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The measurement of reactive hydrocarbons and
associated nitrogen oxides, N02, and peroxyacyl
nitrates (PANs) is of key importance to unraveling the
complex chemistries involved in daytime
photochemical oxidant formation and nighttime
chemist~ driven by the nitrate radical. Recent work
has demonstrated that chemiluminescent reactions of
ozone with hydrocarbons (and the temperature
dependence of the reactions) can be used as a
means of detecting a wide variety of organic
compounds in the gas phase with sensitivity
comparable to or better than that of the conventional
flame ionization detection method (Marley and
Gaffney, 1998).

We have implemented a new design and built a
new instrument to evaluate this approach for the
monitoring of alkenes. This instrument makes use of
a computer-controlled photon-counting system with a
reaction chamber operated at room temperature.
Signals are compared to those for an ethene
standard to estimate relative reactivity. The
instrument is described in detail here, along with a
new version of a Iuminol-based chemiluminescence
detection system with fast gas chromatography for
measurement of N02 and PANs.

The photon-counting system, the reaction
chamber, and the ,Iuminol detection system have
been combined on one instrument rack for field use
on both ground-based and aircraft platforms. Data
presented show the response times of the
instruments and indicate applications for examining
reactive hydrocarbon emissions from both vegetation
and anthropogenic sources. In addition, the Iuminol
chemiluminescence instrument was field tested, and
the data obtained are compared with data from a
commercial NOX analyzer. Preliminary results
demonstrating the potential use of this
instrumentation for rapid measurement of key
tropospheric trace species are presented and
discussed.
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2.1. The Rea/-Time Hydrocarbon Monitor

The reaction rate of ozone and a hydrocarbon
depends on the temperature and the class of
hydrocarbon. Alkenes react readily at low
temperatures, oxygenated hydrocarbons require
higher temperatures, and alkanes require
temperatures of over 150”C for chemiluminescent
reaction with ozone (Marley and Gaffney, 1998). A
system has been designed and constructed that uses
the temperature dependence of the
chemiluminescent hydrocarbon-ozone reaction
specifically for field measurements. The initial studies
presented here focused on the rapid measurement of
alkenes (olefins) by operating the instrument at near
ambient temperature.

Air was drawn into the system and flow was
controlled by a Cole Parmer 32708-26 mass flow
controller. Sample air was introduced into the
stainleas steel reaction cell. Here it was mixed into a
flow of oxygen and ozone in front of a quartz window,
and the chemiluminescent reaction took place. The
ozone generator used for this system was a
Matheson OZ-Genl. The oxygen flow was maintained
at 430 cm3/min by using a mass flow controller. The
system was found to yield an outlet ozone
concentration of 6Y0, as determined by the titration of
the ozone produced by potassium iodide and
calorimetric analysis with a Beckman UV-visible
spectrometer.

The light from the ozone reaction was collected
by a Hamamatsu HC135 photomultiplier tube (PMT)
placed on the other side of the quartz window, To
ensure that only the light from the chemiluminescent
reaction was measured, the reaction cell and PMT
were connected in a light-tight enclosure, and the
entire system was housed in a steel junction box
14 in. x 12 in. x 6 in. The HC135 PMT RS232 output
was collected by a personal computer (PC) with the
EVAL40.BAS program supplied by Hamamatsu. The
HC135 PMT uses photon counting and does not
require cooling below room temperature. The HC135
can operate with up to 1,200 V on the tube.

To vary the temperature in the reaction cell, an
Omegalux rope heater can be attached to the inlet
tubing, and a Chromalox cartridge heater can be
placed in the reaction cell. Such heaters are
controlled by an Omega CN9000A temperature
controller. For this study, the heaters were not
required, because only alkenes were analyzed, and
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restoration of soils and groundwaters that have been contaminated by combinations of
these stable and radioactive subswces (e.g., mixed wastes) presents significant
scientiilc and engineering challenges, b~ause the interactions among the contaminants
are unknown.

THE NEED FOR SUBMICRON HIGH-ENERGY X-R4Y
MICROPROBES IN ENVIRONMENTAL AND

MICROBIOLOGY RESEARCH

A current focal point of molecular environmental science involves the pathways,
products, and kinetics of chemicaI reactions of contaminant species with ino[ganic and
organic compounds, plants, and organisms in the environment.’ These reacuons often
occur at aqueous solution-solid interfaces and can have many different results. The
contaminant can be precipitated from the solution to the solid interface, transformed into
a different species, incorporated into a solid phase, or released from the solid surface
into the solution. Such interracial reactions play a very important role in the transport
and dispersal of toxic species in soils and natural waters. Therefore, discovering what is
occur+g at these interracial surfaces is key to understanding the bioavailability of many
contaminants. Despite this importance, these surfaces and their associated chemical
reactions are not well understood. Consequently, little is known about the mechanisms
by which biota, in particular microorganisms, determine the speciation, forms, reaction
rates, and distribution of contaminants in soils and groundwater.

The heterogeneity of most environmental samples makes their study very diffkult.
Because environmental samples are almost always hydrated, high-energy X-rays having
the ability to penetrate water are very useful. In addition, it can be valuable to probe boti
sides of the interfaces in these heterogeneous samples to elucidate transfonnations that
result in the movement of the contaminant across the interface. Thus, the smallest
possible probe is needed to analyze the homogeneous region on either side of the
interface selectively. These requirements make the use of micron and submicron X-ray
beams advantageous. One difficulty encountered in investigating the contaminant-
microbe interface is sample heterogeneity. For instance, in such a system, the metal
contaminant may be bound in a variety of ways: (1) in solution, (2) to extmcellular
material, (3) within cell membrane r~gions, or (4) within the bacterium. To study the
spatial distribution and chemical speaation of a contaminant metal at the microbe-metal
interface and thus to elucidate the interactions occurring at this interface, the dimension
of the X-ray probe must allow the vast majority of the X-rays to be positioned at the
contaminant-microbe-mineral interface. The size of most bacteria is approximately

1 pm. Therefore, to investigate the speciation and spatial distribution of elements

associated with bacteria, the dimensions of the X-ray probe must be smaller than 1 ~m.
Finally, although ;oft X-ray microprobe have considerable utility for studying
biological samples; hard X-ray microprobe provide improved fluorescence yields,
better penetration of hydrated samples, and access to the K edges of third-row and
heavier elements. Many of these elements Me important nutrients, micronutrients, and
environmental contaminants.

Third-generation X-ray sources such as the Advanced Photon Source (A.PS), where
our experiments were performed, provide an increase in brilliance of approximately
three orders of magnitude compared to second-generation synchrotrons X-ray sources.
In addition, advances in microfabrication technologies have resulted in X-ray phase zone



plates3 with spatial resolution better than 0.20 pm and focusing efficiency better than
33%. The combination of the inct=sed brilliance of X-ray beams provided by the APS
and improved zone plate fabrication technology provides unique capabilities in X-ray
microscopy and spectromicroscopy.

THE USE OF X-RAY MICROPROBES FOR INVESTIGATING
THE ROLE OF BACTERIA AND THEIR ORGANIC

EXUDATES IN CONTAMINANT TRANSPORT

The objectives of our studies are (1) to determine the spatial distribution and
chemical speciation of metals near bacteria-geosurface interfaces and (2) to use this
information to identify the interactions Occurnng near these interfaces among the metals,
mined surfaces, and bacterially produced extracellular materials under a variety of
conditions. We have used hard X-ray phase zone plates to investigate the spatial
distribution of 3d elements in a single hydrated Pseudomonas jhorescens bacterium
adhered to a Kapton film. The zone plate used in these microscopy experiments

“ produced a focused beam of cross section 0.15 ~mz and had an effective focal length of
12.5 cm at 10.0 keV. The samples were mounted on a computer-controlled XYZ piezo
stage at 10 degrees to the incident beam, thus negligibly affecting the X-ray footprint on
the sample in the horizontal dimension. The intensity of the fluorescence radiation from
the sample was monitored by a single-element solid-state detector that enables efficient
detection of fluorescent X-rays with energies greater than 1.5 keV. The elements were

mapped by scanning this sample in O.15-yin steps through the focused monochromatic

X-ray beam and integrating the selected Ka fluorescence for 5 sec/pt. The total data
collection time was approximately 6 hours.

Figure 1 shows results of the X-ray microprobe measurements, qualitatively
indicating the spatial distributions of Cr, K, and Ca in and near a hydrated Pseuabnmas
jbot-escen~ bacterium, adhered to a Kapton film at ambient temperature, that was
exposed for 6 hours to Cr 1000 ppm in.solution. Observation of these images indicates

that monitoring the spatial distribution of the K and Ca Ka fluorescent radiation coming
from the sample enabled identiilcation of the rod-shaped Pseudomonas jhorescens, as
well as the extracellular exudes associated with it. In addition, comparison of the
distribution of Cr with that of K or Ca indicates that the majority of the Cr in this sample
was associated extracellularly. Because most of the Cr remained outside the cell, the
Cr(VI) was probably not actively metabolized. Finally, altiough fiese results
demonstrate the utility of imaging hydrated bacteria at ambient temperature, a cryostat
might be required to quick-freeze the samples in future spectromicroscopy studies in
order to reduce the effects of radiation damage.

SUMMARY

We have demonstrated the utility of X-ray microbeams, particularly those produced
by hard X-ray phase zone plates, for investigating biological and environmental
systems. Specifically, we have illustrated the use of submicron hard X-ray beams

(O.15 pm) for determining the spatial distribution of metals in a hydrated bacterium that
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was exposed to Cr 1000 ,tmm in solution for six hours. The further development of
these t&hniques for such’~pplications promises to provide unique opportuniti~s i
field of microbiology and e~~ironmentd research. -
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FIGURE 1. Elemental maps of a hydrated Pseua’omonasjkn-escens bacterium treated with
solution. See text for further details.
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