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Introduction 
The objective of the Environmental 

Research Program is to enhance the un­
derstanding of, and mitigate the effects of 
pollutants on health, ecological systems, 
global and regional climate, and air qual­
ity. The program is multidisciplinary and 
includes fundamental research and de­
velopment in efficient and environmen­
tally benign combustion, pollutant abate­
ment and destruction, and novel meth­
ods of detection and analysis of criteria 
and noncriteria pollutants. This diverse 
group conducts investigations in com­
bustion, atmospheric and marine pro­
cesses, flue-gas chemistry, and ecological 
systems. 

Combustion chemistry research em­
phasizes modeling at microscopic and 
macroscopic scales. At the microscopic 
scale, functional sensitivity analysis is 
used to explore the nature of the poten­
tial-to-dynamics relationships for react­
ing systems. Rate coefficients are esti­
mated using quantum dynamics and path 
integral approaches. At the macroscopic 
level, combustion processes are modelled 
using chemical mechanisms at the appro­
priate level of detail dictated by the re-

quiremcnts of predicting particular as­
pects of combustion behavior. Parallel 
computing has facilitated the efforts to 
use detailed chemistry in models of tur­
bulent reacting flow to predict minor spe­
cies concentrations. 

Investigations in turbulent combus­
tion have resulted in development of a 
laboratory burner that produces very in­
tense turbulent flames. It can be used for 
fundamental research of turbulence­
flame interactions under the conditions 

, encountered in most practical devices. It 
is also ideal for future work on ignition 
and extinction phenomena. With the 
award of a DOE Energy Research Labora­
tory Technology Transfer Cooperative 
Research and Development Agreement 
with Teledyne-Laars in Moorpark, Cali­
fornia, a program is underway to com­
mercialize the weak-swirl burner for use 
in small to medium water heaters. The 
focus is to develop a production proto­
type operating at 1 0 to 50 k W. Progress in 
the investigation of flame-gravity 
coupling includes completing a series of 
microgravity experiments on board a 
Learjet. The results help to identify the 

gravitational influences on flame propa­
gation. 

In the past year, the Chemical Treat­
ment Processes Group has focused on 
controlling and converting atmospheric 
and aqueous pollutants. They have.con­
tinued to develop techniques for convert­
ing NO, S02, and C02, which are pollut­
ants from energy generation. The simul­
taneous removal of S02 and NO from flue 
gas by using an aqueous mixture of lime­
stone and an iron compound has been 
successfully demonstrated on a bench­
scale scrubber. In addition, a catalyst 
which is capable of converting S02 to 
elemental sulfur in the presence 
of moisture has been developed. A new, 
phosphorus-based process called 
POZONE has been developed and has 
been applied to help paper manufactur­
ers bleach white paper without creating 
wastewater that contains hazardous 
chlorinated-organic compounds. 

Research on the use of laser fragmen­
tation for measuring toxic metal species 
has yielded new information on the for­
mation of particles containing metal spe­
cies. Measurements of the metals can be 
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conducted both in the gas phase and con­
densed in aerosols in combustion envi­
ronments. Methods are being developed 
to quantify these species. 

Thermal destruction of chlorinated 
hydrocarbons are being studied, and these 
have revealed new information about the 
reaction pathways of benzene and chlo­
robenzene in the post-flame environment. 

A new study of the emissions from 
heavy oil storage tanks has been initiated. 
Existing techniques of analysis are being 
extended to the higher temperatures 
found in storage tanks, and new methods 
are under evaluation for the quantifica­
tion and speciation of organic vapors. 

Research in our Atmospheric Aerosol 
Group is concerned with contributing to 
our understanding of the role of aerosol 
particles in climate forcing. Aerosol par­
ticles control the intensity of visible and 
UV radiation reaching Earth's surface. 
These particles affect Earth's climate by 
scattering and absorption of solar radia­
tion and by influencing the number con­
centration of cloud droplets (and cloud 
albedo) through their ability to act as 
cloud condensation nuclei. Although 
most of the mass of anthropogenic aero­
sol is composed of sulfates, organic mate­
rial, nitrates, and mineral dust, sulfate 
aerosol receives the most attention be­
cause of its relatively well-documented 
global distribution and its known optical 
and nucleation properties. There are sig­
nificant uncertainties associated with pre­
dicting the aerosol effects on climate if the 
nonsulfate aerosols, particularly organic 
aerosols are not taken into account. 

The significance of organic aerosols is 
suggested by the facts that concentra­
tions of these species often exceed the 
concentrations of sulfates, that their opti­
cal properties are comparable to sulfate, 
and that organic aerosol material is largely 
water soluble and acting as efficient CCN. 
LBNL research is contributing to under­
standing the role of organic aerosols in 
radiative transfer and in cloud formation. 

Program scientists have begun to quan­
tify model uncertainty in air quality mod­
eling. They have initiated the develop­
ment of a gradient-based sensitivity ap­
proach, and are applying it to a smog 
chamber model. 

Experiments and calculations of the 
Environmental Research Program con­
firmed that the use of polarization sens-

ing techniques can reduce scattered light 
components and therefore improve vis­
ibility in the Marine Boundary Layer 
(MBL) Project. Our studies have shown 
that the optimum orientation of the po­
larizer and its efficacy in improving im­
age contrast depends on both atmospheric 
conditions and the solar (illumination 
source)-viewer-target angle. Further­
more, as MBL aerosols are highly com­
plex and variable, mixtures that have pro­
found effects on visibility and radiance 
calculations, designing an agile polariza­
tion-sensing device to optimize strategies 
for improving visibility and image dis­
crimination under various conditions 
would be especially prudent. Our calcu­
lations and experimental work indicate 
that Mie calculations can produce reli­
able inputs for calculating radiant trans­
fer under most (except very dry air) atmo­
spheric. 

Programs in ecological systems are 
diverse, ranging from genetic 
ecotoxicology to studies of global climate 
change. Researchers in the Genetic 
Ecotoxicology Research Laboratory have 
investigated the relationship between 
genotoxic response and reproductive suc­
cess in aquatic organisms. Specifically, 
they established this relationship for two 
animal models-sea urchins and nema­
todes. They developed an assay using sea 
urchins to evaluate effects of exposure to 
UV-B-the first animal model to evaluate 
the genotoxic effects of Antarctic ozone 
depletion. They have established that 
ambient levels of UV-A and UV-B have 
significant effects on sea urchin embryos 
in Antarctica, even after peak ozone deple­
tion. LBNL ecotoxicology scientists have 
also performed an important role in es­
tablishing broad priorities for the field of 
ecotoxicology. The group has begun a 
successful collaboration with researchers 
from U.C. Davis in a remediation effort at 
Mare Island. 

Program scientists seek biological so­
lutions to environmental contamination 
problems. The studies comprise two as­
pects: (1) efforts to better understand tox­
icity mechanisms and (2) the develop­
ment of schemes for the removal and 
recovery of environmental contaminants. 
They have observed that a major toxicity 
mechanism of tobacco smoke in blood is 
enzyme inhibition by cyanide. Studies 
with textile dyes have lead to the devel-

Introduction cont. 

opment of several biomass systems that 
remove selected organic molecules from 
water. 

In a new program, research has been 
initated in wound healing. During the 
immune response to a bacterial infection, 
bacteria need to be killed or rendered 
harmless. White blood cells (leukocytes) 
both in the circulating and in the periph­
eral tissues have enzyme systems that can 
specifically take up and kill bacteria. Our 
research effort has resulted in defining 
new ways to enhance the activity of 
NADPH-oxidase, which is a major en­
zyme involved in leukocyte killing. Us­
ing added exogenous antioxidants we 
have been able to enhance the rate and 
extent of this important immunological 
enzyme. These studies are a prelude to 
further studies to determine the role of 
antioxidants in leukocytes and their rela­
tionship to immunity. 

Program biologists are developing new 
approaches to evaluate the health risk of 
environmental pollutants to humans by 
using human cell culture systems as sur­
rogates to animal testing. They have es­
tablished an assay to evaluate the pres­
ence of polycyclic aromatic hydrocarbons 
in complex mixtures of pollutants. 

Program scientists have worked with 
other investigators within the Energy and 
Environment, Earth Sciences, Life Sci­
ences, and Information and Computing 
Sciences Division on the SELECT project. 
The goal of the SELECT project is to de­
sign and develop a distributed, object­
oriented computer architecture to inte­
grate, analyze, and present environmen­
tal information to help managers select 
cost-effective environmental remediation 
that maximizes health-risk reduction 
while minimizing costs. A salient feature 
of the architecture is incorporation of state­
of-the-art scientific advances in site char­
acterization, subsurface and atmospheric 
transport processes, exposure pathway 
analyses, and health-hazard assessment, 
as well as financial analyses of environ­
mental remediation. Researchers in our 
program have developed an air transport 
model that is useful for exposure calcula­
tions. Comparison of estimated cancer 
risks from background exposures (e.g., 
from indoor sources or natural chemicals 
in the diet) with potential exposures from 
the contaminant site has been incorpo­
rated. 
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D Flue-Gas Chemistry 

NO Absorption Studies with Fe2+(DMPS)
2 

Solutions 

Y. Shi, H. Wang, D. Littlejohn, and 5-G. Chang 

We recently developed a new ferrous 
thiochelate additive, Fe2+(DMPS)2, for 
removal of NO from ·nue gas. 
Iron(II)(DMPS)2 can bind NO with a very 
large equilibrium constant, producing a 
very stable nitrosyl complex that does not 
react with sulfite/bisulfite ions. Addi­
tional information on the NO absorption 
chemistry of Fe2+(DMPS)2 is needed to 
predict the NO removal efficiency in full­
scale systems, so we investigated the mass 
transfer and kinetics for the NO complex­
ation process. Two complementary sys­
tems were used to investigate the proper­
ties of the new additive. The factors that 
influence the NO absorption kinetics were 
studied with a double-stirred reactor a:t 
50°C. Using the theory of mass transfer 
with chemical reaction, the absorption 
rates and the forward rate constant for 
NO absorption by Fe2+(DMPS)2 were de­
termined from the measurements. Fur­
ther studies were conducted with a four­
stage turbulent contact absorber. This 
system was used to investigate the effect 
of oxygen and obtain parametric data for 
predictions for the operation of full scale 
scrubbers. 

Double-stirred reactor 

We found that the Fe2+(DMPS)2-NO 
system is strongly influenced by the pH 
of the solution. Below pH 3, the 
Fe2+(DMPS)2 system does not enhance 
NO absorption, presumably because both 
mercapto groups of DMPS are protona ted 
and the chelate does not bind ferrous ions 
effectively. The NO absorption rate in­
creases substantially as the pH increases 
from 4 up to 7, where the maximum NO 
absorption rate occurs. The NO absorp­
tion rates slightly increase when the ratio 
of Fe2+ /DMPS increases from 0.5 to 1.0. 
Additional Fe2+ beyond this ratio does 
not benefit NO absorption. Moreover, in 
a real flue gas system with about 5% 
residual oxygen, the additional 
uncomplexed Fe2+ would be rapidly oxi­
dized. 

The reactions between metal chelates 
and NO should be second order for the 
forward reaction, i.e., first order in both 

NOandinmetalchelates. Toevaluatethe 
forward second -order rate constant of the 
Fe2+(DMPS)2-NO reaction, the absorption 
rate of NO was determined with the 
double-stirred reactor at sooc. The NO 
absorption rate increases linearly with 
the square root of concentration of 
Fe2+(DMPS)2, which is consistent with 
the prediction of jhe pseudo-first-order 
reaction model. The forward rate con­
stant for the complexation of NO to 
Fe2+(DMPS)2 was determined to be 1.1 x 
108 L/mol s at pH 7.2 and 50°C, about 
the same as the value for Fe2+(EDTA). 

The effect of citrate and sulfite on the 
NO absorption rate by Fe2+(DMPS)2 solu­
tions was investigated. When there is 
additional unbound Fe2+ in the 
Fe2+(DMPS)2 system, citrate will improve 
the NO absorption slightly by forming a 
ferrous citrate complex which can form a 
nitrosyl, as in the case of ferrous citrate 
alone. Without additional uncomplexed 
Fe2+, the NO absorption rate decreases 
slightly in thepresenceofcitrate. The NO 
absorption rate at various sulfite concen­
trations was measured in a Fe2+(DMPS)2 
solution at sooc. The results indicate that 
absorption rate decreases as the sulfite 
concentration increases. In a typical lime­
stone FGD system, there is only a few mM 
of sulfite ion present, so sulfite will only 
slightly reduce the NO absorption rate. 

Turbulent contact absorber (TCA) 

The TCA is a gas absorber containing 
a bed of low density spheres fluidized by 
countercurrent flows of gas and liquid. 
The scrubbing liquor contained 5 wt % 
limestone and 47 mM iron(II)(DMPS)2. 

The NO removal efficiency increased lin­
early with the increase of the liquid:gas 
ratio (L/G). The NO removal efficiencies 
are 50% and 70% at L/G values of 60 and 
140 gpm/1000 acfm, respectively, while 
the so2 removal efficiencies are above 
98%. The liquid film resistance is in­
versely proportional to the square root of 
the concentration of iron(II)(L). One way 
to reduce the liquid film resistance is to 
increase the iron(II)(DMPS)2 concentra­
tion. However, high Fe2+(DMPS)2 con-

D 
centrations may enhance the problem of 
chemical loss by entrainment in the solids 
separated from the scrubbing solution. 

The NO removal efficiency was found 
to be independent of the concentration of 
NO in flue gas over the range of 100 to 400 
ppm. The lack of dependence on gas 
phase NO concentration is due to the low 
dissolved NO concentration. It was also 
found that the NO removal efficiency 
decreases with the increase of superficial 
gas velocity from 0.6 to 1.6 m/ s. As the 
gas velocity increases, the gas-liquid con­
tact time decreases from about 1.8 to 0.8 
seconds. Consequently, it indicates that 
an appropriate gas-liquid contact time 
must be considered for the complexing 
reaction in a commercial system. 

Experiments were conducted to com­
pare the NO removal efficiency between 
iron(II)(DMPS)2 and iron(II)(EDTA) un­
der similar flue gas scrubber conditions. 
Initially, EDTA had a higher NO removal 
efficiency (78%) than DMPS (65%), due 
to the difference in pH of the solutions. 
The NO removal efficiency for EDT A 
dropped dramatically with time, while 
the DMPS system maintained a stable 
removal rate. The difference can be at­
tributed to the concentrations of iron(II) 
since the Fe2+(DMPS)2 is more resistant 
to oxidation than Fe2+(EDTA) In the 
presence of 500 ppm NO without 0 2, 

calculations indicate that 10 mM 
iron(II)(DMPS)2 will form more than 8 
mM iron(II)(DMPS)2NO, while 10 mM 
iron(II)(EDTA) will only form about 3 
mM iron(II)(EDTA)NO. The presence of 
oxygen will also have a larger affect on 
the iron(II)(EDTA) system than the 
iron(II)(DMPS)2 system. 

From the results of TCA experiments, 
we made predictions of the performance 
of a full-scale spray absorber. We calcu­
late that the NO removal efficiency of up 
to 69% can be achieved. The efficiency 
increases as the droplet size from the 
spray nozzles decreases. However, if the 
droplet size is too small, many of the 
droplets would be carried up with the 
flue gas in a counter-current absorber and 
result in entrainment of the liquor. 

1 
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Regeneration Studies and Integrated Tests of Ferrous Chelates for NO Removal 

Y. Shi, H. Wang, D. Littlejohn, and S-G. Chang 

Ferrous chelate additives enhance the 
solubility of NO in limestone slurries by 
binding NO to form ferrous nitrosyl com­
plexes. One of the proposed additives, 
Fe2+(EDTA), is easily oxidized, which 
causesadecreaseinNOremovalefficiency. 
While Fe3+(EDTA) can be reduced to 
Fe2+(EDTA) by sulfite/bisulfite ions, the 
regeneration rate is slow. As a result, the 
Fe2+(EDTA) concentration is low, and ad­
equate NO removal efficiencies cannot be 
sustained. Prototype systems utilizing elec­
trolytic reduction of Fe3+ to counteract the 
oxidation in the Fe2+(EDTA) system have 
been developed, but the economics for the 
processes are not promising. 

A new method of regeneration of iron 
chelates for re-use has been developed, 
along with a new ligand for ferrous ion: 
dimercaptopropane sulfonate (DMPS). 
The DMPS can maintain the iron in the 
ferrous ion form, resulting in higher NO 
absorption efficiency. Parametric studies 
of the absorption efficiency of NO have 
been conducted and the conditions of the 
chemical regeneration of ferrous nitrosyl 
complexes have been investigated. The 
complexed NO is chemically reduced to 
ammonia by using iron metal as a reduc­
ing agent. Metallic iron is also capable of 
reducing ferric ion to ferrous ion and 
reducing oxidized DMPS. 

The new ligand and the new regenera­
tion process have been integrated into a 
complete system and tests have been per­
formed. The integrated process of NO re­
moval by Fe2•(DMPS)2 and regeneration 
by elemental iron involves several reac­
tions. These reactions may be summarized 

as follows: (1) absorption of NO by the 
complex; (2) oxidation of the ferrous ion 
and DMPS; (3) reduction of the nitrosyl 
and the oxidized DMPS; and (4) removal of 
excess ferrous ion by precipitation. 

Initially, batch studies were performed 
to determine the parameters that influ­
ence the reduction of the ferrous nitrosyls 
and oxidized DMPS. We found that iron 
metal can rapidly reduce complexed NO 
to ammonium ion. The reduction process 
is dependent on a number of factors, in­
cluding reaction time, pH, temperature, 
reactant concentration, metal surface area, 
and degree of agitation. Since the reac­
tion is heterogeneous, it is dependent on 
the contact between the iron particles and 
the solution. The rate of ferrous ion for­
mation was 2.5 times the rate of ammo­
nium ion formation when both were mea­
sured, as would be expected from the 
reaction stoichiometry. In addition, our 
experiments indicate that the ligand used 
in the system also influences the rate 
of reduction. The reduction of 
Fe2+(EDT A)(NO) is significantly faster 
than the reduction of Fe2+(DMPS)2(NO) 
under identical reaction conditions. Batch 
studies with oxidized DMPS solutions 
showed that iron metal can also effec­
tively reduce the disulfide bond. The 
reaction appears to be somewhat slower 
than the reduction of the ferrous nitrosyl 
complex under equivalent conditions. 

An integrated system was developed 
using a turbulent contact absorber (TCA). 
A scrubbing liquor composed of 
Fe2+(DMPS)2 and a limestone slurry was 
circulated through the TCA and a slip 

Improved Synthesis of 2,3 Dimercaptopropane Sulfonate 

K. W. Huang and 5.-G. Chang 

We have found that aqueous ferrous 
ion complexes of 2, 3-dimercapto-1-pro­
pane sulfonate (DMPS) are very effective 
in removing NO from flue gas. Cur­
rently, DMPS is only commercially avail­
able in reagent grade and in limited quan­
tities. For this technology to be commer­
cialized, DMPS must be available in large 
quantities and at low cost. An inexpen­
sive synthesis method for indus trial grade 
DMPS is needed for this NO removal 
process to be commercialized. 

We have developed a synthesis pro­
cedure for DMPS that is a significant 

2 

improvement over the standard litera­
ture procedure developed by Petraikin. 
The new process produces DMPS at 
higher yield and with less expense asso­
ciated with byproduct separation. In our 
procedure, DMPS is synthesized based 
on the reactions shown in the Figure. 

In the first step of the synthesis proce­
dure, we use a reactant ratio of 1.2:1 for 
allyl bromide and sodium sulfite instead 
of the 1:1.1 ratio used in the literature 
method. With this procedure, sodium 
sulfite does not remain in the reaction 
mixture after the first step. After cooling, 

stream of the liquor was split off for re­
generation. Solids were filtered from the 
regeneration stream and the filtrate was 
circulated through a regeneration column 
containing iron chips. The pH of the 
regenerated solution was raised to 6-7 to 
precipitate excess ferrous ion as ferrous 
hydroxide. The final step of the regenera­
tion was air stripping to remove ammo­
nia produced in the reduction of NO. 
Make-up limestone was added to there­
generated Fe2+CDMPS)2 solution, and it 
was returned to the scrubbing liquor hold­
ing tank for re-use. 

Tests of the integrated system were 
conducted, which consisted of absorp­
tion of S02 and NO, removal of solids, 
regeneration of Fe2+CDMPS)2, and strip­
ping of ammonia. A steady level of NO 
removal could be maintained during an 
entire run. A 16.5 hour test was run at 
55°C with 5% oxygen, 105 L/G, 50 mM 
Fe2+(DMPS)2,250ppmNO,and 1500ppm 
S02. Without any regeneration, the sys­
tem had an initial NO removal efficiency 
of 60%, which declined to about 20% after 
4 hours. After activating the regeneration 
system, the NO removal efficiency in­
creased to a level between 43 and 51%. 
The removal efficiency depended on the 
operating conditions employed in there­
generation system. We believe that fur­
ther improvement of the NO removal 
efficiency can be achieved by increasing 
the liquor diverted for regeneration, in­
creasing the regeneration time and/ or 
temperature, properly controlling regen­
eration pH, and by improving the contact 
between the liquor and the iron metal. 

the small amount of residual allyl bro­
mide precipitates and is separated from 
the solution with a separatory funnel. In 
commercial applications, the remaining 
allyl bromide could be reused. This pre­
vents the redox reaction between sodium 
sulfite and bromine from occurring in the 
second step ofthe literature synthetic pro­
cedure. 

The second step of our procedure in­
volves the reaction of allyl sulfonate with 
bromine. The reaction was carried out at 
several temperatures (10, 23, and 35°C), 
and the reactants and products were mea-
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sured by high performance liquid chro­
matography (HPLC). Over the tempera­
ture range studied, all of the allyl sul­
fonate was consumed to form 
dibromopropane sulfonate. Therefore, 
n9 byproducts are formed when the reac­
tion is carried out over the temperature 
range studied. In an industrial synthesis, 
DMPS can be produced without cooling 
the reaction mixture, simplifying the sys­
tem and lowering the cost. 

The third and final step of the synthe­
sis was carried out by reacting aqueous 
dibromopropane sulfonate (I) with so­
dium hydrosulfide (II). Factors that af­
fect this reaction include the reactant mole 
ratio, the reaction time and temperature, 
and the concentration of dibromopropane 
sulfonate. We used HPLC to analyze the 
reaction mixtures prepared at 50°C. We 
found that by using a I:ll mole ratio of 1:4 
or less, we could achieve >96% yield after 
5 min. reaction time. For comparison, the 
literature method of Petraikin achieved 
<52% yield using a I:ll mole ratio of 1 :2.5. 

The dependence of this step on tem­
perature and concentration was also in­
vestigated. While >96% of the 
dibromopropane sulfonate reacted in 5 
min. at 50°C, 89.3% reacted in the same 
time at 35°C. When the dibrom6propane 
sulfonate concentration was changed 

from 25% to 12%, the yield of DMPS 
dropped from >96% to <58% after 5 min­
utes reaction time. However, when the 
mix with the lower reactant concentra­
tion was allowed to react for 60 min., the 
yield increased to 92.4% 

In summary, our improved synthetic 
procedure increases the overall yield of 
DMPS from 30% to 69%. The process we 
have outlined here will provide a means 
to prepare DMPS inexpensively on an 
industrial scale. 

70 °C, 1 hr 

SH 
I 

CH S03Na 
~ 

CH2 CH2 

I 
SH 

50 °C, 0.5 hr 

Br 
I 

CH S0:3Na 
~ 

CH2 CH2 

I 
Br 

Figure. Synthesis of 2, 3-dimercapto-1-propane sulfonate (DMPS) in new process 
that increases overall yield of DMPS from 30% to 69%. 

Catalytic Reduction of Sulfur Dioxide to Elemental Sulfur 

Y. ]in, Q. Yu, and 5.-G. Chang 

Several regenerable processes for flue­
gas desulfuriza tion (FGD) have been com­
mercialized or are under development. 
In these processes, sulfur dioxide in flue 
gas is first absorbed into an alkaline solu­
tion or adsorbed on a solid substrate. It is 
subsequently desorbed to produce a 
stream of concentrated sulfur dioxide, 
which is then converted into elemental 
sulfur for storage, transport, or later con­
version to other compounds. In these 
processes, either methane (H2/CO = 3), 
or synthesis gas derived from coal (Hz/ 
CO = 0.3 to 1.0), can be used to reduce 
sulfur dioxide to elemental sulfur at el­
evated temperatures, according to the 
following reactions: 

2502 + CH4 ---7 52 + CO, + H,O (1) 

2 SO, + 3 H2 + CO ---7 

52 + CO, + 3 H,O (2) 

7 502 + 6 H2 + 8 CO ---7 

3.5 52 + 8 CO, + 6 HzO (3) 

Catalysts are generally used to facilitate 
these reactions. In addition to elemental 
sulfur, these reactions may produce sev­
eral undesirable byproducts. These in­
clude hydrogen sulfide, carbonyl sulfide, 
carbon disulfide, and elemental carbon. 
Considerable research has been carried 
out to develop catalysts that minimize the 
formation ofbyproducts. If byproduct pro­
duction is negligible, then additional treat­
ment to remove them is unnecessary. We 
have developed a promising new catalyst 
that maximizes yield of elemental sulfur 
and minimizes byproduct production. 

We evaluated cobalt oxides on several 
types of supports for their ability to re­
duce sulfur dioxide with methane. The 
catalyst-support combinations were 
tested at 7 40 to 820°C. They ranked in the 
following order with respect to elemental 
sulfur yield (Y52): Co30 4/y-Al20 3 > Co30 4/ 

Si02 > Co30 4/Molecular Sieve 13X > 
Co30 4 / Molecular Sieve SA. The results 

obtained for a stoichiometric mole ratio 
of 2:1 of sulfur dioxide to methane in the 
feed gas are shown (Table). 

The yield of elemental sulfur reached 
a maximum of 87.5% at a space velocity of 
5,000/h and a temperature of 840°C. X­
ray diffraction results revealed that the 
catalyst was composed of Co30 4 andy­
Al203 before the reaction, and changed to 
structures of ~-COSL035, COS2, Co30 4, and 
y-Al20 3 after the reaction. 

An iron-based mixed oxide catalyst 
(Cat-S) has been developed for reduction 
of 502 by synthesis gas. The catalyst can 
achieve high 502 conversion efficiency 
and high elemental sulfur selectivity, and 
is capable of achieving reduction of 502 
in a single stage reactor. A lifetime (1080 
hours) test was performed on the catalyst 
on 30-40 mesh alumina support. The test 
was conducted at 480°C and 10,000/h 
space velocity. The activity of the catalyst 
remained very stable during the entire 

3 
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period of the test. The yield of sulfur was 
in excess of 94%. There was little varia­
tion with time in the Y HZS and Y cos, as 
well as S02 conversion efficiency. A good 
mass balance of sulfur and carbon was 
obtained in the measurements. 

We have found that when impreg­
nated on alumina granules 3 mm in di­
ameter x 5 mm long, this catalyst material 
can achieve 96.2% and 97.8% yield of 
elemental sulfur at 540°C and 560°C, 
respectively, at a space velocity of 
2100/h. The catalyst requires only a 
stoichiometric amount of synthesis gas 
for so2 reduction. 

The effect of the commonly found 
byproducts and contaminants H 2S, COS 
and H 20 on the Cat-S material was inves­
tigated for reduction of so2 by syngas. 
The addition of either 10% H 2S or 10% 
COS, or a combination of 10% H 2S and 
10% COS to the feed gas did not affect the 
yield ofS2. The measurements were made 

under the following conditions: 420°C-
4800C, 10,000/h space velocity, H2/CO 
ratio of 0.4, (CO+ H2) /S02 ratio of 2.0, and 
30-40 mesh catalyst support. In the pres­
ence of up to 20% H20, theY cos increased 
with decreasing reaction temperature 
below 440°C. The yield of S2 also de­
creased with decreasing reaction temper­
ature. However, there was no observable 
effect of water above 440°C. The yield of 
H2S remained relatively unchanged be-

tween 380°C and 600°C. 
We are continuing our investigation 

of the new catalysts. We are currently 
studying the conversion efficiency at 
lower (0.3 -10%) so2 concentrations and 
the effect of oxygen on the reduction pro­
cess. We believe the new materials are 
very promising, and have the potential to 
be incorporated into a more efficient, cost­
effective regenerable flue gas desulfur­
ization process. 

Table. Results of evaluating cobalt oxides for their ability to reduce 502 with methane. 

Selectivity to 

Temperature S02 Conversion Elemental 
("C) Efficiency(%) Sulfur(%) 

Test 1 780 98.7 80.0 

Test 2 820 98.7 87.9 

L 
N02 Reactions in Aqueous Flue-Gas Scrubbing Systems 

D. Littlejohn 

Fluegasesfromcoal-fired power plants 
generally contain hundreds of ppm of 
nitrogen oxides. The nitrogen oxides are 
generally composed of at least 90% nitric 
oxide, with the remainder existing as ni­
trogen dioxide. Nitric oxide is only 
slightly soluble in water, and ferrous ion­
based additives are being developed to 
enhance its solubility. Nitrogen dioxide 
is substantially more soluble than nitric 
oxide. Some processes, such as the LBNL 
PhoSNOX process, can convert nitric ox­
ide into nitrogen dioxide in the flue gas 
stream. An understanding of the reac­
tions of nitrogen dioxide with additives 
and dissolved gases in scrubbing solu­
tions is needed to understand aqueous 
scrubber chemistry and to properly de­
sign scrubbing systems. 

Nitrogen dioxide will react with aque­
ous scrubbing solutions. The primary 
reaction in aqueous systems is that of 
reactive dissolution in water: 

2 N02 + Hp ---7 2 H+ + NO;- + N03-

(1) 

The reaction of nitrogen dioxide with 
dissolved sulfur dioxide was studied pre­
viously, 
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The formation of sulfite radical can 
create conditions for a free radical chain 
reaction which can oxidize many sulfite 
ions in the presence of oxygen. 

N02 can also oxidize other species in 
solution. For example, it will oxidize fer­
rous ion to ferric ion in the absence of 
oxygen. An electron transfer reaction oc­
curs: 

N0
2 

+ Fe2+ ---7 N0
2
- + Fe3+ (3) 

The reaction was studied by measur­
ing the reaction products. Nitrite ion was 
determined by ion chromatography and 
ferrous ion was determined by 1,10 
phenanthroline colorimetry. The reaction 
displays first order dependence on the 
gas phase nitrogen dioxide concentration 
and on ferrous ion concentration. The 
reaction rate was compared with that of 
N02 +sulfite reaction. The measurements 
done so far indicate that rate constant of 
the N02 + Fe2+ reaction is about 1/6 of that 
for the N02 + SO/-/HS03- reaction. 
Therefore, in scrubbing solutions where 
the S(IV) concentration is in excess of the 
ferrous ion concentration, the sulfite/ 
bisulfite ion should effectively protectthe 
ferrous ion from oxidation. It has been 
reported that nitrogen dioxide will bind 
with ferrous ion complexes prior to oxi-

dation of the ferrous ion, which could 
interfere with the removal of nitric oxide 
by ferrous chelates under certain condi­
tions. Nitrogen dioxide is generally a 
minor component of flue gases with which 
ferrous chelate solutions are used, and 
oxidation of ferrous ion by residual oxy­
gen will be much more important than 
oxidation by nitrogen dioxide. 

Thiosulfate is an additive used in some 
aqueous scrubbing processes as an oxida­
tion inhibitor. It can also react with nitro­
gen dioxide by electron transfer. 

N02 + S20 3
2
- ---7 N02- + Sp~ (4) 

The thiosulfate radical formed can 
dimerize to form tetrathionate (S40l-), 
which we have observed in solutions of 
thiosulfate exposed to nitrogen dioxide. 
The reaction of nitrogen dioxide with thio­
sulfate is substantially slower than the 
reaction with sulfite ion. 

Nitrogen dioxide is a very reactive com­
pound and its interactions with aqueous 
solutions can be quite complicated. Our 
studies should improve the understand­
ing of wet flue gas scrubber chemistry. It 
should be noted that some of the reactions 
of nitrogen dioxide that are described here 
are also important in the chemistry of aque­
ous aerosols in the atmosphere. 



Ernest Orlando Lawrence Berkeley National Laboratory I Energy & Environment Division Environmental Research. Program l995 Annual Report 

Combustion 

Combustion Fluid Mechanics 

R.K. Cheng, I. G. Shepherd, B. Beddt, D. Yegian , and L. Talbot 

Turbulent combustion takes place in 
all heat and power generating systems. 
Its most important role is to increase the 
burning rate and volumetric power den­
sity. Intense turbulence, however, also 
influences the combustion reaction rates 
and has a direct effect on emission, igni­
tion, and extinction. Therefore, research 
and development of modern combustion 
systems for power generation, waste treat­
ment, and material synthesis must rely 
on a fundamental understanding of the 
physical effects of turbulence on combus­
tion. Such knowledge is key to successful 
development of theoretical and compu­
tational models that can be used as design 
tools. 

The objective of our research is to in­
vestiga te the interaction and coupling 
between turbulence and combustion. 
These processes are complex and involve 
scalar and velocity fluctuations with time 
and length scales spanning several or­
ders of magnitudes. The burner and flame 
geometries also have profound effects. 
Our approach is to investiga te laboratory 
flames wi th geometries that are designed 
to facilitate direct comparison with nu­
merical modeling and theoretical analy­
sis. These burners are also amenable to 
detailed interrogation by laser diagnos­
tics and allow systematic independent 
variations of turbulence intensities, flow 
conditions, and mixtures compositions. 

The main focus of our experiment has 
been on investigating flames with mod­
era te turbulence intensity. This type of 
combustion where chemical reaction rates 
are much faster than turbulence mixing 
occurs in most small to medium combus­
tion systems such as residential appli­
ances and automobile engines at idling 
condition. The turbulent burning rate 
can be evaluated by determining how 
turbulence wrinkles the flame front. The 
flame front topology ( i.e., the degree of 
flame wrinkling) relates directly to tur­
bulence scales and intensities. Recently 
we have extended the scope of the experi­
ments to include flames with intense tur­
bulence. These flames are closer to the 
burning conditions in larger power gen-

erating systems. Intense turbulence can 
affect chemical reaction rates which may 
lead to a reduction of burning rate, inter­
mittent flame quenching and re-ignition, 
and ultimately flame extinction. 

In practice, turbulent flames burn in 
combustion chambers of different sizes 
and geometries. These differences changes 
the boundary conditions upstream and 
downstream of the flame. Therefore, it is 
important to simulate these differences in 
the laboratory. We have thus far devel­
opedfivelaboratoryflameconfigurations. 
Our burners are designed to operate un­
der a wide range of conditions so that 
changes in flame characteristics can be 
correlated to different turbulence intensi­
ties and mixture equivalence ratios. Their 
configurations provide experimental data 
that can be compared with statistical one­
dimensional (1-D) and deterministic two-

(a) 

(c) 

dimensional (2-D) models, and three-di­
mensional (3-0) direct numerical simula­
tions. 

To capture the rapid changes of turbu­
lent flames, our experimental methods 
emphasize laser techniques with high 
spatial and temporal resolutions. To 
characterize the sta tis tical moments and 
correlations at a point within the flame, 
we use laser Doppler anemometry (LOA) 
for measuring velocity fluctuation and 
laser-induced Rayleigh scattering for 
measuring scalar fluctuations (i .e., gas 
density, reaction progress variable). A 
simple method we have developed for 
determining the flame wrinkle scales is 
laser-induced Mie scattering from sili­
cone-oil aerosol (MSOD). This technique 
is also used in conjunction with a laser 
sheet to render 2-D imaging of the flame 
wrinkle geometry at high-speed (i.e. to-

(b) 

(d) 

Figure 1. Planar Laser Induced Fluorescence (PLIF) images of OH radicals in four 
premixed turbulent flames with increasing turbulence intensity u'. OH radicals are 
produced in the hot products and they fluoresce and thus appear bright on these images. 
The boundaries between the bright and dark regions is the flame. Turbulence fluctuations 
u' are (a) 0.5 m/s (b) 0.89 m/s (c) 1.3 m/s and (d) 1.7 mfs. 
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mography). Other imaging method in­
cludes laser schlieren to infer overall flame 
behavior. Our latest 2-0 diagnostic d e­
velopment is Planar Laser-Induced Fluo­
rescence (PLIF) to infer the internal tur­
bulent fl ame structure. Our PLIF system 
is based on a dye laser pumped by aNd­
y AG laser. PLIF is essential for us to 
investiga te changes that occur at intense 
turbulence. All our imaging diagnosti cs 
are controlled by a PC and use conven­
tional or intensified video cameras. 

Flame propagation in intense 
turbulence 

The development of a burner for in­
vestiga ting premixed turbulent flames 
propaga ting in intense isotropic turbu­
lence has provided the means to vary the 
turbulent intensities of our experiments 
from laminar to the conditions of typica l 
turbines of up to 20%. With the imple­
mentation of the PLIF technique, we em­
barked on a program to compare and 
characterize turbulent flame s tructures to 
test and verify theoretical assumptions 
regarding the differences between flames 
classified as wrinkled laminar fl ame (un­
der modera te turbulence), corruga ted 
flames, and fl ames with d istributed reac­
tion zones (under intense turbulence). 

Figure 1 shows PLIF images of hy­
droxide radicals (OH) in fou r flames with 
increasing turbulence intensities. To cap­
ture these images, the pulsed-dye laser 
beam w as formed into a sheet 30 mm high 
and 0.5 mm thick. This laser sheet d is­
sected the turbulent flames and the ultra­
violet fluorescence radia tion from the OH 
radica ls present only in the hot combus­
tion p roducts was recorded by an intensi­
fied UV camera. The boundary between 
the bright product region w here OH radi­
cals were present and the dark reactants 
region is the thin flame front. From Fig­
ure l(a) it can be seen tha t under moder­
a te turbul ence, the fl am e is s lightly 
wrinkled and typical size of these w rinkles 
are about 10 mm. The fea tures of the 
flame w rinkles change dras tically w hen 
turbulence intensity is increased. Smaller 
flam e w rinkles begin to ap pear and the 
flam e shape is m uch more irregular. At 
the higher turbulence level we have in­
ves tiga ted (velocity flu ctua tions ap­
proaching 1.5 m /s), flame pockets and 
large excursions of the flame boundary 
are typica l characteristics . According to 
prevailing theory, flames shown in Fig­
ures l(b) to l(d ) are described as flames 
w ith "dis tributed reaction zones ." That 
is, their flame fronts should have evolved 
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from thin reaction zones to more diffused 
and broadened regions. Our OH PLIF 
linages seem to contradict this theoretical 
notion as the flame boundary as shown 
by the increase in OH concentra tion re­
mains sharp and well defined . A more 
diffused flame boundary is found only 
sporadically (Figures 1(c) and 1(d)). 

Though these PLIF images have dem­
onstrated vividly the dras tic changes that 
occur w hen fl ames are subjected to in­
creasing turbulence intensities, quantify­
ing these changes will require ex tensi ve 
image processing and development of 
analysis methods. As a s tart, we have 
obtained at least six to twelve images for 
each condition and used them to develop 
the analysis for quantifying the flame 
w rinkle scales . A more challenging task 
w ill be to develop the OH PLIF technique 
fo r measu ring the local reaction rate on 
the flame fronts. 

Coupling of premixed flames with 
gravity. 

Buoyancy plays an important role in 
open flames. The rising hot p lume affects 
the flow pattern within the fl ame and in 
its surround ing environment. Buoyancy 
can ventila te and maintain stable burning 
or it can induce flame ins tability. Our 
research on fl ame/buoyancy coupling 
relates to the dynamic interaction between 
the flame and its surrounding environ­
ment. For laminar and mildly turbulent 
flames, buoyancy controls the flow p at-

tern, flame shape, flame stability, and 
burning rate. The extent of these effects 
differs depending on burner configura­
tion, flow momentum, and flame inten­
sity. Our goal is to characterize these 
effects and determine at w hat point they 
are insignificant. Key to our study is the 
investigation ofmicrogravity (mg) fl ames, 
that is fl ame burning in a low gravity 
environment. These mg experiments pro­
vide vital information to reconcile the 
differences between fl ames in normal 
gravity (+g, flame pointing upward) and 
reverse gravity (-g, fl ame pointing down­
ward). The mg experiments are per­
formed using two faci lities a t the NASA 
Lewis Research Center in Cleveland. As 
mg experiments are much more difficult 
to conduct than labora tory experiments, 
the diagnostics we can use are also lim­
ited. The schlieren imaging technique 
selected for our work is a convenient and 
simple method that shows changes in 
flame shape. 

In preparation for our nex t mg experi­
ments, we have determined in the labora­
tory the effects of buoyancy on the fl ame 
s tabilization limits for our two mg flame 
configurati ons. During the course of our 
investiga tion of -g flames, we discovered 
the existence ofbu oyancy-stabilized lami­
nar flames (Figure 2). These flames are 
very stable, relatively flat, and detached 
from the burner exit. Their stabiliza tion 
mechanism is independent of flow recir­
culation or ex ternal means. The basic im-

Figure 2. When the burner is turned upside-down, upward buoyancy forces of the hot 
combust ion products counteract the flow exiting the burner to produce a stable flat flame. 
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plication is that buoyancy in the hot p rod­
ucts produces the appropriate fl owfield 
tha t enables the fl ame to propagate 
steadily into the reactant stream coming 
out of the burner . 

This unique flame configuration is of 
fundamental importance to characteriz­
ing flame/buoyancy coup ling because it 
encapsulates the essential physics of the 
problem. As shown by the fl ow vectors 
obtained by LOA (Figure 3), buoya ncy in 
the hot products produces flow diver­
gence. The divergence effect from down­
stream of the flame zones affects the 
mean flame fea tures upstream primarily 
through changes in the mean pressure 
field. This seems to be the important 
mechanism through which buoyancy in­
fluences premixed flame propagation . 
As these buoyancy-stabilized flames are 
not influenced by flame geometry or 
means of flame stabiliza tion, they are 
ideal for investiga ting how buoyancy 
interacts with flow momentum, w ha t 
effects it has u pstream and what are the 
relevant parameters to describe the in­
teracting processes. Such knowled ge 
would be very useful for characterizing 
the effects of buoyancy on more complex 
turbulent flames. We have carried out a 
d etailed s tudy of these buoya ncy-stabi­
lized flat flames. First, the conditions 
under w hich they can be generated were 
determined. Nex t, laser Doppler an­
emometry was u sed to measure the 2-D 
velocities in the flowfields. These veloc­
ity data have been used in an analysis to 
characterize the buoyancy I fl ow balance 
in the flowfields. 

Technology transfer 

As a necessary part of fundamental 
rsearch, we routinely design labora tory 
burners that allow the study of turbulent 
flames under a wide range of conditions 
to facilita te systematic varia tion of ex­
perimental parameters. Some of these 
burners are significant to su pport devel­
opment of theoretical works. Others can 
be u sed in practical applica tions. Re­
cently, two of our burners were recog­
nized as having potential for commer­
cialization . Their main attribute is their 
ab ility to support lean (excess a ir) 
premixed combustion that produces very 
low levels of oxides of!eitrogen (NOx). 
NOx emissions from combustion is the 
major cause of smog and ozone layer 
depletion. Proposed air quality regula ­
tions would limit NOx emissions to sev­
eral times lower than the current stan­
dard. Manufacturers are seeking eco-
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Figure 3. Velocity vectors obtained in a buoyancy-stabilized laminar premixed flame (see 
Fig. 2) with exit velocity u = 0.54 m/s and methane-air equivalence ratio ¢ = 0.725. 

nomical ways to meet these new stan­
dards. 

Once genera ted, NOx is rela tively dif­
ficult to remove. In conventional bu rn­
ers, NOx is genera ted a t a high level and 
removed by the use of catalyst and other 
techniques. Ra ther than a removal tech­
nique, Jean combustion minimizes the 
formation of NOx by lowering combus­
tion tempera ture. The reason w hy lean 
combustion is not commonly used is tha t 
it blows off easily. Our two burners 
solve the blow-off problem by relatively 
simple means. The first uses a ring flame 
s tabilizer mounted inside the burner 
tube . The second uses weak swirl to s ta-

bil ize the fl ame aerodynamically. 
The weak-swirl burner is currently 

being tes ted in our labora tory for use in 
wa ter hea ters. This work is a collabora­
tion between LBNL and Teled yne Laars 
of Moorpark, Cali fornia. The picture 
shows the weak-swirl-burner mounted 
in a Teledyne Laars Telstar Spa Hea ter. 
Thi s labora tory tes t s tation is a working 
wa ter heater system w ith output power 
between 15 to 21 KW. A PC is used to 
monitor the thermal efficiency of the sys­
tem and record the emissions ofNOx and 
CO. The results we ha ve obtained are 
quite gra tifying. As shown in Figure 4, 
we found that the Telstar /weak-swirl-

Figure 4. Laboratory testing station with the Weak-Swirl Burner incorporated into a 
Tels tar spa heat exchanger from Teledyne Laars . 
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burner system meets the proposed "low" 
NOx (50 ppm) and "ultra low" NOx (25 
ppm) limits w ithout sacrificing effi ­
ciency. The test results will be u se to 
guide the design of a prototype for tes t­
ing a t Teledyne Laars. 

Planned activities 

We p lan to d evelop OH PLIF tech­
nique for quantifying the local reaction 
rate in fl ames with intense turbulence. 
The experimental conditions will be ex­
tended to explore if turbulence can cau se 
local flame quenching. 

The investiga tion of the flame/ grav­
ity coupling will focus on the develop­
m ent of quantitative diagnostics suitable 
for use in the microgravity fa cili ties at 
NASA-Lewis, Research Center. 

Work planned for the CRADA wi th 
Teledyne-Laars w ill include the design 
of a different air or mechanical swirler 
appropriate for water hea ters of various 
sizes. Also planned is testing of the 
operation with burners positioned side 
by side to investigate if they interact. 

Combustion Chemistry 

f. Chang and N.J. Brown 

Theoretical modeling of combustion 
involves a multilevel approach that en­
compasses fluid mechanical models of 
flames at the macroscopic level to dynami­
cal models of chemical reactions at the 
microscopic level. Our research effort is 
focused on the fundamental chemistry as­
pect of combustion modeling and, in the 
past year, has proceeded along two fronts. 
The major component of our effort has 
been a continuation of work from previous 
yea rs in attempting to elucidate the subtle 
relationship between inaccuracies in the 
potential energy surface (PES) and its ef­
fects on the molecular dynamics. This 
work is important for developing a reliable 
theoretical model that can explain all the 
experimental observa tions. We conducted 
this investiga tion using the tools of quan­
tum functional sensi tivity analysis (QFSA). 
In a second effort, we continued a collabo­
ration with scientists a t Sandia ational 
Laboratory (Livermore, California) to ca l­
culate reaction rate constants via real time 
Monte Carlo path integrals, in particular 
employing massively parallel computers. 
The details of our progress in these two 
fronts are described below. 

The question of how errors in the PES 
manifest themselves in dynamical observ­
ables has been a long standing research 
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Figure 5. Test results from the WSB-Telstar heater for varying excess air ratios with a 
constant firing rate of 18 kW. Ul tra-low NOJ <25 ppm) attained for excess air greater 
than 10%. 

problem in our group. This past year, we 
applied the technique of QFSA to study 
both the F + H2 --> HF + H and the D + H 2 
--7 HD + H reactions. The F + H2 reaction is 
one of the most extensively studied ele­
mentary chemical reactions in recent lusto­
ry because of its prominent role in devel­
oping theories of chemical reactivity and 
because of the suite of challenges it has 
provided to both theory and experiment. 
The crossed molecular beam experiments 
from the resea rch group of Y.T. Lee yield­
ed vibrationally state-resolved differential 
cross sections and vibrational branc!Ling 
ratios which corrobora ted previous exper­
imental observa tions of the highly invert­
ed HF population. For the energy range of 
their investigation, the most highly popu­
lated state was found to be v' = 2 followed 
by v' = 3 and then v' = 1. On the theoretical 
side, quantum dynamics calculations yield­
ed mostly v ' = 3 followed by v ' = 2 with 
very small v ' = 0 and 1 population. This 
discrepancy with experiment was traced 
back to deficiencies in the PES, and it 
sparked many new PES developments in 
several research groups. 

The current method of PES refinement 
is a complex iterative procedure of fitting a 
global PES, often involving new, high level 
ab initio quantum chemistry calculations, 

followed by accurate quantum dynamics 
calculations and comparisons with exper­
iment. This is a time-consuming and ex­
pensive procedure often requiring many 
years of research. With the addition of 
sensitivity information, as shown in the 
Figure, one can considerably simplify the 
PES refinement effort. The sensitivity con­
tour map shows several regions of the PES 
where one can make modifications to in­
crease population into v' = 2 and decrease 
population into v' = 3. The positive sensi­
tivity contours correspond to regions where 
the observable increases when the poten­
tial is increased and conversely for the 
negative sensitivities. Sensitivity maps also 
provide important information for the glo­
bal PES refitting effort. Regions of largest 
sensitivities point to locations in configu­
ration space where more ab initio points 
should be calculated, and where one should 
place the highest weight in the least-squares 
fit of the global PES. 

For the D + H2 reaction, we ca lculated 
sensitivities of the rate constant to small 
variations in the PES. Very accurate po­
tential surfaces for this reaction already 
exist and one can obtain excellent agree­
ment with experiment for many of the 
calculated observables. At the high tem­
peratures seen in combustion, however, 



Ernest Orlando Lawrence Berkeley National Laboratory I Energy & Environment Division Environmental Research Program 1995 Annual Report 

there is still some disagreement between 
theory and experiment. The calcula ted 
rateconstant at1500Kisabout 30% below 
the experimentally observed rate constant. 
The explanation proposed for this d is­
crepancy (barring experimental error) is 
that some deficiencies remain in the fit to 
the high-energy regions of the PES. The 
sensitivity information we provide should 
be useful in a refit of the PES which elimi­
nates these remaining discrepancies. 

In our Sandia collaboration, we are in­
vestigating the feasibility of using mas­
sively parallel computers to evaluate real 
time Monte Carlo path integrals. In the 
past, attempts at direct evaluation of the 
path integrals arising from the flux-flux 
autocorrelation function formulation of 
reaction rate theory have failed because 
the high! y oscillatory in tegrands precluded 
convergence on conventional super­
computers. We are thus querying whether 
or not a thousandfold increase in comput­
ing power is sufficient to converge the path 
integrals. If this approach succeeds, we 
will have a powerful method for calculat­
ing rate constants that is applicable to a 
wide variety of chemical reactions. We are 
currently testing the methodology for an 
H-atom tunneling through a simple one­
dimensional Eckart barrier. A parallel ver­
sion of the code has been developed which 
shows excellent scalability with the num­
ber of processors. 

For future work, we plan to extend our 
sensitivity analysis work to other chemi­
cal reactions. Both the F + H2 and H + 0 2 
reactions are currently mired in contro­
versy with the blunt of the blame being 
placed on inaccuracies in the PES. We 
believe that QFSA can provide feedback 
information to quantum chemists in their 
PES refinement efforts. For the rate coef­
ficient work, several methods are under 
investigation. The main thrust of these 
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Figure. Sensitivity maps for the zero partial wave F + H2 reaction probability from the 
initial v = 0, j = 0 state to the product vibrational manifolds (a ) vrt = 2 and (b) VI/ = 3 at 
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investigations is to elimina te the need 
for s ta te-to-s ta te reactive scattering 
ca lculations, and thus to considerably 
simplify the ca lcula tions without sacri­
ficing accuracy. As the method of choice 
emerges, concomitant d evelopment in 
sensitivity analysis will be required. 
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Thermal Destruction of Toxic Compounds 

D. Lucas, R.F. Sawyer, C.P. Koshland, S.C. Buckley, B.S. Higgins, A. Wilson, H. Clack, J. DuBois, and L. Sgro 

We continue to study how chemical 
species, especially metals and chlorinated 
hydrocarbons, react when they are heated . 
High temperature reactions are important 
not only for destroying wastes using incin­
eration, but also for chemical synthesis, oil 
and gas processing, and other remediation 
efforts. The goals of our research are to 
gain a fundamental understanding of the 
chemical processes that occur when metals 
and chlorinated hydrocarbons are de­
stroyed thermally, study new ways to en-

hance the destruction of these compounds, 
and to develop new diagnostic methods 
for the measurement of these species and 
their byproducts. 

Detecting metals at high temperatures 

We have used excimer laser fragmenta­
tion fluorescence spectroscopy (ELFFS) to 
study metal species in flames and in the 
post-flame gases. The method uses one or 
two lasers to detect metal atoms or frag­
ments produced when 193 nm light from 

an excimer laser fragments metal com­
pounds. The single laser ELFFS technique 
can measure Ba, Cr, Mn, Ni, Pb, and Tl at 
sub-parts-per-million levels in pos t­
combustion gases simultaneously and 
without background interferences, as 
shown in Figure 1 (next page). The signal is 
linear with concentration of the metal and 
with the incident laser power. Changes in 
the quenching of the excited states are 
insignificant over the range of conditions 
typically found in combustion exhausts. 

9 
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The signal depends on the surface area of 
particles present, which we use to de tect 
the onse t of nucleation in Pb species in the 
600-750 K temperature region. The method 
has also been applied to labora tory flames, 
where we d etect atoms formed at the high 
tempera tures in the flame zone. These mea­
surem ents show that ELFFS can be a valu­
able tool forthestudyofmetalchemistryin 
flames, as well an emissions monitor ca­
pable of meeting the d emands of current 
and pending regulations. 

Flow reactor studies 

We have expanded our chlorinated hy­
droca rbon studies to include methylene 
chloride, chloroform, and chlorobenzene. 
Benzene was also studied as the prototypi­
cal aromatic compound. Results using a 
new, vertical reactor allow us to change 
oxygen content, temperature, and resi­
dence time independently. We have deter­
mined reaction pathways and examined 
how trace levels of toxic byproducts can be 
formed. Detailed chemical kinetic model­
ing is used to identify reactions w hich are 
crucial in these systems, and to suggest 
control strategies which can be tested ex­
perimentally. 

Packed-bed reactors 

Thermatrix, Inc. and LBNL have con­
tinued studying a commercial packed-bed 
reactor used to destroy trace amounts of 
organic species. We are now examining if 
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Figure. Post-flame single-laser ELFFS of mixture of BaC/2, NiCI2, and MnC/2 injected at 
3 ppm each into the standard flat flame. 

and how dioxins and furans are formed in 
environments where no flame is present, 
and exploring methods to reduce the lev­
els produced. We have modified standard 
EPA methods for collecting these species 
to avoid complica tions produced by high 
pH exhausts when large amounts of acid 
gases are formed in the destruction pro­
cess. 
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Atmospheric Processes 

Organic Aerosols in Tropical Tradewinds 

T. Novakov, C. E. Corrigan, 0. Rosario*, and 0. Mayo/ 

We have analyzed sub-0.6-microme­
ter aerosol samples collected at Cape San 
Juan lighthouse (about 50 m from the 
ocean) loca ted on the eas ternmost edge of 
Puerto Rico. Samples w ere collected when 
the wind direction was from the east to 
northeast sector. Under these conditions, 
no obvious nearby upwind an thropogen.ic 
sources should impact the site, virtua lly 
assuring tha t the collected aerosol is rep­
resentative of tropical m arine tradewinds. 

Measu ren1ent results are as follows: (1) 
Sub-0.6-!-lm organic aerosol mass concen­
trations (average about 500-600 ng/m3) 

sign.ifican tly exceed sulfate concentra tions 
(average about 250 ng / m 3). (2) This or-
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ganic aerosol material is water soluble. (3) 
The aerosol samples did not show any 
coloration due to mineral dust or black 
carbon; maximum black ca rbon concen­
trations are abou t 30 ng m 3 (4) Seasalt 
particles are an insignificant source of 
organic aerosols. (5) The thermal vola tility 
of trade w ind organic aerosol material is 
similar to that of ammonium sulfate. 

Because the samples were collected 
under trad ewind cond itions, we postulate 
that either the aerosols are generated in 
upwind, perhaps continental, loca tions and 
carried to the si te by the trade winds, or 
they are produced by gas-to-particle con­
version from precursors originating in oce-

anic air masses. The following reasoning 
appears to favor the second alterna tive: 

• Because black carbon is a tracer for 
combustion, its virtual absence sug­
gests that combustion is not the main 
source of the (sub-0.6 1-lm) aerosol a t 
this site. 

• Thermal evolved gas ana lyses show 
tha t the thermograms of trade wind 
aerosol organics are radically different 
from those observed in continental com­
bustion- influenced regions. 

• Because the organic aerosol material is 
water soluble, it is unlikely tha t such 
water-soluble aerosols w ill reach the 
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sampling site by long-range transport. 

• Sulfa te concentrations are within the 
range of concentrations expected from 
natural marine sources. 
These observa tions do not support the 

view that long-range transport of anthro­
pogenic combustion aerosols is a signifi­
cant contributor to the organic trade wind 
aerosols. The gas-to-particle conversion 
alterna tive seems to be suggested by the 
following: 

• The presence of significant concentra­
tions of semivolatile aerosol organic 
species and the relative volatility of 
filterable particulate organics suggests 
fresh aerosol rather than aged. 

• In contrast to sulfate, organic aerosol 
mass concentrations are higher during 

daytime than at night, possibly indicat­
ing the production of organic aerosols 
by photochemical reactions. (Warm 
temperatures and intense UV radia­
tion are favorable for photochemistry.) 

• Significant concentrations of gaseous 
organics adsorbed on the filter matrix 
suggest the presence of substantial con­
centra tions of total gaseous organic 
compounds; some of these may be pre­
cursors of organic aerosols. 

This evidence, although speculative, 
tends to support the view of in-situ for­
mation of organic aerosols by gas-to-par­
ticle conversion in marine atmospheres. 

The fact that marine organic aerosols 
are water soluble is consistent with our 
earlier findings, which show that organic 

aerosol material is a major contributor to 
both total aerosol (CN) and cloud con­
densation nuclei (CCN) number concen­
trations. These findings, if confirmed by 
more measurements at the present site 
and other oceanic si tes, should have ma­
jor repercussions on indirect climate forc­
ing. Cloud droplet concentrations depend 
(nonlinearly) on concentrations of both 
anthropogenic and natural CCN. If many 
of the marine CCN are organic and natu­
ral, then because of the nonlinearity of 
CCN -droplet relationship, the sensitivity 
of drop concentrations to the addition of 
anthropogenic sulfate aerosols will be 
much lower than expected if organic aero­
sols are neglected. 

Influence of Sample Composition on Aerosol Organic and Black Carbon Determinations 

T. Novakov and C. E. Corrigan 

Determining mass concentrations of 
major chemical species of biomass aero­
sols is a prerequisite for assessing the 
effects of biomass burning on the compo­
sition of the atmosphere and its influence 
on global and regional climate change. 
Accurate methods for chemical analyses 
of inorganic species are extensively used 
in most aerosol characterization studies. 
In contrast, techniques for characterizing 
carbonaceous material are much less ac­
cura te, and the results obtained by these 
methods are in many instances highly 
uncertain. Reasons for this si tuation are 
the chemical and physical complexity of 
carbonaceous (and other) aerosol ma te­
rial, sampling artifacts, and lack of appro­
priate standard materials. 

We present results on characterization 
of filt er-collected redwood (Sequoia 

sempevirens) -needle and eucalyptus 
smoke particles by thermal, optical, and 
solvent extraction methods. Our results 
demonstrate that organic and black car­
bon concen trations determined by ther­
mal and optical methods are not only 
method dependent but also are critically 
influenced by the overall chemical com­
position of the samples. These conclu­
sions are supported by the following: (1) 
The organic fraction of biomass smoke 
particles analyzed includes a component 
(ranging in concentration from about 6-
20% of total carbon or from 16-30% of 
organic carbon) that is relatively non­
volatile and has a combustion tempera­
ture close to that of black carbon. (2) The 
presence of K or Na in biomass smoke 
samples lowers the combustion tempera­
tures of this organic component and of 

black carbon, making their combustion 
properties indistinguishable. (3) About 
20% of total organic material is nonvola­
tile when heated to SSO'C in an inert 
atmosphere. Consequ ently, thermal 
methods that rely on a specific tempera­
ture to separate organic from black car­
bon may either underestimate or overes­
timate the black and organic carbon con­
centrations, depending on the amounts 
of Na and K and on the composition and 
concentration of organic material present 
in a sample. These analytical uncertain­
ties and, under some conditions, absorp­
tion by organic material may contribute 
to the variability of empirically derived 
proportionality between light transmis­
sion through filter deposits and black 
carbon concentrations. 

Organic Aerosols as Cloud Condensation Nuclei: A Laboratory Study 
of Cellulose Smoke Particles 

T. Novakov, C. E. Corrigan, and C.A. Rivera-Carpio 

Natura l and anthropogenic water­
soluble inorganic aerosol species (such as 
sulfate salts, sulfuric acid, and seasalt) are 
efficient cloud condensa tion nuclei (CCN), 
on which cloud droplets form by conden­
sation of water vapor. Several studies have 
shown that biomass smoke particles, al­
though composed mostly of organic mate­
rial, are efficien t CCN. However, because 
smoke particles (and atmospheric aerosol 

particles in general) consist of mixtures of 
organic and inorganic species, it has not 
been established whether the organic com­
ponent is intrinsically CCN active, or 
whether the organic particles are intrinsi­
cally inactive and rendered CCN active 
only through association with water­
soluble inorganic species. Results of our 
laboratory experiments demonstrate that 
biomass smoke particles, even when virtu-

ally free of inorganic water-soluble impu­
rities, are intrinsically CCN active. 

Our experiments were designed to 
establish whether the organic component 
itself can account for the CCN activity of 
biomass smoke particles. Answering this 
question is complicated by the fact that 
combustion of natura l biomass inevita­
bly results in particles that contain both 
the organic rna terial and inorganic water-

11 
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soluble species derived directly from the 
fuels . Our approach was to perform ex­
periments w ith smoke particles practi­
cally free of inorganic impurities gener­
ated by combustion of pure cellulose, a 
surrogate biomass fuel. 

Our exp eriments consisted of deter­
mining CCN number concentrations at 
0.5% and 0.3% supersa turation, total par­
ticle number concentrations (or conden­
sation nuclei, CN), and particle number 
size dis tributions of smoke particles pro­
duced by the smoldering combustion of 
purified cellulose (ash content "" 0.008%). 
We chose smoldering burning because it 
produces much higher yields of orga nic 
particulate matter than does flaming com-

Aquatic Toxicology 

5. Anderson and J. Jel inski 

The broad goal of our research is to 
elucidate chronic and sublethal effects of 
exposure to toxic substances on aquatic 
ecosystems. Our studies cover a diverse 
range of interests from problem-focused 
studies on San Francisco Bay to more 
basic efforts to evalua te the effects of 
genotoxic substances on fish and inverte­
brates. Selected aspects of our work on 
the Bay have been completed this year. 
These projects, which have been con­
ducted in collaboration w ith Dr. John 
.Knezovich of Lawrence Livermore Na­
tional Laboratory, are described below. 

Determinants of sediment toxicity in 
San Francisco Bay 

We recently completed a review of 
factors contributing to sediment toxicity 
in San Francisco Bay . We assembled a 
large da tabase of sediment toxicity and 
chemistry data and evalua ted several topi­
cal questions. These includ ed: (1) the p o­
ten tial effects of sed iment gra in s ize in 
contributing to artefactual responses in 
toxicity tests; (2) toxicity observed at ref­
erence s tations in the Bay; (3) rela tion­
ships between sediment chemistry and 
toxicity; and (4) new approaches to evalu­
ating bioaccumula tion. Wefurtherevalu­
a ted the utility of na tional sediment qual­
ity guidelines for application in San Fran­
cisco Bay. Among our key conclusions 
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bustion, and it makes maintaining a rea­
sonably s tead y smoke output easier. 
Smoke particles were analyzed for major 
water-soluble inorganic ions by ion cluo­
matography and for carbonaceous mate­
rial by Evolved Gas Analysis (EGA). 
Smoke samples were analyzed by EGA 
before and after water extraction. The 
results of chemical analyses show that the 
cellulose smoke is virtually free of inor­
ga nic water-soluble species and com­
posed of completely water-soluble or­
ganic material. 

The fra ction of cellulose smoke par­
ticles acting as CCN at 0.5% and 0.3% 
supersa turation (i.e. the CCN /CN ratio) 
was determined by simultaneously mea-

Ecological Systems 

was a recommendation that region-spe­
cific sediment quality guidelines be de­
veloped, because use of national guide­
lines will not result in meaningful im­
provements in sediment quality. Our 
research is being used by regulatory agen­
cies to develop new approaches to sedi­
ment quality management. 

Evaluation of sulfide tolerances of 
four marine toxicity test species 

Toxicity tests using selected model 
animals are used to assess the effects of 
contaminants on sediment-dwelling or­
ga nisms. Frequently, results of these tests 
are used to determine suitable disposal 
options for dredged sediments that may 
be contaminated w ith toxic substances. 
Recently, there has been widespread con­
cern tha t sulfides, naturally-occurring in 
sediments, may result in artefactual tox­
icity in sediment toxicity tests. Despite 
widespread national concern, tolerances 
of the principle toxicity test species had 
never before been evaluated. We investi­
ga ted the sulfide tolerances of four ma­
rine species that are commonly used to 
eva luate am phi pod surviva l in bulk sedi­
ment (Rh epoxynius abronius and 
Eohaustorius estuarius) and embryo devel­
opment in pore water (Mytilus edulis and 
Strongylocentrotus purpuratus). Because 
sulfide is volatile and subject to oxidation 

suring the CN and CCN number concen­
trations in a dilution chamber. These 
measurements resulted in an average 
CCN/CN ratioof0.97 ± 0.15. The fact that 
the CCN /CN ratios are close to unity 
clearly demonstrates that these smoke 
particles are efficient CCN at the two 
supersa turations measured . 

Our results demonstrate that organic 
particles essentially free of inorganic 
constituents, generated by smoldering 
combustion of cellulose, are completely 
wa ter soluble and CCN active. These 
results provide evidence that some classes 
of aerosol organic material may act as 
CCN independently of the water-soluble 
inorganic species. 

under static exposure conditions, we used 
sealed s ta tic and fl ow-through exposure 
systems to control the concentrations of 
sulfide to which organisms were exposed. 
Because the sensitivities of these organ­
isms to sulfide have not been reported 
previou sly, this study provides bench­
mark data for evaluating the potential 
contribution of sulfides as a confounding 
factor in sediment and pore-water toxic­
ity tests. These data have recently been 
used by the United States Environmental 
Protection Agency regional office in San 
Francisco to provide new guidance on 
sulfide toxicity to applicants for dredged 
materials disposa l permits. 

Developing regional sediment 
quality guidelines for metals in 
San Francisco Bay 

Development of site-specific sediment 
qua lity guidelines is an important con­
sidera tion for San Francisco Bay. These 
would be used to es tablish accurate 
cleanup targets at hazardous waste sites 
and would also be used to guide appro­
priate disposa l options for dredged sedi­
ments. For metals, the development of 
such guidelines must include both chemi­
ca l analyses that consider the partition­
ing of metals as well as toxicity tests that 
eva luate the effect-thresholds for metals. 
The study below describes techniques for 
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evaluating metals partitioning as well as 
for testing toxici ty using pore-wa ter ex­
posures. 

Application of pore-water toxicity test­
ing to development of site-specific sedi­
ment quality objectives for metals was 
explored in our study. We used metal­
spiked pore-water bioassays to investi­
gate the general utility of pore-water test 
techniques, and we evaluated variability 
in pore-water toxicity at a reference site in 
San Francisco Bay. Additionally, we de­
veloped a baseline of acid volatile sulfide 
(A VS) and sequentially extracted metals 
(SEM) data for San Francisco Bay that are 
useful in formulating a tiered approach to 
site-specific objective development. Met­
als concentrations eliciting toxic responses 
in pore wa ter versus seawater varied less 
than a factor of 2.5 for a range of species 
and metals, with the exception of cad­
mium-exposed amphipods for which ef­
fect-levels in pore water were 5.14 to 4.63 
times higher than those observed for sea-

wa ter. Spiked pore-water bioassays were 
generally feasible, including an amphi­
pod test conducted in 50 ml of pore water 
rather than in solid phase sed iments. 
Nevertheless, operational parameters for 
conducting the tests must be carefully 
defined. In the reference site survey, 
pore-water toxicity varied little within a 
defined geographic region. Varia tion in 
SEMI A VS was moderate throughout the 
Bay. SEM values varied by less than a 
factor of 3. The lowest measured mean 
AVS value was 0.73 and the highest was 
39.6. SEMI AVS ratios indicated that 
metals were not contributing to toxicity at 
any of the sites we studied in the Bay. In 
contrast, toxicity possibly attributable to 
ammonia and sulfides was observable at 
disparate sites. We concluded that site­
specific objectives for metals should be 
developed using a tiered approach that 
includes both toxici ty assessment and 
determination of SEMI AVS. Many as­
pects of actual implementation of such an 

Human Health Risk Assessment Of Environmental Pollutants 

R. Goth-Goldstein 

The goal of this research is to develop 
relevant cell systems that can help evaluate 
the health risk of environmental pollut­
ants to humans. Presently, human health 
risk assessment is primarily based on data 
obtained from animal experiments. How­
ever, a number of w1eertainties are inher­
ent to animal experiments. First, the ex­
trapolation from the very high doses typi­
callyused in animal experiments to the low 
doses to which humans are usually ex­
posed is problematic. Secondly, there are 
marked species differences in the meta­
bolic activa tion of toxins, leading to a dif­
ferent spectrum of DNA adducts. Finally, 
humans and rodents (the animals most 
commonly used for risk assessment stud­
ies) show major differences in the repair of 
these DNA adducts. Studies using human 
cell systems should be used to comple­
ment animal experiments, since results 
obtained from human cells can be consid­
ered relevant to humans. In the future, 
human cell systems might even substitute 
the expensive and unpopular use of ani­
mals as a screening tool for risk assess­
ment. 

Many chemicals are not harmful to 
health unless they are metabolized to an 
active form. Activation actually repre­
sents the first step of detoxification and 
elimination of a xenobiotic. In the body, 

metabolic activation occurs in certain tis­
sues, the major site of metabolism being 
the liver, but other tissues also can activate 
foreign chemicals to a lesser extent. Cells 
most efficient in metabolic activation are of 
the epithelial type. Epithelial cells are de­
fined by their origin during embryonic 
development. Fibroblasts represent an­
other cell type. Even though fibroblasts are 
generally easier to grow in cell culture, 
they have a very low capacity to metabo­
lize environmental pollutants. Therefore, 
epithelial cells competent in metabolic ac­
tivation of environmental toxins are more 
useful for evalua ting the toxici ty of 
xenobiotics. In addition, since more than 
80% of all human tumors arise in tissues of 
epithelial origin, assays using this type of 
cells would be most relevant for assessing 
the carcinogenic potency of chemicals. 

Polycyclic aroma tic hydrocarbons 
(P AHs) like benzo(a)pyrene are found in 
substantial amounts in the environment, 
and it is widely recognized that many of 
them have toxic, genotoxic, or carcino­
genic effects. My labora tory has devel­
oped a bioassay using human epithelial 
cells to evaluate the presence of P AHs in 
complex mixtures. We grow normal hu­
man mammary epithelial cells obtained 
from reduction mammoplasties. These 
cells are capable of metabolically activat-

approach, including field replicate varia­
tion, require further research. 
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ing P AHs; we can show that they express 
CYP1 A1, the gene coding for cytochrome 
P4501A1, the major enzyme involved in 
PAH activation. CYP1A1 expression 
can be increased by the presence of P AHs 
resulting in their faster metabolic activa­
tion. Our assay measures, under stan­
d ardized conditions, the metabolism of 
3H-benzo(a) pyrene (BaP) by mammary 
cells after preincubation with an ex tract 
of the test sample. The presence of P AHs 
in the sample is indicated if cells, after 
being incubated w ith the sample, show 
increased metabolism of BaP compared 
to control cells. We developed this assay 
as par t of an EPRI-initiated study to 
evaluate the health hazard of manufac­
tured gas plant residues. These residues 
are coal tars, which consist of complex 
mixtures of compounds, especially aro­
matic hydrocarbons. Individual coal tars 
vary in their exact composition d epend­
ing on the origin of the coal, the manu­
facturing process, and the method of dis­
posal. But in all coal tars examined with 
our assay, two- and three-ring com­
pounds are the major aromatic hydro­
carbon components of the mixture, 
whereas four- and five-ring compounds 
account only for a few percent of the coal 
tar. The potency of coal tars from various 
sites was compared by measuring the 
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induction of BaP metabolism after ex­
posing cells to organic ex tracts of coal tar 
samples prepared by Soxhlet extraction . 
The potency of individual coa l tar ex­
tracts varied no t more than three-fold. 
We also compared coal tars and pure 
BaP in respect to their efficiency in in­
ducing BaP ITtetabolism; we found thElt 
coal tars were almost as potent as BaP 
itself, even thou gh BaP represents less 
than 1 o/o of the coal tar. This suggests that: 
(a) the main constituents of the coa l tar, 
two- and three-ring compounds, also in­
duce SaP-metabolism; (b) the interaction 

between individual P AHs potentiates their 
inducing effect; and (c) P AHs other than 
BaP are much stronger inducers ofCYP1A1 . 
We recently studied hypothesis (a) by 
examining a number of low-molecular­
weight aroma tic hydrocarbons in our as­
say. We found that one- to three-ring 
aromatic hydrocarbons do not induce BaP 
metabolism. Therefore, the strong induc­
ing effect observed with coal tar extracts is 
either due to potentiating effects of con­
stituents of the complex mi xture or to other 
not yet identified P AHs. 

Even though our assay represents only 

Predicting Optical Properties of Marine Aerosols 

M.S. Quinby-Hunt, L.L. Erskine, and A.f. Hunt 

This project studies the sca ttering prop­
erties of aerosols in the marine boundary 
layer (MBL; approximately 500 m above 
the sea surface) and their effect on visibil­
ity, light propagation, radiant transfer, and 
global albedo. Polarized light sca ttering 
due to the various components of aerosols 
is modeled to establish the merits of using 
polarized light scattering strategies to en­
hance visibility and image discrimination 
in the MBL. This project investigates which 
polariza tion parameters are the most use­
ful to characterize the dominant compo­
nents of MBL aerosols. 

Polarization of light plays an important 
role in visibility and image discrimination 
in the MBL. Particles in the MBL affect 
visibili ty, cloud formation, radiative trans­
fer, and the hea ting and cooling of the 
earth. Dense MBL hazes modify propaga­
tion of sunlight affecting both the intensity 
and polariza tion of ligh t reaching the sea 
surface. Polarization information must be 
included for accurate radiant transfer cal­
culations at the surface of and within the 
ocean. Sources ofimage degradation in the 
MBL include ambient light scattered by 
aerosols or reflected from the sea surface 
into the object-receiver path; near-forward 
scattering from the object into the detector, 
altering the point-spread function; and ther­
mally-induced changes in the refractive 
index of air (effects of convection). Aero­
sols in the MBL affect visibility because 
they sca tter or blur light from the object 
and/ or they scatter ambient light into the 
object/ detector path to reduce the con trast 
between the viewed scene and the back­
ground. Angle-dependent polariza tion of 
sca ttered light varies significantly with the 
size, shape, and real and imaginary com­
ponents of the refractive indices of the 
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particles. If the sun or other source oflight 
is behind the object, near-forward scat­
teredsource light, dominated by large aero­
sol particles, significantly reduces contrast 
of nahually-lit scenes. If the source of 
illumination (e.g., the sun) is near or be­
hind the detector, ligh t backsca ttered by 
small particles into the detector is impor­
tantinreducingcontrast. Thus, depending 
on the circumstances, light scattering from 
any angle can interfere with visibility by 
introducing sca ttered light into the source 
detector path. Polariza tion may also affect 
observations made against an ocean back­
drop as the state of polarization of light 
reflected and sca ttered by the sea varies. 
Glare may be highly polarized with the 
polarization varying considerably with sun 
position and sky conditions. Therefore, 
aerosols and sea conditions can dramati­
cally influence visibility or image quality. 

The angular dependence of the linear 
and circular polariza tion of light scattered 
in the MBL provides the most complete 
information regarding the aerosol charac­
teristics obtainable by remote sensing. 
Measurements of the polariza tion proper­
ties of aerosols can be used to infer effective 
size distributions and refractive indices of 
aerosols without the problems of collec­
tion devices. The limited research on the 
scattering properties of atmospheric aero­
sols has been primarily with terrestrial 
aerosols. Few shtdies have investigated 
the polariza tion propertiesofsca tteredlight 
in marine aerosols and even fewer using 
the fullest description of the polarization 
as embodied by the Mueller sca ttering ma­
trix formalism. 

Polarized sca ttering measurements 
have been made of water and sea water 
aerosols and aerosols of aqueous NaCl 

an indirect measure of genotoxicity, it 
was in overall agreement w ith other 
short-term assays (e .g., DNA adducts, 
CYP1A1 induction in mouse liver) and 
correla ted with the outcome, ca ncer in 
the juvenile mouse. 
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and (NH4)2S04 to simulate the sea-salt­
conta ining (SSC) component of MB L aero­
sols under a variety of conditions. This 
component is important to visibility con­
siderations as it the major contributor to 
the coarse fraction of the MBL aerosol and 
thus can result in significant forward scat­
tering (i.e. scattering angles< 60 .). Coarse 
fraction MBL aerosols also can alter visibil­
ity in the backscatter region (> 90 .). The 
effect of varying humidity on the aerosols 
was examined. From the Mueller matrices 
of each aerosol, size distributions and rela­
tive complex refractive indices of the aero­
sol particles were determined . Mie scatter­
ing models were used to calculate the 
Mueller matrices for light scattered from 
combinations of Junge, Gaussian, and 
skewed distributions of spheres and coated 
spheres, of varying composition and re­
fractive index. 

Results 

As predicted by our previous work 
(Quinby-Hunt MS, Hull PG, and Hunt 
AJ, "Predicting Polarization Properties of 
Marine Aerosols," presentation given at 
Ocean Optics XII, June 13-15, 1994, Bergen, 
Norway; published in Proceedings of the 
SPIE , Ocean Optics XII, 2258, 735-746), the 
polariza tion properties of light scattered 
by the sse component of aerosols in the 
MBL were varied with size, refractive 
index, and size distribution of particles. 
These differences are instrumentally de­
tectable. As the temperature in the desic­
ca tion system was increased, water was 
removed from the aerosol droplets, simu­
lating a decrease in humidity. For all three 
so luti ons-seawa ter, NaC l, and 
(NH4) 2S04-the aerosols deviate from 
sphericity at higher temperatures. NaCI 
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shows the most pronounced deviation; 
(NH4) 2S0 4 shows somewhat less. Seawa­
ter aerosols remain nearly spherical to 
higher tempera tures. 

Experimen ts and ca lcula tions con­
firmed that the use of polariza tion sensing 
techniques can reduce scattered light com­
ponents and therefore improve visibility 
in the MBL. The optimum orientation of 
the polarizer and its efficacy in improving 
image contrast depend on both atmo­
spheric conditions and the solar (illumina­
tion source)-viewer-target angle. Under 
conditions of high relative humidity, the 
polarized scattering from the sse compo­
nent of the MBL is well-described by rigor-

ous calculations. As the hwnidity decreases 
the polarization signature from this com­
ponent becomes more complex and is not 
readily described using Mie calculations. 
As MBL aerosols are highly complex and 
variable, and have profound effects on 
visibility, it would be prudent to design an 
agile polariza tion-sensing device to opti­
mize strategies for improving visibility and 
image discrimination under a variety of 
conditions. The calculations and experi­
mental work indicate that Mie calculations 
can produce reliable inputs for calculating 
radiant transfer under most a tmospheric 
conditions; only very dry air masses need 
be excepted . 

The Oxidant and Antioxidant Balance in Wounds 

J.J. Maguire, L. Packer, H. Kobuchi, T. Ogino, C. Wicke, and L. Marcocci 

Immunity to infection is a complex 
cellular response that aids in maintaining 
protection from invading microorgan­
isms. Our research focuses on the role of 
oxidants and antioxidants in the immune 
defense systems of white blood cells (leu­
kocytes). The leukocyte's response to 
bacterial assault involves production of 
copious quantities of reactive oxidants 
and free rad icals. This includes superox­
ide (0 2-), hydrogen peroxide, sodium 
hypochlorite, hydroxyl radical (OHO) and 
nitric oxide (NO). While these compounds 
can aid in the killing of invading bacteria, 
they can also damage the host. A balance 
exists between production and contain­
ment of these reactive compounds. The 
goal of this research is to w1derstand this 
dynamic process. 

Two types of leukocytes are used for 
these studies: neutrophils, which are the 
primary "front-line" leukocytes, and 
macrophages, which are more involved 
in chronic infections. Environmental pol­
lutants, especially com pounds that result 
in the biological formation of free radi­
cals, can suppress the immune response 
and alter inun unity adversely. These ba­
sic research projects are designed to bet­
ter understand the functioning of leuko­
cytes in order to devise ways to enhance 
immunity and decrease infec tious dis­
eases, especially in wounds. 

Artificial Enhancement of the 
Respiratory Burst Activity In Vitro 

Dehydroascorba te can enhance the 
ra te of the respiratory burst at relatively 
low (10-50 f.i.M) concentrations. A com­
prehensive study was undertaken of both 

the ra t and human neutrophil respira­
tory burst activity in the presence of 
dehydroascorba te, measuring bo th the 
rate and the extent of the respiratory 
burst. Additions of dehydroascorbate 
can increase the respiratory burst rate 
and extent up to 25%. 

In conditions where the respira tory 
burst activity is compromised (e .g., in con­
ditions of low oxygen tension or in sup­
pressed tempera ture), an enhanced res­
piratory burst (both longer duration and 
ra te) can enhance bactericidal ac tivity. 
Preliminary studies have measured the 
respiratory burst of low pH and low oxy­
gen tension. The respiratory burst is quite 
stable at pHs between 6.8-7.5, and the 
respiratory burs t exhibits a high Km for 
oxygen. Subsequent measurements of the 
temperature dependence of the N ADPH­
oxygenase demonstra te very little sensi­
tivity to tempera ture of the respiratory 
burst from 37 to 30 'C. This indica tes that 
theN ADPH -oxygenase can function well 
in peripheral tissues where the tempera­
ture is frequently below core body tem­
perature. 

A surprising result was obtained upon 
hea ting isolated neutrophils. Tempera­
tures of 40'C for 15 minutes (in vitro) can 
substantially impair the respiratory burst 
rate and extent. A hea t shock of 42"C for 
just a few minutes will essentia lly destroy 
the NADPH-oxygenase. Human core tem­
pera tures are often at 40 'C for long peri­
ods, so we are interested to determine if 
neutrophil NADPH-oxygenase is im­
paired in whole blood . Human whole 
blood (freshly d rawn) was hea ted for 20 
minutes and a control sample was heated 
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for the same timea t37'C. Significant (20%) 
decreases in theN ADPH -oxygenase were 
noted in the samples that were heated to 
40 'C. These results pose two questions: 
does fever in humans cause a suppres­
sion of the NADPH-oxygenase, and d oes 
this alter immunity? Enhancement of the 
neutrophil NADPH-oxygenase activity 
in vitro may have important clinica l sig­
nificance if NADPH -oxygenase enhance­
ment can be shown to increase immunity. 

Assessment of the Oxidant Capacity 
of Neutrophils 

Studies in progress have shown that 
we can readily measu re the ascorbate 
and vitamin E in isola ted neutrophils. 
We have measured a significant decrease 
in the vitamin E content during incuba­
tion in vitro but there does not appear to 
be a decrease in the ascorba te content 
following NADPH-oxygenase activation. 
Future plans as outlined below include 
measurement of neutrophil glu tathione, 
superoxide dismutase and ca talase. As 
neutrophil bactericidal activity substan­
tially involves the production of reactive 
radica ls, the protective mechanisms of 
the neutrophil are very important for the 
protection of neutrophils from their own 
rad ical production. 

Assessment of Oxidative Damage to 
Neutrophils 

New studies have been undertaken to 
measure neutrophil nitro-tyrosine pro­
duction. Nitric oxide production in rat 
neutrophils has been previously mea­
sured and reaction of NO with superox­
ide from the respira tory burst results in 
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formation of peroxynitrite. N itration of 
tyrosine residues of neutrophils provide 
an assessment of protein oxidative dam­
age. The exact role of protein nitration is 
not clear as it may be involved in cell 
signaling, and certainly can alter the anti­
genicity of the cell surface. Preliminary 
measurements have shown that there is a 
time dependent formation ofnitro-tyrosine, 
that it is increased by superoxidedismutase, 
and that the mechanism of its production 
is not known at this time. It is possible that 
nitration of tyrosines may prove useful in 
assessing actual cellular damage from 
chronic inflammation. The antioxidant ca­
pacity of neutrophils from both rats and 
humans in both the resting state as well as 
the activated state. Vi tamin E, ascorbate, 
glutathione (reduced and oxidized), and 
the enzymes catalase and superoxide 
d ismutase have been measured, and they 
certainly have a role in protecting the neu­
trophil from its own oxidants. 

In vitro enhancem ent of the respira­
tory burst activity by an tioxidant will 
continue to be measured . A water soluble 
derivative of vi tamin E lacking the hy­
drophobic "tail," 2,2,5,7,8-penta-methyl-
6-hydroxychromane (PMC), has been 
show n to readily exchange across cell 
membranes when added as an external 
antioxidant. This, in combination w ith 
the water soluble dehydroascorbate 
supplem entation, may provide useful 
informa tion on possible animal and hu­
m a n supplem ents to enha n ce th e 
NADPH-oxygenase activity to improve 
immunity from infection. 

Gingko Biloba extract (EGb 761) 
Suppresses Nitric oxide Production 
in Macrophages 

Reactive oxygen species (ROS) gener­
ated by a partial reduction of 0 2, pose a 
seriou s threa t to tissu e and vi tal organs 
and cells. It is thought tha t ROS have 
been implicated in the pa thogenesis of 
inflammation, cancer and a therosclero­
sis . Therefore, antioxid ants, including 
natural compounds tha t can scavenge 
ROS or prevent their formation, could be 
therapeutic va lue. From th is perspective, 
we have s tudied the antioxidant ability 
of Gingko biloba ex tract (EGb 761), w hich 
is a natural antioxidant. 

EGb 761 is a defined ex tract prepared 
from the leaves of Ginkgo biloba tha t has 
been effective in the trea tment of disor­
d ers rela ted to oxidative s tress. A large 
amount of NO produced by macroph­
ages is implica ted in several p athophysi­
ologica l processes including immune-
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Figure 1. Effect of EGb 761 on NO production by macrophages. RAW 264.7 
macrophages (5 x10 6 cells/mlfwell) were stimulated with LPS plus IFN-g in the 
presence of various doses of EGb 761. After incubation for 20 h, nitrite in the 
conditioned medium was measured. 

mediated cytotoxicity and cell killing . 
The presen t s tudy was designed to gain 
insight of EGb 761 on NO production in 
murine macrophage cell line RAW 264.7. 

Induction of nitric oxide synthase 
(iNOS) is known to be inhibited by vari­
ous reagents, such as cytokines and ste­
roid hormones, which can affect tran­
scriptional or post-transcriptional regu­
la tion. EGb 761 has been found to be a 

new inhibitor of NO production. EGb 
761 inhibited NO production from mouse 
macrophages activa ted with lipopolysac­
charides (LPS) and gamma interferon 
(IFN-g) in a dose dependent manner 
(Fig.1) . The inhibitionofNOproduction 
by EGb 761 at the highest dose was not 
d ue to cell d ea th. 

EGb 761 also inhibited the expression 
of iNOS mRNA in macrophages acti-

..,.._ Free probe 
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+ + + + IFN"Y/LPS 

Figure 2. Effect of EGb 761 on the expression of iNOS mRNA in macrophages. 
Macrophages were treated with various doses of EGb 761 and treatment time as 
indicated, and stimulated with LPS plus IFN-g. After incubation for 7 h, cells were 
harvested, and total RNA was applied to RT-PCR 
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vated with LPS and IFN -g (Fig. 2). This 
result suggested that inhibitory effects 
on NO production in macrophages oc­
curs by interference with expression of 
iN OS of EGb 761. However, the amount 
of suppression was relatively small as 
compared with the amount of inhibition 
of NO production . Consequently, the 
scavenging effect of EGb 761 against NO 
itself, which we have previously demon­
strated, might in part also be responsible 
for its inhibitory effect. 

iN OS 

G3PDH 

N F-kB (a " trigger" p ro tein that is 
especially sensitive to cellular oxidant 
stress) ac tiva tion is an essential fac tor 
in iNOS expression. To assess the ef­
fec t of EGb 761 on early s tages of iN OS 
gene expression, activation of the N F­
kB in macrophages was exam ined us­
ing electrophoretic mobility shift as­
say. EGb 761 trea tment along with LPS 
and IFN -g did not affect the activation 
of NF-kB, even at the highes t d ose (200 
)..lg / ml) which had been shown to mark­
edly inhibit the expression of iN OS 
mRNA (Fig. 3, nex t page) . These re­
sults indica te tha t EGb 761 m ay also be 
ac ting a t another site, including post­
transcriptional modula tion (e.g. , s tabi­
lizing of mRNA) or di rec t inhibition of 
iNOS enzym e activity . 

1 6 
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Figure 4. Effect of EGb 761 or flavonoids against activity of rat brain protein 
kinase C. PKC inhibitory effect of EGb 761 or flavonoids was assessed by 
measuring the incorporation oj32P from [g-32P] ATP into PKC substrate. 

Protein kinase C (PKC) plays an im­
portant role in a signal transduction in 
va rious cells. Moreover, it is thought 
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tha t PKC may be involved in the induc­
tion of NOS. To ob tain further insight 
into the mechanisms of EGb 761, we 
examined the effect of EGb 761 using 
PKC partially p urified from ra t brain. 
EGb 761 inhibited activity of ra t brain 
PKC in a d ose d ependent m ann er (Fig. 
4) . Moreover, quercetin, a p ro minent 
ingred ient of EGb 761, also inhibited 

Quercetin 
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Figure 3. Effect of EGb 761 on the DNA binding activity of NF-kB in activated 
macrophages . Macrophages were treated with the indicated dose of EGb 761 and 
stimulated with LPS plus IFN-g . After 1 h incubation, nuclear extracts were 
isolated and EMSAs were performed. 

the activity of PKC. H ow ever, w hile 
rutin (ano ther antioxidant ingredient) 
inhibited the ac tivity of PKC. the in­
hibitory action was weak. These re­
sults suggested tha t N O inhibitory ac­
tion of EGb 761 in macrophages was 
implica ted in the inhibition of PKC ac­
tivity. 

The present study dem ons tra ted that 
the inhibitory m echanism of EGb 761 
on N O production in macro phages may 
be d ue to inhibition of iN OS mRNA 
expression . Querce tin, one of the fl a­
vonoid components of EGb 761, m ay 
be involved in this inhibition . More­
over, it was consid ered tha t a plausible 
mechanism for suppression of NO pro­
duction by EGb 761 could be because of 
the inhibition of pro tein kinase C in 
m acrophages by these flavonoid com­
pounds. 
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Environmental Contaminants: Toxicology and Bioremediation 

R.J. Mehlhorn , S. Chen, G. Jshkhanova, 5. jovanovich, and K. Moore 

Environmental contaminants com­
prise a diversity of chemicals ranging 
from highly toxic gases that occasionally 
escape from industrial processes to nui­
sance pollutants posing relatively few 
health or ecosystem threats but deemed 
to be aesthetically offensive, e.g ., certain 
colorants in waste water. Airborne toxins 
and carcinogens, such as those in tobacco 
smoke, are particularly hazardous to hu­
mans because they can reach body tissues 
without passing through the liver, which 
detoxifies most contaminants in food and 
water. Research on the adverse health 
effects of tobacco smoke has sought to 
understand toxicity m echanisms and to 
quantify risk associated with both main­
stream and second-hand tobacco smoke. 
While considerable progress has been 
made on acute molecular damage mecha­
nisms of tobacco smoke toxins like nico­
tine, cyanide and carbon monoxide, and 
on some chronic damage mechanisms, 
e.g., reactions of tobacco-specific carcino­
gens with DNA, many aspects of tobacco 
toxicity remain to be elucidated. One im­
portant unresolved question concerns the 
possible activation of molecules in to­
bacco smoke to more toxic products after 
they have dissolved in body fluids. Our 
project is investigating one facet of this 
question by studying chemical and bio­
ch emical transformations of toba cco 
smoke in human blood . 

Our other major project is concerned 
with water pollutants produced in tex tile 
d yeing. Current industrial practice leads 
to the discharge of considerable volumes 
of dye-colored water and auxiliary chemi­
cals into waste-streams, posing environ­
mental concerns and economic loss. Our 
project seeks to recover the dyes, thus 
improving dye utiliza tion and prevent­
ing water contamination. Dye recovery is 
achieved with biologica l agen ts, includ­
ing microbial biomass and chemically 
modified biopolymers. We have demon­
strated the feasibility of selectively re­
moving and recovering colorants from 
dye bath wa ters, producing waters con­
taining a variety of chemical additives 
that can be fed back in to the process stream 
for new dyeing applications. 

We seek an improved understanding 
of tobacco-smoke toxicity mechanisms 
and the development of new technology, 
utilizing biomass-derived sorbents, for 
removing and recovering tex tile dyes and 
other valuable chemicals from water . 
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Our principal experimental approach 
is electron spin resonance (ESR), a highly 
specific method that detects the mag­
netic moments of reactive free radicals, 
transition metal ions and "spin-labeled" 
organic molecules. This method has been 
used to analyze biological structures w ith 
the goal of optimizing the utili zation of 
biomass for resource recovery . ESR has 
also been used to develop novel markers 
of tobacco smoke damage, which are be­
ing applied to the analysis of tobacco­
smoke toxicity mechanisms. 

Research Highlights 

Cigarette smoke-induced damage in hu­
man blood As reported previously, we 
have demonstrated that glutathione is 
depleted when human blood is exposed 
to gas-phase cigarette smoke. Our subse­
quent efforts have focused on developing 
tools for understanding not only the 
mechanisms of such low molecular weight 
antioxidant depletion but also for eluci­
datingreaction pathways thatinhibitpro­
tective enzymes. A major thesis of this 
work is that cyanide, known to be present 
in tobacco smoke at relatively high con­
centrations, blocks vital enzymatic pro­
tective systems, leading to uncontrolled 
free radical reactions whose consequences 
include the formation of new carcino­
genic agents . Our initial observation of an 
inactivation of ascorbic acid oxidase in 
cigarette smoke-trea ted blood demon­
strated a potent inhibitory effect of smoke­
borne cyanide on the activity of a copper 
enzyme. More recently, we found evi­
dence of free radical form a tion in cya­
nide-treated blood with spin-trapping 
studies utilizing Na13CN. Treatment of 
human blood with 20 mM cyanide in the 
presence of the spin trap DMPO (5,5-
dimethyl-1-pyroline N-oxide) elicited an 
ESR signal of the cyanidyl radical, dem­
onstrating that otherwise unstressed in­
tact red blood cells generate free radicals 
in the presence of cyanide. We had long 
been aware that cyanid e inhibition of su­
peroxide dismutase and catalase would 
compromise overall antioxidant protec­
tion in the erythrocyte, but lea rned only 
recently of the potential inhibition of the 
selena-enzyme glutathione peroxidase 
under the conditions of our experiments. 
Thus it appears that all of the major per­
oxide-scavenging systems may be com­
promised by cyanide, leaving the cell un­
protected from the destructive effects of 

highly reactive peroxide-derived oxy­
radicals. Currently, we are analyzing the 
extent and duration of the tobacco smoke­
induced inhibition of glutathione peroxi­
dase and other antioxidant enzymes. 

To investigate the possible formation 
of new carcinogens when tobacco smoke 
reacts with blood, we have synthesized 
new ESR probes to detect nitrosation of 
amino groups . The principle being ex­
ploited is the conversion of highly soluble 
secondary a mines to poor! y wa ter-soluble 
nitrosamines. Model system studies have 
demonstrated that our probes undergo 
major partitioning changes in blood upon 
nitrosa tion, seen as a conversion of an 
aqueous ESR signal to a membrane- and 
albumin-bound ESR signal as the second­
ary amine is converted to its nitrosamine 
derivative. A control tertiary amine probe 
was unaffected by nitrosation, as expected, 
and serves to assess the effects of alterna­
tive tobacco smoke reactions, e.g., alter­
ations of membrane structure by hydro­
phobic molecules in gas-phase smoke. 

Dye recovery from textile waste waters. 
Several effective biosorbents have been 
developed for use in both continuous and 
batch-mode dyeing operations. Chemi­
cal modifica tion of some biosorbents has 
yielded materials suitable for repeated 
use under harsh conditions preva lent in 
the industry. Economics of biomass pro­
duction have been improved with the 
introduction of alternative biosorbents. 
Some biosorbent materials we have de­
veloped are suitable for direct use with 
existing machinery, thus avoiding costs 
associated with the engineering and con­
struction of new equipmen t. The original 
dye recovery scheme, based on reversible 
biosorption, has been expanded. As our 
unders tanding of dye-biomass interac­
tions evolved, we discovered a variety of 
schemes to control the solubili ty of dyes 
in water and how to exploit this under­
standing to d evelop rapid filtration 
schemes that could augment biosorption. 
These efforts ha ve led to the development 
of the concept of a multiphase dye recov­
ery system comprising both filtration and 
sorption to achieve separation of dyes 
from process waters, followed by there­
covery of concentrated colorants for re­
use. The processed waters, containing 
valuable chemica l adjuncts for efficient 
dyeing, are suitable for recycling, allow­
ing for a nea r zero-discharge dyeing op­
erations. 
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