water and S0 2. This neutralization 
increased the oxidation rate because it brought 
more SOJ-HJO and HSO3 into the droplet. The mag
nitude of the difference between the fog chamber 
data line and the dashed line depends on the 
|S0 2]. At low IS0 2I. the alkaline species on 
the soot particles attract into solution more 
SOJ-HJO or HSO3 than would be expected for pure 
water, and thus these alkaline species strongly 
influence the resultant |S(IV)J. At high IS02i, 
the dissolved S0 2 becomes the dominant factor 
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for controlling the resultant [S(1V)J. Therefore, 
at high ISO2], the fog chamber dat& line and the 
dashed line in Figure 3 coincide. 

Data presented here show that dispersed wet 
soot particles (Nuchar-SN being a type of soot) 
can oxidize SO2 to sulfate. This indicates that 
the SO2 oxidation oechanisn (Eq. 1) can be applied 
to the troposphere. These data also confirn pre-
dictions made by others in our laboratory^ which 
indicated that the oxidation of SO2 by wet soot 
particles is an important troposphe.^ source of 
particulate sulfate* 

PLANNED ACTIVITIES FOR Fl 1981 

The fog chamber experiments will be continued 
to include other types of wet soot particles. 

INTRODUCTION 

Xn studies of particulate sulfate formation, 
it is important to know what role the oxides of 
nitrogen (N0 X) will play, as they are both abun
dant pollutants. This question may be of even 
greater importance with respect to aerosol drop
lets, as both SO2 and NO* are soluble gases. 
Homogeneous reactions involving, the two gases have 
been studied for a number of years. 1 (tore re
cently studies have been undertaken to determine 
the effect of N0 X on heterogeneous sulfate for
mation. 2,3 

Several years ago we began a study to investi
gate the reactions of nitrite (HC-J) and bisulfite 
(HSOj) as a first step toward understanding the 
NOx/SOj/I^O system. Nitrite is known to react 
with bisulfite over a wide range of conditions, 
irevious work by other scientists*"6 reported 
conflicting results and left several question* 
unanswered. The experiments -which we performed 
have clarified many of these questions and are 
reported in a recent publication.' 

*This work was supported by the Assistant 
Secretary for taviroament, Office of Health and 
Environmental ntsearch. Division of lioav-diral and 
Environmental lesearch Division of the U.S. 
Department of Energy under Contract Mo. 
V-HOS-ENC-nl, nnd tn* Horgantown Energy Research 
Center under Contract Mo. An 050S15. 
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All the known aqueous reactions of nitrite 
with bisulfite begin with the formation of hydrox-
ylamine disulfonate (HADSJ. The results ot our 
previous work may be summarized by the following 
rate expression: 

Rate - K^H+KNOJi (HS0-) + kfliNO-] IHSOJ]2 . 

This rate law is valid over the pH range of 4.5 to 
7. Work has been progressing during the past year 
to answer several remaining questions pi raining 
to the formation of HADS: (1) Is a process inde
pendent of bisulfite concentration really present, 
as noted in che literature; (2) What role will 
carbon particles have in this reaction; and (3) 
What effect will extremely low reactant concentra
tions (or high acidity) have on the products or 
rate of the nitrite-bisulfite reaction. 

ACCOMPLISHMENTS DURING FY 1980 

Biaulfite Independent Pathway 

A HADS formation pathway that is independent 
of biaulfite ion concentration is of importance to 
atmospheric chemists as the rate is not affected 
when the SOj concentration is lowered to ambient 
level*. Previous researchers had identified a 
process of this type. 4* 6 We have carried out 
experiment* to determine the presence or absei.^e 
of this pathway by addition of MullOj to buffered 
sc itions of bisulfite ion under pseudo-first-order 
Cj-.-litions. Mitrite concentrations (initially .5 

AQUEOUS REACTIONS OF NITRITE AND BISULFITE* 

S. Oblath, S. Chang, S. Merkowitz, and T. Novakov 
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to 10 aM) were monitored by visible spectrophoto
metry as in our previous work* Bisulfite ion con
centration was between 5 and 40 mM. The pH was 
Maintained by using oxalate, tartrate, or phthalate 
bulcers of an ionic strength of 0.2 M. 

Results of these experiments are shown in 
Figure 1. The zero intercepts show that there is 
no process occurring which is independent of bi
sulfite concentration. The buffers that were used 
overlap in their pH ranges, and tests in different 
buffers show no evidence of inhibitory or catalyt
ic effect. Tests carried out at differing buffer 
concentrations Clonic strength maintained at 
0.2 M) again show no inhibiting effect of the 
buffer. Previous work was carried out in acetate 
buffers, a medium believed to stabilize N0 + for
mation. (N0 + is the predicted intermediate for 
a bisulfite independent pathway.) Although N0 + 

may be formed, the rate in the absence of acetate 
is too slow to be important at pH*s accessible to 
ambient aerosol droplets. 

Effect of Carbon 

Since aerosol droplets are often formed around 
carbonaceous particles, it is important to 
understand the effects of _arbon on this set of 
reactions. A finely ground activated carbon 
(Nuchar SN) was used at a concentration of 
approximately 0.1% by weight. This is about what 
would be expected in a wet aerosol. Reaction con
ditions were the same as in the previous study, 
except that aliquots of the solution were filtered 
before the nitrite was measured- Blank runs (no 
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carbon present) showed that filtering bad no ef
fect on the results. A sulfite-bis-jlfite buffer 
was used, which insures pseudo-first-order condi
tions. The results with and without carbon agree 
well, which indicates Nuchar SN has no effect on 
the reaction. After long reaction tines, the runs 
with carbon proceed more slowly. This is consis
tent with the oxidation of HSO3 on the Nuchar8 

and the breakdown of pseudo-first-order conditions. 

Effect of Low Concentration or High Acidity on the 
Reaction 

Prior to determining the rate of HADS formation 
at lower pH's, we determined the stoichiometry by 
determining the changes in concentrations of bi
sulfite (by iodometry) and nitrite (by spectro
photometry). The initial HSO3 concentration was 
always greater than twice that of NO2 to insure 
that HADS could form. The pH was measured at the 
start of each experiment. The results are shown 
in Figures 2 and 3. As one goes to pH less than 
3, the stoichiometric ratio (AS/AN) ratio begins 
to decrease from 2 to 1, and some other product is 
being formed. The same trend is seen if one main
tains a constant pH and lowers the bisulfite con
centration. This indicates that some intermediate 
is reacting to form another product, most likely 
N 20. 

To test this hypothesis, several trials were 
carried out in a flask sealed with a rubber septum. 
The gas above the solution was then analyzed using 
gas chromatography with a Porapak Q column and a 
thermal conductivity detector. Typical results 
(Fig. 4) indicate that NjO is the product when 
AS/AN = <2. 

In ^oing to very low (microraolar) concentra
tions, the competition for the intermediate becomes 
very important because the pH of the droplet will 
remain roughly constant while the bisulfite ion 
concentration drops. The studies at high acidity 
allow us to estimate the relative magnitude of the 
rate constants and thus determine the branching 
ratio under different conditions. To do this, we 
assume a system as follows: 

OOO 001 DOE 003 004 0,05 
[HSOj] (motes/Ntar) 

F ig . I . Experimental r a t e s as a function of 
b i s u l f i t e ion concent ra t ions . Numbers ind ica te 
the pH for each set of r e a c t i o n s . (XBL 8011-2377) 

2U 1 1 1 1 1 1 1 

u 
a 

[S 4 * ] - 4 x l O ' s M 1 Jo 

[NOj] = 8 X I 0 ' , , M 

J ' ' 

0 * f 0 • 

' ^, - -S ,. 

. ^^ -

10 
^- •> 

• " i 1 1 1 1 1 1 

pH 

Fig. 2. Stoichiometric ratio at various pH's. 
(XBL 8011-2381) 
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ratio ki[HSO"3l/k2[U+j. By taking the data presented 
in Figures 2 and 3, we have determined the ratio 
ki/k2 to be 1*7 ± 0.5. Therefore, whenever the 
H ion concentration is much greater than that 
of bisulfite ion, the Major product wilL be H ^ , 
with SO4 being the fate of the SO2. Under typical 
anbient conditions, N2O will most likely be the 
N-containing product which is formed. The rate 
limiting step should remain the sane as that for 
HADS formation. 

Conclusions 

I 0 3 [ S 4 ' ] 0 (moles/liter) 

Fig. 3. Stoichiometric ratio at various bisulfite 
ion concentrations at a fixed acidity. 

(XBL 8011-2380) 

H0N0 + HS0"—^intermediate — » - H A D S 

NOH (or N 20) 

The value of AS/AN is related to the amount of 
products formed and is therefore related to the 

The work which has been described here will 
enable the modeling of one set of reactions of 
N0 X and SO2 under a wide range of conditions. 
The fates of both the N and S have been determined. 
The kinetics of this system indicates a strong 
dependence on reactant concentrations. The in
crease in rate with increase in acidity will 
counter the effect of decreasing solubility of the 
gases with increasing acidity. 

PLANNED ACTIVITIES FOR FY 1981 

Future work will include an investigation of 
reactions of HADS with NO2 and hydroxylamine 
monosulfonate with NO2. This will allow us to 
determine the fate of N and S over a more com
plete range of conditions than is crrently 
possible. 

uoi OJ 

o 
+ 

a -

b-l 

o 

VJV—. 

Time 
Fig. A. Chromatogram of gaseous products. Curve 
a for AS/AN - 1.4; curve b for AS/AM - 2. 

(XBL 8011-2382) 
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THE IMPORTANCE OF SOOT PARTICLES AND NITROUS ACID 
OXIDIZING S0 2 IN ATMOSPHERIC AQUEOUS DROPLETS* 

S. Chang, ft Toossi, and T. Novakov 

INTRODUCTION 

Sulfuric and nitric acids make a major contri
bution to the acidity of rain water. These acids 
are produced primarily from the oxidation of SO2 
and N0 X by homogeneous and/or heterogeneous pro
cesses in the atmosphere. The dominant mechanisms 
responsible for this transformation have not yet 
been established. In our laboratory we found two 
previously unrecognized reaction pathways which 
involve water droplets and could be important pro
cesses in the genesis of acid rain and sulfate 
aerosols: (1) oxidation of SO2 in water droplets 
containing soot particles*>' and (2) oxidation 
of SO2 by HNO2 in water droplets.-* Here we discuss 
the impact of these two systems on atmospheric 
sulfate aerosol formation. 

Because the effect of Pso? o n c n e r a t e i-s c o n ~ 
tained in flS(IV)], we illustrate the relationship 
of f(S(IV)] with PgQ- and pH of the aqueous drop
lets as shown in Figures 1 and 2. The f[S(iV)J, 
or the rate of production of sulfate (because the 
rate is 1inearly proportional to fJS(IV)]), de
creases as the pH decreases at a given PsOo* 
The magnitude of f[S(IV)]'s changing per unit pH 
change is much larger at a lower P 

s°2,-. Also f[S(IV)] (or the rate) depends only slightly on 
Pgo? u n ^ e r most atmospheric conditions when Pso? 
is between 1 and 10 ppb and the pH ranges between 
5 and 6. The f(S(IV)) increases only 10Z and 100% 
respectively at pH of 6 and 5 when PgO-j in
creases from 1 to 10 ppb. However, f[5(IV)] 
depends strongly on Pgo 9 when the pH is low. 

ACCOMPLISHMENTS DURING FY 1980 

For the oxidation of SO2 in water droplets 
containing soot particles, the reaction rate law 
can be expressed by the following equation: 

iiSglil - kic xl o 2°- 6 9fis(iv)|, (l) 

where f[S(lV)] a |S(IV)r 
1 + BiS(IV)] + j|S(IV)|' 

[C ] = grains of carbon particles/1, 

[0-J = moles of dissolved oxygen/1, and 

[S(IV)1 total moles of S(IV)/1. 

The dependence of the race of formation of 
sulfate on the partial pressure of SO2 (Pso?) * n 

the atmosphere can be obtained from Equation 1. 

This work was supported by the Assistant 
Secretary for Environment, Office of Health and 
Environmental Research, Division of Biomedical and 
environmental Research of the U.S. Department of 
Energy under Contract No. H-7405-ENG-48. 

Fig. 1. The effect of the pH of aqueous droplets 
on f(S(IV)l is a function of S(IV) on which the 
aqueous oxidation rate of sulfites on soot 
particles depends. (XBL 808-5732) 
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Fig. 2. The effect of partial, pressure of SO2 
on flS(IV)] at pH of 7, 6, 5, 4, and 3. The 
f[S(lV)| is a function of S(IV) on which the 
aqueous oxidation rate of sulfites on soot 
particles depends. (XBL 808-5733) 

In the oxidation of SO2 by HNO2 in water 
droplets, many concurrent and consecutive chemical 
reactions can occur as a result of the interaction 
between the nitrous acid and the sulfuroua 
acid.'*"6 Hydroxylamine disulfonate (HADS) is 
the first stable product under most atmospheric 
conditions: 

HN0 2 + 2HS0~ - HNO(S0 3>2 2 + H 20 . 

The formation kinetic of HADS has been found to 
consist of three concurrent processes. The reac
tion rate law can be expressed as: 

d t H A D S ] - k nlH +] 2lN02l + kjlH^lNOjKHSOjJ + 

k^NO'llHSO"] 2, (2) 

where k 0 * 8xl0 5 l2/mol-s (at 295K), 

k t - 3.7xlO*2 e-"00/T i 2 / n i o l 2 _ S ( a n d 

k - 9.0x10"^ e2.1(U> 1/2 1 2 / I t o l 2 - S ( 

T • temperature in Kelvin, and 

u • ionic strength in sol/1). 

We tentatively assumed that this rate law will 
still hold in an atmosphere where concentrations 
of both nitrite and sulfite are several order* of 
magnitude lower than the concentrations used when 
this rate equation was derived. 

HADS can undergo further reaction, either 
hydrolysis or sulfonation. Hydrolysis mf HADS 7 

produces hydroxylamine aonosulfonate <KA>JS) and 
sulfates. Sulfonation of HADS 8' 9 yields amine 
trisulfonate. The auijor fraction of HADS under
goes hydrolysis under most atmospheric conditions. 

HAMS enn either undergo further hydrolysis to 
form hydroxylamine and sulfates or react with 
nitrous acid to produce nitrous oxide and sulfates. 
Although a complete rate law has not been deter
mined for both reactions, the kinetic studies 7' 1 0 

indicate tha the reaction with nitrous acid is 
much more important than the hydrolysis. There
fore, it appears that the reaction between SO2 
and HNO2 in atmospheric water droplets will first 
produce HADS, which undergoes acid-catalyzed hy
drolysis to form HAMS and sulfate. HAMS then 
reacts with nitrous acid and finally becomes 
nitrous oxide and sulfate. The total stoichio
metric equation can be expressed as 

2HN0„ + 2HS0: -N.,0 f + 2HS07 + H-0. Z i I 4 2 

If the reaction is at steady-state condition, then 
1 mol of sulfate will be produced for every mole 
of SO2 or HNO2 consumed, assuming that the 
reaction rate between HAMS and nitrous acid is very 
large. 

Comparison of Sulfate Production Mechanisms 

We have carried out a box-type calculation to 
compare the relative importance of sulfate produc
tion mechanisms by soot particles and nitrous acid 
with other mechanisms involving liquid water. The 
following initial conditions were used in the cal
culation: liquid water, 0.05 g/m^; 5O2, 
0.01 ppm; 0 3, 0.05 ppm; NH3, 5 ppb; and CO2, 
0.000311 atm. Concentrations of particulate Fc 
and Mn of 250 ng/nH and 20 ng/m-* respectively 
were assumed. However, only 0.132 of the total 
iron and 0.252 of the Mn are water soluble, ac
cording to Gordon et al.li The concentrations 
of soot and HNO2 were taken as 10 Ug/m3 and 
8 ppb respectively. The latter corresponds to 
25 ppb of NO and 50 ppb of NO2 at equilibrium 
conditions.^* 

The results of this calculation, shown in 
Figure 3, indicate that O3, soot, and HNO2 can 
be important mechanisms for sulfate aerosol 
formation. In general the O3 mechanism is more 
important under high pH and/or photoactivity con
ditions when the concentration of O3 is high, 
whereas both soot and HNO2 processes are more 
important when the lifetime oi fog or clouds is 
Longl3 and the pH of the droplets is low. Both 
soot and HNO2 processes can be dominant processes 
close to sources and in heavily polluted urban 
areas, where the concentrations of soot and 
NO/NO2 are high and the pH of aqueous droplets 
is low. 

PLANNED ACTIVITIES FOR FY 1981 

We will calculate the concentration profile of 
all important species produced in NO x/S02/ 
liquid/H20 systems as a function of reaction 
time. 

5-11 



TIME (hours) 

Fig. 3. Comparison of the relative importance 
of various sulfate produccion mechanisms involving 
liquid water based on a box-type calculation. 

CXBL 806-5735) 

REFERENCES 

1. S. G. Chang, R. Brodzinsky, R. Toossi, S. 
S. Markowitz, and T. Novakov, "Catalytic 
Oxidation of SO2 on Carbon in Aqueous 
Suspensions," Proceedings, Conference on 
Carbonaceous Particles in the Atmosphere, 
Lawrence Berkeley Laboratory report LBL-9037, 
1979, p. 122. 

2. R. Brodzinsky, S. G. Chang, S. S. Markowitz, 
and T. Novakov, "Kinetics and Mechanise for 
the Catalytic Oxidation of Sulfur Dioxide on 
Carbon in Aqueous Suspensions," Journal of 
Physical Chemistry, vol. 84, 1980, p. 3354. 

3. S. B. Oblath, S. S. Markowitz, T. Novakov, 
and S. G. Chang, "Kinetics of the Formation 
of Hydroxylanine Disulfonate by Reaction of 
Nitrite with Sulfites," Journal of physical 
Chemistry, vol. 85, 1981, p. 1017. 

4. F. Raachig, Schwefel und Stickstoffitudien 
(Berlin: Verlag Cheaie, 1924). 

5. W. Laciner and J. H. Hildebrand, Reference 
Book of Inorganic Cheiistry (New York: 
Macmillan, 1931), p. 208. 

6. W. Duecker and J. West, eds., The Manufacture 
of Sulfuric Acid, American Chemical Society, 
Washington, D.C., Monograph Series No. 144, 
1959. 

7. S. Naiditch and D. M. Yost, "The Rate and 
Mechanisms of the Hydrolysis of Hydroxylamine 
Disulfonate Ion," Journal of American 
Chemical Society, vol. 63, 1941, p. 2123. 

8. S. Yamamoto and T. Kaneda, "Kinetics of 
Formation of Hydroxylamine Disulfonate and 
Nitrilosulfonate by Raschig's Hydroxylamine 
Process," Nippon Kagaku Zasshi, vol. 80, 
1939, p. 1098. 

9. V. S. Seel and H. Knorre, "Die Umsetzung von 
Nitrit mit Hydrogensulfit in Hydrogensulfit-
suliit-pufferlosungen," Zeitschrift fur 
Anorganische und Allegemeine Chemie, vol. 
313, 1961, p. 70. 

10. V. F. Seel and H. Pauschmann, "Zura Kinetic 
der Umsetzung von Hydroxylaminemonosulfonat 
mit Nitrit," Zeitachrift fur Naturforschung, 
vol. 17h; 1962, p. 347. 

11. G. E. Gordon, D. D. Davis, G. W. Israel, 
H. E. Landsberg, and T. C. O'Haver, 
Atmospheric Impact of Major Sources and 
Consumers of Energy, NSF/RA/E 75/189 (1975). 
Available from NTIS as PB 262 574. 

12. S. E. Schwartz and W. H. White, Equilibrium 
Solubility of the Nitrogen Oxides and 
Oxyacids in Aqueous Solution, Brookhaven 
National Laboratory Peport BNL27102, Long 
Island, N.Y., 1980. 

13. R. Toossi., S. G. Chang, and T. Novakov, 
"Lifetime of Liquid Water Drops in Ambient 
Air: Consideration of the Effects of 
Surfactants and Chemical Reactions," in 
Atmospheric Aerosol Research Annual Report 
1977-78, Lawrence Berkeley Laboratory report 
LBL-8696, 1979, p. 149. 

5-12 



KINETICS OF THE REACTION BETWEEN 
MHjOH AND S0 2 IN AQUEOUS SOLUTIONS* 

S. Gomiscek, R. Clem, T. Novakov, and S. Chang 

INTRODUCTION 

Hydroxylamine, one of the species produced is 
a result of interaction betwet- K0 X and SO2 in 
aqueous solution can undergo fi- ther reaction*--* 
with SO2 to form either sulfuric acid or 
ammonium bisulfate. We have ..vestigated the 
kinetics of this latter re^.tion as part of -n 
effort to understand the importance of the 
interaction of NO x with SO2 in atmospheric 
aqueous or ;ts in terms of acid rain and sulfate 
aerosol . ex cion. 

ACCOMPLISHMENTS DURING FY 19R0 

The reaction mixture was prepared by aliquot-
ing to a 100-ml volumetric flask in the following 
sequence: hydroxylamine stock solution, buffer 
solution, and finally sodium bisulfite. The flask 
was quickly made to volume with the distilled 
water after the last addition and mixed; then the 
first polaro^raphic determination of the hydroxy-
lamine concentration was made* Subsequent mea
surements were made after the appropriate time 
intervals to monitor the time rate of hydroxyla
mine disappearance. For some of the work the 
solutions were thensostatted. 

The first set of experiments determined the 
reaction order with respect to total hydroxylamine. 
An excess of bisulfite was used, and the solution 
was buffered at pH 5 in these runs. Figure 1 shows 
a semilog plot of total hydroxylamine concentration 
versus time for several initial concentrations. 
Parallel lines indicate a first order dependence 
on hydroxyi-n-r.ine. 

The dependence of the reaction on total sul
fite was determined by varying the excess sulfite 
concentration for a fixed hydroxylamine concentra
tion it pH 5. Because the hydroxylamine is first 
order as determined above, one can write the rate 
law as 

-dltotal hydroxylamine] 
dt 

40 60 80 
Tim* (min.) 

Fig. I. Loss of hydroxylamine as a function of 
time. Straight lines indicate first order 
dependence. [H2SO3) indicates total sulfite, 
(S(IV) concentration. (XBL 809-5897) 

in which one can define 

dt 

k. (total sulfite]", obs 

A log-log plot of Q versus I total sulfite! should 
give a straight line with the slope equal to the 
order of the reaction with respect to total 
sulfite. Figure 2 shows that the slope is 0.94, 
which is regarded as first order dependence. 
Therefore, the reaction follows the rate law 

k . {total hydroxylamine]*I total sulfite] . obs 
d[total hydroxylamine] 

dt 

k . I total hydroxylamine]•[total sulfite] . 

*This work was supported by the Assistant 
Secretary for Environment, Office of Health and 
Environmental Research, Division of Biomedical and 
Environmental Research, U.S. Department of Energy 
under Contract Ho. W-7405-ESG-48 and by the 
Morgantown Energy Research Center under Contract 
No. AA 050515. 

The rate of reaction was found to be indepen
dent of the ionic strength of the solution. The 
rate constant k o b s in 1/mol-s was determined at 
two temperatures: 7.6? x 1G~ 3 at 35°C and 
1.48 x 10-3 M t 220 C. Sisler and Audrieth* 
and Fraser3 suggested that formation of both 
sulfamic acid and ammonium bisulfate involves 
attack by the SO2-H2O on the NH 20H. The reaction 
can therefore be expressed as 

5-13 



10 . r r , i—n-n | Vy 
pH> 5 

Slop* • 0 94 / • ..1
 

II
I 

: y 

•/ 
-

«• i r i • i i i 1 1 1 

I0" 2 10"' 
[ H 2 S 0 3 ] (moles/liter) 

F i g . 2 . Dependence of the r a t e on t o t a l s u l f i t e 
c o n c e n t r a t i o n . The a lope i s the order of the 
r e a c t i o n wi th r e s p e c t t o s u l f i t e . (XBL 8 0 9 - 5 8 9 8 ) 

NH20H t S 0 2 - H 2 0 

NH 2HS0 3 * H 2 0 

NH^HSOft 

Tne r a t e law can be W E i t t e n as 

d l t o t a l hydroxylamine] m 

dt (2) 
<k • k b)[NH 2OH]|SO 2'H 20j . 

Tc evaluate the rate constant and activation 
energy of both reactions using our experimental 
measurements, Equation (1) is expressed in terms 
of the concentration of reaction species NH 20H 
and SO 2*H 20. Beca-ise [total hydroxylamine] * 
|NH20H] + [IJH30H*1 and Uotal sulfite] « 
|SO 2.H 20) + IHSO3) +[S0J), Equation (1) can be 
written as 

d t t o t a l hydroxylamine] m 

dt obs + i£L 

\ (H+l I B * ] 2 / 
|NH 2 CHHS0 2 -H 2 0] . (3) 

where Kj,. K\, and Kj are respectively the acid 
dissociation constant for hydroxylamne .and the 
f'-tz-t nr.i ?*ccr.c d:..jciati&- âr.si«nt:s for 
sulfurous acid. 

By COM paring Equations (3) and (<*), we obtain 
the following relationship: 

(A) 

The ratio ka/k£, can be obtained by the correspond
ing ratio of the products |NH2HS031 '[NH4HSO4J; 
this ratio was determined by Fraser^ at several 
temperatures. The following values, obtained from 
the interpolation of Fraser's result were used: 
9 at 22°C and 19 at 35°C. By applying the 
transition-state theory,** the enthalpy and 
entropy of activation for the formation of both 
sulfamic acid and ammonium bisulfate can be cal
culated as shown in Table 1. The results of this 
study are in fairly good agreement with those of 
Fraser. 

PLANNED ACTIVITIES FOR FY 1981 

We will study the kinetics of other reactions 
involved in the interaction of N0 X and 502 * n 

aqueous solution. 
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Table I. The enthalpy and entropy of activation for the formarion 
of sulfamic acid and aaaoniuM bisulfate by the reaction of 
NH 20H with S0 2

aH 20. 

Sulfamic acid Asooniua bisulfate 

AHa* 
(kcal/mol) 

as| 
( e . u . ) * 

A H | 
(kcal/mol) 

AS! 
( e . u . ) 

Fraaer 

This vork 

10.9 

13.4 

-16 

- 6.1 

1 

3.0 

-56 

-45.8 

* e.u. * entropy uni t s . 
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THE ROLE OF FLY ASH IN THE CATALYTIC OXIDATION OF S0 2 * 

S. Cohen, S. Chang, S. Markowitz, and T. Novakov 

INTRODUCTION 

The catalytic behavior of fly ash in the oxi
dation of S(IV) in aqueous systems has been 
reported.*»2 Prior work has considered the po
tential of fly ash as a scrubber medium,*~3 and 
has suggested that fly ash may function in promot
ing acid rain formation in droplets.^ Although 
several properties of the ash—surface character
istics, metal oxide content, trace metal 
dissolution—have been proposed to account for its 
catalytic role, no systematic investigation of the 
nature of the catalysis has been made. It is im
portant to distinguish between surface and homo
geneous catalysis. For example, the presence of 
chelating agents in wet scrubbers containing fly 
ash should inhibit catalysis by leached metals.* »̂  

In this study the oxidation of S(IV) in slur
ries of fly ash has been examined after different 
ash pretreatment and under varying experimental 
conditions. Our evidence indicates that dissolved 
iron is a prime factor in fly-ash-catalyzed oxi
dation of S02-

ACCOMPLISHMENTS DURING FY 1980 

Materials and Methods 

Mallinckrodt or Baker reagent-grade chemicals 
were used without further purification. The fly 
ash types were National Bureau of Standards (NBS) 
Standard Reference Material 1433a, and four lot 
samples, referred to z* A-D, were used. A is from 
the TVA Shawnee Power Plant; tt is from the Duke 
Power Steam Plant; C is from the Jim Bridger Plant 
in Wyoming; and D is an untreated ash sample 
obtained from Lawrence Livermore Laboratory. 

Reactions were monitored by three different 
methods: 

1. in open-air Erlenraeyer flasks agitated 
with a magnetic stirrer, and with S(1V) 
loss being monitored by idometry; 

2. the reaction was set up as above, except 
that So2" loss and S0?~ appearance 
monitored by ion chromatography; and 

3. in a closed system—allowing no diffusion 
of O2 into solution during the course of 
the reaction—with O2 decay from ini
tially saturated solutions being monitored 
with a Clark-type O2 electrode. 

*This work was supported by the Assistant 
Secretary for Environment, Office of Health and 
Environmental Research, Division of Biomedical and 
Environmental Research of the U.S. Department of 
Energy under Contract No. W-7A05-ENG-A8 and by the 
Morgantown Energy Research Center under Contract 
No. AA 050515. 

The initial S(IV) concentration in the 
reactions studied varied from 9.0 x 10"^ to 
1.5 x I0" z M. The pH varied from 2.5 to 3.9 by 
using appropriate mixtures of H2O-SO2 and 
N a2 s2°5* Th e fly a s n concentration was 
varied from 0.10% to 0.362 by weight. Although 
reproducibility was at times inadequate, most 
rates reported are the average of 2-3 runs agree
ing within 102. 

Leaching experiments are described elsewhere. 

Equipment and Materials 

Elemental and chpmical compositions of fly ash 
were characterized by ion chromatography and atomic 
absorption (AA). AA work was performed on a 
Perkin-Elraer Model 360 atomic absorption instrument 
in an air-acetylene or ^O-aceLylene flame. The 
ion chromatograph used was a Dionex System 14 
equipped with precolumn and, where necessary, a 
concentrator column. A 0.22-ym pore size 
Millipore filter was used to filter solutions for 
leachate analysis and reaction aliquots. This 
pore size was chosen as the maximum size which 
appears to trap all ash particles to which metals 
might adsorb.' 

Role of Surface in Catalysis 

To determine the relative importance of 
surface-mediated or solution-phase reactions, a 
reaction slurry was filtered after the reaction 
was partially complete. Loss of sulfite was 
monitored in the filtrate; and as can be seen in 
Figure 1, the reaction rate is not affected by 
removing particulate matter. 

Because the catalysis is apparently due to 
trace metals which can be leached from the ash, an 
attempt was made to remove such species from the 
ash surface by leaching with different solvents. 
Leaching with deionized water or strongly basic 
solution did not affect the ash reactivity. How
ever, an acid wash in 0.02 t4 acid completely 
deactivated the ash. Metals commonly implicated 
in SO2 oxidation—Cu, Fe, Mn, Co, V—could be 
removed by an acid wash, depending on chemical 
state, so it is not surprising that washing with 
acid deactivates the fly ash. 

Leaching experiments were carried out using a 
variety of solvents. In Table I an attempt has 
been made to correlate Fe and Mn concentrations 
with ash reactivity. These are the only two 
catalysts present in high enough concentration to 
account for the observed rates. Fe concentration 
shows a good correlation with reaction rates 
(Table 1). The fact that the reaction reaches its 
maximum rate within 3-4 min of initiation indicates 
that the species responsible for the catalysis is 
rapidly leached from the ash and is therefore found 
on the surface, rather than in the aluminosilicate 
matrix. V, Co, Cu, and Mn are present to some 

5-15 



4.0 
\ 

3.5 
lO 
O 
X 

SI 3.0 
,—, 

a . " > , 25 

zo 

\ 

V Reaction slurry 
tillered after _ 
19 minutes 

iD 10 20 30 40 50 

Time (min) 

Fig. 1. Comparison of rate of [S(IV)1 oxidation 
before and after f i l t er ing reaction slurry. 
Init ia l pH - 2 .9 , ["D" fly ashl - 0.18X. 

(XBL 809-1927) 

By augmenting the catalyst concentration, ve 
hoped to increase the reaction rate. Stirring 
reaction slurries for long time periods to in* 
crease the Mn and Fe concentrations by *s much as 
twofold did not always increase the reaction 
rate. Graefe et al •*• also observed this pheno
menon. In addition, there was no simple relation 
between fly ash concentration and reaction rate: 
Although increasing the ash content in reaction 
slurries generally accelerated the reaction, the 
rate dependence on fly ash concentration was not 
•onotonically increasing and not reproducible with 
varying reaction conditions. Equilibrium control 
of metal dissolution could be responsible for this 
behavior. This would be independent of kinetic 
control of the leact. ing described in the preceding 
paragraph. Chemical kinetic saturation is another 
possibility. Hudson found a zero order dependence 
on Fe concentration for (Fe] > 1 ppm.' 

pH Studies 

It is important to know the pH dependence of 
the reaction for at least two reasons: The two 
opposing factors which are controlled by pH are 
(1) metal dissolution (favored at lover pH), and 
(2) fraction of SO?" and HSO3 present re la t ive 
to the total concentration of S(IV) species ( in 
creases with increasing pH). Many studies impli
cate SO3 as the reactive species in catalyt ic 
oxidation of S(IV). 1 * *^ The U-shaped curve in 
Figure 2 is thus qual i tat ively what is expected 
for homogeneous catalys is by metals leached from 
the ash. 

degree on the ash surface, whereas Fe i s pre
dominantly matrix-associated.° Since s ignif icant 
concentrations of Fe are present in stirred 
reaction s lurr ies , we believe that the small quan
t i t y of Fe which i s surface-associated—perhaps as 
a ferrous or ferric sa l t—is cata ly t ica l ly 
important. 

Comparison With Known Rates 

Attempts were made to correlate reaction rates 
observed here with values in the l i terature for 
metal-assisted S(IV) o x i d a t i o n . 1 1 " 1 6 Init ia l 
rates of the fly ash reaction were compared to 
in i t ia l rates calculated from the referenced 
equations. For each case, the concentration of 
metal catalyst used was the maximum found in a fly 

Table 1. Comparison of rates with metal concentrations. 

[Metal] in NH20H*HC1 [Metal] in Filtered 
Extract* Reaction Slurry* Reaction Rate b 

Ash type [Mn] iFe] [Mnl [Fe] 
Reaction in 

Untreated Aih 
In NH20H HCl 
Extracted Ash 

NBS 0.071 1.8 <0.01 - 1.92 x 10" 5 -
A 0.64 12.5 0.05 1.9 12.0 x 10" 5 1.0 x 10~ 5 

B 1.71 5.0 0.19 1.2 3.6 x 10-5 1.3 x 10-5 

c 0.59 7.2 0.07 1.5 8.0 x 1 0 - 5 6.0 x 10"5 

0 0.83 3.4 0.11 - 6.8 x 10~ 5 1.4 x 10"5 

•All aetal concentration! are in Ug/ad. 

° In i t ia l rate - d[S(IV)l/dt (aal /1 a i n ) . 
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ash solution. As expected, Mh is not present in 
high enough concentration to account for the 
observed race, whereas Fe i s . Because of the 
complexity of the system, this result serves only 
to support the empirical evidence presented above. 

Innibition 

Other complications e x i s t . The presence of in
organic arsenite and S0^~ from the ash could inhib
i t the reaction.*"*** Several organic compounds 
also inhibit the oxidation.^»19 It vas suspected 
that che NBS ash could be unreactive because of 
the presence of inhibitor in addition to the lack 
of ca ta lys t . X-ray fluorescence and combustion 
data show the NBS ash contains more C and As than 
active ash type D. Inspection of Figure 3 shows 
that the NBS ash does indeed serve as an inhibitor. 
Extracting the NBS ash in base to remove suspected 
inhibitors arsenite and cyanide does not, however, 
render this ash more ca ta ly t i ca l ly act ive . In 
addition, neither soxhlet extraction using methanol 
nor combustion to remove al l organic matter causes 
a s ignif icant rate increase. 

CONCLUSION 

Ply ash i s not a uniform substance* Composi
tional inhomogeneities are to be expected even 
within one sample l o t . For this reason, a thorough 
rate study of f ly-ash-catalyied SO2 oxidation 
could serve l i t t l e purpose. The goal of th is 
study has been to i so la t e f ly ash components 
essent ia l to SO2 oxidation. Evidence presented 
here discounts the importance of the aah surface 
in this catalys is* Fi l tering the reaction slurry 
leaves the rate unchanged. Also, leaching under 
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I 

Fig 3. 
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0 10 20 30 40 50 60 

Time(min) 
Demonstration of rate inhibition by NBS 

In i t ia l pH ' 2.9 ± 0 . 1 , ("D" fly ash! -
(XBL 809-1926) 

relatively mild conditions which should not change 
surface morphology renders the ash catalytically 
inactive. Unimportance of the ash surface is not 
surprising considering the low surface area 
(1-30 m2/gro) of most fly ash. In addition, it 
appears that Fe plays a more important role than 
Mn in the oxidation. Since Mn is more soluble 
than Fe at pH levels found in droplets and wet 
scrubbers, this result is important. 

PLANNED ACTIVITIES FOR FY 1981 

The synergistic effect of metal ions in fly 
aah on the catalytic oxidation of SO2 will be 
investigated. 
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SOOT IN THE ARCTIC* 

H. Rosen, T. Novakov, and B. Bodhaine* 

INTRODUCTION 

Recent studies in the Arctic*»^ show the 
presence of large aerosol concentrations that 
significantly affect optical transfer through Che 
atmosphere and lead to the phenomenon of Arctic 
haze, which was first reported by Mitch el 1.3 in 
particular, the observation of substantial concen
trations of particulate sulfur and vanadium at the 
National Oceanographic and Atmospheric Administra
tion and Geophysical Monitoring for Climatic 
Change sampling station near Barrow, Alaska, has 
attracted considerable attention.*»* Questions 
have been raised as to the anthropogenic character, 
sources, and climatic impacts of these aerosols. 
In order to gain a better understanding of these 
issjes, a study of Che physical and chemical 
properties of the carbonaceous aerosol at Barrow 
was initiated in October, 1979. 

Recent studies of the urban aerosol indicate 
the presence of substantial graphitic carbon con
centrations. These graphitic species—identified 
by a variety of modern analytical techniques (e.g., 
Raman spectroscopy,^ photoacoustic spectroscopy,^ 
thermal analysis**)—are very effective absorbers 
of visible radiation and are responsible for the 
high optical absorption coefficients which have 
recently been observed in urban air.'»° The 
impacts of these highly absorbing particles on a 
regional or global scale have not been assessed so 
far, but they could be important, especially over 
regions with a high surface albedo like the polar 
icecaps. Furthermore, graphitic carbon can only 
be produced from combustion processes, and there
fore it can offer a very attractive and convenient 
tracer for anthropogenic activity. 

ACCOMPLISHMENTS DURING FY 1980 

An aerosol sampler was constructed to collect 
parallel 47-mm quartz fiber and Miilipore filter 
samples at a flow rate of -1.5 cfm. The sa«p1er 
had two chambers—a lower chamber which contained 
the pumps and an upper chamber for collecting the 
aerosol samples. The upper chamber was warmed by 

*This work was supported by the Assistant 
Secretary for Environment, Office of Health and 
Environmental Research, Division of Biomedical and 
Environmental Research of the U.S. Department of 
Energy under Contract No. W-7405-ENG-48 and by the 
National Science Foundation under Contract No. ATM 
80-13707 and by the Air Resources Laboratory of 
the National Oceanographic and Atmospheric 
Administration. 

Geophysical Monitoring for Climatic Change 
Program of the Air Resources Laboratory, National 
Oceanographic and Atmospheric Administration, 
Boulder, Colo. 

several thermostatically controlled heat lamps, 
while temperature control in the lower chamber was 
achieved by using a thermostatically controlled 
fan and heat lanps. The exhaust of the pumps was 
vented below the sampling platform. To minimize 
local contamination, the aerosol sampler was con
trolled by a wind sensor built by the University 
of Rhode Island group.* This allowed samples to 
be collected only when the wind was from the clean 
air sector at Barrow, between 0° N and 130° SE. 
Results obtained with and without the wind con
troller suggest that there is no significant in-
f 1 uence from loc al sources. Approx imatel y 50 
filter pairs have been collected at sampling time 
intervals ranging from 2 days to 1 week. The 
quartz filters were used to determine the total 
carbon content of the aerosol by a combustion 
method," and the Miilipore substrate was used to 
determine the optical absorption coefficient of 
the aerosol by the LBL laser transmission method 
described elsewhere.^** »** The absorption 
coefficients reported here are consistent with the 
optical constants of graphitic carbon and are ex
pected to have an accuracy of better than a factor 
of two. The Millipore substrate was also analyzed 
by the X-ray fluorescence technique to determine 
the concentration of elements with Z > 11. The 
quartz blanks had a carbon loading of < 0.5 ug/cra , 
while typical filter deposits corresponded to 
15 ug/cm^. Selected filters have been analyzed 
by Raman spectroscopy, thermal analysis, and sol
vent extraction techniques. The results of these 
analyses are described below. 

Raman spectroscopy is a highly selective method 
of analysis which has been used to identify large 
concentrations of graphitic carbon in urban 
particulates.^ This technique has been applied 
to the analysis of several samples collected at 
Barrow. The experimental arrangement and methods 
are described elsewhere.** The results are shown 
in Figure 1, in which the spectrum of an Arctic 
sample collected in December 1979 is compared to 
that of urban particulates, various source 
emissions, and carbon black. All these spectra 
show the presence of two intense Raman modes 
Located at 1350 cm"1 and 1600 cm - 1, which have 
been identified as due Co phonons propagating within 
graphitic planes. 1 0 This result shows that 
graphitic structures similar to carbon black and 
due to combustion processes are present in the 
Arctic aerosol. Furthermore, the high intensity 
in these modes indicates that, just as in urban 
samples, the graphitic structures represent a 
major component of Che aerosol. 

The filters collected at Barrow from Fall 
through late Spring have a grey or black appearance 
similar to that found for urban particulates. For 
the urban samples, this optically absorbing compo
nent has been identified as graphitic carbon.^ 
Preliminary measurements on a limited number of 
samples show that the optically absorbing species 
in the Arctic has a l/X wavelength dependence, is 
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Fig* I. Raman spectrum of an Arctic sample 
compared to chose of urban particulates for 
various source emissions* carbon black, and 
noncrystalline graphite. <XBL 767-3091A) 

insoluble in a wide range of solvents, and has a 
high temperature stability with an oxidation 
threshold of approximately S00°C. These results 
are consistent with the ptoperties of graphitic 
carbon and strongly suggest that indeed the op
tically absorbing species at Barrow is graphitic 
in mature* 

The seasonal variation of the optical absorp
tivity (or graphitic carbon concentration) of the 
Barrow aerosol is shown in Figure 2. The absorp
tion coefficient changes by more than an order of 
magnitude from mid-October to early January and 
remains at a relatively high level throughout most 
of February, March, and April. It decreases sub
stantially in May. The magnitude of the absorption 
coefficient during the Winter and Spring is com
parable to that found in urban environments 
(Table 1) (i.e., the peak values in February are 
only about a factor of ten less than the average 
absorption coefficients in New York City and a 
factor of three less than those found in Berkeley, 
Calif., and Denver, Colo.). This absorption 
coefficient is large enough to produce significant 
optical effects. For example, an absorption 
coefficient of 5 x 10"^ m -* extended over a 
path length of 10 km would produce an optical 
thickness of .05. This would be a large perturba
tion on the transfer of optical radiation through 
the atmosphere when the sun's irradiance is at a 
high level, as it is during part of these pollution 
episodes. In order to assess the importance of 
these effects, more detailed measurements of the 
seasonal variation in the optical properties (vis
ible and infrared) and the vertical and horizontal 
extent of the aerosols need to be determined. 

The pollution episodes observed at Barrow are 
not a local phenomenon but appear to be areawide 
with similar seasonal variations occurring at 
widely spaced sites across the Arctic.H»12 This 
is illustrated in Figure 3, in which a c:nparison 
of the monthly variations in the blacknetis of the 
filter deposits collected at Bariow and Would Fay, 
Canada, are shown. (The samples from Mo>iAd Bay 
were provided by Dr. L. A. Barrie and Dr. P. Hoff 
of the Canadian Atmospheric Environment Service.) 
These sampling stations are widely separated, yet 
the initial onset and duration of the episodes 
observed at these two sites are almost identical. 

Using the optical constants of graphitic 
carbon determined from our urban studies,1^ we 
can make an estimate of the graphitic carbon 
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Table 1. A comparison of absorption coefficients, carbon concentrations, and graphitic carbon concentrations 
at Barrow, Alaska, and various urban locations. 

Site 

Number 
of 

Date Sampl es 

12/79-4/80 33 
1/79-3/80 438 

1/79-3/80 381 
11/78-5/79 141 
0/77-1/8U Si2 
7/77-3/80 924 
6/77-4/80 998 

11/78-4/80 439 

Average Absorption Average Graphitic 
Coefficient x 10$ Average Total oarbon as Percent 

(M _ 1) Carbon (Ug/m3) of Total Carbon 3 

Barrow, Alaska 

Argonne, XI1inois 

Gaithersburg, Maryland 

Denver, Colorado 

Anaheim, California 

Fremont, California 

Berkeley, California 

New York, New York 

.4 

2.8 

2.1 

2.4 

4.9 

3.4 

2.1 

6.4 

1.2 

8.1 

6.1 

9.8 

16.6 

12.0 

6.7 

15.2 

24 

22 

22 

16 

: 5 

18 

20 

27 

Calculated from optical conatanta in Reference 13. 
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Fig. 3. A comparison between th« seasonal 
variation in the blackness of filter deposits 
collected at tar row, Alaska, and Mould Bay, 
Canadiu in 1979 and 1980. Mould lay samples 
vera provided by L. A. larrie and F. Hoff of the 
Canadian Atmospheric Environment Service. 

( M L 601O4420) 

concentration at Barrow. These results are shown 
in Figure 4, where we plot the graphitic carbon 
concentration as a fraction of the total carbon 
content of the aerosol for various periods of time 
during the year. The results shown a strong 
enrichment of the graphitic fraction of the 
carbonaceous aerosol from early to late winter. 
The concentration of graphitic carbon in late 
February is almost 40% of the carbonaceous mass. 
It is -emarkable that this percentage is higher 
than that found in urban centers like New York 
City and Los Angeles.^ After its peak in 
February, the fraction of graphitic carbon seems 
to level off to a value which is more typical of 
those found in urban environments. The interpre
tation of these interesting features in terms of 
transport, atmospheric chemistry, and deposition 
processe' is complicated and will have to await 
more detailed analyses and further measurements. 

In summary, these observations indicate that 
large graphitic concentrations can develop at 
remote locations. If one ignores the possible 
contribution of natural burning processes (e.g., 
forest fires), which is expected to be small 
durir4 these times of year in the northern 
hemisphere, this component can oe jttributcd 
directly to the burning of fossil fuels. The 
source and the climatic effects of these highly 
absorbing species are uncertain and will have to 
await more systematic measurement and careful 
modelling. 

PLASHED ACTIV. IES FOR FY 1981 

The project will continue to explore the 
sources and climatic impact of carbonaceous 
aerosols in the A-Ctic region. 
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Fig. 4. Seasonal variation of graphitic carbon 
as a percentage of the total carbon content of 
the aerosol at Barrow from October 1979 to May 
1980. These values are compared to the average 
values obtained in New York City and Los Angeles. 
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AN INTERCOMPARISON OF THE INTEGRATING PLATE AND 
THE LASER TRANSMISSION METHODS FOR 

DETERMINATION OF AEROSOL ABSORPTION COEFFICIENTS* 

M. Sadler? P.. Charlson* H. Rosen, and T. Novakov 

INTRODUCTION 

Recent studies of atmospheric aerosol parti
cles indicate the presence of a large, optically 
absorbing component which can cause both visibili
ty degradation and climatic effects. The nature 
of this absorbing species has been investigated in 
the past by solvent extraction, heat treatment, 
and wavelength dependence studies.*»^ These in
vestigations led to the conjecture that it could 
be a graphite-like material. More recently, the 
Raman scattering technique has been applied to 
identify this component in urban aerosols on a 
microscopic level as "graphitic" carbon.* 

The fact that aerosol particles absorb light 
is evident from the usual grey or black appearance 
of filter samples collected from even rural 
locations. However, the absolute measurement of 
the component of extinction due to absorption, 
o a p , has posed significant challenges. Here we 
define the extinction coefficient, o e x t , and its 
compcnents with the Beer-Lambert law. For light 
of intensity I passing through an atmospheric path 
of length dx: 

dl 
I -a „dx = -(a fcfc + o , fc. ) dx ext scatter absorption 

absorption = absorption by particles + 

absorption by gases ap r ag* 

Not only is the measurement of 
is also extremely hard to make aerosols of known 
absorption coefficient for testing, calibration, 
and valida.ion of methods. 

Historically, one of the earliest measurements 
was performed by Waldram,-* who measured the total 
extinction and its scattering component, arriving 

*This work was supported by the Assistant 
Secretary for Environment, Office of Health and 
Environmental Research, Division of Biomedical and 
Environmental Research of the U.S. Department of 
Energy under Contract Ho. W-7A05-ENG-48 and by the 
National Science Foundation under Contract No. ATM 
80-13707. 

Department of Civil Engineering, University of 
Washington, Seattle, Washington. 

at the absorption component by 3'ibcraction. He 
found a relatively large percentage of extinction 
to be caused by particle absorption—typically half 
in an industrial area of England. However, this 
result has often been discounted as being atypi
cal, and the assumption is usually that ° e xt ~ 

There are fundamentally two general approaches 
in use for assessing light absorption by particles. 
One set of methods aims at establishing the ab
sorption coefficient in the atmosphere, o a p ; the 
other set of methods determines the imaginary 
refractive index of the bulk material of which the 
particles are formed. These approaches can be 
connected via Mie calculations if size distribution 
and the distribution of absorbing material with 
size are known. 

In addition to the difference method of 
Waldram,^ the integrating plate method,'* the 
laser transmission method, and the multipass 
transmissometer^ are examples of the first of 
these approaches; the integrating sphere,** the 
Kubelka-Monk method,' and inversion of angular 
scattering data have been used to estimate the 
imaginary refractive index of the material of 
which the particles are formed. 

Two of these methods (the integrating plate 
and laser transmission) have been extensively used 
because of their practicality. This paper will 
compare the absorption coefficients determined by 
these two methods at a wide range of sites. Fur
thermore, these absorption coefficients will be 
correlated to the total carbon content of the 
aeropol. These measurements should provide an 
independent test of the strong correlation found 
by previous investigators®»9 at urban locations, 
as well as to extend this type of observation fc 
rural areas. 

ACCOMPLISHMENTS DURING FY 1980 

Five sampling sites in the western part of 
Washington state were used in this study, from a 
highly congested site in a highway tunnel to a 
very remote site on a western foothill in the 
Olympic Mountains. By sampling such diverse 
aerosol conditions, the range of absorption coef
ficients of the air samples was nearly four orders 
of Magnitude, from —10"' m~ l to 10~3 m

- 1 , 
with the total carbon concentration ranging from 
about 5 yg/m^ (Mt. Octopus) to nearly 90 yg/m^ 
(highway tunnel). The sites are shown in Figure 1. 

The results of these comparisons are shown 
graphically in Figures 2 and 3. In Figure 2, a 
plot of absorption coefficients is shown, as de
termined by the Integrating Plate Method (IFM) 
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Fig. 1. Sampling s i t e s . (XBL 811-7714) 

"op 
10" 
{NUCLEPORE) (m-1) 

Fig. 3. L^ht absorption coefficient, " a p(ia~ l) 
determinrd by the IPM versus total carbon 
crncentration in yg/m-*. For site notation, see 
Figure 1. (XBL 811-7712) 

using a Nuclepore substrate and the Laser Trans
mission Method (LTM) using a Millipore substrate. 
Also shown in the figure are absorption coeffi
cients determined at the University of Washington 
on quartz fiber filters. A total of 44 filters of 
each type were used in this comparison. The cor
relation coefficient between the two measurements 
is 0.95, with the absorption coefficient determined 
by the LTM being greater by a factor of approxi
mately 2. "5 than the one determined by the IPM. 

Figure 3 presents the plot of the concentration 
of total carbon (pg/m^) versus the absorption 
coefficient from Nuclepore filters. The correla
tion found between these two variables was 0.90. 
Also shown in this figure is a value of 0 a p for 
monodisperse graphite particles (n 2 = 0.66, 
Dp = 0.1 vim), estimated as a function of mass 
concentration from Faxfog and Roessler.10 
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Fig. 2. Light absorption coefficient, 
oap(a**^), determined on Millipore (X) and 
quarts (0) filters. (XBL 811-7713) 

Three points emerged as the main conclusions 
of this study. First, the light absorption coef
ficients determined by these two methods are com
parable and highly correlated. The reason for the 
higher indicated absorption coefficient using the 
LTM could be due to several factors, including 
(1) penetration effects in the Millipore substrate, 
which could lead to enhanced absorption due to 
multiple scattering effects within the filter 
medium itself; (2) possible pile-up at the holes 
or loss of particles in the holes of the Nuclepore 
substrate; (3) differences in the collection 
efficiency of the two substrates. Studies are 
under way in both of our laboratories to assess 
the magnitude of these effects. However, the 
differences found between these two techniques are 
small in comparison with the large uncertainties 
reported in the literature for the magnitude of 
the absorbing component of aerosol particles. 
These differences are also small compared to the 
range of more than three orders of magnitude 
observed in the value of <Jar>. 

Second, and at least as important, a high 
degree of correlation is found between the absorp
tion coefficients, o^p, and the carbon-loading 
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with the ratio of [C]/a a p being similar at the 
highway tunnel, the University of Washington, and 
Mt. Squak. This correlation has been observed in 
the past**'9 j n many urban locations and for 
various source emissions, bat this work represents 
the first verification of this important result by 
an independent absorption technique. Both these 
results are quite independent of site and are 
correspondingly independent to a high degree of 
che concentrations of carbonaceous material or 
level of o a p. The higher value of lC|/o a p for 
the remote sites on the Olympic peninsula may be 
an indication of a very small natural background 
of non-light-absorbing carbon compounds. Such a 
background evidently might have values of total 
carbon of the order one to a few ug/m • The 
results also indicate that light-absorbing aerosols 
are ubiquitous in the atmosphere, even in such re
mote locations as our coastal sites. The fact 
that the ratio of [C]/o a p is nearly the same in 
rural areas as in an urban area might imply that 
the light-absorbing carbonaceous materials in our 
rural samples were derived from an urban source. 
This suggestion is of course highly tentative and 
requires further measurements for resolution. 

Third, we include in Figure 3 a comparison of 
the observed C concentration/oap relationship to 
a calculation from the Mie formalism for pure 
graphite particles. Uncertainties of a factor of 
two or so exist in the imaginary refractive index 
for graphitic carbon, with 0.66 appearing as a 
typical value.H This calculated relationship 
is close to the observed values, which is 
consistent with the suggestion of Novakov*^ and 
Rosen et al.^ that soot (which contains a 
graphitic and an organic component) is a major 
fraction of the carbonaceous aerosol in urban 
areas. 
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DETERMINATION OF BLACK CARBON BY THERMAL ANALYSIS* 

L Gundel, R. Dod, and T. Novakov 

INTRODUCTION 

Aerosol particulate material collected from 
ambient air and combustion sources always contains 
carbonaceous particles which are black or grey 
when collected on filters.1 The absorption of 
visible light by these carbonaceous aerosols is 
predominantly due to the presence cf carbon, which 
has optical properties similar to graphitic or 
elemental carbon and to activated carbon.* •-* 
The term "black carbon" is used in this paper to 
refer to the optically absorbing carbonaceous com
ponent of ambient and source aerosols. Black car
bon is implicated in visibility reduction, • •* 
and it could have effects on the tropospheric 
energy balance which could lead to regional and 
global climate modifications.^*-1 

Previous work at Lawrence Berkeley Laboratory 
(LBL) has shown that attenuation of visible light 
as it passes through ambient or source-particulate-
loaded filters is related to concentrations of 
black carbon.1>° Attenuation measurements show 
that black carbon appears as a constant fraction 
of the total carbon contained in daily filter 
samples collected for two years at various urban 
sites throughout the United States." Selective 
solvent extraction studies have shown that black 
carbon is nonextractable,* as expected for 
elemental carbon. In order to measure concentra
tions of black carbon on filters by optical at
tenuation, a direct determination of black carbon 
is necessary. 

One method of identifying black carhon is 
optico-thermal analysis,' a combustion thermal 
analysis in which both the product CO2 concen
tration and the optical transmission of the 
naterial are continuously monitored. This method 
yields simultaneous measurement of the amount of 
particulate carbon burned and of the change in 
\ ight transmission through the filter sample as 
temperature-programmed combustion proceeds. For 
some types of samples, primarily those collected 
directly from combustion sources, the black carbon 
can be unambiguously identified and quantified 
from the thermogram, as shown in Figure la. 
Differentiation of black carbon from organic car
bon in thermograms of ambient particulate samples 
may be more difficult, as illustrated in Figure 
lb. Thermograms of ambient samples sometimes show 
carbonization, as indicated bv a decrease in light 
transmission during thermal analysis. An example 

*This work was s sported by the Assistant 
Secretary for Environment, Office o f Health and 
Environmental Research, Division of Biomedical and 
Environmental Research of the U.S. Department of 
Energy under Contact No. W-7A05-ENG-48 and by the 
Nation*I Science Foundation under Contract No. ATM 
80-13707. 

of this is shown in Figure lc, where production of 
black carbon during analysis compounds the dif
ficulty of isolating the original black carbon. 
Removal of soluble organic material by selective 
solvent extraction before thermal analysis leads 
to thermograms in which isolation of the black 
carbon peak is straightforward.^ 

ACCOMPLISHMENTS DURING FY 1980 

Experimental Methods 

^etermimtion of black carbon in urban ambient 
and source particulate material has been accom
plished by complementary use of optico-thermal 
analysis (as described above) and selective sol
vent extraction. The selective solvent extrac
tion technique is based on the work of Appel 
et al.,9.10 j n which a filter sample is subjected 
to soxhlet extraction in benzene, followed by 
extraction in a methanol-chloroform mixture (1:2, 
v:v). This procedure removes most of the nonblack 
organic carbon but leaves the optical attenuation 
unchanged to within 102. Optico-thermal analysis 
is performed on untreated particulate carbon 
samples and on portions of the same material after 
solvent extraction. For each extracted sample the 
amount of black carbon is determined by measuring 
the area under the CO2 peak, which corresponds 
to the decrease in blackness, as shown by increased 
light transmission. Since the gas flow through 
the apparatus is constant, as is the temperature 
ramp, this area is proportional to the total mass 
of black carbon. Optical attenuation, ATN, is 
defined as 

ATN = 100 In 1 0/I, (1) 

where I and I 0 represent the intensity of light 
transmitted through the filter before combustion 
and after removal of the black carbon by combus
tion, respectively. Optical attenuation values 
may depend on the type of filter substrate and on 
measurement technique. 

Black Carbon in Ambient and Combustion 
Source Particulate Matter 

Figure 2 shows thermograms of ambient particu
late carbon collected near LBL and near the 
Eastshore Freeway in Berkeley, Calif, during the 
same 24-hour period. The patterns for the un
treated samples are typical for urban particulate 
matter. The freeway particulate carbon thermogram 
shows enrichment in high temperature carbon. Total 
carbon and ATN are also higher for the freeway 
sample. *fter extraction, thermograms for both 
samples show a simpler structure. The black car
bon peaks have been indicated by shading in the 
figure. Note that some nonblack carbon remains 
after extraction and that black carbon accounts 
for only part of the high temperature peak of the 
untreated sample collected at LBL (Fig, 2a). 
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TteraogrMa for typical combustion sources are 
shown in Figure 3. Particulate carbon from the 
natural fas and propane samples is dominated by 
black carbon, as shown by comparison of their 
thermograms before and after extraction. Particu
late carbon samples collected in a parking garage 
and in the Caldecott tunnel contain large amounts 
of organic as well as black carbon. Although the 
combustion characteristics of the black carbon in 
these source samples may be changed by extraction 
to produce temperature shifts, for example, the 
amount of carbon represented by the high tempera
ture peak can be ascribed to black carbon in both 
extracted and unextracted samples. 

The Relationship Between Optical Attenuation 
and Black Carbon Concentration 

Figures 4 and 5 show the relationship between 
optical attenuation and concentration of black 
carbon for urban and combustion source particulate 
carbon respectively, as measured by optico-thermal 
analysis. In each case the line is a linear least 
squares fit to the data. The slopes of the fitted 
lines are lb.9 for ambient and 19.1 for source 
particulate matter, expressed in units of optical 
density/ijg-cm~2. Correlation coefficients are 
0.98 and 0.99, respectively. Within experimental 

error, the slopes are identical. This indicates 
that the black carbon produced by these sources 
has the same optical properties as black carbon 
present in urban particulate matter. This agree
ment with the results of other work at LBL 2»^ 
supports the validity of measurement of concentra
tions of black carbon and ATN by optico-thermal 
analysis of preextracted filter samples. 

The results presented here show that we now 
have a method for determination of the specific 
attentuation^ib 0 0 f black carbon, where 

c = ATN/lCj (2) 

o has the value 19 optical density units/ug cm~2 
black carbon, when ATN and concentration of black 
carbon are measured by the method described here. 

Planned Activities for FY 1981 

We will determine the relationship between ATN 
as measured by this method and ATN as measured 
using the standard LBL technique.* We will par
ticipate in a study sponsored by General Motors 
Research Laboratories to compare methods used by 
various laboratories to measure black carbon con
centrations in carbonaceous particulate matter. 
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A MODEL FOR THE PROGRESSIVE COMBUSTION 
ANALYSIS OF CARBONACEOUS AEROSOL PARTICLES* 

A Hansen and T. Novakov 

INTRODUCTION 

The analysis of aerosol particles by progres
sive thermal decomposition was first reported by 
Malissa et alA and has subsequently been 
developed into a powerful method for the qualita
tive and quantitative analysis of carbonaceous and 
nitrogenous aerosols.2)3 This paper presents a 
model for the combustion process that may be fit 
to the data to yield further information on the 
nature of the carbonaceous species. 

ACCOMPLISHMENTS DURING FY 1980 

aerosol collected from an oil-fired furnace). The 
model has been designed to interpret these traces 
in terms of underlying physical and chemical 
characteristics. 

Considering the combustion of a homogeneous 
single component material , we write the rate of 
reaction of a carbon atom exposed to oxygen at 
time t, temperature T(t) as 

P(T) = C T • exp (-E /T), (1) 

The analytical method subjects the sample to a 
steadily increasing temperature in an atmosphere 
of pure oxygen. The evolved gas is passed over an 
oxidizing catalyst, and the CO2 concentration is 
recorded. The technique is similar to that of the 
flash desorption spectrometer^ used in studies 
of surface bonding. Most ambient samples yield 
complex traces of carbon evolution versus tempera
ture due to the presence of many different classes 
of compounds. However, certain samples may be 
chosen or selectively pretreated so that the 
"thermogram" shows a single set of distinct char
acteristics, suggesting a process of combustion at 
elevated temperatures. Figure la shows this trace 
for a diesel exhaust sample; when displayed as an 
Arrhenius plot (Fig. lb), it is clear that the 
trace is characteristic of a thermally activated 
process, with a slope corresponding to an activa
tion energy of 26.9 kcal/mol. Other samples may 
show different slopes or maxima (see Fig. lc for 

*This work was supported by the Assistant 
Secretary for Environment, Office of Health and 
Environmental Research, Division of Biomedical and 
Environmental Research of the U. S. Department of 
Energy under Contract No. W-7405-ENG-48 and by the 
National Science Foundation under Contract No. ATM 
80-13707. 

Fig. 1. Experimental data and fit: (a) Evolved 
CO2 versus temperature for diesel exhaust 
particulate sample. Solid curve indicates 
experimental data; circles indicate best fit to 
Equation (3) with parameters E a * 26.9 
kcal/mol, rate constant C - 6.0 x 10 5 sec - 1, 
and three-dimensional combustion geometry* (b) 
Arrhenius plot of Figure i(a): log(C02) versus 
inverse temperature. Dashed line slope 
corresponds to activation energy of 26.9 
kcal/mol. (c) Arrhenius plot of data from 
oil-fired furnace stack sample. Dashed line 
slope corresponds to activation energy of 25.9 
;cal/mol. (XBL 811-7672) 
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where E a is the activation energy (in degrees 
K) , C is the rate constant, and the exponent a 
represents the temperature dependence of the rate 
of collision of oxygen molecules with the carbon 
atom. If there are n such atoms, all equally 
exposed, their rate of removal from the sample is 

dn 
dt nP(T). (2) 

Since the temperature T is a function of time t, 
this equation does not have a simple analytic 
solution, and discrete-step numerical methods must 
be used. 

Other work has shown that the carbon species 
responsible for high-t°mperature (^500°C) 
thermogram traces may be in the form of graphitic 
microcrystall ites of dimension "*-30A.5 This 
could result in the exclusion from combustion of 
the atoms interior to the reacting surfaces or 
plane edges. Equation (2) is then modified to 
become 

B n M P(T), (3) 

where the constant B depends on geometry and pack
ing fraction, and the exponent S is zero if all 
atoms are exposed, (-1/2) for two-dimensional com
bustion from the edges of graphitic planes, or 
(-1/3) for combustion from the outer surface of a 
sphere. 

The presence of carbon in i different forms 
will produce a net yield of 

dN 
dt 

if the components are noninteracting. However, 
for the case of internally mixed particles, it is 
plausible that the combustion of an atom j may 
increase the probability of combustion of a neigh
boring atom i—an effect similar to ignition. 
This is modelled by increasing the combustion 
probability of the atom i by [P^CT + Tij) -
Pj(T)l for each atom of component j that burns 
with probability Pj(T). The fraction of these 
is (n;/N) and so Equation (3) becomes 

- (log n.) « BN 8 ]p.(T) + £(n./N)[P.(T + T. 
t 1 ( 1 * T * J 1 1 

.Cr)]"P.(T)j P.C* 

) 
J 

(4) 

The matrix elements t^j represent the coupling 
of combustion energy among neighboring atoms; 
diagonal elements represent intraspecies self-
ignition. 

For single component combustion, the effect of 
I n is to sharpen the trace (Fig. 2a); for a 
two-component Mixture the off-diagonal elements 
result in a reduction of the higher temperature 
peak (Fig* 2b). With simplifying assumptions, 

Fig. 2. Simulated curves calculated from 
Equation (4), illustrating intercomponent 
coupling. (a) Single component. Activation 
energy 28 kcal/raol, rate constant 2 x 10° 
sec"*-. Curves (i) - (iv) show the progression 
of coupling temperatures T̂ l = 0* 100, 150, 
200K. (b) Two components. Activation energies 
27 and 31 kcal/mol, equal quantities, and equal 
rate constants 2 x 10" sec -^. Dashed curve 
indicates no coupling. Solid curve indicates 
all Tij = 150K. (XBL 811-7673) 

Equation (A) may be fit to experimental data to 
yield best values of the parameters. 

In conclusion, we have shown that a progres
sive combustion model can account for experimental 
data from the analysis of carbonaceous aerosol 
particles and can yield reasonable parameters when 
fit to those data. We wish to thank Dr. R. Schefer 
of the Combustion Research Group (LBL) for helpful 
discussions. 

PLANNED ACTIVITIES FOR FY 1981 

Future work will be aimed at improving the 
fitting capability so that the full form of 
Equation (4) may be used to extract morphological 
and ignition-coupling information from experimental 
data. 
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RELATION BETWEEN CONCENTRATIONS OF 
POLYNUCLEAR AROMATIC HYDROCARBONS AND BLACK CARBON4 

L Gundel, H. Rosen, and T. Novakov 

INTRODUCTION 

We have developed an optical attenuation tech
nique^ to measure the black carbon content in 
particulate material. In addition to the black 
carbon, particulate organic carbon in ambient 
aerosols also contains primary organics, directly 
produced from combustion sources.^ This primary 
organic carbon together with black carbon is de
fined as "soot." We have studied the relationship 
between the black carbon concentration and one 
class of primary organic compounds, polynuclear 
aromatic hydrocarbons (PAH) in urban carbonaceous 
particles. These compounds and their oxidized 
derivatives may constitute the health hazard as
sociated with ambient and source carbonaceous 
particles. -*""•> 

ACCOMPLISHMENTS DURING FY 1980 

Experimental Methods 

The samples used in this study were selected 
from loaded (47-mm diameter) quartz filters col
lected as part of the Lawrence Berkeley Laboratory 
sampling program during the summer of 1980." 
Optical attenuation (ATN) measurements were made 
on Millipore cellulose acetate filters collected 
simultaneously. ATN is defined as equal to 100 In 
t()/I» where IQ and I are the intensities of 
light transmitted through blank and loaded filters, 
respectively. ATN has units of optical density 
per 10 6 m air. 

For determination of PAH concentrations on 
each filter sample, one section (1.94 cm?) of 
the quartz filter was extracted in 0.400 ml 
peroxide-free spectral quality tetrahydrofuran by 
sonication at 25°C for 15 min. 7 A 50-ul ali
quot of the extract was injected onto a liquid 
chromatographic column, which had been chosen for 
its selectivity for separation of PAH compounds** 

This work was supported by the Assistant 
Secretary for Environment, Office of Health and 
Environmental Research, Division of Biomedical and 
Environmental Research of the U.S. Department of 
Energy under Contract No. W-7405-ENG-48 ar.d by the 
National Science Foundation under Contract Mo. ATM 
W-13707. 

(VYDAC 201TP, 10-ptn particle size, 25-cm length, 
0.46 cm i.d.). The hydraulic system was purchased 
from Waters, Inc. A mixture of acetonitrile and 
tetrahydrofuran (19:1, v:v) in water was used as 
the mobile phase at a flow rate of 3.0 ml rain-*. 
Composition of the acetonitrile-tetrahydrofuran 
mixture varied from 70-98% in 30 rain using Waters' 
gradient #9. The separated PAH compounds were de
tected with a Schoeffel Model SF970 fluorescence 
detector with excitation wavelength set at 280 nm. 
All fluorescence at wavelengths _> 389 nm was re
corded as the sample eluted from the column. PAH 
standard compounds were supplied by Pfaltz and 
Bauer, ALdrich Chemical Co., and Nanogens, Inc. 
Peak heights were used for measurement of concen
trations of PAH in the extracts of ambient parti
culate loaded filters. 

Identification of PAH compounds from retention 
times of fluorescent peaks in chromatograms of am
bient extracts was accomplished by comparison to 
retention times of PAH standards. The fluorescence 
ratio technique' was used to confirm the assign
ments. Identification by this technique requires 
that the ratios of peak intensities for several 
wavelength combinations of excitation, ^ex> a n a > 

emission, A e m , match for an extract peak and a 
known PAH peak with the same retention time. 

Results 

Figure 1 shows chromatograms for a mixture of 
PAH compounds and for a typical filter extract. 
The major fluorescent compounds have been identi
fied as benzo(b)fluoranthene, benzo(k)fluoran-
thene, benzo(a)pyrene, benzo(ghi)perylene, and 
indenoCl,2,3-cd)pyrene. Some PAH compounds which 
fluoresce weakly under the same conditions were 
not detected: chrysene, benzo(e)pyrene, perylene, 
and dibenz(a,h)anthracene. The PAH compounds 
found in this study have been detected in urban 
particulate matter collected in other cities and 
in particulate samples** from combustion sources. 

Figure 2 shows concentrations of benzo(a)pyrene 
(BaP), indeno(l,2,3-cd)pyrene (IcdP), and 
benco(ghi)perylene (BghiP) plotted versus optical 
attenuation, ATN. The lines are linear least 
squares fits for the data. The benzofluoranthenes, 
BbF and BkF, show similar trends. The concentra
tions of these PAKs correlated with ATN as indi
cated in Table 1. Degradation of these PAH 
compounds by processes such as photo-oxidation or 
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Fig. 1 . Fluorescence chromatograms lor (a) Mixture 
of PAH standard compounds. BbF • benzo(b) -
fluoranthene; BkF • benzo(k) fluoranthene; BaP * 
benzo(a)pyrene; BghiP * benzo(ghi)perylene; IcdP * 
indenot l ,2 ,3-cd) pyrene; (b) Tetrahydrofuran 
ex t rac t of ambient carbonaceous p a r t i c l e s . 

(XBL 8101-42) 
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Fig* 2. The relationship between concentrations 
of three polynuclear aromatic hydrocarbons and 
optical attenuation ATN, a measure of black 
carbon concentration. (XBL 8101-41) 

Table 1. PAH concentrations, total carbon, and attenuation data for 
carbonaceous particles collected in Berkeley, Calif., July-September 
1980. 

Average [PAH] 

(pg m - 3 ) Slope 

PAH) versus ATM 

Intercept 

Benzo(b)fluoranthene (BbF) 

Benzo(k)fluoranthene (BkF) 

Benzo(a)pyrene (BaP) 

Benzo(ghi)perylene (BghiP) 

Indeno(l,2,3-cd)pyrene (IcdP) 380 ± 180 

82 ± 29 1.76 20.0 0.76 

82 ± i. 1.66 23.0 0.76 

106 ± 61' 3.82 -34.2 0.75 

730 ± 290 21.8 -35.1 0.96 

380 ± 180 12.3 -48.6 

[C) versus ATN 

0.88 

rage Values Slope In te rcep t r 

Total carbon ()jg *~ ) 7.3 1 2.1 

35 i 13 

5.64 -7.30 0.93 
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reaction with pollutant gases 1 2 stay account for 
«osw of the scatter observed. BghiP shows the 
largest correlation coefficient (r - 0.96) and 
BaP, the smallest (r - 0.75). These values are 
consistent with the observation that BghiP is less 
susceptible to degradation than is BaP. 1 3 The 
average correlation coefficient relating [PAHj to 
total carbon (r - 0.78) is close to the average 
correlation coefficient relating [PAH] to ATN 
Cr - 0.82). 

Conclusion 

The preliminary results presented here estab
lish a linear relationship between concentration 
of several polynuclear aromatic hydrocarbons and 
optical attenuation as measured on filter samples 
of carbonaceous particles collected in Berkeley, 
Calif., during the summer of 1980. Since ATN mea
sures the amount of black carbon, our results show 
that concentrations of PAH's are proportional to 
black carbon concentrations. Measurement of ATN 
may provide a fast and simple method to estimate 
concentrations of PAH compounds in particulate 
matter collected in Berkeley. 

The authors thank A. Hansen for providing op
tical actenuation and total carbon concentration 
data. 

PLANNED ACTIVITIES FOR FY 1981 

Future work is to include measurement of PAH 
concentrations and ATN for carbonaceous particles 
collected in other cities that are part of the LBL 
sampling network. Concentrations of oxidized 
derivatives of PAH compounds will be measured to 
determine what relationship may exist between 
their concentrations and the blackness of urban 
carbonaceous particles. 
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DETERMINATION OF CARBON IN 
ATMOSPHERIC AEROSOLS 8Y DEUTERON-INDUCED NUCLEAR REACTIONS* 

M. Clemjnson, T. Novakov, and S. Markowftz 

INTRODUCTION 

Nuclear reactions induced by 7.6-MeV deuterons 
are used to determine total carbon in atmospheric 
aerosols. The 1 2C(d,n) 13N reaction produced 
the radionuclide ^K, a 10.0-min positron emit
ter which is detected by its 0.511-MeV annihila
tion radiation. The detection system is a Ge(Li) 
"Y-ray spectrometer. The method is nondestructive 
of the sample, permitting the sample to be studied 
by additional methods. Comparison of carbon found 
by deuteron activation analysis with that found by 
independent but destructive combustion methods 
shows a standard deviation of 10% for 15 samples 
analyzed over a wide range of carbon contents. 
The detection limit is estimated to be 0.5 pg/cm 2, 
corresponding to a carbon concentration of 0.2% in 
a sample of total thickness 250 pg/cm 2. 

ACCOMPLISHMENTS DURING FY 1980 

Carbon has been found to be a major elemental 
constituent of urban particulate pollution.1*2 

The determination of the carbon's origin in terms 
of primary and secondary components is a difficult 
problem, to which a solution is necessary if mean
ingful control strategies are to be implemented. 
Some work has been done, but much more work is 
required.3~5 of important analytical concern is 
the nondestructive determination of the total car
bon content of atmospheric aerosol samples. The 
common method of carbon determination in atmos
pheric aerosol samples is by combustion analysis. 
This method, however, is destructive of the sam
ple, and thus does not allow other analyses to be 
performed on the same sample. A new method for 
the nondestructive determination of carbon and 
other low-Z elements in atmospheric aerosols has 
been developed by Macias and coworkers.** Their 
method involves the in-beam measurement of y rays 
from the inelastic scattering of 7-MeV protons ac
celerated in a cyclotron. This type of analysis, 
however, does require lengthy use of accelerator 
tine. Another method for the nondestructive 
determination of carbon has been developed by 
Gordon and coworkers.? This involves the 
measurement of prompt y rays following neutron 
capture by using an external beam port of the 
National Bureau of Standards (NBS) research 
reactor as the neutron source. Relatively large 
samples (-1 g)» however, and long irradiation 

This work was supported by the Assistant 
Secretary for Environment, Office of Health and 
Environmental Research, Division of Biomedical and 
Environmental Research of the U.S. Department of 
Energy under Contract No. W-74Q5-EHG-48 and by the 
national Science Foundation under Contract Mo. ATM 
80*13707. 

periods (~20 hr) are required. A new activation-
analysis method that uses only a short amount 
(2 roin) of beam time for the determination of car
bon in atmospheric aerosols will be described here. 
This method has already been used to determine 
nitrogen in aerosols, and future work will cp-'ter 
on the development of a method for the determina 
tion of oxygen in aerosols." General principles 
of charged-particle activation have been givei. by 
Markowitz and Mahony.' 

The absolute excitation function for the 
1 2C(d,n)13N reaction is shown in Figure 1. A 
comparison of results from the destructive combus
tion method with our deuteron activation method is 
given in Table 1. The ratio of "activat-ion" to 
combustion" carbon found averages 1-.01 with a 
standard deviation of ±10%. A typical aerosol 
Y-ray spectrum is given in Figure 2. The decay of 
the 10-min ^ N activity is displayed in Figure 3. 
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Fi(. 1. Excitation function for the 1 2C(d,n) l 3N 
reaction. (XBL 797-2331) 
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Table 1. Comparison of methods for carbon determination in atmospheric 
aerosols* 

C Found (UK/C9 ) 
Ratio 

Deuteron Activation/ 
Sample Material Activation Combustion Combination 

AO-1 ammonium oxalate 218 210 1.04 

AO-2 ammonium oxalate 268 224 1.20 

AO-3 ammonium oxalate 131 122 1.07 

AO-4 ammonium oxalate 74 62 1.19 

AO-5 ammonium oxalate 109 113 0.96 

AA-1 aerosol 84 85 0.99 

AA-2 aerosol 100 99 1.01 

AA-3 aerosol 106 111 0.95 

AA-4 aerosol 76 76 1.00 

AA-5 aerosol 103 100 1.03 

AA-6 aerosol 93 93 1.00 

AA-7 aerosol 5.2 4.8 1.08 

AA-8 aerosol 0.6 0.7 0.86 

AA-9 aerosol 57 62 0.92 

AA-10 aerosol 28 32 0.88 aerosol 28 32 
5 » 1.01 i 0.10 
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Fig. 2. The region from 0 to 1 MeV in the gamma ray spectrum of an aerosol sample 
following deuteron irradiation. (XBL 797-2335) 
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Fig. 3. Decay of che 0.511-MeV annihilation ra
diation activity following deuteron irradiation 
of an atmospheric aeroaol aample. (XBL 797-2332) 

PLANNED ACTIVITIES FOR FY 1981 

Nuclear reaction work for the chemical 
analysis of atmospheric aerosol* will continue. 
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DETERMINATION OF LOW-Z ELEMENTS 
SIMULTANEOUSLY BY 3HEHNDUCED NUCLEAR WASTES* 

M. McKinney and S. Markowitz 

INTRODUCTION 

This work is a continuation of the work of 
Clemenson et al.*»2 for developing rapid non
destructive techniques for determining carbon, 
nitrogen, and oxygen in atmospheric aerosols. 
X-ray fluorescence or neutron activation analysis 
can then be used to determine nearly all the 
higher Z elements. Combustion analysis could be 
used for these elements, but it is not sufficient
ly sensitive and the sample is destroyed. 

Nondestructive techniques have been developed 
for determining these elements by Macias et al., J 

Failey et al.,* and Gladney et al.;^ these 
methods, however, require lengthy use of accelera
tor or reactor time and the latter method requires 
large samples. Previously Clemenson et al.*-»2 
developed methods of determining carbon, nitrogen, 
and oxygen separately by activation analysis using 
different charged particles in different experi
ments. We want to develop a method for simultane
ously determining carbon, nitrogen, and oxygen in 
atmospheric aerosols by irradiating the sample 
with a single particle. 

ACCOMPLISHMENTS DURING FY 1980 

The experiments are carried out using the 
stacked-foil technique. The standards and samples 
are irradiated with 20-MeV -*He particles; the 
energy of the beam is degraded by placing aluminum 
foils of the desired thickness before the standard 
and between the standard and sample. The range-
energy tables of Williamson, Boujot, and Picard" 
are used to calculate the required thickness. 
Mylar, a known polyester, is the standard. 

The samples were irradiated for 0.5 min at 
0.5 UA beam intensity; they were analyzed by 
detecting the 5ll-keV positron annihilation radi
ation using an Ortec Ge(Li) detector coupled to a 
Canberra Multichannel analyzer and printer. After 
10 min, the de-'ay curve is dominated by the 
l 2C( 3He, 4He) l lC and 1 60( 3He,p) 1 8F reaction pro
ducts with half-lives of 20.4 min and 110 min 
respectively. By analysis of the decay curve using 
the CLSQ computer code, 7 we can determine the 
contributions to the activity from carbon and 
oxygen. The amounts of carbon and oxygen present 
were determined by the "relative" method of acti
vation analysis. The end-of-bombardment activities 
of carbon and oxygen in the aerosol samples were 

This work was supported by the Assistant 
Secretary for Environment, Office of Health and 
Environmental Research, Division of Biomedical and 
Environmental Research of the U.S. Department of 
Energy under Contract No. W-7405-ENG—48 and by the 
National Science Foundation under Contract No. ATM 
80-13707. 

compared with the activities fron the Itnovn woun: s 
of carbon and oxygen in the ~.0005-in. Mylar 
standard, from which the amounts of carbon and 
oxygen can be calculated. A typical decay curve 
of the sample is shown in Figure 1. 

The aerosols were collected on a silver n«.*n-
brane filter in parallel with a quartz filter with 
the use of a vacuum pump. The aerosols collected 
on the quartz filters were analyzed using the cow 
bustion technique. Knowing the relative flow 
rat«s through the two filters permits us to compare 
the amounts of carbon in atmospheric aerosols 
determined by these techniques (see Table 1). No 
other satisfactory method exists for determining 
these small amounts of oxygen. Untreated silver 
filters give a blank value of 5 Ug/crn^ of carbon. 
With 8-10 Me/ ^He particles, no other interfering 
reactions are observed on the silver or aluminum; 
and th*» spectrum consists only of the 511-keV 
annihilation radiation and its Compton background. 

PLANNED ACTIVITIES FOR FY 1981 

In future experiments, we propose to make use 
of the 1*H(3He, d)15{) reaction to simultaneously 
analyze for the nitrogen. The ^$0 has only a 
2-min. half-life, so it will be necessary to 
develop rapid methods of dismantling, mounting, 
and counting the samples at the 88-in. cyclotron 
instead of in our counting room. 

— I r 1 1 1 1 r 
Aerosot decay curve 511 keV 

200 400 600 800 
Mmutes after end of bombardment 

Fig. 1. Decay of the 0.5ll-MeV annihilation 
radiation following Ĥe irradiation of an 
atmospheric aerosol sample. (XBL 7910-4325) 
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Tabic 1. Comparison oi Carbon Analyset in 
Aerosols. 

Aerosol Combustion ^He activation 
(l-g/cm2) (yg/cn2) 

30.6 n 
12.0 14 

40.0 39 

50.0 54 

56.0 40 
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MEMBRANE BIOENERGETICS RESEARCH 

MEMBRANE OXIDATIVE DAMAGE* 

L Packer, A. Quintanifha, R. Mehlhom, O. Augusto, J. Maguire, and K. Davies 

INTRODUCTION 

Our studies have focused on the effects of en
vironmental factors and pollution on mammalian 
cellular membranes. Our previous report**^ showed 
how sensitive to oxygen are isolated mitochondria, 
whole cells (hepatocytes and bacteria), model mem
branes, and enzymes. 

Our working hypothesis has been that reactive 
species of oxygen, sometimes generated by endoge
nous cellular photosensitizers (flavins and hemes) 
in the presence of visible light, would react with 
celluiar components thereby altering their struc
ture and function. We have extended our work to 
studies of microsomal enzymes, particularly the 
very important drug metabolizing components NADPH-
cytochrome-P^^o-reductase a n (* cytochrome P450* 
The differential photosensitivity of the microsomal 
enzymes and the anaerobic component of the photo-
inactivation of NADPH reductase have enabled us to 
clarify different mechanisms of photodamage. 

The use of a variety of different spin probes 
and their photomediated reduction and/or destruc
tion has been a powerful tool in implicating free-
radical intermediates in the mechanisms of 
photooxidative damage to biological membranes. 

Free iron has been evaluated for its prooxidant 
effects; even at very low concentrations (UM), we 
have found that it will promote the auto-oxidation 
of epinephrine (a neural transmitter) and the for
mation of hydroxy! radicals (OH*) via the Fenton 
react iou.^ 

ACCOMPLISHMENTS DURING FY 1980 

Microsomal Studies 

We have been particularly interested in the 
mechanisms of initiation and of cellular damage by 
visible light (̂  > 400 nra) through endogenous 
chromophores, in particular flavin coenzymes,^-" 
and the propagation of this damage by oxygen 
radicals• 

The electron transport system in microsomes 
plays a vital role in xenobiotic metabolism, faery 
acid desaturation and carcinogenesis, and contains 
both heme and flavin chromophores. The effect of 
visible light on microsomal electron transport 

*This work was supported by the Assistant 
Secretary for Environment, Office of Health and 
Environmental Research, Division of Life Sciences 
of the U.S. Department of Energy under Contract 
Xo* W-7405-EHG-48. 

components is shown' in Figure I. Inert-* is « 
preferential inactivation of the NADPH-cytociircct-
P^5y-reductase and cytochrome P450- In addi
tion to protein inactivation, visible light ̂ tsa 
induces lipid peroxidation. Externally addea 
flavin (FM.W) increases both cytochrome P^^j in
activation and lipid peroxidation. It is inter
esting that the reductase inactivation is not 
strictly oxygen-dependent since, to fully protect 
the enzyme, both anaerobiosis and a photoreductant, 
ethylene diamine tetra-acetic acid (EDTA) are re
quired. The NADPH-reductase contains the 
photosensitive flavin cofactors, FMN and FAD, 
Following inactivation under anaerobic conditions, 
we have found that the NADPM-reductase can be 
largely reactivated by addition of FMN {but not 
FAD) suggesting that inactivation may be due to 
photomediated loss of FMN. 

On the other hand, cytochrome P450 destruc
tion spears to depend only on lipid peroxidation: 
Both processes are oxygen dependent, and are inhi
bited approximately to the same extent by antioxi
dants and radicaL scavengers. A*ter FMN is lost 
and the NADPH-reductase is inactivated during 
anaerobic photosensit ization, and the preparat ion 

100 

5 60 

oNADH- reductase 
^ c y t . b 5 

V 4 0 -

0- 2 0 NADPH-reductase 

I 2 
Hours of irradtofion 

Fig. 1. Effect of v i s i b l e l i gh t on microsomal 
electron t ransport a c t i v i t i e s . Data points are 
the average of r e s u l t s obtained with microsomes 
from two di f fe ren t r a t s ; for c l a r i t y , the 
deviations are not shown for cytochrome b5 and 
NADH-cytochrorae b5 reductase . I n i t i a l 
a c t i v i t i e s for the two preparations were: 
NADPH-cytochrome P450 reductase 100 and 96 
nrool/min/mg; HADH-cytochrone b5 reductase 1.7 
and 3.0 pmol/min/mg, cytochrome P450 0.8 and 0.7 
nmol/min/tng;cytochrorae b^ 0.5 and 0.4 nmol/mg. 

(XBL 806-3442) 
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is further illuninated in the presence of air, we 
found that the extent of lipid peroxidation and 
cytochrome P450 destruction is a function of the 
NADPH-reductase activity left in the preparation. 
This suggests that lipid peroxidation and cyto
chrome P450 destruction are induced by the light 
excited flavin (FMN?) of the N/DPH-reductase. 

The greater photochemical reactivity of FMN as 
compared to FAD* could explain both the prefer
ential inactivation of NADPH-reductase (NADH-
reductase contains only FAD) as well as the 
selective destruction of FMN during illumination. 
Since it is known that cytochrome P450 reacts 
and is destroyed by hydroperoxides, whereas cyto
chrome bij is unaffected,' this may explain the 
differential inactivation of the microsomal 
cytochromes by visible light/02-

Photosensitized Nitroxide Spin Loss 

Changes in the electron spin resonance (ESR) 
signal of nitroxide-free radicals were used to 
monitor very rapid light-induced free-radical 
reactions in inner mitochondrial membrane prepara
tions.'" After preincubation in the dark at 37°C 
for 2 h, illumination (at A > 400 nm) of membranes 
in the presence of nitroxide probes (Fig. 2) showed 
that (a) oxidized probes are reduced and destroyed, 
and (b) reduced probes are oxidized and destroyed. 
The action spectrum of spin loss was shown to be 
similar to the absorption spectrum of FMN and was 
stimulated by the addition of exogenous flavin. 
However, in an aerobic model system containing 
buffer, FMN and oxidized nitroxide illumination 
has no effect on the ESR signal of the probe, 
whereas the reduced nitroxide is rapidly oxidized. 
Centrifugation experiments showed that flavines 
were released from the membrane during incubation 

6 15 IS 2A 50 36 4? 49 54 
T>tt\t ilT-.n! 

Fig. 2. Light dependent destruction, reduction and 
oxidation of TEHPOL and TOLH. 2 ml of SMP's were 
illuninated in 25 ml flasks in air and aliquots were 
withdrawn at the indicated times and examined either 
directly by ESR (spin loss) or after 2 min. of 
treatment with 1.6 *M of potassium ferricyanide 
(spin destruction). Buffer: 30 mH potassium 
phosphate, pH 7.4. Light intensity: 41 mW/cm2. 
SMP's were preincubated in the dark at 37° Cfor 2 h. 

(XBL 773-3219) 

and that the 1 ight-induo-rf free r-idicajs w*?r* 
generated in the aqueous environment .of zhtf 
membranes. 

An interesting finding was that in trie presc-r-.r.* 
of 10 LJM exogenous FMN, light causes the nito::icn-
drial membrane to consume oxygen, suggesting the 
production of lipid peroxides. Positively charg*-^ 
spin probes exhibit considerably small ler light-
induced spin-loss rates than either uncharged or 
negatively charged probes. An anj'hiphilic posi
tively charged spin probe (CATJQ) was used to 
demonstrate that there is an irreversible rapid 
increase in negative surface charge** of the 
membranes during illumination. 

Our experiments with exogenous flavins show 
the existence of a dark activation phenomenon 
other than flavin release. A "factor" is released 
from the membranes which may serve as the primary 
cofactor for spin destruction. The identification 
of this "factor", which is obviously important in 
free radical production and membrane damage, i-> 
presently under study. 

Pro-oxidant Effects of Iron 

Hydroxyl radical (OH*) production via the 
Fenton reaction^ and epinephrine auto-oxidation 
can be propagated by catalytic amounts of iron. 
The role of iron in ui vivo oxidative damage is of 
great relevance in many hydroxyl-radical investi
gations. In human iron toxicity studies, marked 
intracellular increases in the accumulation of 
hemosiderin and a 1ipofuscin-1ike pigment were 
observed*-^ indicating an increase in the com
plex processes of damage that occur in the cell. 

We have followed the rate of OH- generation 
via the Fenton reaction using bound iron as a 
catalyst.13 xhe radical was trapped by 5,5' 
dimethyl-1-pyrroline-N-oxide (DMPO). Figure 3 
shows that 10 ysM Fe added as Fe*3-EDTA gave rise 
to a substantial DMP>0H signal. Even at 0.5 uM, 
iron was still effective. Ferritin (the chief 
form of storage of iron J£ vivo), even at a 
concentration equivalent to 100 pM, Fe did not 
give any signal; Transferrin (which serves as the 
main avenue of iron transport in the serum), with 
a bound iron concentration of 50 UM, also did not 
give any detectable signal. These results suggest 
that neither Ferritin nor Transferrin are able to 
propagate the Fenton reaction. 

Epinephrine auto-oxidizes to adrenochrome 
rapidly at pH 10. Trace amounts of Fe+3-EDTA 
were found to substantially increase the rate of 
auto-oxidation. However, neither Ferritin nor 
Transferrin had any effect on these rates. These 
results suggest chat there are great differences 
in the catalytic capacity of iron when it is phy
siologically bound to proteins as compared to when 
it is chelated to EDTA (or DTPA, diethylene 
triamine penta-acetic acid). 

PLANNED ACTIVITIES FOR FY 1981 

Airborne pollutants generated by energy-related 
technologies pose a risk to human health. During 
exercise, pulmonary ventilation in animals and man 
increases exponentially in response to workload. 
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Fig. 3. Comparison of DMPO-OH signals by the 
reaction of differently bound forms of Fe and 
H 2 0 2 . (XBL 811-3586) 

and the upper lespiratory tract becomes less ef
fective in removing pollutants. 

In vivo tests will be made to measure the 
metabolic responses to exercise in man and small 
animals; the results will be correlated with bio
chemical and biophysical studies of whole organs, 
cells and subcellular parameters of animals. In 
vitro studies of lipid peroxidation will be cor
related with in vivo activity through respiratory 
pentane production at rest and during exercise. 
The effects of different dietary levels of the 
anti-oxidant vitamin E will be investigated. 
Calorimetric systems will be used to monitor the 
effects of high ambient oxygen, argon, carbon 
monoxide, SO2 and NCy concentrations (and mix
tures) on work capacity, endurance, oxygen con
sumption, and pentane production. Acute and 
chronic effects of exposure to these gases will be 
evaluated. 
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Our approach will lead to investigations of 
both basic research and applied research questions 
at the whole-animal level. Selected results will 
be verified with human subjects using noninvasive 
techniques. These studies will have special sig
nificance in the areas of membrane bioenergetics, 
exercise biochemistry* muscle and respiratory 
physiology, and environmental medicine. 
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LAKE ECOTOXICOLOGY RESEARCH 

INTRODUCTION 

J. Harte 

The primary goal of the lake ecotoxicology 
projects is to develop and apply experimental 
methods for understanding and predicting effects 
of toxic substances on lake ecosystems. Both 
field and laboratory investigations comprise the 
research. Field studies focus mainly on mechanisms 
of acid precipitation damage in lakes on the 
western slopes of the California Sierra Nevada and 
the high Colorado Rockies. Laboratory work is 
focused on developing, validating, and applying 
innovative ecosystem-effects test systems. These 
test systems, involving laboratory ecosystems 
called "microcosms," are designed to allow more 
rapid, cheap, and statistically reliable predic
tion than field tests permit and to allow testing 
of more complex ecosystem-level effects than is 
possible with the single-species laboratory 
bioassays traditionally used. 

The laboratory and field studies are tightly 
coupled in two ways. First, comparisons of the 
chemical and biological behavior of real lakes 
with microcosms allow us to assess the realism of 
microcosms, an essential step if these test sys-

1NTR0DUCTI0N 

Laboratory microcosms may play an important 
role as experimental tools for examining ecological 
impacts resulting from human activities. The major 
advantage of microcosm studies over field research 
is that the former allow a greater opportunity for 
manipulation and control. In addition, the expense 
and environmental risk from microcosm investiga
tions are relatively small compared to the risk 
from field studies of toxic substance effects. 
Microcosms also potentially offer greater realism 
than that provided by studies of impacts on single 
species.1»* Studies carried out with freshwater 
lake microcosms during a four-year period in our 
laboratory have been directed mainly toward 
developing and evaluating microcosms as toxicolo-
gical testing systems. 

*This work was supported by the Department of 
Energy under Contract W-7405-ENG-48 through the 
Energy Analysis and Environment Division of the 
Electric Power Research Institute under Contract 
Ho. RP 1224-1. 

terns are to provide an experimental basis tor 
regulatory activity. Second, by adding simulated 
acid rain to lake microcosms, we are able to learn 
more about mechanisms of acid rain damage to 
natural lakes than could be learned from field 
investigations alone. 

Theoretical modeling and policy analysis are a 
secondary, but not unimportant component of these 
projects. Mathematical models ot the phenomena 
observed in the microcosms assist in the planning 
of experiments and in the extraction of useful 
damage indices from the raw data obtained from 
microcosm perturbation experiments. A nontradi-
tional approach to statistical analysis of the 
often rapidly-time-varying biological parameters 
in microcosms and lakes has been developed by us 
and is now in use to provide measures of the 
realism and replicability of microcosms* Finally, 
policy implications of our work—particularly the 
freshwater constraints on energy development in 
the western United States—are addressed by us in 
publications and conference presentations. 

Microcosms can be a useful tool for impact 
evaluation only to the extent that: (1) iden
tically initiated systems replicate well, (2) the 
systems' biological and chemical behaviors, under 
both undisturbed and disturbed (with toxicant pre
sent) conditions, are similar to that of natural 
systems, (3) the attainment of (1) and (2) does 
not result in excessive complexity or cost. The 
degree to which the inherent drawbacks of micro
cosms reduce their usefulness, in the above sense, 
will depend on the manner in which microcosms are 
used. The specific objective of our research has 
been to investigate some of the major options for 
freshwater lake microcosm design and operation, 
emphasizing the ways in which the choices among 
these options influence the system's usefulness. 

ACCOMPLISHMENTS DURING FY 1980 

The major activity in FY 1980 was the comple
tion of a two-year study of the realism and 
replicability of freshwater lake microcosms.3 
Only the upper pelagic zones (or water columns) of 
the lakes were modeled in these experiments—no 
sediments were included in the microcosms. Two 
local lakes (Brione* and Lafayette Reservoirs) 

ASSESSMENT OF OPTIMUM MICROCOSM DESIGN 
FOR POLLUTION IMPACT STUDIES* 

J. Harte, D. Levy, J. Rees, and E. Saegebarth 

5-43 



were used in this study. In three separate t e s t s , 
repl icate microcosms were in i t iated with water 
fro* these lakes , and the subsequent behavior of 
the lakes and microcosms was compared over three-
month periods. 

A number of different microcosm configurations 
were studied. The size of the microcosm contain
ers (4 I- 200 I); the method of algal surface-
growth prevention; and the degree of water mixing 
and aeration were the most important design and 
operating parameters explored. In addition, the 
microcosm-lake comparisons (or "tracking" studies) 
were carried out at various seasons, allowing us 
to determine the influence of natural seasonal 
factors, such as the washing of watershed nutrients 
into the lakes by winter rain, on the chemical and 
biological differences between the lakes and the 
microcosms. 

Our most important findings were: 

1. In microcosms greater than 15 1 in volume, 
chemical and biological behavior is quite 
independent of microcosm volume i f surface 
growth of algae on the inner walls of the 
microcosm containers is prevented by pour
ing the tank contents into a clean con
tainer at weekly intervals . 

2. The amount of water agitation can influence 
the chemical and biological behavior of 
the microcosms; the optimum level of water 
mixing needs to be determined. 

3. The week-by-week concentrations of chemical 
nutrients replicated well in all but the 
smallest microcosms and tracked (mimicked) 
the lake adequately except during periods 
when nutrient inputs to the lake from the 
surrounding watershed were high. 

4 . The patterns of phytoplankton succession 
in the microcosms adequately tracked those 
in the lake for up to 2 mo (a period ade
quate for many ecotoxicological tes ts ) 
only when the physical conditions of the 
lake matched well those in the laboratory 
microcosm. Specif ical ly , these lake 
conditions were: l i t t l e runoff from the 
surrounding watershed, l i t t l e water tem
peratures difference between lake and 
microcosms, and a well-defined, isolated 
epilimn ion (upper part of the water column 
during the period when the lake water is 
thermally s t r a t i f i e d ) . 

During the la te fal l and winter in California, 
when the conditions l i s t e d in item 4 do not hold, 
diatom populations in the microcosms crashed with
in a month after in i t i a t i on of the microcosms, 
while the diatom populations in the lake either 
bloomed or remained roughly constant. The lake 
behavior was probably due to replenishment in the 
upper water column of s i l i c a , an important l imi t 
ing factor in diatom growth. Other factors that 
may have caused a discrepancy between the diatom 
populations in the lakes and in the microcosms 
were differences in water temperatures and zoo-
plankton population dens i t i e s . At the time of 
these experiments, our laboratory f a c i l i t y was 

incapable of bringing the microcosm water tempera
ture down to winter-time l e v e l s , A new, improved 
microcosm cooling system now in operation pernitp 
matching in the laboratory of winter-time tempera
tures in the lakes. Figures 1 and 2 i l lus trate 
examples of excel lent and poor tracking of lake 
diatom populations by the microcosns. 

In order to compare the behavior of microcosms 
and lakes, appropriate s t a t i s t i c a l measures of 
"tracking" were needed. To i l lus trate the problem. 
consider a typical case in which three microcosms 
are set up in repl icate using lake water. During 
the several months after in i t i a t ion , weekly mea
surements of chemical and biological parameters in 
the lake and the microcosms are mac_. A suitable 
measure of tracking would involve a comparison be
tween the replicate systems and the lake. One 
possible, and often used, procedure would be to 
average the microcosms over the three replicates 
and compare the average with the lake. Such a 
comparison could be made week-by-week or over 
time-averaged measurements. Because of measure
ments errors, and because of differences between 

All laboratory diatoss Stephonodiscus sp I 
field diatomt:days 1-70, Stephonodiscus 
sp. I , day 77 , Synedra 

Fig. 1. Experiment 3. (a) Field temperature 
and (b) diatom populations for field and 
laboratory microcosms. Diatoms in both field 
and laboratory are all Stephanodiscus. Each point 
of the field data represents the mean of two 
samples. Each point of laboratory data repre
sents the mean of three triplicate laboratory 
microcosms. (xBL 8012-2570) 
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Fig. 2. (a) Field temperature and (b) diatom 
populations for field and laboratory microcosms. 
Each point of laboratory data represents the 
mean of three triplicate laboratory microcosms. 
All laboratory diatoms are Stephanodiscus. The 
circles above each field data point represent 
relative abundances of the designated diatom 
species. (XBL 8012-2573) 

the replicate systems, there are standard devia
tions associated with each system's parameters. 
The difference between the lake and the averaged 
microcosms would have to be compared with microcosm 
and lake standard deviations in order to judge the 
statistical significance of the results. 

In previous applications of this procedure, it 
had been assumed that each of the replicate micro
cosms are in fact the sane system, with the same 
true mean values of each parameter. Differences 
among them are ascribed, in effect, to measurement 
error only. If that assumption is not made, and 
instead each of the three replicate system's true 
mean is taken to be its measured mean, then 
statistical significance tests can give quite 
different results. This is particularly true if, 
as is the case with most of our chemical and 
biological measurements, the measurement errors 

are strongly dependent on the mean values of the 
parameters. The result of our assumption is that 
the significance test for tracking is more 
stringent. That is, a situation that would have 
been deemed good tracking with the previous 
assumption might be considered poor tracking with 
ours. The previous procedure has been in wide
spread use, in many contexts in biology, because 
it is simpler to carry out. Nevertheless, our 
revised procedure is more appropriate to the 
conditions of the experiments. 

Our experimental results over the past two 
years have demonstrated that lake microcosms are 
inappropriate for certain types of toxicological 
testing. In particular, long-term tests, extending 
beyond several months, cannot be carried out be
cause lake microcosms do not function similarly to 
natural lakes for such extended periods. Moreover, 
experiments involving macrofauna, such as fish, 
cannot be carried out in laboratory-sized systems 
(up to 1000 liters) without distorting the behavior 
of the system by the presence of the raacrofauna. 
A type of test that is particularly appropriate to 
microcosms is a determination of the effects of a 
toxic substance on the rate of decomposition of 
organic matter and the related production rate of 
inorganic nutrients. Such nutrient cycling pro
cesses in Lakes generally take place by the micro
organisms' action on detritus. Because of the 
great importance of these processes to ecosystems' 
overall health and productivity; because the 
microorganisms and their chemical environment can 
be represented realistically in microcosms; and 
because nutrient regeneration processes take place 
relatively rapidly on the time scale of lake 
dynamics, we have begun exploring a possible 
microcosm test protocol for determining effects 
of toxicants on nutrient recyling rates in lakes. 

Work carried out in FY 1979 demonstrated that 
additions of lake detritus to lake microcosms, 
followed by measurements of the nitrogen budget on 
a daily basis for a week or two provided consider
able information about the population biology of 
the microorganisms responsible for the decomposi
tion and nutrient regeneration activity.-* This 
year, attention was focused on constructing a 
mathematical model of the microorganisra-detritus-
nutrient system to yield results consistent with 
the wealth of experimental information available 
from the detritus-addition studies. The goal of 
this modeling effort is to learn how to extract 
from the detritus-addition experiments useful in
dices characterizing the health of the nutrient 
cycling function in the system. This will allow 
development of a test procedure, involving simul
taneous additions to lake microcosms of detritus 
and toxic substances, for determining the damage 
to the nutrient cycling function caused by the 
toxicant. 

The results to date have been encouraging. A 
relatively simple mathematical model has been con
structed that is capable of fitting the complex 
behavior seen in the experiments.6 Moreover, a 
wide class of models based on assumptions that are 
plausible but different than ones reflected in the 
successful model, have been shown to be inadequate. 
With this model, we are now able to extract from 
the experimental results the needed damage indices. 
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Two experimental advances in lake decomposition 
research took place in FY 1980. In order to per
form the detritus-addition experiments, large 
amounts of concentrated dissolved lake-water or
ganic matter need to be obtained. Off-the-shelf 
organic chemicals are inadequate for the purpose 
as they lack the biochemical diversity character
istic of real lake detritus. After pursuing a 
number of dead ends, we found a suitable approach 
based on successive freeze concentrations of lake 
water.? 

The second advance was a method of "finger
printing" lake organic matter. Adapting an 
approach developed by the Atmospheric Aerosol 
Research group, we took a number of carbon and 
nitrogen thermographs of water samples from local 
lakes and from pure algal cultures. Information 
obtained from thermography is intermediate in 
complexity between simple total C and N analysis 
and a complete gas chromatography analysis of 
organic constituents. Our preliminary studies 
(using only about a dozen tests to date) suggest 
that thermography may provide a characteristic 
fingerprint that differs from one type of alga to 
another and that varies with the amount of decom
position of an algal sample. A more intensive 
effort to develop this technique for ecological 
materials is warranted. 

In FY 1980, heightened national concern over 
effects of toxic substances in the environment led 
the National Academy of Sciences to convene an 
11-member Panel on Ecotoxicology; J. Harte was 
appointed as one of the members. Its task was to 
make recommendations to the Environmental 
Protection Agency (EPA) on how best to implement 
the ecologically relevant sections of the Federal 
Toxic Substance Control Act. A major part of the 
year-long effort was devoted to evaluating the 
role of microcosms as test systems for toxicant 
pathways, fate, and effects studies. The panel's 
final report is in preparation.® Three reports 
written by members of the LBL lake ecotoxicology 
group will also appear as appendices to the 
report.9.10,11 i n conjunction with this National 
Academy effort, Oak Ridge National Laboratory 
(ORNL) conducted a review of prior work in the 
area of microcosms; D. Levy assisted in that 
review process. 

Expected Progress in FY 1981 

The major focus of research in FY 1981 will be 
on extensions of aquatic microcosms to include 
lake sediments. Our lake microcosms to date have 
been models of the pelagic zone, or water column, 
of lakes. Because of the importance of lake sedi
ments as a source of nutrients to the pelagic zone 
at certain times of year, as a sink of pollutants, 
and as a site in which pollutants can be trans
formed or can enter the aquatic food chain via 
benthic organisms, it is vital to have the capa
bility of modeling the sediment zone as well as 
the overlying water. Doing so is not a trivial 
task. Microcosms are considerably shallower than 
real lakes, and therefore if sediments are simply 
placed along the bottom of a microcosm they will 
exert an exaggerated influence on the overlying 
water. The approach we will follow is similar to 

one that has been shown to work for marine estu-
arine microcosms at EPA's Naragansett Bay labora
tory in Rhode Island.12 jhe basic idea is to 
place the sediments in small chambers, with 
portals carefully adjusted to provide a level of 
flushing that will allow oxygen levels in the 
microcosm sediments to match those in the lake 
sediments. 

During FY 1981, experimental studies OJ. 
benthic lake microcosms will begin. Two types of 
microcosms will be studied. In one, water and 
sediments from a shallow cove in Briones Reservoir 
will be placed in microcosms. In the second, a 
deep-water site will be chosen and sediments plus 
water from the hypolimnion (the stratified layer 
of lake water overlying the sediment) will be 
placed in microcosms. The replicability of these 
systems and the degree to which they can be de
signed and operated to track the lake will be 
investigated. 

Of particular interest in these studies will 
be the degree to which the chemical composition of 
the water within and immediately overlying the 
sediments is the same in the microcosms and the 
lake. If benthic microcosms are to be of use in 
ecotoxicology, it is essential that oxygen levels 
in the chemically active benthic zone match well 
those in natural systems. For this reason, we 
will design benthic chambers to house the sedi
ments in such a manner as to allow adjustments of 
the oxygen levels. This will be accomplished by 
means of the portals mentioned. A related vari
able to be adjusted so as to maximize the micro
cosms' realism is the degree of water-mixing in 
the microcosms. Our past work has shown that this 
variable can influence biological behavior in the 
microcosms;-* in FY 1981, research to determine 
an optimum level of water mixing will commence. 
Optimality will again be determined by the twin 
criteria of realism and replicability. 

Among the variables of interest in these 
planned benthic studies is the diatom population. 
Because sediments are a source of silica, we hy
pothesize that the diatom populations will behave 
more realistically in the benthic systems than in 
our pelagic microcosms tested previously. 

In these tracking studies, Briones Reservoir 
will again be the source of microcosm water and 
the system against which microcosms will be com
pared to assess their realism* Research to 
characterize the chemical and biological para
meters of Briones will continue in FY 1981. The 
major focus will be to determine the degree of 
spatial (horizontal and vertical) and temporal 
(diurnal and seasonal) variation in chemical 
concentrations and species composition. This 
information is needed in order to design a lake-
monitoring schedule that will minimize expended 
effort and yet will be sufficiently thorough so as 
to provide an accurate characterization of the 
significant ecological processes in the lake. 
Moreover, this information will assist in select
ing the best method for initiating the microcosms— 
for example, choosing between stocking the micro
cosms with a depth-integrated sample from a parti
cular stratified layer or working with water from 
only one depth. 
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tn FY 1981, further study of detrital thermo
graphs will be undertaken. The major effort here 
will be to detemine the degree to which different 
lakes, and the same lake at different tines of the 
year, yield characteristically different thermo
graphs of their dissolved and suspended detrital 
matter. In related work, using our freeze-
concentration method for preparing detritus, addi
tional decomposition experiments will be carried 
out. Our recently-developed mathematical model, 
while consistent with the previously-measured 
phenomena, makes several detailed predictions, 
which we will test in FY 1981. 

Lawrence Berkeley Laboratory, Berkeley, 
Calif., 1979 (to be submitted for 
publication). 

J. Harte, "Modeling the Response of Lake 
Water to Organic-Matter Loading" Cin 
preparation). 

R. Schneider, "A Method for Concentrating 
Freshwater Lake Detritus for Microcosm 
Research," Energy and Resources Group 
Research Report, University of California, 
Berkeley (in preparation). 
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ACID PRECIPITATION DAMAGE TO AQUATIC ECOSYSTEMS* 

J. Harte, K. Tonnessen, ft. Schneider, G. Lockett, and J. Oldfather 

INTRODUCTION 

Present evidence suggests that high-elevation 
aquatic ecosystems are particularly vulnerable to 
human disruption. In the Eastern United States, 
acidic rain and snowmelt have lowered the pH of 
water bodies at the higher elevations in the 
Adirondack Mountains. This has resulted in loss 
of certain species of fish,1- leaching of metals 
from soils, suspension of metals from sediments,2 
and altered rates of decomposition, activity.-* 

*This work was supported by the Department of 
Energy under Contract Mo. W-7405-ENG-48 through 
th* California Policy Seminar. 

Research on artificially acidified water bodies 
(streams and microcosms) indicates significant ex
port of nutrients and biomass from acidified 
regions'* and mobilization of metals from sedi
ments.*^ Alterations of plankton populations 
have also been observed under acidic conditions. 
In addition to acid precipitation, trace metals 
and hydrocarbons released during coal combustion 
can affect aquatic systems, including the possi
bility of their biomagnification within aquatic 
foodchains.? Despite the accumulating evidence 
for acid precipitation damage to certain aquatic 
ecosystems, present understanding of the mechanisms 
of transport and effect are far from adequate. 

Two research efforts to study acid precipita
tion effects in high-elevation aquatic ecosystems 
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arc underway at Lawrence Berkeley Laboratory (LBL). 
One goal of this research is to establish base
line conditions against which changes can be 
detected should they occur. A second and related 
goal is to develop fro* the pattern of such 
changes and from associated laboratory studies an 
increased understanding of the mechanisms and 
progression of acidification and its impacts on 
high-elevation aquatic ecosystems. 

ACCOMPLISHMENTS IK FY 1980 

Acid Precipitation Effects in the Sierra Nevada 

Field and laboratory research on the potential 
for acid-precipit tion damage to aquatic systems 
of the Sierra Nevida, California was carried out 
by K. Tonnessen and J. Oldfather. Twenty lakes on 
the Sierra's western slope were characterized dur
ing the 1980 fielrj season with reference to pH, 
temperature, alka.inity, trace metal concentra
tions , phytoplankton populations and sediment 
composition. None of the lakes sampled had a pH 
less than 6.0, although alkalinities were low. 
Some of the lakes sampled were found to have high 
iron levels in th- water column. 

These field analyses formed the basis for 
selecting Mosquitc Lake (8500 ft) as one of the 
three lakes to be modeled in the laboratory using 
microcosm systems. 

Twelve 18-1 systems using water taken from 
Mosquito Lake were established in a room with 
controlled light (10 h light: 14 h dark) and 
controlled temperature (8° c). Six replicate 
tanks (three with sediment, three without sediment) 
were treated with sufficient HNO3 to reduce the 
system pH to 4. Six control tanks, with and with
out sediment, were left untreated. During a 6-week 
period, changes in pH, metals, and phytoplankton 
and zooplankton species were monitored weekly. 

Analysis of data from previous microcosm ex
periments was completed and the results presented 
at a national meeting of the American Water 
Resources Association in Minneapolis, Minn, in 
October 1980° and at the International Symposium 
on the Ecological Effects of Acid Precipitation, 
Sandefjord, Norway, March 1980. 8 

Acid Precipitation Research on 
Colorado Alpine Aquatic Ecosystems 

Three researchers from the LBL aquatic ecology 
group designed and initiated a research program to 
investigate acid precipitation impacts on Colorado 
alpine aquatic ecosystems. The scope of the re
search is to monitor a number of meteorological, 
chemical, and biological variables thai character
ize a selected alpine watershed over a period of 
up to twenty years. The site selected is che 
Mexican Cut/Galena Mountain Research Preserve, a 
hydrologically self-contained watershed spanning 
the elevations from 3200 to 3800 m (approx.) on 
the Rocky Mountains' western slope* The watershed 
contains a lake of about 30,000 m 2 situated 
above timberline; a series of ponds below timber-
line in a subalpine forest of Englemann spruce and 
alpine fir; and a drainage creek (see Fig. 1). 
The Preserve is located approximately 25 km south
west of Aspen, Colo, and 15 km north of Crested 
Butte, Colo. 

Measurements made during the summer of 1980 
showed rain pH to be 4.0 - 4.6 with 4.2 the most 
common value. Snow core pH measurements were 
5.6 - 5.9. However, these measurements were taken 
in mid-June after considerable snow melting had 
occurred, and good evidence exists that the major
ity of the ions are released during the early part 
of the melt.3 it would appear from our measure
ments, therefore, that ac:'--. stresses are occurring 
on the western slope of the Rockies. Data of other 
investigators on the eastern slope of the Rockies 
show similar results.10 

Galena mountain (3834 m) 

-*— Timber line 

Crystal river (3170 m) 

Fig. 1. Crass lect ion of Che Galene/Hexican Cut watershed showing research s i t e s . 
(XBL 8012-2567) 
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pH measurements in the surface waters gave 
values ranging from 5.6 at the higher elevations 
(snow-melt) to more than 7 at the lower elevations 
(see Fig. 2). During 1980 we began to character
ize the buffering capacity of the watershed. As 
measured by alkalinity, the buffering capacity 
ranged from a low of <30 microequivalents/1 in 
Galena Lake to over 200 in the ponds (see Fig. 3). 
The low values above tiraberline indicate that 
those water bodies are especially vulnerable to 
acid loading. The higher values at the lower 
elevations are caused by more extensive soil 
development in the forest and jy increasing 
organic content of the water. The bedrock is 
primarily metamorphosed quartzite, siltstone, and 
shale; these minerals are quite resistant to 
weathering and provide little buffering capacity. 

Water and snow samples from various sites were 
collected for metals analyses, which are now un
derway. These measurements are a regular part of 
the monitoring effort to determine if there exist 
significant airborne metals deposition, soil 
leaching, and/or sediment mobilization. 

Populations of salamanders have proven to be 
useful indicators of acid precipitation damage in 
aquatic systems of the northeast U.S.H Large 
populations of Ambystoma tigrinum (tiger 
salamander) inhabit a number of the ponds in the 
Preseive. During the summer of 1980, a salamander 
census in Pond #1 conducted three times at about 
weekly intervals yielded a population of 230 + 20 
individuals. 

In summary, during 1980 a research program 
into acid precipitation impacts was designed; 
analytical methods were selected and tested; fit -
and base laboratories were established; sampling 
strategies were chosen, and preliminary data were 
collected. 

PLANNED ACTIVITIES FOR FY 1981 

Acid Precipitation EfCects in the Sierra Nevada 

Acid-precipitation effects research will con
tinue in both the laboratory and the field. Two 
additional Sierra lake microcosm experiments will 
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Fig. 2. Results of pH measurements at the nine 
sices (see Fig* 2) during the summer of 1980. 
The *'s represent averages over weekly measure
ments, but except for site-6, the variation 
from week to week was insignificant. 

(XBL 8012-2565) 

Fig. 3. Results of alkalinity measurements at 
the nine sites (see Figure 2) during the summei 
of 1980. The •'s represent averages over 
weekly measurements, but except for site 2, the 
variation from week to week was insignificant. 

(XBL 8012-2564) 

be carried out in 18-1 systems, with and without 
sediments. Sediment composition, determined by 
neutron activation analysis, will be an important 
consideration in the selection i f sensitive western 
slope lakes. Metals resuspension from lake sedi
ments will be monitored following system acidifi
cation. The impact of pH and metals concentration 
changes on the biological populations will be 
monitored. 

Additional western slope lakes will be sampled 
in 1981, with emphasis being placed on sampling 
during the spring melt period. In other regions 
of North America and in Scandinavia, the low pH or 
runoff water during this ^riod has proven to be a 
crucial factor in lake acidification process. 
Sampling in the western Sierra will indicate 
whether a similar situation exists in the western 
U.S. 

A cooperative effort in acid precipitation 
field research in the Sierra will be established 
with Dr. John Melack of the University of 
California at Santa Barbara. The extent of the 
acid precipitation problem in California will be 
explored at the California Symposium on Acid 
Precipitation to be held January 14-15, 1981. A 
report on the activities of the LBL Group will be 
presented at this symposium. 

Acid Precipitation Research on Colorado 
Alpine Aquatic Ecosystems 

Meteorological sampling stations will be set 
up to measure Drecipitation volumes and to collect 
sanples for ion and metals analysis. Snowpack and 
spring snowmelt will be similarly analyzed. Regu
lar monitoring of M, alkalinity, and metals con
centration in surface waters will occur. Further 
characterisation of the buffering capacities and 
metals content of watershed soils and of lake and 
stream sediments will be made* Attempts will be 
made to understand the relative contributions of 
mineral, organic, and &«.-» >nic acids to the total 
buffering capacity of the water bodies. 
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Nutrient export rates in the forms of inorganic 
nitrogen (HO3 + NO2* NH3) and total phosphorous 
concentrations will be measured in the drainage 
creek* These measurements will indicate whether 
significant downstream export of nutrients frca 
the watershed is occurring, a phenomenon observed 
in artificially acidified water bodies.^1 A series 
of microcosm experiments will be performed to de
termine changes in the mineralization potential of 
the Galena water column. Standard additions of 
organic substrates will be made to lakewater 
aliquots, and the evolution of inorganic nutrients 
will be measured. If evolution of inorganic 
nutrients decreases with tine, this will be an 
indication that lake decomposition processes are 
being affeceed, as reported elsewhere.-* 

Population counts of salamanders in Pond #1 
will be made on a biweekly basis. Monitoring of 
lake and pond phytoplankton and zooplankton and of 
stream insects will be done by other members of 
our research team. Further refinements of field 
methods will be undertaken. 

A Model of Watershed Acidification 

A watershed subjected to continuing acid 
precipitation will neutralize the acids as long as 
sufficient alkalinity, or buffering capacity, is 
present in the lake and stream waters, the water
shed soils, and the lake sediments. As the 
buffering capacity is gradually overwhelmed by 
acids flowing through the system, a threshold is 
reached at which a sudden, large drop in the pH of 
the water bodies takes place. Developing the 
ability to predict the time to reach threshold is 
an important task in acid precipitation research. 
The approach of the system to the threshold is not 
well understood. Even at relatively wall-studied 
sites, experimental information is incomplete 
regarding some of the critical steps in the 
buffering process (such as the rate of deposition 
of atmospheric alkaline materials, or the influence 
of lake sediments on the buffering of thr overlying 
watar column). However, even with an adequate data 
base, predicting the time to reach threshold would 
not be simple because of the diversity of both 
competing and reinforcing processes. Needed is a 
reliable mathematical model capable of describing 
the linkages among these processes. The develop
ment of such a model, incorporating only empir
ically accessible rate parameters and variables, 
will be carried out in FY 1981. During the summer 
of 1981, baseline values for the model components 
will be measured at the Galena/Mexican Cut water
shed; in subsequent years, model predictions will 
be confronted with experimental measurement. 
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