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, ABSTRACT

Ocean produced reduced sulfur compounds including dimethylsufide

(DMS) , hydrogen sulfide(H2S) , carbon disulfide (CS2) , methyl mercapton

(CH3CH) and carbonyl sulfide (OCS) deliver a sulfur burden to the

atmosphere which is roughly equal to sulfur oxides produced by fossil

fuel combustion. These species and their oxidation products dimethyl
sulfoxide (DMSO), dimethyl sulfone (DMSO2) and methane sulfonic acid

(MSA) dominate aerosol and CCN production in clean marine air.

Furthermore, oxidation of reduced sulfur species will be strongly

influenced by NOx/03 chemistry in marine atmospheres. The multiphase

chemical processes for these species must be understood in order to

study the evolving role of combustion produced sulfur oxides over the
oceans.

Unique laboratory techniques developed over the past six years by

Boston College and Aerodyne Research, Inc. personnel are being utilized

to measure the chemical and physical parameters affecting the uptake of

reduced sulfur compounds, their oxidation products, ozone, and nitrogen

oxides by the ocean's surface, and marine clouds, fogs, and aerosols.

These parameters include • gas/surface mass accommodation coefficients;

physical and chemically modified (effective) Henry's law constants; and

surface and liquid phase reaction constants. These parameters are

critical to understanding both the interaction of gaseous trace species

with cloud and fog droplets and the deposition of trace gaseous species
to dew covered, fresh water and marine surfaces. Uptake studies are now

in progress for MSA and DMSO.
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1. Introduction

An important task of the Department of Energy Atmospheric

Chemistry Program is the study of the atmospheric chemistry and

deposition processes associated with long range transport of sulfur

and nitrogen oxide species derived from fossil fuel produced S02 and

NOx. Modeling work at the Pacific-Northwest Laboratory (PNL) has

indicated that long-range transport of sulfur and nitrogen trace

species from both North America and Europe can have a major impact
on marine air chemistry over the North Atlantic. Furthermore... the

accelerated industrial development of Asian nations in the Pacific

Basin, particularly China with its low rank coal reserves, can be

expected to make major changes in Pacific marine air chemistry.

Changes in marine air chemistry can be of great significance.

Atmospheric sulfur and lnitrogen species are critical to the
formation of both clear air aerosols and cloud condensation nuclei

(CCN). Solar scattering from both Clear air aerosols (Ball et al.,

1982; Coakley et al., 1983; Charlson et al., 1990) and marine

clouds, whose formation is often limited by available CCN, (Coakley,

1987; Charlson et al., 1987) a:L-e critical to the atmospheric
radiation balance and the climate. The relative role of sulfur

oxides produced from reduced sulfur compounds emitted from the ocean

and those transported from polluted continental air is currently in

dispute (Charlson et al., 1987; Schwartz, 1988) .

Ocean produced reduced sulfur compounds including

dimethylsulfide (DMS) , hydrogen sulfide (H2S), carbon disulfide

(CS2), methyl mercaptan (CH3SH) and carbonyl sulfide (OCS) deliver a

sulfur burden to the atmosphere which is roughly equal to sulfur

oxides produced by fossil fuel combustion (Miller, 1984; Cullis and
Hirschler, 1980) . These species and their oxidation products

dimethyl sulfoxide (DMSO), dimethyl sulfone (DMSO2) and methane

sulfonic acid (MSA) dominate aerosol and CCN production in clean

marine air. Their multiphase chemical processes must be understood

in order to study the evolving role of combustion produced sulfur'
oxides over the oceans.



Furthermore, oxidation of reduced sulfur species will be

strongly influenced by NOx/O3 chemistry in marine atmospheres.

Therefore it is critical to understand the signs of NOx and 03 in

the marine environment. Deposition processes for these species to

the ocean surface and into cloud and fog droplets is poorly
understood.

The ongoing work in this program element involves the

application of advanced laboratory techniques to the measurement of

the chemical and physical parameters affecting the uptake of reduced

sulfur compounds, their oxidation products, ozone and nitrogen
oxides by the ocean's surface, and marine clouds, fogs and aerosols.

During the course of this work we anticipate continuing our
. scientific interface with key DOE ACP scientists involved in cloud

and aerosol chemistry in order that our work complement their

ongoing activities.

2. Technical Background

a) . Sulfur Species

There is widespread agreement that DMS is the most important

reduced sulfur compound emitted in most marine systems; however,

significant emissions of OCS, CS2, H2 S and/or CH3SH may be present

in some estuarine and marine environme1_t (Andreae, 1985; Aneja,
1990; Pszenny et al., 1989). The oxidation routes for these

compounds is poorly understood, with the relative role of gas phase
and heterogeneous/liquid phase processes in dispute.

Seinfeld and co-workers have recently published and tested and

extensive mechanism for DMS gas phase photo-oxidation which is in

reasonable accord with smog chamber simulations (Yin et al.,
1990a,b), but oxidation routes in relatively clean marine air are

less certain, and the relative role of homogeneous and heterogeneous

reactions for the initial and intermediate oxidation products of DMS

and other reduced sulfur compounds is unclear. For instance gas

phase reactions with OH, CI, 03 and NH 3 are all too slow to explain

the atmospheric lifetime of dimethyl sulfate (Japar et al., 1990) .

A suggested sulfur budget for the antarctic marine boundary layers

is shown in Figure 1 (Pszenny et al., 1989). Budgets for other
marine systems are similar in form.

Marine aerosol sampling studies show that the important

terminal reduced sulfur compound oxidation products include both

sulfate (SO4 =) presumably from sulfuric acid and methanesulfonate

(CH3SO3-) from methanesulfonic acid. Under marine conditions

methanesulfonic acid is one of the principle oxidation products of
atmospheric DMS. It is quantitatively significant in the

atmospheric sulfur budget of oceanic regions, comprising from 5% to
as much as 40% of the aerosol sulfur in marine air masses. While

the atmospheric concentrations of MSA are reasonably well known over

the oceans (Saltzman et al., 1983; 1985; 1986), we know relatively



' little about the processes by which MSA is removed from the

atmosphere. Hence, our ability to calculate fluxes from atmospheric
concentrations is limited°

A question of particular importance is whether the removal rate

of MSA is similar to that on non seasalt sulfate, as MSA is used as

a tracer for biogenic sulfate both in air masses and in ice cores

(Saltzman et al., 1986; Prospero and Savoie, 1989; Saigne and

Legrand, 1987, Legrand et al., 1990). This has generally been

assumed to be the case on the basis of the similarity in the size

distributions of the two compounds. Recent measurements in the

equatorial pacific indicate that in very remote marine air masses

the size distribution of MSA appears significantly shifted towards

. coarser particles (>I micron).relative to nss sulfate (Pszenny,

1990). This observation suggests that MSA is incorporated into the

aerosol via nucleation onto preexisting particles, since most of the

surface area in the aerosol is on the larger particles. This

mechanism was suggested on theoretical grounds by Hoppel (1987) and

Kreidenweis and Seinfeld (1988). However, even after taking surface

area and particle diffusivity into account, the field data shows

that MSA appears to be preferentially adsorbed onto seasalt, rather

than sulfuric acid aerosols. Pszenny suggested that this may result
from a dependence of the sticking coefficient of MSA.

Interestingly, this interpretation of the field data appears to

conflict with earlier measurements of the vapor pressure of MSA
(Clegg and Brimblecombe, 1985) which indicated that MSA should not

volatilize from atmospheric solutions even if they are extremely

' acidic. Experimental work is needed to verify the vapor pressure
data and to determine the sticking coefficient as a function of

solution composition.

It is clear that laboratory studies of the interaction of

reduced marine sulfur compounds and their oxidation products with

liquid water droplets representative of marine cloud, fog and

aerosol droplets should provide valuable insights into the processes
represented in Figure I.

b) . Ozone and NOx

The oxidation of reduced marine sulfur compounds is driven by

their interaction with the photochemical oxidation cycle involving

NOx, 03 and the OH radical. For instance the Seinfeld group's DMS

oxidation model indicates that reaction with OH and NO 3 are the

principle pathways for initial oxidation (Yin, et al., 1990a and
1990b).

NOx and 03 concentrations can be quite low in clear marine air,

particularly when compared to polluted continental air. Thus, any
loss terms, particularly to cloud or aerosols droplets or the ocean
surface must be fully characterized.

The Boston College/Aerodyne (BC/ARI) team has already measured
and published temperature dependent uptake parameters for the
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important NOx reservoir species N205 and HN03 (VanDoren et al.,

1990). In order to more fully characterize possible marine

heterogeneous sinks we propose to extend these studies to 03, NO,

NO2 and NO 3. The uptake of 03 and NO2 by aqueous surfaces has

already been studied by BNL scientists (Tang and Lee, 1987; Lee and

Tang, 1988) who measured quite small mass accommodation coefficients

of 5.3 xl0 -4 and 6.2xi0 -4, respectively. Since the physical Henry's

law constant for these species is small, a chemical scavenging

species must be added to measure a true mass acco_nodation
coefficient. The technique used at BNL is not as versatile as the

ARI/BC technique and is subject to saturation effects. Differences

between the two approaches are indicated by the BNL mass

accommodation coefficient of >2x10 -2 for SO2 (Tang and Lee, 1987) as

compared to our value of 0.ii (Worsnop et al., 1989).

In preliminary experiments we have strong indications that the
mass accommodation coefficient for 03 significantly exceeds that

measured at BNL, particularly when we use I- as an 03 chemical

scavenger. Since I- and the other halides are important
constituents of sea water and marine aerosol, we fee! it is

important to more fully explore the uptake of 03 by water surfaces

doped with halogen anions.

In 9eneral, we would like to check the previous BNL

accommodation coefficient measurements for NO 2 and 03, with what we

feel is a more robust experimental technique, and then go on to

explore, in detail, how the chemical composition of ocean water and

marine cloud and aerosol drops may govern uptake of gaseous 03 and

NOx through reactive scavenging.

3. Boston College/Aerodyne Experimental Program

Over the past five years in a collaborative effort between the

Chemistry Department at Boston College (BC) and the Center for

Chemical ana Environmental Physics at Aerodyne Re_:earch, Inc. (ARI),
we have developed a novel and powerful method of measuring mass

accommodation coefficients for trace atmospheric species on water

droplets of known size, temperature and chemical composition. A

controllable stream of monodispersed droplets is produced by a

vibrating orifice jet. The droplets enter a flow system containing
the trace species. The droplets are turned on and off while the

density of the species Js monitored Furthermore, through the

determination of trace gas uptake rates our experimental techniques

have allowed us to determine effective Henry's law solubilities as a

function of droplet chemistry. These in turn can be interpreted to

yield valuable insight into the rate of trace species chemical
reactions at the droplet surface.

In experiments thus far we have measured the mass

accommodation coefficients for SO2, H202, N205, HNO3, HCL, CHOOH,

C2H4OOH, and a series of alkyl- and halo-alcohols under various

atmospherically significant conditions. For HCl, HNO 3 and N205, gas



" ' . uptake was also measured as a function of sulfuric acid
concentration in the droplets. We have determined the temperature

dependence of the uptake for these molecules in the range -13 C to
20C. These studies show that the mass accommodation coefficients for

soluble gases on aqueous surfaces are large ranging from about 0.02
to 0.15 at room temperature. The coefficients generally increase

with decreasing temperature. The results suggest that uptake for

soluble species proceeds via an attractive gas/surface interaction

that may be described in terms of critical cluster size, homogeneous

nucleation theory.

The uptake coefficients for less so].uble gases are determined

by the Henry's law solubility, liquid phase diffusion, and aqueous

phase chemical reaction. Detailed studies of SO2(g) uptake show

that SO2 reacts with H20 much more rapidly at the surface of the

liquid than in the bulk. Further, in the process of uptake a
' chemisorbed SO2-H20 surface complex is formed. This complex may

have significant effect on droplet chemistry. For a typical I0

micron cloud droplet of pH 4 in equilibrium with gas phase S02,

about 30 percent of S(IV) is calculated to be in the surface

complex. More recent results indicate that acetaldehyde also
chemJsorbs on the liquid surface, perhaps explaining anomalously

high acetaldehyde concentrations reported for collected fog and
cloud water.

4. Experimental Technique
£-

The mass transfer rate between gas and liquid is a convolution

of at least three processes: diffusion and/or convection of gas

phase molecules to and from the liquid surface, dissolution of gas

phase molecules into the liquid (this may include possible chemical
reaction at the surface), and the diffusion of dissolved molecules

to and from the liquid surface. The goal of any mass accommodation

or desorption coefficient measurement is to isolate the

heterogeneous surface transport from the gas and liquid transport

processes. With this is mind we have two apparatuses in operation to
measure these coefficients. One apparatus uses infrared

absorption of a tunable diode laser for trace detection while the

other uses a mass spectrometer. The apparatus can also be used to

study gas desorption, surface chemistry and the temperature

dependence of gas uptake. Details of the devices are described in

our previous publications (Gardner et al., 1987, Worsnop et al.,

1989, Jayne et al., 1990). Extensive tests and experiments

discussed in the publications show that the method indeed provides

reliable results. In previous publications as well as in our

original proposal to DOE, we have described in detail our laboratory

technique . Here we will provide only a brief summary of the

experimental method.

The mass spectrometer version of our apparatus, shown in

Figures 2. The gas /droplet interaction zone consists of a droplet
: source chamber, a gas-droplet interaction flow tube, and a droplet



' , collection chamber, Droplets are generated in the upper chamber by

forcing filtered water through a 60 micron diameter orifice in a
stainless steel plate. The formation of droplets is controlled by

vibrating the orifice wilh a piezo-electric ceramic at the natural

jet breakup frequency or at an integral subharmonic. Droplet sizes
from 120 to 240 microns are generated in these experiments by

varying the applied frequency. The actual droplet frequency is

measured by passing a tightly focused helium neon laser beam through

the droplet stream and monitoring the modulated light with a

phototube and oscilloscope,

The density (ng) of the trace gas is monitored as the surface
area of the droplets passing through the flow tube is changed in a

stepwise fashion. The density of the species is monitored
downstream of the flow tube with the quadrupole mass spectrometer

(or a diode laser absorption cell), A measured decrease in the

trace gas signal (Ang) resulting from an increase in the exposed

droplet surface area corresponds to an uptake of the gas by the

droplet surface, The uptake coefficient is obtained from the

measured change in trace gas signal,

An important aspect of the experimental technique is the

careful control of all the conditions within the apparatus, The

control of the water vapor pressure is especially important because

the temperature of the droplets is determined by the partial

pressure of H20 vapor in both the droplet generation chamber and the

flow tube, The equilibrium between ambient water vapor and the

droplet train temperature is reached in the droplet production

chamber, The attainment of droplet temperature equilibrium is

predicted theoretically and has been checked experimentally .
Careful control of the pressure ensures that the droplets neither

grow nor evaporate in the reaction zone. Experiments have been

done with the pressure of H20 in the reaction zone between 13 and

1,7 Torr, This corresponds to temperatures between 15C and -13C,

respectively, The lower temperatures are obtained by evaporative

cooling; the droplets being super-cooled but not frozen

The transit time of the droplets through the reaction zone is
0

short, on the order of a few milliseconds, The gas-droplet

interaction time can be varied from 1,8 to 21ms by changing the gas

inlet port and by altering the droplet velocity, These two methods

of varying the contact time were shown to be equivalent. The various

factors entering into the analysis of the results have been

discussed in previous publications (Worsnop 1989). The apparatus is

easily modified to perform quantitative desorption stud{es.
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", The experimental protocols and data analysis procedures

described are capable of determining the parameters needed to

model heterogeneous chemistry of trace gases on atmospheric

particles. These parameters include mass accommodation

coefficients, aqueous solubilities, and aqueous reaction kinetics.
In order to assess the impact on the marine environment of fossil

fuel produced sulfur and nitrogen oxides, we propose to extend our

laboratory experiments to those species. This involves the

following tasks:

i. Measurements of uptake coefficients on aqueous droplets

for the reduced sulfur species including dimethyl sulfide (DMS),

hydrogen sulfide (H2S) , carbon disulfide (CS2) , methyl mercaptan

(CH3SH) and their oxidation products including carbonyl sulfide

(OCS), methane sulfonic acid (MSA), dimethyl sulfoxide (DMSO) and

dimethyl sulfone DMSO2. The uptake coefficients will be measured

over a sufficient range of conditions to provide both the mass

accommodation coefficient and the Henry's law solubility for these

species. Measurements will be done as a function of temperature,
pH, and ionic strength.

2 Measurements of uptake coefficients on aqueous droplets

for the ozone (03 ) and the nitrogen oxide species NO, NO 2 and NO3.

The uptake coefficients will[ be measured over a sufficient range of

conditions to provide both the mass accommodation coefficient and

the Henry's law solubility for these species. Measurements will be

done as a function of temperature, pH, and ionic strength.

8. Progress Report

During the summer of 1991 the Chemistry Department moved from

its old quarters into a new building totally dedicated to teaching

and research in chemistry• Being in this new building which is very

well equipped with the most modern and advanced research

equipment.will no doubt greatly facilitate research. The move

however necessitated the disassembling and reassembling of the

apparatus which caused some delays in our research program.
b

The apparatus has now been properly modified to study the

• compounds relevant to the present project. We have started to

measure the uptake of MSA and DMSO. Preliminary measurements show

that the uptake coefficient of DMSO by pH 7 water is small; less

then 5x10 -4. Further studies as a function of various additives are

now in progress. Studies are proceeding as outlined in the work
statement.
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