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Abstract

Sulfur gases are an important chemical component of the atmosphere. Gaseous
sulfur compounds effect the acidity of rainwater and are important precursors to aerosol
particles which affect public health, climate and visibility of scenic vistas such as the
Grand Canyon. Sulfate aerosols are also known to participate in ozone catalysis in the
stratosphere. A vast majority of the gaseous sulfur cycling through the atmosphere will
exist as sulfur dioxide (SO,) at some time during its atmospheric lifetime. Since SO, is a
primary component of the atmospheric sulfur cycle, quality measurements of this gas are
important to understanding the cycling of sulfur through the atmosphere. The mixing
ratio of SO, in the atmosphere can be as low as a few 10's of parts-per-trillion by volume
(pptv) in unpolluted areas and as high as 100's of parts-per-billion by volume (ppbv) near
industrial centers. Obtaining SO, measurements with mixing ratios that can differ by 10°
in magnitude is a difficult task, especially for mixing ratios less than a few hundred pptv.

The Diffusion Denuder/Sulfur Chemiluminescence Detector (DD/SCD) was
developed further and tested in a rigorously blind comparison under controlled laboratory
conditions. The DD/SCD exhibited excellent sensitivity and little-to-no interference from
other trace gases. The DD/SCD performance was comparable to that of other state-of-
the-art instruments developed for measuring SO, in the remote atmosphere.

The Continuous SO, Detector was developed to overcome the limitation of long
sampling times (4 to 90 minutes) inherent in the DD/SCD and other state-of-the-art
techniques. The Continuous SO, Detector (CSD) was developed based on the design of
the DD/SCD, but has been optimized for sensitive, high-time resolved measurements of
SO, in air. Sensitive, high-time resolved measurements would be beneficial for studying
atmospheric SO, over large geographical areas from a moving sampling platform such as
an aircraft. The current prototype of the CSD is capable of measuring SO, at mixing
ratios of less than 100 pptv on the order of seconds. The DD/SCD, CSD and an
automated, computer controlled dynamic dilution system described in this thesis represent

a suite of instruments for the measurement of SO, in the remote atmosphere.
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Chapter 1

Introduction:

The cycling of sulfur gases through the atmosphere have important ramifications in
many environmental issues. The environmental issues range from acidification of rain
water to the degradation of visibility, climatological effects and concerns regarding public
health. Emissions of sulfur gases to the atmosphere can be divided into three categories:
biogenic, volcanic and anthropogenic. Biogenic sources of sulfur emit compounds such as
hydrogen sulfide (H,S), carbon disulfide (CS,), carbonyl sulfide (COS) and dimethylsulfide
(DMS). The sources of the biogenic sulfur gases are diverse, including the oceans, soils,
plants and swamps. The biogenically produced sulfur gases are oxidized in the
atmosphere. The primary oxidant for trace gases in the atmosphere is the OH radical,
which is a byproduct of the photolysis of tropospheric ozone. Other oxidation pathways
for reduced sulfur gases have also been observed, such as ozone, peroxyl radical and
nitrate radical. The oxidation pathways for these reduced sulfur gases are complex, but
the major intermediate species in the oxidation process is sulfur dioxide (SO,). Sulfur
dioxide is also emitted directly from the biota through biomass burmning, however this
direct source of SO, pales in magnitude when compared to volcanic and anthropogenic
emissions.

Anthropogenic emissions of sulfur gases are primarily in the form of SO,. These
emissions are the result of the combustion of fossil fuels such as coal, fuel oil and gasoline.

Since these materials are traded commodities, and historical sales and production are well
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10
documented, the resulting estimates of anthropogenic sulfur emissions from fossil fuel

combustion are very reliable. These emissions have increased considerably since the
Industrial Revolution which began in the late 1800s. Global estimates of anthropogenic
sulfur gas emissions are said to be between 80-140 x 10'2 g S year" [Cullis and Hirschler,
1980]. Despite stringent pollution control regulations in developed countries, global
anthropogenic sulfur emissions are still increasing. Sulfur emissions from the developed
world are small compared to developing nations, even though the fossil fuel consumption
of developed countries is much higher. For instance, estimates of sulfur emissions of
greater than 20 x 10" g S year" from China in 1986 overshadow the estimates from the
entire continent of North America (an estimate of less than 15 x 10'> g S year™) [Seinfeld
and Pandis, 1997). This is due primarily to the use of cheaper fossil fuel-based energy
sources, such as high sulfur coal, in developing countries. Environmental regulation and
controls for SO, emissions are lax, or non-existent in developing countries due to the costs
of implementation. As further economic development is inevitable, the trend in
anthropogenic SO, emissions will increase for the foreseeable future.

Environmental problems due to sulfur dioxide are well known. Mixing ratios of
SO, in the hundreds of parts per billion by volume (ppbv) combined with other conditions
such as a high number of acidic aerosol particles contributed to an estimated 4000
premature deaths during a few days in London England in 1952 [Samet and Utell, 1991;
Ito et al., 1993]. Sulfur dioxide is also a major contributor to atmospheric acidity.
Increased sulfur dioxide in the atmosphere results in increased acidity of cloud droplets

and rain water. The increased acidity of rainwater is believed to have an adverse effect on
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11
plants and has been suspected as a cause of reduced productivity in forests [Bunce, 1991].

These problems occur down wind from heavily industrialized areas, where high mixing
ratios of sulfur dioxide are common.

Atmospheric sulfur dioxide is reactive and can be removed from the atmosphere
through both wet and dry deposition. It also undergoes further oxidation in the
atmosphere, which is caused primarily by reaction with the OH radical. The oxidative

reactions are as follows [Seinfeld and Pandis, 1997]:

SO, +0H -+M — HOSO,-+M (L1)
H0S0,-+0, - HO,-+50, (1.2)
SO, +H,0+M — H,S0, (1.3)

Reaction (1.1) is the initial reaction with the OH radical. The second reaction with
O, (1.2) forms the peroxy radical and SO,. Finally, in the presence of water vapor, SO,
reacts rapidly to form sulfuric acid (1.3). Since sulfuric acid has a vapor pressure that is
effectively zero, it ends up in the aerosol phase either through homogeneous nucleation or
through condensation on an existing aerosol particle. The aerosol particles are eventually
removed by settling, dry deposition or through precipitation events. This oxidation step
resulting in a gas-to-particle conversion is another important removal process for

atmospheric sulfur dioxide.
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Aerosol Effects:

Before the aerosols are removed from the atmosphere, they can contribute to the
degradation of visibility in scenic vistas such as the Grand Canyon and produce visible
haze in otherwise pristine arctic regions [Eatough et al., 1995; NRC, 1993; Raatz and
Shaw, 1984; Shaw, 1985]. Recently, a great deal of research as been devoted to the
sources, sinks, and chemical and physical properties of sulfur aerosols as potential agents
of climate change. Aerosols can scatter solar radiation directly (“direct effect”™) or they
can scatter light indirectly (“indirect effect””) by changing the optical properties of clouds
[Shaw, 1983; Charleson et al., 1987; 1991; 1992] . These "aerosol effects” which may
effect the Earth’s radiation balance and thus may have an impact on climate change, are
poorly characterized. A recent study by the Intergovernmental Panel on Climate Change
(IPCC) estimates contributions to global climate change from both greenhouse gases and
the direct and indirect effects from aerosols [IPCC, 1996; NRC, 1996]. The warming due
to increased greenhouse gases is stated with a degree of certainty. The estimates of
cooling as a result of the direct effect contains large uncertainties, which is due to the lack
of scientific information. The effects on climate as a result of the indirect effect are so
poorly understood that they could not be estimated. Since the effect could not be
estimated, only a range of possible effects was stated. Taking into account the range of
uncertainty in the combined aerosol effects, it is possible that the warming due to the
increase in greenhouse gases could be offset by an aerosol cooling effect [Schwartz and
Andreae, 1996]. Clearly this is a call for more research into the science of atmospheric

aerosols, including the formation processes from gaseous precursors such as SO,.
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The effects of atmospheric aerosols on public health are of great concemn. The

human body’s response to high levels of air pollution have been shown to contribute to
premature death and respiratory system ailments {Samet and Utell, 1991; Samet and
Speizer, 1993; Dockery et al., 1993; Ito et al., 1993; Reichhardt, 1995]. Current studies
have focused on acute exposure to high levels of air pollution, including sulfur dioxide and
acidic aerosols. There is some disagreement in the scientific and medical communities as
to what proportion of health problems are actually caused by sulfurous aerosols and SO,
[Ito et al., 1993]. There are many problems in assessing the effects of sulfurous aerosol
and SO,. The epidemiological difficulties aside, the environmental data for acrosol
composition and size does not have sufficient history, continuity, temporal resolution,
sensitivity and wide-spread coverage for use in statistical models [Ito et al., 1993]. For
instance, there is much speculation that fine particles referred to as PM, s (also known as
particulate matter with aerodynamic diameter < 2.5 pum or PM, ;) have been suspected to
be more dangerous to public health than the larger PM,, (particulate matter with
aerodynamic diameter < 10xm) [Riechhardt et al., 1995]. If PM, , is an important
contributor to adverse health effects, then this exacerbates the problem, as a network of
PM, s samplers is just now being setup. While understanding the role of sulfurous aerosols
and SO, on public health is important, there is still much to study both on the
epidemiological and the atmospheric chemistry side. A network of sensitive SO, and
aerosol sulfate instruments may improve the understanding of the formation of these
aerosol particles. Better scientific information and environmental data should benefit the

study of the effects of air pollution on public health.
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A summary of the emissions, reactions and removal processes discussed in this text

is illustrated in Figure 1.1. The diagram illustrates the major contributors to the
atmospheric sulfur load. Estimates of the loading due to the different contributors have
also been given [Kelley and Smith, 1990; Brimblecombe et al., 1989; Jodwalis, 1998].
One of the most interesting aspects of the sulfur cycle is the large uncertainty in the
biogenic emissions of sulfur to the atmosphere. The ambient mixing ratios of these
reduced sulfur gases are commonly less than 50 parts per trillion by volume (pptv)
[Seinfeld and Pandis, 1998], which is difficult to measure with current analytical
techniques. The analytical problem is compounded with the large geographical area over
which these sources are located. The magnitude of anthropogenic emissions compared
with the total of biogenic and volcanic emissions is also interesting. The anthropogenic
emissions of sulfur gases are roughly 80% of the natural sulfur emissions [Cullis and
Hirschler, 1980; Moller, 1984; Kelly and Smith, 1990]. The atmospheric sulfur cycle is
highly perturbed by anthropogenic activities. The effects on the natural sulfur cycle due to
this perturbation are unknown.

As mentioned previously, the reduced sulfur gases undergo an oxidation process in
the atmosphere. The diagram in Figure 1.1 was also meant to illustrate this oxidation
process in a simplified manner. The oxidation pathway of reduced sulfur gases is
complex, and although there are a number of intermediate species, a major intermediate
species in the oxidation of reduced sulfur gases is SO,. The point of this simplified
diagram of the sulfur cycle is to demonstrate that a large majority of the sulfur cycling

through the atmosphere exists as SO, at some time during it's atmospheric lifetime. Since
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SO, is a primary intermediate for reduced sulfur gases as well as the primary sulfur gas

emitted from anthropogenic sources, having good measurements of SO, is crucial for
understanding the global sulfur cycle and possible related environmental and

climatological effects.

Measurements of sulfur dioxide:

There are numerous ways to measure SO, mixing ratios in the atmosphere. The
methods are as diverse as the applications, giving an investigator a number of choices
based on desired sensitivity, portability, selectivity and sampling time. Some of these
techniques are primarily sample collection or preconcentration techniques which use
common bench-top analysis, such as ion chromatography. Other instruments are specially
designed to selectively measure SO,. For the purpose of this discussion, the instruments
have been divided into different categories based on either the method of detection or the
method of sampling and preconcentrating the atmospheric SO,. The instrument categories
include: (1) Fluorescence, (2) Sulfur Chemiluminescence, (3) Gas Chromatographic
Systems, (4) Aqueous-based Systems and (5) Filter and Diffusion Denuder methods. This
section concludes with a description of the Diffusion Denduer/Sulfur Chemiluminescence
Detector (DD/SCD), which is the subject of this Thesis. The information regarding these
different instrumental techniques is to serve only as a brief introduction. For more
information regarding a specific technique, the reader is referred to the references found in

the following discussion.
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Fluorescence:

A commercially available instrument for monitoring atmospheric SO, is based on
pulsed fluorescence in an optical cavity. In the pulsed fluorescence instrument, SO, in the
sample air is excited by a zenon flash lamp which is pulsed at 10 Hz. Internal optics
isolate the excitation radiation in the 190-230 nm wavelength range, which corresponds to
a strong absorption band of SO,. Excited SO, fluoresces in a broad band ranging from
240-420 nm, with an emission peak at approximately 320 nm [Okabe, et al., 1973 from
Luke, 1997]. The emission is isolated using band pass filters and monitored with a
photomultiplier tube. Numerous modifications have been made to the pulsed fluorescence
technique to alleviate interference problems, primarily from hydrocarbons and water
vapor. A Nafion drier and "hydrocarbon kicker" were incorporated into the design and
used successfully by Luke during a recent instrument intercomparison [Luke, 1997]. The
pulsed fluorescence technique has been used for ambient monitoring of SO, in both
polluted and unpolluted areas. Detection limits of 20-40 pptv SO, have been reported for
a sampling and signal averaging time of 25 minutes [Stecher et al, 1997]. Less sensitive
models of the pulsed fluorescence instrument are also used for monitoring industrial
emissions to the atmosphere.

Another fluorescence technique is the flame photometric detector (FPD). The
FPD has been widely used for the detection of sulfur in the atmosphere. The FPD is not
selective for SO,, so some separation or chemical isolation is necessary for selective
detection of SO,. In highly polluted air masses, such as power plant plumes, where mixing

ratios of SO, can be hundreds of ppbv, the FPD has been used to measure SO, without
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any sort of separation [Boatman et al, 1988]. The idea behind this technique is that SO,

would be the only sulfur species emitted from the point-source. This technique works in
this application because ambient levels of all other sulfur gases combined would be less
than 1 ppbv. Measurements would be taken from outside the plume, and used as
reference points to be subtracted from the response within the plume. The FPD works by
combusting the sample air in a hydrogen-rich flame. One of the combustion products is
electronically excited disulfur, or S,". The FPD montiors S, levels by measuring light
intensity of the 294 nm emission wavelength [Boatman et al., 1988]. Since the technique
relies on the formation of S,’, it has a non-linear response. Due to the instrument’s nearly
quadratic response, the instrument sensitivity can be improved and the response can be
made nearly linear by the addition of another sulfur gas to the hydrogen fuel. Additions of
50 ppbv SF to the flame fuel have resulted in near linear response and a detection limit of
0.5 ppbv for SO, with an averaging time of 300s [Boatman et al., 1988]. The linear
response from doping the flame with high background levels of sulfur is very limited in
that the linear range is limited to only 1 to 1.5 orders of magnitude [Farwell and Barinaga,

1986].

Chemiluminescence:

The Sulfur Chemiluminescence Detector (SCD) was developed by Benner and
Stedman [1989]. The SCD has an equimolar response to all sulfur gases, it is not selective
for SO,. It works in a manner similar to that of the FPD in that it combusts the air sample

in a hydrogen rich flame. The flame product used for detection of sulfur is different and is
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based on a chemically induced fluorescence, or chemiluminescence. The chemical

mechanism for the SCD is well understood [Benner, 1991; Benner and Stedman, 1994]

and is summarized below:

AT = 1800° C)
gaseous sulfur — S+ products (14)
$+0 - S0 (15)
§0+0 - §0, (1.6)
S0 +0, - §0, +0, (1.7)
kv = 340nm
0, - S0, (1.8)

In the combustion zone, the sulfur gases are broken down into sulfur atoms (1.4). As the
flame products cool, the sulfur atoms combine with oxygen atoms as in reactions (1.5) and
(1.6). A vacuum pump (Edwards Vacuum, model 2M18, Crawley, Sussex, England)
draws the flame products through a critical oriface into a vacuum. This results in a rapid
expansion and adiabatic cooling , which quenches chemical reactions in the flame gases
before SO can be converted into the thermodynamically favored SO,. The goal of this
quenching step is to optimize the production of SO within the flame. The SO containing
flame products are then mixed with O;, which reacts with SO to form SO, in step (7),
which relaxes from the excited state with the release of a photon at about 340 nm (8).

The chemiluminescence is then detected by a photomultiplier tube.

The SCD could easily be substituted for any application developed using the FPD
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for sulfur detection. Like the FPD, the SCD has been used as a total sulfur monitor for

atmospheric pollution measurements [Benner and Stedman, 1994; Jodwalis and Benner,
1996]. Although the FPD and SCD have common uses, it is important to differentiate
between the chemical mechanisms of the SCD and the FPD. The chemiluminescence of
the SCD is based on a mechanism involving a single sulfur atom, whereas the FPD
requires S,, which contains two sulfur atoms. What this means is that the SCD has a
linear response to sulfur and the FPD has a nearly quadratic response to sulfur. Another
characteristic of the the FPD mechanism is that with low levels of sulfur gas in the sample,
S, is a rare flame product [Sugden et al., 1962; Muller et al., 1979; Farwell and Barinaga,
1986]. These two factors suggest that the SCD is more sensitive than the FPD. Results
from research conducted by Gaines et al. [1990], show that the SCD is between 10 and 20
times more sensitive than the FPD. Not only is the SCD more sensitive to sulfur gases,
but it has a linear range of over 4 orders of magnitude. It also has no known interferences,
whereas the FPD exhibits interferences from had problems with CO,, water vapor and

some hydrocarbons.

GC-based techniques

A number of gas chromatography (GC) techniques exist for measuring SO, in the
atmosphere. The advantage of using a GC in conjunction with a suitable detector is that
selectivity for SO, is no longer a requirement of the detector. With proper
chromatographic separation, SO, can be differentiated from other detectable species.

Early studies with a GC/FPD have been quite successful in the measurement of both SO,
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and DMS as well as other biogenically produced sulfur gases [Farwell and Barinaga,

1986]. To obtain sufficient analyte for analysis, sample air is preconcentrated using a
cryogenic trap. The cryogenic trap uses liquid argon to condense sulfur gases, including
SO,, as the sample air is passed through a loop of tubing submerged in the cryogen. The
trapped sulfur gases are then purged by heating and focused onto the GC column for
separation and ultimately quantified by the FPD. Mixing ratios of less than 100 pptv SO,
and DMS have been observed in remote areas such as the central Pacific Ocean using this
technique [Thomton and Bandy, 1993].

The SCD has also been used successfully when coupled to a GC. The atmospheric
sulfur gases can be preconcentrated on molecular sieve and then re-volatilized and focused
onto the GC column. Cryogenic preconcentration can also be used for sulfur gas analysis.
This technique has been used successfully in measuring biogenic sulfur gases, primarily
DMS, in the Gulf of Alaska, the Bering Strait and Chukchi Sea [Jodwalis, 1998]. This
technique could easily be optimized for the analysis of SO, in air. The GC/SCD technique
is also quite sensitive. Measurements of DMS in the remote marine boundary layer ranged
from a few pptv to a few hundred pptv. The SCD has been commercialized by Sievers
Instruments (Boulder, CO) and is a widely used GC detector for many analytical
applications [Shearer et al., 1990; Gaines et al., 1990]. The SCD has also been used as a
detector for HPLC [Ryerson et al., 1992].

Another detector that has been used successfully for ambient SO, measurements
when coupled with a GC is the mass spectrometer (MS). The GC/MS technique also uses

a liquid argon based cryogenic trap to preconcentrate the analyte gases. This technique
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further benefits by using an isotopically labeled internal standard, in this case #SO,. The

isotope dilution technique allows for further quality assurance of the measurements. For
instance, any sampling artifact in the measurement will be accounted for by using the
internal standard as a reference. By using this information as well as the ratio of *S to S
for naturally occurring sulfur, the result can be corrected and the ambient SO, mixing ratio
quantified. The technique has been used successfully on both ground and aircraft based
sampling platforms. The technique has a detection limit of better than 20 pptv SO, with a
sampling and preconcentration time of between 3 and 8 minutes, depending on the

ambient SO, mixing ratio [Stecher et al., 1997; Driedger III, et al., 1987].

Aqueous-based systems:

Sulfur dioxide reacts rapidly in the presence of water and on wetted surfaces. A
number of techniques use this chemical property as a way of collecting SO, in a substrate
for future analysis. One technique that has been used successfully is based on an aqueous
phase chemiluminescent reaction. The aqueous chemiluminescence technique used by
Jaeschke et al. [1997] involves collecting SO, on a filter which is impregnated with a
HgCl* (aq) (TCM). The filter is housed in a Teflon® filter holder, which has been
modified by adding a small sample reservoir on the back end of the filter, to collect the
TCM which drips from the saturated filter. A peristaltic pump continuously refreshes the
filter by pumping TCM from the sample reservoir, spraying it directly on the filter. As the
sample air is drawn through the filter, SO, is removed through reaction with the TCM

solution. Once a sufficient sample is collected, the TCM solution is removed from the
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reservoir and diverted into a reaction chamber. The TCM solution is mixed with Ce*

(aq), which initiates a chemiluminescent reaction with the sulfur containing compound.
The resulting photons are detected by a photomultiplier tube. This technique has a
sampling time of between 10-35 minutes and requires a sample volume of 100-350 L of
air. The detection limit of this technique under these conditions has been determined to be
better than 20 pptv SO, [Stecher et al, 1997].

Another technique uses an aqueous absorber solution which is circulated through a
gas to liquid exchange coil. The aqueous absorber solution contains 10 M formaldehyde
with 0.840 mM Na,EDTA. The resulting aqueous solution containing sulfur dioxide,
bisulfite and sulfite is then pumped through a continuous reaction system. It is
sequentially reacted with ethanolamine in a pH = 9 buffer and o-phthalaldehyde. This
series of reactions convert the absorbed SO, into a highly fluorescent isoindole derivative.
A strong acetate buffer of pH = 5.7 is then added to aid in the HPLC analysis and also to
preserve the fluorescent product. The sample is then separated by HPLC and detected by
a continuous fluorescence spectrophotometer which utilizes an excitation wavelength of
330 nm and an detection wavelength of 380 nm. This system has been used extensively in
the field, specifically in remote oceanic areas where the mixing ratio of SO, can be less
than 50 pptv [Yvon and Saltzman, 1996]. With a sampling time of 4 minutes the
instrument has a detection limit of better than 20 pptv SO, {Stecher et al, 1997; Gallagher
et al., 1997].

A third aqueous based system is one that incorporates a mist chamber with an ion

chromatograph (IC). The mist/IC instrument works in the following way. The sample air
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is accelerated to a high velocity through one nozzle and is immediately passed by a second

nozzle positioned orthogonal to the first. This creates a localized pressure drop at the
second nozzle due to the Bernoulli Effect. The low pressure regime causes a sample of
ultra-pure water to be drawn from a reservoir at the base of the second nozzle. The water
is aspirated from the second nozzle into the jet of air from the first. This creates a dense,
fine mist that efficiently scavenges SO, from the sample air. The aspirated water is
collected in a reservoir at the bottom of the mist chamber. The water is re-circulated from
the mist chamber through the second nozzle, until a suitable amount of SO, is collected for
analysis. The water is then removed from the reservoir and weighed to determine the
mass, which is then used to determine the aqueous sample volume. Two aliquots of the
water are then analyzed for SO,> by IC [Talbot et al., 1997]. This technique works best
with high sample flow rates and can obtain detection limits better than 20 pptv SO, with a

sampling time of between S and 30 minutes {Stecher et al., 1997].

Filter and diffusion denuder collection methods:

Another method of preconcentrating SO, for analysis is on a collection surface
which is coated with an aqueous substrate that is allowed to dry. The dried substrate
reacts with SO,, removing it from the sample air. This substrate can then be extracted and
analyzed with using ion chromatography as the analytical technique. These methods are
similar to the aqueous techniques, however a differentiation has been made because the
sample is collected on a dry substrate. There are two widely accepted methods of

collecting SO, on a reactive substrate, filter methods and diffusion denuder methods.
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One of the most widely accepted filter techniques for collecting ambient SO,

utilizes a paper filter which is impregnated with a carbonate substrate. The filter is first
pre-cleaned with a dilute HC!, deionized water solution and then rinsed several times. The
filter is then soaked in a 1% K,CO, / 10% glycerin solution. The filters are then allowed
to dry in an SO,-free clean room. The filter holder consists of an a¢rosol pre-filter which
is followed by the CO,* impregnated filter. As sample air is drawn through the filters, the
aerosol sulfur is removed in the pre-filter and the SO, is allowed to pass through to the
second filter. The SO, reacts on the surface of the second filter, and is removed from the
air stream. When an adequate sample has been collected, the filter is removed from the
housing and stored until analysis. The sample is extracted by the addition of 2 0.01%
H,0, solution which converts the sulfur in the sample to SO,>(aq). The extract is then
passed through a cation exchange resin, which exchanges H* for any of the K* ions left
from the sample collection substrate. The resulting H,SO, is then analyzed by ion
chromatography. For clean ambient air, with SO, mixing ratios less than 50 pptv, a
sample volume of 6,000 liters is required for an uncertainly level of * 7 pptv [Ferek et al.,
1997, Ferek et al., 1991].

Since the use and theory of diffusion denuders is important {0 this work, the
description given will be more detailed than the other SO, techniques. The most basic
diffusion denuder design consists of a hollow tube, which is coated With a substrate which
is a “perfect” sink for the analyte gas. Perfect means is that when the analyte gas comes in
contact with the coated inner wall of the denuder tube, it will react instantaneously and be

irreversibly removed from the sample air. Any gases that do not react with the denuder

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25
surface is passed through the denuder unaffected. The diagram in Figure 1.2 demonstrates

the use of a diffusion denuder. As the name implies, the collection properties and
efficiency of the diffusion denuder is based on the diffusivity of the analyte gas in a the
bulk fluid. In this case, the bulk fluid is air. To be able to predict the diffusivity of a
particular gas in air, laminar flow conditions are required. One criteria for assessing
laminar flow is when the Reynolds number is less than about 2000. The Reynolds number

is calcuiated by:

Re =—— (1.9)

In this equation, F is the volumetric flow rate (cm’s™), vis the kinematic viscosity of air at
20°C (0.152 cm’s™) and d is the internal diameter of the cylindrical tube (cm). Under
laminar flow conditions, the removal efficiency of a diffusion denuder can be predicted by
the Gormley and Kennedy equation [Gormley and Kennedy, 1949]. The equation is as

follows:

CC,, =0.819¢7524 £ 0.0976e Y +0.01896¢ > (L10)

1-

Where:
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DL

= (L11)
A Y(Re)d

In these equations, C is the amount of analyte gas remaining in the denuder effluent, C’ is
the original amount of analyte entering the denuder, D is the molecular diffusivity of the
analyte gas in air (cm’s™), L is the length of the dunuder (cm), Xis the permitivity of free
space (cm’s™), Re is the Reynold's number and d is the internal diameter of the denuder
(cm). The second and third terms of the Gormley-Kennedy equation become less crucial
when the delta is greater than 0.2. The length L of the denuder should be chosen so that
the removal efficiency approaches 100%. The temperature dependence of the diffusion
denuder is reflected in the diffusion coefficient. A comprehensive review of the theory and
uses of diffusion denuders can be obtained from Murphy and Fahey [1987], Febo et al.
[1989], and Zulifiqur et al. [1989].

Once the dimensions of the denuder have been determined theoretically, a suitable
collection substrate must be chosen for the denuder coating. For the collection of SO,, a
CO,* substrate has been most commonly used [Ferm, 1985; Koutrakis et al., 1988; Dasch
et al., 1989; Lee et al., 1993]. The CO,> substrate consists of 5% by mass K,CO;, 5% by
mass glycerine, diluted with a 50:50 methanol:water solution. The uncoated denuder tube
is capped on one end with a PTFE Teflon® plug. Approximately 4 ml of the CO;*
solution is added to the tube, which is then capped off completely with another PTFE

Teflon® plug. The tube is inverted and rolled several times to ensure uniform coating of
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the inner walls of the denuder tube. The solution is then drained and the denuder tube is

dried by flushing compressed helium through the tube at a flow rate of approximately 20
cm’min’! for about 2 hours. The coated tube is then capped off with Swagelock fittings
and stored until needed [Wu, 1996; Benner et al., 1997].

Sample air is drawn through the diffusion denuder until a suitable sample has been
absorbed by the denuder coating. Once a suitable sample has been obtained, the coating
can be extracted and analyzed. The extraction and analysis process is similar to the
impregnated filter technique. The denuder is washed with an ultra-pure water and
peroxide solution, which is then analyzed for SO, by ion chromatography.

Both the filter and diffusion denuder preconcentration techniques require large
sample volumes to obtain detectable levels of SO,>. The large sample volumes frequently
require long sampling times. As a result, these techniques are used primarily to obtain
average mixing ratios of atmospheric SO, over periods of time ranging from hours to

days.

Diffusion Denuder/Sulfur Chemiluminescence Detector (DD/SCD)

The SCD is an ideal detector for atmospheric sulfur gases. It is sensitive, selective
for sulfur, has a linear response over at least four orders of magnitude, has no major
interference problems and has a fast response time [Benner, 1991]. Since the SCD cannot
differentiate between different sulfur gases, a separation or isolation step is required for
specificity to SO,. As mentioned previously, interfacing the SCD to a GC would achieve

specificity for different sulfur gases. The addition of a GC for separation and cryogen for
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preconcentration complicates the analysis, especially in a field sampling application where

simplicity is preferred. The preconcentration and GC steps require additional time
sampling and separation. The additional time requirement increases the time between
measurements, so much of the SCD’s fast response advantage is not realized. Specificity
for SO, can also be achieved by interfacing a CO,> coated diffusion denuder to the SCD.
A schematic diagram of this Diffusion Denuder/Suflur Chemiluminescence Detector
(DD/SCD) is shown in Figure 1.3. The principles behind the DD/SCD are straight
forward. Sample air is diverted through a CO,* denuder where SO, is selectively and
quantitatively removed. The response to this sample air, scrubbed of SO,, is recorded by
the SCD. Next, a 3-way solenoid valve redirects the sample flow through an uncoated
tube, directly to the SCD, bypassing the CO,” denuder. The response to the sample air
containing SO, is measured by the SCD. The difference between the SCD response from
the air containing SO, (high response) and that of the air scrubbed of SO, (low response)
is proportional to the mixing ratio of SO, contained in the sample air. This describes the
workings of the DD/SCD at the most basic level. Chapters 2 and 4 will expand on the
theory and practice of the DD/SCD.

The DD/SCD was first used by Schoran et al. [1994] to measure ambient SO,
mixing ratios in the Grand Canyon. The DD/SCD worked well throughout the
experiment, but had not undergone rigorous testing and evaluation before field
deployment. The same technique was developed independently at the University of
Alaska Fairbanks as part of a National Science Foundation (NSF) Research Experience for

Undergraduates (REU) program in 1993. The results from the prototype developed at
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UAF were promising and the technique was further developed {Wu, 1995]. The DD/SCD

is novel in that it obtains specificity for SO, with a total sulfur detector, without
preconcentration and chromatographic separation. This simplifies analysis and is also ideal
for remote field deployment. The DD/SCD also takes advantage of the real-time

characteristics of the SCD.

Instrument Intercomparision

With so many different instruments being used to measure SO,, it is difficult to
compare and contrast the field measurements from each of these instruments. Each
technique has different operational characteristics such as sampling time, interferences and
limit of detection. Without understanding the differences between these instruments, it is
difficult to compare and contrast the resulting field measurements. In 1989, the Chemical
Instrumentation Test and Evaluation mission 3 (CITE3) was conducted as part of the
NASA Gilobal Tropospheric Experiment. One of the primary objectives for CITE3 was to
test and evaluate via airborne field intercomparisons the capacity to make reliable
measurement of many atmospheric sulfur species, including SO,. The state-of-the-art
instruments at <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>