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Introduction 

T he objective of the Enviromental Research Program is to contribute to the understanding of the formation, 
mitigation, transport, transformation, and effects of energy-related pollutants on all compartments of the 
environment. This multidisciplinary program includes both basic and applied research in physics, 

chemistry, engineering, ecology, and biology, as well as research and development of advanced technologies for 
pollutant abatement and destruction, efficient combustion, and new methods of detection and analysis of 
different contaminants. The Program's Annual Report contains summaries of research performed during 1990 
in the areas of combustion, flue-gas chemistry, atmospheric aerosols, ecological systems, membrane bioener­
getics, and analytical chemistry. 

The Combustion Group studies complex combustion processes by acquiring a fundamental understanding of 
the physical and chemical processes that determine the combustion efficiency, formation, and emissions of 
species from these processes. The Flue-Gas Chemistry Group is engaged in research whose aim is to help 
develop new processes for simultaneous 502 and NO, removal. The Atmospheric Aerosols Group studies 
atmospheric chemical processes in the laboratory and in the field, and develops novel methods for 
individual particle characterization. New activities have been initiated by the Ecological Systems Group to 
develop means of predicting the toxicity of contaminants in aquatic and terrestrial ecosystems. The 
Membrane Bioenergetics Group studies the effects of chemically reactive compounds on biological systems. 
The main emphases in Analytical Chemistry have continued to be in the area of asteroid impacts and mass 
extinctions. 

-i-
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II 
FLUE-GAS CHEMISTRY 

II 

LBL PhoSNOX Process for Cleanup of 
Flue Gas 

T.Q. Li and S.G. Chang 

Previously we discovered that aqueou~ emulsion of 
yellow phosphorus (P 4) was effective in removing NO from 
flue gas in a simple wet scrubber. P4 reacts with 02 in flue 
gas to produce ozone. Ozone can rapidly oxidize insoluble 
NO to N02, which is soluble and can be removed by alkaline 
scrubbing liquors. This process has been named LBL 
PhoSNOX. 

During the past year, we have demonstrated that LBL 
PhoSNOX is capable of highly efficient NO removal (greater 
than 95%) from flue gas using a 20 cfm bench-scale scrubber 
with NO concentrations ranging from those found in flue gas 
of a coal-fired boiler (600 ppm in the case of an old pulver­
ized-coal boiler or 300 ppm in a new p-c boiler) to those in a 
natural gas-fired boiler ( <1 00 ppm), as shown in Figure 1. We 
have also shown thattheutilizationofP 4 (P /NO ratio) is more 
effective when dilute P 4 concentration is employed (Figure 
2). However, the NO removal efficiency may not reach a 
desirable value if the P 4 concentration is too dilute. Conse­
quently, one has to maintain enough P4 concentration in li­
quors to achieve a desirable NO removal efficiency, but not 
too much P 4 so that the waste of P 4 can be avoided. 

When this process was used for combined removal of 
NOx and SOz from flue gas, the fate of P 4, NOx, and SOz in 
this process was examined. A majority of P 4 was oxidized to 
H3P04, which can be recovered for commercial use. We 
found that the presence ofHS03-/S032- in scrubbing liquors 
at a concentration typical in wet FGD systems (> 1 mM) 
would cause most of the NOz to react via 

N02 + sol- /HS03- ~ NOz- + S03-/HS03 

Only a small fraction of NOz is removed via a dissolution 
pathway 

Consequently, most of the dissolved NOz is initially con­
verted to HNOz. The interaction of HNOz and HS03- forms 
various nitrogen-sulfur compounds; under most scrubbing 
conditions the major species is hydroxylamine disulfonate 
(HADS) 

HN02 + 2 HS03- ~ HON(S03)22- + HzO 

HADS can be removed from scrubbing liquors through pre­
cipitation as a potassium salt. This can be decomposed at 

- 1-

-100 C to form Nz, NH3,-and KzS04. The latter reagent can 
be recycled. An alternate route for treating nitrogen-sulfur 
compounds is by way of hydrolysis under acidic conditions 
to form NH4HS04. The absorbed SOz is eventually con­
verted to sulfate which can be precipitated as a gypsum by­
product. 

George Lee of Bechtel corporation has recently updated 
a cost evaluation of this process based on a new conceptual 
integrated process configuration we derived. The results 
revealed that the LBL PhoSNOX process compared favorably 
to the SCR (selective catalytic reduction) process when high 
NOx removal efficiency (greater than 90%) was required, and 
was comparable to a urea-injection process in achieving a 
50% removal efficiency. A proposal to conduct pilot plant 
(3MW) tests of this process involving Bechtel Corp., FMC, 
and LBL has been submitted to the State of Illinois and the 
U.S. Department of Energy. 

100 

', 
" 

BO ' \ - ' ~ \ --60 \ 11:1 
> \ 610ppm 0 
e I \ 3gP4/2 LH20 
Q.l \ P/NO = 0.65 
~ 40 58 ppm 
0 lgP4/2LH20 \ 

\ z P/N0=4.1 

\ 

\ 20 \ 
\ 

\ 
\ 

0 \ 

0 10 20 30 40 50 

Time (min) 

Figure 1 

Figure 1 . The removal efficiency of NO for NO concentra­
tions of 58 and 610 ppm in a simulated flue gas. 
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Kinetics of the Oxidation of Aqueous 
S02 by NOz and Oz 

Y.Z. Wang, D. Littlejohn, and S.G. Chang 

50 

The LBL PhosNOx process uses yellow phosphorus to 
induce the oxidation of relatively insoluble nitric oxide (NO) 
to nitrogen dioxide (NOz). Nitrogen dioxide reacts with both 
dissolved sulfur dioxide and water. The kinetics of these 
reactions have not been extensively studied, and more in­
formation is needed to properly understand processes used 
to remove NOz. ' 

The reaction was investigated by rapidly flowing gas 
mixtures containing low concentrations of NOz and Oz over 
well-stirred solutions of sulfite or bisulfite ions. The con­
centrations of the species in the solution were measured 
periodically using Raman spectrometry or ion chromatog­
raphy. The gas mixture was sampled before and after the 
reaction cell with a chemiluminescent NOx analyzer to insure 
that no more than 10% of the NOz was absorbed. The reaction 
was studied as a function of NOz concentration, 02 concen­
tration, sol-concentration, and temperature. 

-2-

60 

The reactions involved in the reaction of NOz with 
dissolved SOz are listed below. 

(1) 2NOz + H20 ~ No3- + No2- + 2H+ 

(2) NOz + so3z- ~ No2- + S03·-

(3) S03·· + S03·- ~ Sz062-

(4) S03·· + S03·- ~ so3 + so3z-

(5) so3 + H20 ~ 2H+ + so4z-

(6) NOz- + 2 HSo3- ~ HON(S03-)2 + OH-

(7) HON(So3-)z + HS03- ~ N(S03-)3 + H20 
NH(So3-) + HS04-

(8) HON(S03-)2 + HzO ~ HONHS03+HS04-

By operating at pH > 9, it is possible to avoid significant 
involvement of reactions 6 - 8. There have been several 
studies of the dissolution of NOz in water, as well as the 
reaction of NOz with sulfite and bisulfite. The sum of the rate 
constants for reactions 3 and 4 has been reported. Using this 
value with our measurements of the concentrations ofSz062-
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and SOi- produced, we can assign values to the rate con­

stants k3 and k4. At 25°C, k3 = 3.8 x 1 08 liter I mole-second and 

k4 = 7.2 X 1 08 liter /mole-second. 
When oxygen is present in the gas mixture, several 

additional reactions become important: 

(9) S03· + 0 s ~ SOs·-

(10) S05·· + 5032- ~ S03·- + 505
2-

(11) S05
2- + S032- ~ 2 S042-

Modeling of Aqueous Scrubber 
Solutions 

D. Littlejohn and S.G. Chang 

The NOx and SOz absorbed by aqueous scrubbing li­
quors can react in solution to form nitrogen-sulfur com­
pounds. The nitrogen-sulfur compounds such as HADS 
(hydroxyamido-disulfonate, or hydroxyimidodisulfate), 
HAMS (hydroxyamidomonosulfonate, or hydroxy­
sulfamate), ATS (aminetrisulfonate, or nitridotrisulfate), and 
ADS (aminedisulfonate, or imidodisulfate) are fairly soluble 
in solution and, if discharged in wastewater from the flue gas 
desulfurization (FGD) scrubbing liquor, could require addi­
tional treatment prior to release. It would be advantageous 
to determine the scrubber operating conditions in which 
production of the N-S compounds and NzO are minimized. 
There are a large number of reactions occurring in scrubbing 
liquors in which both sulfur oxyanions (SOz·aq, HS03-, 
S032-, SzOs2-, S042-) and nitrogen oxyanions (HNOz, 
NOz-, N03-) are present. 

To model these reactions, we adapted a modeling pro­
gram that has been used in air pollution studies. The reactions 
are symbolically entered into the program along with the rate 
constants and initial conditions. The output is in the form of 
concentrations vs time for the species of interest. The package 
runs on a Macintosh computer with a Fortran 77 compiler. 
The reactions I can be broken down into gas absorption, NOx 
and SOx inter-conversions; production and interconversion 
of nitrogen-sulfur (N-S) compounds, and decomposition of 
N-S compounds. The systems were modeled to determine 
the fraction of absorbed nitrogen oxides that are converted to 
N-S compounds and NzO. The conditions of the modeled 
scrubbing liquor that were varied include pH, temperature, 
and L/G. 

The modeling routine was used to simulate two basic 
types of wet limestone FGD systems. In the first type of 
system is the standard wet limestone FGD system, with co­
current flow, widely in use in the U.S. Several modifications 
of this basic design were studied. One modification consid-

-3-
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Oxygen has the effect of the amount of sulfate (SOi-) pro­
duced relative to the amount of dithionate produced 
(Sz06

2-). Other effects are under study. 

Reference 

Hay onE, Treinin A, Wilf J. Electronic Spectra, Photochemis­
try, and Autoxidation Mechanism of the Sulfite-Bisul­
fite-Pyrosulfite Systems. The SOz-, S03-, S04-, and 50s­
Radicals. J. Am. Chern. Soc. 1972; 94: 47. 

ered is the oxidation of NO to more-soluble NOz in the gas 
phase, as with the Phosnox process. Other modifications 
were a counter-current flow absorber, in which the sprayed 
droplets of scrubbing liquor flow in an opposing direction to 
the flow of the flue gas; and a metal chelate system with 
enhanced NO solubility. The second type of system investi­
gated is based on the Chiyoda CT -121 process, which bubbles 
the gas through the scrubbing liquor with additional oxidiz­
ing air. 

From the calculations we can compare the fraction of 
absorbed NOx converted into NOz-, N03-, NzO, and N-S 
compounds. The reaction products for the scrubber systems 
are compared in the Figure. The system with enhanced NO 
solubility produces the largest quantity of NzO of the sys­
tems compared, as might be expected. The simulation of the 
scrubbing system in which most of the NO is oxidized to NOz 
in the gas phase (as with the Phosnox system) produces 
essentially no NzO. Since considerable amounts of NOz- are 
produced, N-S compound formation is relatively high. The 
simulation of the Chiyoda system generated somewhat lower 
concentrations of N-S compounds than the other systems. 
This is primarily due to the forced oxidation of S(IV), which 
is incorporated into the system design. 

The results of our simulations indicate that lower tem­
peratures minimize production of both NzO and nitrogen­
sulfur compounds. Maintaining the scrubbing liquor above 
pH 5.5 will help minimize N-S compound formation. Solu­
tion pH has little effect on NzO formation. Rapid oxidation 
of S(IV) to sulfate not only minimizes CaS03 formation, but 
reduces the rates of the dissolved NOx with S(IV) reactions 
that produce N-S compounds. At these conditions, the 
Chiyoda CT-121 process appears to be capable of reducing 
NOx conversion to N-S compounds. The Phosnox process 
should be capable of nearly eliminating NzO production. 
Systems which enhance NO solubility may have problems 
with N zO formation, although the metal chelate system used 
can exert strong influence on the solution chemistry. 

In summary, the simulations of scrubbing liquor chem­
istry provide quantitative results of the effects of scrubber 
conditions on the production of nitrogen-containing prod­
ucts. The accuracy of the calculations are limited by current 
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knowledge of the solution kinetics of the reactive species in 
scrubbing liquor and by the ability to model heterogeneous 
processes (such as dissolution and formation of solid par­
ticles) and free radical processes. Without a kinetic model, it 
is very difficult to predict the quantities of NzO and N-S 
compounds that will be formed in scrubbing liquors. This 
investigation indicates a number of areas in which additional 
research is needed. A better understanding of NOz aqueous 
chemistry is needed, especially for the reactions involved 
with the conversion ofNOz(aq) to NOz- and N03-. The S(IV) 
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oxidation process is still poorly understood. Further studies 
of N-S compound chemistry are needed. 

Reference 

Chang SG, Littlejohn D, Lin NH. Flue gas desulfurization. In: 

HADS 

Hudson JL, Rochelle GT, Eds., ACS Symposium Series 
188. American Chemical Society, Washington, DC, 1982; 
127-152. 

• co-current 

II counter-current 

[J NO oxidation 

rlJ enhanced NO sol. 

D Chiyoda 

HAMS ATS + ADS 

Reaction Products 

Figure. Comparison of products generated by different scrubber processes. 
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Properties of the Salts of 
Nitrogen-Sulfur Compounds 

D. Littlejohn and S.G. Chang 

The nitrogen-sulfur compounds hydroxyimidodisulfate 
(HADS), hydroxysulfamate (HAMS), nitridotrisulfate (ATS), 
and imidodisulfate (ADS) are formed by the reaction of 
nitrite ion with bisulfite ion in aqueous solution. Hydroxy­
lamine and sulfamate are formed by the hydrolysis of HAMS 
and ADS, respectively. The solubility of these compounds 
must be known to develop methods of precipitating them 
from solutions used to remove NOx and S02 from flue gas. 

A saturated solution of each of the compounds was 
prepared by adding excess salt to a small volume of water in 
a controlled temperature bath and steadily stirring the solu­
tion. After allowing sufficient time for saturation to occur, 
the solution was sampled to determine the concentration of 
the compound. Measurements were generally made over a 
temperature range of 0 to 50°C. 

The expressions for the solubility of the potassium salts 
as a function of temperature are listed below (Tis in units of 
oc). 

HADS: [HADS] (M) = 0.433 + 0.0454 x T 
HAMS: [HAMS] (M) = 0.0694 + 8.09 x w-3 x T 
ATS: [ATS] (M) = 3.83 x 10-3 + 4.13 x 10-4 x T 
ADS(2-)a: [ADs2-J (M) = o.oz5 + 9.4 x w-4 x T + 4.2 x 

w-s x T2 b 
ADS(3-)a: [ADs3-] (M) = 0.6 + 0.3 x T c 

a The pKa for ADS is 8.5 at 11 = 1 
b The values above 30°C are somewhat uncertain. 

This is the current best fit to the data. 
c Tentative results. Further measurements are in 

progress. 

Potassium sulfamate is much more soluble than the 
potassium salts of the other nitrogen-sulfur compounds. 

The calcium salts/bf the nitrogen-sulfur compounds 
appear to be significantly more soluble than the correspond­
ing potassium salts. Work is currently in progress to isolate 
pure calcium salts of the nitrogen-sulfur compounds. Listed 
below are estimates for solubilities of some of the calcium 
salts. 

[ATS] ~ 1M at 20°C 
[ADs2-] ~ 2M at 20°C 
[Ca2+sulfamate] = 4 to 5 Mover the temperature 

range of 15 to 30°C. 

Information on the thermal degradation of nitrogen­
sulfur compounds is needed so that they can be treated after 
removal from scrubbing solutions. The thermal decomposi-

-5-
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tion of ATS, ADS, sulfamic acid, and hydroxylamine has been 
reported in the literature. Our measurements indicate that 
ATS decomposes to ADS and KHS04 at 80°C. At 450°C, it 
decomposes to yield the following products. I 

This decomposition appears to involve the intermediate 
(NS02-h 

Both the (2-) and (3-) charge states of ADS are fairly 
stable. The (2-) ADS salt decomposes with the following 
overall reaction: 

The decomposition of the (3-) ADS salt involves a 
similar intermediate, (NS02)33-, but forms a different 
product set. 

This decompostion occurs above 200°C and becomes 
rapid above 300°C. 

Neither hydroxylamine nor its sulfonated derivatives 
appear to be very stable at elevated temperatures. Limited 
studies in our laboratory on HADS at 80°C suggest that it 
decomposes as follows: 

While the decompostion of HAMS has not been studied, 
we can speculate from the behavior of other hydroxylamine 
derivatives that it decomposes to yield the sulfate salt and 
gaseous species such as NH3, N2 and H20. 

Reference 

Parent Y. Decompositions thermiques des imides sulfurique 
et carbonique Schema reactionnel; extension a 
HN(S02Fh et N(S03)J3. Rev. Chim. Miner. 1984,21: 183. 
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New Metal Chelates for Nitric Oxide 
Removal from Flue Gas 

J.B. Zheng, D.K. Liu and S.G. Chang 

The use of Fe(Il) complexes of SH-containing ligands for 
NO removal in wet flue gas clean-up system has been stud­
ied. In the first approach, commercially available ligands 
were used. We found the resulting Fe(II) complexes of 
cysteamine, dithiooxalate (DTO), meso-2,3-
dimercaptosuccinate (DMS), and 2,3-dimercapto-1-
propansulfonate (DMPS) can be used to remove NO from 
flue gas in a wet scrubber system. All experiments were 
carried out at 55°C by bubbling a gaseous mixture of NO (500 
ppm), 02 (5%) and N2 (balance) into buffered solution con­
taining one of the above Fe(Il) complexes. The concentration 
of NO before and after scrubbing was monitored by a 
chemiluminescent NOx analyzer. We found that all the 
above SH-containing ligands can reduce Fe(III) produced by 
the reaction of Fe(II) with 02 in flue gas, thus maintaining 
adequate concentrations ofFe(Il) complexes for NO removal. 
The NO absorption capacity (as expressed by the number of 
moles of NO removed per mole of Fe (II) added, or nNol npe) 
of these Fe(II) additives as a function of scrubber pH was 
examined. We found that only the NO absorption capacity of 
Fe(Il)(cysteamine)2 was sensitive to pH, with a maximum 
nNo/npe of 0.70 at pH 5.7 Gi.cysteamine/npe = 4). Further­
more, the NO absorption capacity increased by 47% in the 
presence of S032- and HS03- in the Fe(Il)(cysteamine)2 
scrubbing solution. On the other hand, we found no pH effect 
on the NO absorption capacities of Fe(II)(DT0)2, 
Fe(Il)(DMPS)2, and Fe(Il)(DMS)x (x = 1 or 2), and the nNo/ 
npe ratios were measured to be 0.96 (nDTo/npe = 2; pH 5.1) 
and 0.45 (nDMPs/npe = 4; pH 5.6), and 0.067 (nDMs/npe = 4; 
pH 6.1), respectively. In all these systems, both nitrite and 
nitrate ions were detected in the scrubbing solutions as result 
of the oxidation of the coordinated NO by 02. Moreover, in 
the case of Fe(II)(cysteamineb some of the coordinated NO 
can be reduced by exccess ligand to form mostly N2 and 
traces of N20. Finally, we found that cysteamine and DMPS 
can be regenerated from their disulfide forms using various 
chemical reduction methods, thus making possible the recy­
cling of valuable reagents. 

In another approach, new dithiocarbamates and xan­
thates which resemble ethylenediaminetetraacetic acid 
(EDT A) in molecular structure are synthesized. The rationale 
here is to combine the favorable properties of Fe(Il)-dithio­
carbamates (high NO absorption capacity; little N20 or 
dithionate production) with those of Fe(II)-EDTA (fast NO 
absorption kinetics). An example is a previously unknown 
dithiocarbamate which we prepared by the reaction between 
ethylenediaminediacteic acid (EDDA) and carbon disulfide 
in the presence of sodium hydroxide. The production of the 
ligand was confirmed by laser Raman spectroscopic studies 
of the reaction mixtures as well as elemental analysis of the 

- 6-
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solids subsequently collected. Preliminary NO absorption 
experiments using a neutral solution containing 0.01 M Fe(II) 
and -0.03 M of the dithiocarbamate .ligand and a gas mixture 
containg 500 ppm NO and 5% 02 showed a maximum NO 
absorption efficiency of 51% and a nNO/nFe ratio of 0.47. 
The nNo/npe ratio for Fe(II)-EDTA would be -0.05 under 
similar conditions. Another system under investigation is a 
new xanthate ligand which we prepared by the reaction 
between hydroxyethylethylenediaminetriacetic acid 
(HEEDT A) and carbon disulfide. Future efforts will be 
focused towards a more comprehensive study of the NO 
absorption mechanism involving these new ligands and the 
determination of the fate of the absorbed NO and the ligands 
after the reactions. 

Reference 

Chang SG, Littlejohn D, Liu DK. Use of ferrous chelates of 
SH -containing amino acids and peptides for the removal 
of NOx and S02 from flue gas. IE&C Research 1988; 
27:2156-2161. 

Liu DK, Chang SG. Removal of nitric oxide from flue gas 
using water-soluble iron(Il) dithiocarbamates. Environ. 

Sci. Techno!. 1988; 22:1196-1200. 
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COMBUSTION 
II 

Combustion Chemistry 

N.J. Brown, J. Chang 

Combustion processes are governed by chemical kinet­
ics, energy transfer, transport, fluid mechanics, and the 
complex interactions among these. Understanding chemical 
kinetics and energy transfer offers the possibility of better 
understanding combustion so that it can be controlled. Our 
recent research has been concerned with the application of 
functional sensitivity analysis to determine the relation be­
tween dynamic observables and the potential-energy surface 
structure. This has revealed important information about 
energy transfer processes and reactivity. 

In collaboration with Herschel Rabitz of Princeton Uni­
versity, we have continued our research on developing and 
constructing classical sensitivity maps in diatom-diatom 
collisions. In preliminary studies, the full-sensitivity maps 
were quite complex; our particular interest here was in 
understanding the convergence properties of the full-sensi­
tivity maps, the importance of the higher-order potential 
terms, and the relation of spatial resolution to complexity and 
convergence properties. 

The case of rotational energy transfer in coplanar colli­
sions of H2 + HD was selected for study to focus on the 
development questions in classical functional sensitivity 
analysis. As in previous studies, the intermolecular diatom­
diatom potential was expanded in the angular series 

V (R, <1>1, <1>2) = I:vm1,m2 cos(m1<1>t + m1<1>2) 
and the sensitivity to these higher-order (mJ,m2) terms were 
of particular interest. We calculated observables (energy 
transfer quantities from trajectories run on the full potential) 
and compared these to observables from trajectories run on 

truncated potentials constructed by adding more (mJ,m2) 
terms. A truncated potential with I mi I :::; 1 can transfer en­
ergy only between translation and HD rotation. Inclusion of 
terms up through I mi I max= 2 allows for coupling between 
all degrees of freedom, and essentially give the correct final 
energy partitioning of the full potential. Hence, the higher­
order terms are clearly not important for describing the 
dynamics of this system. However, this type of calculation 
does not tell us how errors in the higher-order terms affect the 
dynamics and this information would be required if the 
higher-ordertermshad to be adjusted to give better agreement 
with the experiment. Sensitivity analysis provides the latter 
type of information. 

In the sensitivity differential equations, the so-called 
inhomogeneity vector is the quantity responsible for causing 
a "perturbation" on the trajectories. In a strictly classical 
formalism, the inhomogeneity vector is a delta function, and 
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this represents a singularity of classical functional sensitivity 
analysis. The delta functions must be broadened if the 
calculation is to be feasible; they are approximated as 
Gaussians or a particular width. This width parameter 
affects spatial resolution and convergence and, in a sense, 
incorporates some of the localization uncertainties of quan­
tum mechanics. The choice of width parameters is deter­
mined by two competing factors: 1) by keeping width 
parameters small, the classical result is more nearly simulated; 
2) by increasing the widths, the sensitivity at each point will 
include contributions from trajectories close to the point so 
that a smaller total number of trajectories will be required for 
convergence. We chose the radial width factor to be 0.25 a.u. 
and the angular width factor to be 0.20 radians. These values 
were chosen by carefully varying the parameters over a range 
of values to assure that large-scale structures and symmetry 
were preserved in the maps, and to approximate closely the 
classical result. Choosing these two factors determined a 
resolution factor for identifying significant structure in the 
observable sensitivities, which in turn places a lower bound 
on the size (physical extent) of the potential perturbations 
that we can consider. 

The full-sensitivity coefficients were expanded in a se­
ries involving radial sensitivity coefficients multiplied by cos 
(mt<l>I + m2<1>2) in analogy with the potential. We also 
derived an exact expression for planar cuts of the full sensi­
tivities at fixed values of one of the angles, and this was used 
to directly compute the full sensitivity maps. By comparing 
results of the two approaches to computing full-sensitivity 
maps, we could determine the values of ml and m2 for which 
the sensitivity series was converged. The series was con­
verged for I mi I :::; 6. 

Several results emerge from these calculations. Larger 
values of the width parameter would scale down the im­
portance of the sensitivities to the larger (mJ, m2) combina­
tions. The defining equation for observable sensitivities must 
be examined to determine.the effect of higher-order terms. 
This involves integrating the product of the sensitivity with 
variations in the potential. Specifically, large sensitivity 
coefficients must accompany sizable potential variations in 
order to have a large effect on the observables. Many more 
trajectories are needed to converge the sensitivities than the 
observables because in calculating the sensitivities, an aver­
aged quantity is resolved into its many components to pro­
duce the sensitivity maps. (A paper describing these calcu­
lations is in preparation.) 

Performed in collaboration with Herschel Rabitz and 
Robert Wyatt, our current research is concerned with func­
tional sensitivity analysis studies of quantum reactive scat­
tering. We focus initially on the H3 system and its isotopic 
analogues: H + H2, D + H2, and H + D2. As an initial effort, 
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we are calculating sensitivities for collinear H + H2 reactions. 
The Porter Karplus-2 (PK-2) potential is used in standard 
test-case calculations for new methods in active scattering 
and has been used by others for sensitivity analysis using a 
finite-element approach for reactive scattering calculations 
to determine quantum sensitivities. We have used the log 
derivative version of the Kohn variational principle for our 
reactive scattering calculations and have derived expressions 
for the sensitivities in this formalism. Our computed sensi­
tivities agree with the earlier results of others. 

One objective of the current study is to address a funda­
mental question in sensitivity analysis: Under what circum­
stances will the sensitivity analysis tell us where to calculate 
the higher densities of ab initio points? To answer this 
question, we calculated the sensitivities with an "incorrect" 
potential (the (PK-2) surface) and with a more "correct" 
potential (the Liu, Sietgbahn, Truhlar, and Horowitz 
(LSTH)potential). The PK-2 surface differs from the LSTH 
surface in the saddle point region as well as in other regions. 
Figure 1 shows the sensitivity map of the Poo-Q reactive 
transition probability at 0.8706 eV for the LSTH surface as a 
function of the mass scaled coordinates for collinear H + H2. 
A resonance occurs at this energy and the transition probabil­
ity has a local minimum value. The sensitivities on the LSTH 
surface show large structures in the same region of configu­
ration space as those calculated on the PK-2 surface. 

We are also exploring a new application of sensitivity 
analysis. First, we calculate sensitivities for the transition 
probability for on,e of the potentials (the nominal potential) 
and calculate the differences between the nominal potential 
and the other potential along the collinear geometry. We then 
use the sensitivity coefficients and the potential variations 
with the defining equation for the observable sensitivity to 
calculate the transition probabilities associated with the reac­
tive scattering on the other potential. This works well for 
energies that are not close to those associated with resonances; 
we are currently exploring changes in sensitivity behavior for 
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energies close to resonances. We are also performing a type 
of parametric sensitivity analysis to obtain time delays. Time 
delays are the duration of quantum resonances and are de­
termined by calculating the energy derivative of the S-matrix. 

For FY91 we will compute a collinear rate coefficient 
from the collinear analogues of the thermal rate equations 
and will use sensitivity analysis to explore connections be­
tween microscopic collision phenomena and macroscopic 
rate processes. After completing the study of collinear H + H2 
reactions, we will perform functional sensitivity analysis 
studies on the three-dimensional quantum reactive scatter­
ing ofH + H2, D + H2, and H + D2. 
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Figure 1. Contour diagram of the 
functional sensitivity of 
the Poo reactive transi­
tion probability for the 
H + H2 reaction as a 
function of the mass­
scaled coordinates. 
Dashed lines indicate 
negative sensitivities. 
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Combustion Fluid Mechanics 

R.K. Cheng, I.G. Shepherd, and L. Talbot 

In engines and all types of industrial and domestic 
burners, combustion takes place predominantly under tur­
bulent flow conditions in order to enhance the overall burn­
ing rate. Turbulent combustion processes therefore involve 
complex interactions between turbulence and flame chemis­
try which influence both combustion efficiency and the con­
centrations of by-products such as pollutants in the exhaust. 
These interactions are characterized by intense fluctuations 
in temperature, velocity, concentration and pressure. The 
large range of overlapping temporal and spatial fluctuation 
scales presents major challenges to the development of tur­
bulent combustion theories capable of predicting burner 
performance and emission characteristics. 

Our research is directed towards the understanding of 
the fundamental physical processes controlling turbulence­
combustion interactions. Such knowledge is basic to the 
development of theories which can address a variety of 
practical combustion problems. The approach is to investi­
gate turbulent combustion in laboratory burners designed to 
simulate the salient flow features of various combustor de­
signs by the use of laser diagnostics which measure scalar 
and velocity fluctuations and statistical cross-correlations. 
At present, our experiments are focussed on studying flame 
conditions with fluid mechanical time scales much larger 
than those of chemical reactions. Simplified theoretical 
treatment of these flames is possible and several models have 
been developed which need experimental validation and 
verification. The experimental data have been used for 
comparison with model predictions in addition to determin­
ing the effects of turbulence intensity on burning rates. 

For our laboratory flames, the flame sheet or laminar 
flamelet model provides a good physical description of the 
turbulence/flame interaction. Chemical reactions are con­
fined within thin flame sheets, typically less than 1 mm, 
which separate the burned products from the unburned 
reactants. The scalar and velocity properties can then be 

, specified by the burned and the unburned states because the 
statistical contributions of the flame sheet or burning states to 
the time mean properties are small. One of the most signifi­
cant implications of this model is that the turbulent burning 
rate can be described in terms of the increase in the flame 
surface area caused by turbulence induced wrinkling and 
corrugation. 

As reported in FY90, we have developed a high speed 
cine tomographic technique to investigate the flame surface 
area and the related scalar scales. Tomography is a flow 
visualization method which produces instantaneous, two-
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dimensional (2-D), cross-sectional images of the flame sheet. 
Our high speed movies show for the first time temporal 
behavior of premixed and non-premixed turbulent flames of 
several flame configurations under various flow and chemi­
cal conditions. On each frame the flame sheet is delineated by 
a wrinkled flame boundary which can be digitized and 
analyzed by a video image processing system. The most 
convenient method to compute the wrinkle scales of the 
flame boundaries is by means of fractal analysis. These 
movies provide a large amount of usable data, and so we 
have been able to report the only set of results to date which 
can be considered to be statistically stable. Previous analyses 
reported by other investigators have usually been based on a 
small amount of data. Many issues concerning the conver­
gence requirements of fractal analysis of flame boundaries 
have not been adequately addressed. , 

The application of fractal analysis to turbulent 
premixed flame fronts is a relatively new technique and the 
careful investigation of the effects of the various experimen­
tal parameters on fractal calculations is an important task in 
the evaluation of the method. We have taken advantage of 
the large amount of flame boundary data provided by the 
cine records and conducted an evaluation of the effects of 
spatial resolution, digitization noise, and the requirements 
for statistical convergence in the fractal analysis of premixed 
turbulent flame boundaries. 

Fractal analysis is a means of characterizing the size of an 
irregular object in terms of measurement scale which vary 
over several orders of magnitude. For our two-dimensional 
flame boundaries the length, L, varies with the measurement 
scale, E. If a power law relationship exists between the length 
and the measurement scales, the flame boundaries are con­
sidered to be fractalized. There are three fractal parameters 
which characterize these boundaries: the fractal dimension, 
D, represents the rate at which the length increases with the 
measuring scale, i.e. the slope of the line arrange of a log-log 
fractal plot. The inner and outer cut-off measurement scales 
correspond to the smallest and largest flame wrinkles which 
are the upper and lowerlimits ofthe linear region. In order 
to determine the fractal dimension, a clear delineation of the 
fractal range is necessary (Fig. 1). 

Our investigation shows that for typical experimental 
data this can only be achieved by the statistical averaging 
of at least 25 realizations because the fractal parameters 
derived from single images can be widely scattered. To 
investigate the effects of reduced resolution, the 512-by-512 
digitized flame boundaries were averaged to simulate those 
obtained with 256-by-256, 128-by-128 and 64-by-64 pixel 
resolutions (Fig. 2). The influence of the digitization noise, 
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which arises because the digitized flame boundaries are 
characterized by discrete steps, was addressed by smooth­
ing. The fractal plots derived from a set of 200 flame bound­
aries for the different spatial resolutions with and without 
smoothing were compared. We have found that the inner 
cut-off can be obscured by digitization noise and by insuffi­
cient spatial resolution. The effects of digitization noise on E1, 

can be removed by smoothing the flame boundaries only 
when the spatial resolution is sufficient. If the spatial 
resolution is too low, however, smoothing of the flame edges 
produces plausible but erroneous results. The requirements 
necessary to resolve the outer cutoff are analogous to those 
for large-scale turbulent fluctuations; the record size, i.e. the 
field of view of the tomograph, has to be larger than the 
largest significant scale, i.e., E0• This also implies that a con­
sistent record size, i.e. flame boundary length, will improve 
the accuracy of E0 • 

We have also evaluated the merits of different fractal 
analysis methods for flame studies. In principle, the fractal 
parameters can be derived, from fractal plots of either L 
versus E or N versus E. L is the physical length of the flame 
boundary measured at given E and L =EN. Our results show 
that due to the limiting conditions of the fractal plots it is 
more difficult to identify the fractal range on theN versus E 
representation. The L versus E plot, therefore, provides a 
more sensitive means of extracting the fractal parameters 
from experimental data. This investigation has helped to 
identify the convergence requirement and set the standard 
for fractal analysis of flame boundaries. Our investigation of 
the characteristics of flame boundaries was extended to the 
determination of the local flame front curvature from the 
tomographic images. Curvature of a flame front, induced by 
either turbulence or inherent laminar instabilities, is known 
to effect the propagation rate of the flame front and hence 
the total burning rate. Various methods have been proposed 
for the determination of the curvature, e.g. Fourier descrip­
tor analysis, but they proved unsuccessful with our data so 
we devised a 'least mean square' technique using a circle as 
the fitting function. The incorporation of an efficient conver­
gence algorithm (Marquand minimization) greatly im­
proved the method. Probability density functions of local 
flame front curvature were generated which exhibited 
marked asymmetry in shape due to significant 'cusping' of 
the flame towards the burnt gases. The mean curvature, 
however, was very close to zero for all the cases studied. 

Premixed flame front instabilities arising from a variety 
of causes (including body forces, hydrodynamics and diffu­
sional effects) are an area of extensive current study. We 
have investigated a premixed hydrogen/ air flame which is 
unstable (with a Lewis number less than one) in a turbulent 
flow and compared it, by means of local curvature and fractal 
analysis, with a stable methane/ air flame. A much higher 
fractal dimension and burning rate was found in the former 
case and also a significantly higher probability of large curva­
tures. This finding indicates an important aspect of turbu­
lence/ combustion interactions which requires further study. 

We have also progressed in our numerical work in 
simulating the dynamics of the wrinkled flame sheet. The 
method we are adopting to follow the evolution of a flame 
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front whose speed depends on the local curvature is based on 
work by Professor J. Sethian of the U.C. Berkeley Department 
of Mathematics. The new algorithms he has developed 
approximate the equations of motion of propagating fronts 
with curvature-dependent speed, i.e., Propagation of Sur­
faces under Curvature (PSC) schemes. The PSC algorithms 
accurately compute the curvature along the flame, avoid 
numerical instability, and naturally handle topological 
merging and breaking during the evolution of the flame 
front. 

To apply these algorithms to a turbulent v-flame, it has 
been necessary to couple them with a vortex dynamics ap­
proach to describe both the turbulence in the oncoming 
stream and the vorticity production by the flame itself, and 
a volume production model to represent combustion heat 
release. The PSC algorithms are employed to propagate the 
flame and the flame is advected by the underlying flow field. 
Conditioned and unconditioned mean and RMS values of the 
two velocity components and the Reynolds stress deduced 
from the numerical results compare well with experimental 
data. Flame wrinkling, in response to the incoming flow 
vortices used to simulate free stream turbulence intensity, 
increases in amplitude as the turbulence is increased, also 
in accord with experiment. The thickness of the flame brush 
also increases. When, in an extreme case, a single strong 
vortex is injected into the incoming flow, a sharp cusp 
develops and propagates along the flame, as has been 
observed in our experiments. The notable effects of the 
flame-generated vorticity are twofold: one is to increase the 
turbulence level in the burnt mixture as is verified by ex­
periments, and the other is to decrease the flame angle by 
the acceleration of the centerline velocity. Comparisons of 
the conditioned and unconditioned data are used to differ­
entiate the contribution of the flame to "flame generated 
turbulence" from that of intermittent measurement in the 
reactants and products. 
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Thermal Destruction of 
Toxic Compounds 

D. Lucas, R. F. Sawyer, C. P. Koshland, 
E. M. Fisher, R. Cervera, C. McEnally, 
M. Thompson, and S. Lee 

The reduction or elimination of toxic wastes from our 
environment is a problem that must be attacked. The latest 
EPA figures estimate that 4.57 billion pounds of toxic 
chemicals were released into the environment in 1988. 
While there is a public mandate for action, the methods of 
choice for obtaining a better environment are embroiled in 
considerable controversy. Reducing the amount of hazard­
ous materials that are produced and used is an obvious step, 
but it also should be apparent that source reduction will not 
eliminate the need for safe, effective means of disposal of 
compounds that are toxic or hazardous. 

One method being used to treat both hazardous and 
conventional wastes is incineration. Proper incineration can 
convert a broad range of hazardous chemicals into com­
pounds that are much less toxic and easier to control, and 
significantly reduce the amount of landfill needed for 
disposal. Incineration is not a panacea, however, and the 
continued and increased use of thermal destruction tech­
niques hinges upon the public acceptance of combustion as 
a safe, relatively non-polluting technique. 

Our research focuses on the combustion of chlorinated 
hydrocarbons under non-ideal conditions, and the detection 
of these species. By themselves chlorinated hydrocarbons 
form a major class of hazardous wastes, and incomplete 
combustion of these wastes can lead to emissions of the 
compound being destroyed, and the formation of hazardous 
reaction products (products of incomplete combustion, or 
PICs). 

We are studying the thermal destruction of chlorinated 
hydrocarbons in a laboratory scale turbulent flow reactor, 
with products monitored by FTIR/long path spectroscopy. 
We have studied the injection of methyl chloride, ethyl 
chloride, and 1,1,1-trichloroethane vapor into the post flame 
gases of a lean propane/ air flame. A wide variety of 
products have been observed, including phosgene, vinyl 
chloride, and dichloroethylene, all ofwhichare more toxic than 
the original material injected. 

In certain cases we have found that intermediates can be 
formed which are more stable than the original chlorinated 
species, and that the emissions of CO, often used as an 
indicator of incomplete combustion, do not follow emissions 
of more toxic species. 

Modeling of the chemical kinetics has provided evidence 
that not all of the important products and mechanisms re­
sponsible for byproduct formation have been identified. For 
example, vinyl chloride was not expected to be formed from 
ethyl chloride. To explain these results, we developed a 
mechanism which accounts for isomeric C2 chlorinated hy-
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drocarbons. With this mechanism, we found that ethyl 
chloride is destroyed by HCl elimination, and by Cl abstracting 
an H atom. The radical attack produces two species, CH2Cl2 
and CH3CHCl, which can decompose unimolecularly to form 
C2H4 and C2H3Cl. 

We are also developing new in situ diagnostic methods 
for the detection of chlorinated hydrocarbons using 
photofragmentation-laser induced fluorescence. A 193-nm 
ArF excimer laser is used to fragment the chlorine-containing 
species into smaller pieces. The fragments are then detected 
by their characteristic fluorescence. We have observed C, C2, 
CH, Cl2, HCl, and CCI fragments from CC14, CH3Cl, and 
C2H5Cl. The CCI fragment is observed only when a molecule 
containing a carbon-chlorine bond is photolyzed; it thus can 
be used a detector for unburned chlorinated hydrocarbons. 
The CCI radical has two transitions at 236 and 278 nm that we 
will probe using a dye laser system to excite fluorescence and 
increase the sensitivity of the method. 
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Controlled Combustion 

K. Hom, J. A. Maxson, A. K. Oppenheim, 
and H. E. Stewart 

Current technological standards treat combustion 
chambers for prime movers solely as sources of power, 
without much attention being given to their performance as 
chemical reactors. Consequently, these chambers have a 
relatively unconstrained tendency to produce air pollutants. 
In the automotive industry, for example, the strategy adopted 
world-wide for reducing pollutant emissions has been to 
reduce their concentrations by chemical processing of com­
bustion products in the exhaust system. In contrast, the basic 
purpose of our studies is to provide a scientific basis for 
controlling the combustion process in order to reduce formation 
of pollutants. Notably, the same means benefit fuel economy 
as well as engine tolerance to a wide variety of fuels. 

Our ultimate goal is to advance the technology of internal 
combustion engines. For this purpose, we must not only 
understand systems and processes currently in use; we must 
also explore and assess other concepts. After more than a 
decade of studying the fundamentals of ignition and com­
bustion engines--of particular relevance to internal combus­
tion engines-we are now beginning to develop and study 
new concepts. 

Thus, having published studies demonstrating the in­
fluence of dilution upon auto-ignition, we have concentrated 
on developing effective means for executing the combustion 
process. The major function of these methods is to modify the 
progress of evolution of exothermic energy and its deposi-
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tion in the working substance, so as to render it externally 
controllable by a microprocessor. The particular mode we 
are exploring in this connection is associated with the use of 
turbulent plumes of pulsed jets (i.e., pulsed-jet combustion, 
PJC). 

The primary purpose of our preliminary investigation of 
PJC was to compare the performance of this mode of combus­
tion to that of a conventional spark-ignited flame traversing 
the charge (FTC). Using a highly diluted air I fuel mixture as 
the working substance, we conducted experiments in a con­
stant-volume vessel of a size representative of typical auto­
motive engines in the course of the exothermic process of 
combustion. Our results showed the advantages of PJC over 
FTC in initiating and carrying out the combustion process. In 
particular, they lead to the following conclusions: 

• PJC can initiate and promote the combustion process in 
extremely lean media, i.e., in a mixture whose equivalence ratio 
is 0.45. (Under identical conditions, spark ignition requires 
equivalence ratios under 0.65 in order to initiate combus­
tim:).) 

• The effectiveness of a PJC-initiated process is superior to that 
of FTC. PJC rate is about twice as fast and the heat transfer 
losses to surroundings significantly lower than with FTC, so 
that the maximum pressure attained in the combustion 
chamber is about 10% higher. 

Future studies will attempt to determine the mechanical 
and chemical structure of PJC, establishing its properties as a 
means of executing combustion under microprocessor con­
trol so as to restrain formation of pollutants. 
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II 
ATMOSPHERIC AEROSOLS 

II 

Reaction of N02 with Laboratory 
Clouds 

A. Bambauer, B. Brantner, and T. Novakov 

Gas-liquid interactions are not viewed as surface chemi­
cal processes but considered as a sequence of mass transport 
processes followed by aqueous-phase homogeneous reac­
tions. The mechanisms and rate equations used to describe 
aqueous reactions are derived from bulk solution measure­
ments under the explicit assumption that these are directly 
applicable to dispersed systems such as clouds and fogs. 

The question of the equivalency of bulk and dispersed 
(high surface to volume) systems is beginning to attract the 
attention of the atmospheric chemistry community for a very 
important reason: if bulk versus dispersed differences are 
demonstrated for specific reactions and found to be impor­
tant, then atmospheric chemistry models will have to be 
appropriately modified. N02 is expected to react slowly 
with cloud water according to the equation 

Our work has produced results that are clearly inconsis­
tent with this picture of N02 chemistry: 

• Nitrate forms rapidly when N02 reacts with a labora­
tory cloud. 

• The nitrate concentrations associated with subsaturated 
NaCI aerosol, and especially with cloud drops, substantially 
exceed the maximum level expected from scavenging the 
HN03 impurity present in the N02 supply; i.e., there results 
a net production of aerosol or cloud water nitrate. 

•The composition of cloud drops exposed to N02 is 
radically different from bulk water exposed to N02 from the 
same source. (Bulk water through which N02 is passed by 
bubbling contains equimolar concentrations ofN03- and N02, 
as expected from the well-known disproportionation reac­
tion2N02(g)+H20(l)~2H+ +N02-+ N03-;incontrast,cloud 
water contains only N03- and essentially no N02-.) 

Our results on N02- cloud reactions were obtained by 
using a concurrent-flow atmospheric pressure/ cloud cham­
ber, where a humidified aerosol stream mixes with cold 
dilution air to produce the cloud by cooling the mixture 
below the resultant dew point. Depending on the flow rates, 
particle concentrations, and the inlet stream dew point, 
clouds with liquid water content (LWC) between 0.2 and 3.0 
g/m3 can be produced. Cloud drops were collected by an 
impactor located about 30 em below the chamber top. The 
impactor cutoff was such that it collected only cloud drops 
but freely passed aerosol particles. In the presence of the 
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cloud, particles that passed through the impactor were de­
fined as interstitial aerosols and were collected on a Teflon 
backup filter located downstream from the impactor. As in 
aerosol experiments, the gaseous products were collected in 
two deionized water bubblers in series, placed behind the 
aerosol filters. The N02 supply and chemical analyses were 
the same as in the aerosol experiments. 

From the very first experiments with this system, it 
became clear that the composition of cloud drops exposed to 
N02 in the chamber radically differs from the composition of 
bulk water into which N02 from the same source is absorbed. 
Passing N02 (diluted in dry air or N02) through a bubbler 
containing deionized water resulted in equimolar amounts 
of nitrate and nitrite, as expected from the well-known dis­
proportionation reaction 

The analyses of impactor samples showed that nitrate 
was the only species present when the cloud was reacted with 
N02 in the range 0.5-3 ppm. Nitrite concentrations were 
below detection except at the lowest N02 concentrations (0.2-
0.5 ppm), where trace amounts of nitrite ions were detected. 
This result is definitely different from what is expected from 
the well-known process of N02 dissolution in bulk water and 
is an indication that the N02 reaction in dispersed and bulk 
systems is fundamentally different. 

The chamber nitrate concentrations, measured with 3 
ppm N02 concentrations and cloud LWC from -0.5 to 2.7 g/ 
m3, varied from about 3 to 8 )..lmol m-3 (or from about 2.2 to 6% 
of the input N02). No correlation between LWC and nitrate 
was observed. All nitrate concentrations are above 
2 J..Lmol/m3, i.e., the value is the expected maximum contribu­
tion of nitric acid impurity (1.5% of 134 J..Lmol m-3 N02). We 
therefore conclude that there is a net production of nitrate in 
the laboratory cloud (which is greater than in the aerosol 
experiments) and that the LWC of this cloud is not the main 
factor governing nitrate formation. 

A potentially significant insight into the nitrate forma­
tion process was obtained by examining the relationship 
between the Na+ and N03- concentrations in the collected 
cloud water. In contrast to our results with NaCI aerosol 
experiments, where the filter-collected Na+ concentrations 
were essentially constant in all runs for constant atomizer 
NaCl solutions, in cloud experiments a significant variability 
in the Na+ concentration was observed. Because the atomizer 
output was found to be constant over long periods, the Na+ 
variability is probably due to the details of NaCI aerosol 
incorporation into the cloud drops and the removal of large 
drops by gravitational settling. In two series of experiments, 
two atomizer solutions with NaCI concentrations of 5 and 10 
g/L were used. It was found that N03- correlates extremely 
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well with Na+ for both atomizer solutions but with two dis­
tinctly different slopes. For the same Na+ concentrations, two 
times higher N03 concentrations are observed for 5 g/L than 
for 10 g/L atomizer solutions. 

This striking result demonstrates the influence of the 
CCN size on nitrate production. For constant atomizer flow 
conditions, lower NaCl concentrations result in smaller aero­
sol size because the atomizer drop size is not affected by the 
solution concentration. However, because of different solute 
concentrations in the atomizer drops, the aerosol size will be 
different after the drops are evaporated. To achieve the same 
mass concentrations, the number concentration of particles 
produced withS g/L will betwotimeshigherthan with lOg/ 
L. It is therefore possible that the parameter controlling N03 
formation is the number concentration (and not the mass) of 
the NaCl aerosol, or of cloud drops nucleated on these 
particles. Another manifestation of the role of this parameter 
is that the H+ concentrations in cloud water correlate with the 
Na+ concentrations. It is of interest to note that the cloud 
drops in these experiments were quite acidic (average pH-
3.0) in spite of the fact that the N03 to Na+ ratio in these runs 
is 1:1, as expected for neutral NaN03. 

Formation of Particulate Nitrate by the 
Reaction Between N02, Water Vapor, 
and Laboratory Aerosols 

B. Brantner and T. Novakov 

Our research on the reactions of N02 with N aCl aerosols 
and cloud drops (see following contribution) was intended to 
reconcile some of the discrepancies between published re­
sults on NOz-solid and NOz-aerosol NaCl systems, and to 
extend the experiments to cloud drops nucleated on NaCl 
aerosol. 

We propose the existence of at least two pathways for 
nitrate formation by an NOz-NaCl reaction: a humidity-de­
pendent process involving gas-phase nitric acid formation and 
its subsequent reaction with NaCl to produce NaN03, and a 
humidity-independent pathway resulting in NaN03 and 
gaseous NOCl. We may add to these a possible heteroge­
neous surface chemical mechanism suggested by our results. 

NOz-NaCl and NazS04 aerosol reactions were studied 
in an aerosol/flow chamber. The aerosol's effective transit 
time was -3 min. The chamber was operated in a relative 
humidityrangeof20%-99%. NaClandNa2S04particleswere 
generated by atomizing NaCl and Na2S04 solutions. The 
atomizer output droplets were dried in two annular silica gel 
diffusion driers before introduction into the chamber inlet 
manifold. The chamber concentration of the NaCl aerosols 
was maintained between 0.46 to 0.62 mg/m3. The aerosol 
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All cloud experiments described above were performed 
with constant N02 concentrations of 3 ppm (134!lmol/m3). 
We have also carried out a series of runs with lower N02 
concentrations. Over the N02 range (0.2-3 ppm), the nitrate 
shows a linear dependence on N02 concentration (r = 0.92). 

We have formulated two tentative hypotheses to explain 
our results. The first is that the observed dispersed vs. bulk 
differences are due to an intrinsic, possibly surface chemical, 
property of high surface-to-volume aqueous systems. The 
second is that the uptake of N02 and its conversion to nitrate 
ion in a dispersed aqueous system is strongly enhanced by 
trace amounts of nitric acid adsorbed on subsaturated aero­
sols, cloud drops, or aerosol particles that serve as cloud 
condensation nuclei. 

sampling train consisted of a Teflon filter and, in some 
experiments, a backup nylon filter. Aerosol particles were 
collected on the Teflon filter, while the nylon filter was used 
in some runs to determine the concentration of gaseous nitric 
acid at the top of the chamber. The gaseous products were 
collected in two deionized water bubblers in series, placed 
behind the aerosol filters. Water-extracted Teflon and nylon 
filters and bubbler water were analyzed for anions (Cr, 
NO 2, N03) and cations (Na+, NH4) by ion chromatography. 

Commercial NOz was introduced through a separate 
Teflon-lined inlet tube close to the bottom of the chamber, 
where it was mixed with the dilution air to attain a desired 
chamber concentration between 0.2 and 3 ppm. Because 
commercial N02 cylinders usually contain small amounts of 
nitric acid as an impurity, we determined the concentration 
level of the HN03 impurity by a well-established method for 
quantitative determination of nitric acid by nylon filters. The 
upper limit for the HN03 impurity was found to be 1.5% of 
the input nitrogen dioxide. We refer to this impurity as 
"primary" nitric acid to distinguish it from the acid produced 
in the chamber. Several distinct features became evident 
from these experiments. In contrast to aerosol Na+ concen­
trations, which remain constant throughout the r.h. range, 
cr concentrations show a marked decrease at relative hu­
midities between -50% and 80%. Filter-collected aerosol 
nitrate concentrations increase monotonically with r.h. up to 
the NaCl deliquescence point (75%) and remain essentially 
constant above this point. No N02 ion was detected in these 
aerosol samples. Essentially no gas-phase nitric acid was 
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collected in these runs on nylon filters placed behind Teflon 
filters. 

That the reaction or reactions involved in nitrate forma­
tion and chloride loss occur during the aerosol residence in 
the chamber and not on the filter during sampling was 
demonstrated by first collecting the NaCI aerosol samples 
without N02 in the chamber at low r.h. and then exposing 
these precollected NaCI samples to N02 at different relative 
humidities. Only traces of nitrate and no loss of chloride were 
observed on these filters. Runs with blank filters with N02 in 
the absence of aerosol in the chamber showed essentially no 
nitrate, irrespective of r.h. 

Identical experiments were performed using Na2S04 
aerosol instead of NaCI, with identical Na +concentrations in 
the chamber. The results of these experiments are shown in 
the Figure, where the nitrate concentrations associated with 
the two aerosols are plotted againstr.h. (The NaCI data points 
in this figure are the averages corresponding to discrete r.h. 
intervals.) The difference in nitrate concentrations measured 
with NaCI and Na2S04 is obvious. Very low nitrate concen­
trations were detected below 60% r.h. with sodium sulfate 
aerosol. However, above 75% the nitrate levels detected with 
both aerosols are similar. These results suggest that nitrate 
formation below -75% r.h. is related to a property specific to 
the NaCI aerosol. 

Before further discussions of the data, we examine the 
effect of the primary nitric acid found as an impurity in the 
N02 supply. If we conservatively assume this HN03 (1.5% 

of cylinder N02) is scavenged by the aerosol with 100% 
efficiency (and assuming no loss on chamber walls), it would 
contribute a constant nitrate concentration of-2 !!IDOl/ m3, as 
indicated by the horizontal dashed line in Fig. 1. Low­
humidity nitrate on NaCI aerosol could therefore be due to 
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the nitric acid impurity. However, the nitrate concentrations 
of NaCI aerosol at r.h. above -50% are higher than could be 
explained by the HN03 impurity. We note that the low-hu­
midity nitrate on the Na2S04 aerosol is almost an order of 
magnitude lower than the 2 J.lmol/m3 value, implying that 
the Na2S04 particles scavenge HN03less efficiently thanN aCl 
particles. 

There are at least two possible reasons for the differences 
observed with these two aerosol compounds. The first is that 
the nitrate is produced almost entirely by the humidity­
dependent NOCl pathway below the NaCI deliquescence 
point. The other reason may be the occurrence of surface 
chemical reactions related to the distinct differences in the 
water vapor uptake mechanism by NaCI and Na2S04. NaCI 
takes up water only in the unbound state. At the deliques­
cence point (NaCI = 75% r.h.), a saturated aqueous solution is 
formed. Therefore, there is always intermolecularly un­
bound, adsorbed water available on a sodium chloride aero­
sol, even at relative humidities below deliquescence. Sodium 
sulfate, however, chemically binds up to 12 molecules of 
water (water of hydration) into its crystal structure before it 
reaches the deliquescence point, above which the aerosol 
growth is similar to that of NaCI. This clearly distinguishes 
the two aerosol species by their free water content. Conse­
quently, if the nitrate formation mechanism requires adsorbed, 
but not chemically bound, water, then such a mechanism will 
be more efficient with NaCI aerosol. The hydration proper­
ties of the NaCl aerosol also explain the chloride loss depen­
dence on relative humidity. HCl will be degassed while the 
NaCl aerosol is relatively dry but will hydrolyze and remain 
in solution above the deliquescence point. These results 
indicate that at elevated humidities there is a net production 
of nitrate (most likely nitric a~id) in the chamber. 
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Figure. Aerosol nitrate concentration 
determined from experiments 
with NaCl and Na2S04 par­
ticles plotted against relative 
humidity. The values for r.h. 
and nitrate (with NaCl) rep­
resent the mean (n = 3-5) con­
centrations± s.d. for discrete 
r.h. ranges. Maximum nitrate 
level resulting from HN03 
(2.06 11mol/m3) contamina­
tion in the N02/N2 cylinder 
is indicated bythedashedline. o···································0 
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In Situ Measurement of Cloud 
Integrated Backscattering Coefficient 
with a Modified Nephelometer 

T. Novakov, C. Rivera-Carpio, R.C. Schmidt, 
and C.F. Rogers 

Clouds significantly affect the earth's radiation budget 
and are one of the principal sources of uncertainty in general 
circulation models. Reducing this uncertainty demands the 
improvement and validation of both cloud-radiation and 
cloud models based on observational data. Relevant cloud 
observations of both macroscopic and microscopic character 
are required. Toward this end we have initiated a field 
measurement program that focuses on t}:le dependence of 
cloud reflective properties on atmospheric aerosol concen­
tration, their chemical composition, and origin. 

The field site is located at El Yunque peak (elevation 1067 
m) in Puerto Rico, ~hich is frequently in clouds and, depend­
ing on the air circulation pattern, exposed to aerosols of 
different compositions and origins. These may be natural 
(marine, Saharan dust) or anthropogenic (from surrounding 
islands or the continent). Because of this, the effects of these 
types of aerosols on cloud reflective properties can be conve­
niently studied. 

In the initial phase of the project, we are measuring in­
situ cloud drop number concentration and drop size distri­
bution, liquid water content, and an optical property - the 
integrated backscattering coefficient, crb,, defined as 

where b is the volume-averaged backscattering fraction and 
cr, is the scattering coefficient, which depends on the drop size 
distribution, wavelength of light, complex index of refrac-
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tion, and scattering efficiency. For optically thin clouds crbs is 
directly related to the cloud albedo forO· zenith solar radiation 
A through the relation 

where L is the geometric thickness of the cloud. The back­
scattering coefficient crb, is therefore equal to the albedo per 
unit thickness of the cloud. 

Cloud backscattering coefficients have been measured 
with a modified integrating nephelometer. A conventional 
nephelometer is designed for aerosol measurement and cannot 
be used in clouds because the cloud drops are retained in the 
inlet manifold so that only the interstitial aerosols are detected. 
To overcome these difficulties, we have modified a commercial 
nephelometer to provide for an open light-scattering volume 
so that cloud drops may freely pass. The instrument's 
performance is not affected by ambient daylight because the 
arrangement of the baffles and apertures does not allow direct 
sunlight to reach the photomultiplier. Values for the back­
scattering coefficient of clouds are of the order of 10-3 I m and 
therefore it is not required to operate the instrument at 
extreme sensitivity. We found that the background signal of 
the nephelometer in this mode of operation is essentially the 
same whether the scattering volume is closed or open. As 
done for aerosol measurements, the nephelometer is set to 
the backscattering mode of operation using a shutter block­
ing one-half the opal glass light source. 

Examples of nephelometer strip chart recorded data 
obtained during different time periods of 1 August 1990 are 
shown in Figures 1 and 2. The variations of the nephelometer 
response seen in these figures reflect the horizontal 
inhomogeneities along the cloud traverse path, which for a 
10-sec nephelometer time resolution corresponds to about 20 
m. We note that the 10-sec variations in the nephelometer 
signal did closely track the 10-sec variations in the cloud drop 
concentrations, indicating that the cloud density at theCSASP 
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Figure 1. Measured crb, values 
plotted against local 
time (August 1, 1990). 
Theoretical values cal­
culated from CASP (1-
16 Jlm range) data are 
indicated by solid 
circles. (XBL 912-6433) 
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intake was essentially the same as in the nephelometer scat­
tering volume. 

The cloud drop number concentrations and size distri­
butions obtained from CSASP measurements using the fac­
tory calibration were used to calculate (Mie theory) the cr"' 
values for the wavelength of 0.55 Jlm. The calculated and 
measured crb, values are compared in Figure 1, where the 
calculated values are indicated by solid circles. 

Calculated and measured crh, values are in good agree­
ment, except at highback scattering values, when the calcu­
lated cr"' is generally lower than measured. A possible expla­
nation for this discrepancy is the presence of cloud drops 
with diameters greater than 16 Jlm, which the drop spec­
trometer did not record at the instrument range used (1-16 
Jlm). This explanation is supported by the data shown in 
Figure 2 corresponding to a different time period when the 
CSASP was operated alternately in both the 1-16 and the 2-32 
Jlm size ranges. Figure 2 shows that the agreement between 
measured and calculated crh, is indeed very good when the 2-
32Jlm range (open circles) rather than the 1-16Jlm size range 
(solid circles) is used. 

Aerosol Particle Technology 

Henry Benner 

Tropospheric aerosol particles are customarily assigned 
a density because little is known about the actual density of 
individual particles. For tropospheric water droplets, den­
sity of 1 is reasonable but the density of windblown dust, 
pollen, agglomerated soot particles, and polar stratospheric 
cloud droplets is unknown. Particle density plays a role in 
the tropospheric lifetime of particles and the way in which 
they are collected by inertial samplers. Previously, we de­
veloped the capability to produce a beam of particles in 
vacuum; we are extending this technology to include the 
capability for determining particle density. 

A polydisperse distribution of particles is first charged 
to a known and reproducible charge state so that particles of 
a specific diameter can be electrostatically separated from the 
initial population. These classified particles are drawn into a 
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Figure 2. Measured crb, values for a different time period on 
August 1990. Theoretical values calculated from 
CSASP data for two size ranges, 1-16Jlm (solid 
circles) and 2-32Jlm (open circles). (XBL 912-6434) 

vacuum where a narrowly expanding particle beam is pro­
duced. As the charged particles pass between two capacitor 
plates, they are deflected away from the beam centerline. 
Their deflection is a simple function of their mass. Because 
the particles were first classified according to their diameter 
and then according to their mass, particle density can easily 
be calculated from their deflection distance. Of particular 
interest to aerosol scientists is the density distribution of 
submicron diameter particles because inaccuracies are in­
troduced into density determinations when bulk properties 
are used as a basis for the density calculations. Density 
distributions of several types of particles are being determined. 
The procedure is also being extended to the determination of 
the properties, including density, of particles produced by 
the evaporation of solvent from solution droplets that contain 
DNA. ThisapproachoffersanewwaytosizeDNAfragments 
that have been restricted by endonucleases, which would 
eliminate the need for time-consuming gel-electrophoresis 
separations. 
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II 
MEMBRANE BIOENERGETICS 

II 

Free Radicals, Heavy Metal Toxicity, 
and Antioxidants 

R.J. Mehlhorn, A.T. Mendez, K. Moore, T. Prolla, 

and M. Moronne 

Free radicals (i.e., reactive molecules containing unpaired 
electrons) are produced in all aerobic organisms. Although 
elaborate defenses and repair systems have evolved to cope 
with free-radical damage, they are insufficient to prevent a 
gradual deterioration of functional integrity according to the 
"free-radical theory of aging." Understanding and amelio­
rating free-radical damage may prove to be the greatest 
accomplishment of modern biologists. 

Our purpose is to elucidate mechanisms of free-radical 
damage. One hypothesis being tested is that iron released 
from heme proteins is a major free-radical catalyst. Because 
of its high iron content, the erythrocyte would then be a 
potential source of damage. This destructive potential could 
become expressed after traumatic injury or in a variety of 
blood diseases, including those associated with abnormal 
hemoglobins. Damage could be particularly severe when 
iron chelation, possibly by exogenous chelating agents from 
polluted air or water, has increased the iron-mediated free­
radical production. To understand such chelation effects, we 
are studying the binding of heavy metal ions to components 
of cigarette smoke. We also seek to understand the fate of 
metal ion complexes that cannot be degraded by enzymic 
processes. This has let to an investigation of the accumula­
tion of stable paramagnetic ion complexes in subcellular 
organelles, including efforts to link such complexes to ingested 
transition metal ions in marine organisms. To accomplish 
our research objectives, we have pioneered and are continuing 
to develop new methods to detect free radicals and to char­
acterize the antioxidant systems that guard against them. 

Our principal experimental approach is electron spin 
resonance (ESR), which detects magnetic moments presents 
in all free radicals. This basic approach is rendered highly 
sensitive with "free-radical traps," which accumulate adducts 
of free radicals until they are detectable by ESR. We are also 
developing a number of new methods for detecting and 
quantifying free iron, copper, and altered heme proteins. 

Ascorbate Metabolism and Antioxidant Function in 
Erythrocytes 

Our recent investigations of ascorbate regeneration in the 
human erythrocyte have revealed that treatment with hy­
droperoxides (tBH) and nitroxides transiently depletes cells 
of their ascorbate content and free-radical scavenging activity. 
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We showed for the first time that two distinct free-radical 
reducing agents are related to vitamin C: 1) fully reduced 
ascorbic acid and 2) a product that arises from dehydroascorbic 
acid in the presence of thiols. Further, we showed that 
ascorbic acid is regenerated from dehydroascorbic acid (DHA) 
by a rapid mechanism at low DHA concentrations, whereas 
the chemical reduction of DHA by glutathione that is ob­
served in buffer solutions becomes important only at higher 
DHA levels than are normally found in erythrocytes. 

We used nitroxides to model persistent free radicals and 
to study free-radical quenching by ascorbate. Several 
equivalents of nitroxide were reduced relative to the ascor­
bate content of cells and transient oxidation of ascorbate by 
tBH and nitroxides did not inhibit subsequent nitroxide­
reducing activity. We concluded that metabolically linked 
regeneration of ascorbate from DHA is an efficient process 
that allows ascorbate to function catalytically a a free-radical 
chain terminator. The reappearance of nitroxide reduction 
after tBH treatment and ascorbate oxidation indicated that 
the pentose phosphate pathway was not destroyed. 

We also showed that ascorbate can be removed from 
erythrocytes by selective oxidation with cationic nitroxides 
without impairing the metabolic integrity of the cells. This 
procedure has made it possible for the first time to render 
cells ascorbate-deficient without prolonged nutritional ma­
nipulations. 

Studies of Iron Chelates with Reduced Nitroxides 

The one-electron oxidation of the reduced nitroxide 1,4-
dihydroxy-2,2,6,6-tetramethyl-piperidine-N-Oxyl (TOLH) 
can be used to detect loosely bound iron. The rate of TOLH 
oxidation by Fe-EDT A in hemolysates is directly proportional 
to the iron chelate concentration. Sensitivity of this assay is 
in the submicromolar range. Preliminary experiments have 
shown that TOLH is not oxidized in hemolysates treated with 
EDTA, indicating that there is no detectable loosely bound 
iron in normal erythrocytes. 

Development of Novel Antioxidants 

Reduced nitroxides (TOLH) have the characteristics of 
ideal antioxidants. Like phenolic antioxidants, they readily 
donate hydrogen atoms to peroxyl radical without propa­
gating chain reactions. Further, they are readily reduced by 
ascorbate and thus can be expected to persist in much the 
same way as ascorbate and tocopherol, both of which are now 
known to be metabolically regenerated after they function to 
terminate free-radical chain reactions. However, whereas 
physiological antioxidants are membrane-impermeable, 
many reduced nitroxides are highly permeable, which creates 
the possibility of introducing them into cells. 
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Production of Free Radicals by Thyroid Peroxidase 

In the presence of hydrogen peroxide, peroxidase en­
zymes generate powerful oxidants in vitro. In the thyroid 
gland, oxidation of iodide by thyroid peroxidase iodinates 

the amino acid tyrosine as one of the steps in thyroid hormone 
synthesis. We have postulated that this enzyme may be a 
significant source of free radicals, particularly when the 
thyroid is exposed to high hydrogen peroxide loads-as may 
occur during inflammation-and in the presence of phenolic 
compounds,includingspeciesthatmaybeingestedorinhaled. 
Using ESR measurements ofthe phenol-stimulated oxidation 
of TOLH, we have confirmed that a variety of phenolic 
molecules are oxidized to free radicals by thyroid peroxidase. 
We were gratified to observe that TOLH is also a powerful 
antioxidant that protects cultured thyroid cells from the 
lethality of phenols and hydrogen peroxide. 

References 

Mehlhorn RJ. Ascorbate- and dehydroascorbate-mediated 
reduction of free radicals in the human erythrocyte. J. 
Bioi. Chern. (in press, 1990). 

Mehlhorn RJ, Fuchs J, Sumida S, Packer L. Preparation of 
tocopheroxyl radicals for detection by ESR. Methods in 
Enzymol. 1990; 186: 197-205. 

Biological Oxidations, Free Radicals, 
and Oxygen Toxicity 

L. Packer, J. Maguire, V. Kagan, E. Serbinova, 
E. Witt, A. Reznick, M. Tsuchiya, and T.M. Forte 

Our research strategy seeks to elucidate the interactions 
between oxidants and antioxidants in biological systems. 
The research has led to numerous publications and reports at 
national and internhtional conferences. This past year, em­
phasis was given to three investigations: 

Membrane Reactions of Vitamin E 

Using ESRmethods, we seek to identify sites, pathways, 
and specificity for vitamin E reactions by directly observing 
ascorbyl (vitamin C) and tocopheroxyl radicals. Our objec­
tives are to learn about how vitamin E acts as the oxidant­
harvesting center ofbiomembranes. Our studies suggest that 
the water- and lipid-soluble antioxidants present or electron 
transport components in membranes are "slaves" to vitamin 
E, donating their antioxidant potency to making vitamin E 
more efficient. HPLC and other methods are used to analyze 
factors that affect consumption of antioxidants such as vita­
mins E and C, and ubiquinones. 
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Lipoproteins 

For human low-density lipoproteins (LDL), we are 
studying oxidative stress to LDL and analyzing antioxidant 
interactions and ways of minimizing oxidative damage to 
LDL. 

Studies of UV AB-Exposed Skin 

A solar simulator is used to expose skin of hairless mice 
to UV AB irradiation. We study the compromise of the skin 
antioxidant system and how to prevent loss of antioxidants, 
which leads to protein and lipid damage. Topical application 

of antioxidants or dietary interventions are used. 



Environmental Research Program Applied Science Division 1990 Annual Report 

II 
EcoLOGICAL SYSTEMS 

II 

Assessing Ecotoxicological and 
Genotoxic Effects in Environmental 
Management 

S. Anderson, G. Wild, J. Harte 

Genotoxic effects are an- important consideration in 
ecological risk assessment. Substances which damage genetic 
material may cause decreased fertility, cancer, and multi­
generational mutagenic effects. However, short-term 
genotoxicity tests, useful in multiple environmental media, 
have not been developed for wide application. 

We have compared potential genotoxicity test systems 
using a number of well-characterized mutant strains of the 
nematode Caenorhabditis elegans. Dose-response curves for 
the mutagen ethyl methane sulfonate (EMS) were compared 
for two test systems. The spontaneous induction frequency 
was also analyzed. The first system, using the mutant strain 
eTl (Fig. 1), involved screening for recessive lethal mutations 
in a large region of the genome. The mutation frequency 
range, from 2-19 x w-2, and 1000 animals can be tested and 
mutants detected and confirmed in 14 days. The second test 
system involved screening for recessive suppression of a 
nonmotile (unc54) mutant phenotype (Fig. 2). The mutation 
frequency ranged from 0.5-20 X J0-4 with 3 X J0-4 worms 
tested in 17 days. Therefore, in a relatively short period of 
time (12-17 days), genotoxic effects were detected and con­
firmed using both assay systems. These results indicate that 
varied sensitive approaches may be available for application 
of this unique genetic tool to environmental toxicology. 

As test development has been completed, we are plan­
ning extensions of this work. We will further develop the 
assays for both the evaluation of genotoxic effects in envi­
ronmental samples such as sediment and water, and the 
evaluation of genotoxic effects of environmentally signifi­
cant chemicals. We are currently evaluating the metabolic 
activation potential of the nematode system and are evaluat­
ing methods for incorporating various metabolic activation 
systems. 

Acute and chronic exposures of C. elegans to UV light 
have also been carried out, and effects have been noted at 
relatively low doses compared with sunlight. Chronic expo-
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Figure 1. Results of eTl assay. Induced mutation fre­
quency in JP1 0 strain following exposure to 
varying doses of EMS. 4 hr. exposure @21 C. 

sures utilizing varied wavelength distributions documented 
the dependence of mortality rates and reproductive success 
on wavelength. We are developing a system to study the 
effects of chronic exposures to natural sunlight enhanced 
with UV on C. elegans as well as selected aquatic species. The 
ultimate goal of our research on ultraviolet light is to model 
the potential multigenerational genotoxic effects of strato­
spheric ozone depletion. 

This year, a survey of ambient toxicity in marsh habitats 
of San Francisco Bay was also completed. Short-term indi­
cators were used to evaluate potential effects of wastewater 
discharged into wetland habitats, and toxic effects were 
documented at selected sites. These studies have underlined 
the need for coupling engineering considerations with eco-



Applied Science Division 1990 Annual Report 

logical assessments at marshes managed to receive wastewa­
ter. Aspects of our project have been used to suggest criteria 
for toxicity characterization and remediation in wetlands. 
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