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OBJECTIVES 

The overall objective of this 3-1/2 year 
program is to develop a field-portable monitor 
for sensitive hazardous waste detection using 
the technique of active nitrogen energy transfer 
(ANET) excitation of atomic and molecular 
fluorescence. At the program's end we plan to 
have developed our technique to the prototype 
instrument level. Our prototype will be a 
compact, portable instrument that will allow 
real-time, in situ monitoring of hazardous 
wastes. It should provide rapid field screening 
of hazardous waste sites to map the areas of 
greatest contamination. Remediation efforts 
can then focus on these sites. Further, our 
instrument can show whether cleanup tech- 
nologies are successful at reducing hazardous 
materials concentrations below regulated levels, 
and will provide feedback to allow changes in 
remediation operations, if necessary, to enhance 
their efficacy. Figure 1 illustrates several 
application scenarios for our instrument. 

The primary goals of this first phase of the 
program were two fold: 

to demonstrate the variety of hazardous 
species detectable by the technique of 

Hazardous Waste Site Mapping 

active nitrogen energy transfer (ANET) 
excitation of atomic and molecular 
fluorescence; 

to demonstrate detection sensitivity limits 
for several species at parts per billion (ppb) 
levels. 

Species to be investigated included heavy 
metals, organics and chlorinated organics, and 
transuranic surrogates. 

To achieve the stated Phase I goals, we 
designed a program where we first focused on 
the ANET technique by studying parameters 
important to the production and quenching of 
nitrogen metastables in an atmospheric 
pressure, dielectric-barrier discharge. These 
metastables are the primary excitation spe'cies 
in the active nitrogen. The second component 
of the program was qualitative and quantitative 
studies on the detection of several hazardous 
species including heavy metals, both 
chlorinated- and non-chlorinated-organic 
molecules, and uranium compounds. The third 
component of the program was to investigate 
the effects of adding small quantities of dust to 
the D-B discharge region. The two issues to 
be resolved in this part of the investigation 

Flue Gas Air-Toxics Monitor 
Sensing of 

External and 
lnternal Waste 

€xamination of 

A 

To Control 
Sensor 

Room 
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Figure 1. Hazardous Waste Monitor Applications 
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were whether the presence of dust in the 
discharge region would compromise the opera- 
tion of the D-B discharge and whether species 
adhering to dust could be detected. 

Sample Vidicon - 
Spectrograph Array Excitation 

-+ 

The second phase of the program, 
scheduled to begin shortly, will involve the 
development and testing of a breadboard 
prototype hazardous waste monitor and the 
detailed design and component specification of 
a first-generation, or alpha-, prototype 
instrument. We will focus on the important 
components and processes involved in the 
ANET analysis system and will develop 
software to automate instrument operation and 
data analysis. Important issues to address 
include sample collection and introduction 
systems, active nitrogen source stability, 
fluorescence detection and analysis, and 
measurement, calibration and test procedures. 

Computer 

The third, and final, phase of the program 
will involve fabrication and field testing of the 
alpha-prototype instrument designed during the 
program’s second phase. We will test and 
refine the instrument in the laboratory first, 
then conclude the program with an extensive 
series of field tests. At the conclusion of the 

+ Waste 
Site 

program we will transfer the ANET technology 
to Environmental Instruments Corp., a 
subsidiary of Physical Sciences Inc (PSI). 
They have commercialized several instruments 
initially developed at PSI on SBIR and other 
programs. 

Analyzed Analysis 
Spectra Report 

Sampling 
Probe 

BACKGROUND INFORMATION 

I 

Introduction 

Our technique for detecting hazardous 
species with high sensitivity is excitation of 
atomic and molecular fluorescence by active 
nitrogen energy transfer (ANET). The active 
nitrogen is made in a dielectric-barrier (D-B) 
discharge in nitrogen at atmospheric pressure. 
Figure 2 illustrates our instrument concept 
schematically. Samples are fed into the D-B 
discharge region where the active nitrogen is 
generated, and where it transfers its energy to 
species in the sample, thereby exciting fluores- 
cence from them. The pertinent fluorescence is 
then isolated by a small spectrograph or inter- 
ference filter and is detected by a photo- 
multiplier or diode array placed behind the 
filter or spectrograph. 
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Signals from the detector are then pro- 
cessed by a computer and a report or screen 
display is generated. The computer control 
allows both real-time reporting and data storage 
for subsequent processing or archiving. 

ANET excitation generates only a few 
emission lines or bands for each hazardous 
species (see Figure 3). Thus, spectral 
resolution requirements are greatly simplified 
over those of other spectroscopic techniques. 
The dielectric-barrier discharge is compact, 1 to 
2 cm in diameter and 1 to 10 cm long. 
Furthermore, the discharge power requirements 
are quite modest (<low), so that the unit can 
be powered by batteries. Thus an instrument 
based on ANET can readily be made portable. 

///// N;+ M -+ M* + N* 
Ma + M + hv 

t Excitation t,,rescence 

Figure 3. Schematic Illustration of ANET 
Excitation Mechanism 

This paper reports results from the first 
phase of our program which was a laboratory 
study of hazardous species detection in a D-B 
discharge in N2 at atmospheric pressure. We 
have determined the overall sensitivity for Hg 
and Se detection to be at sub part-per-billion 
levels, and that for organic species to be on the 
order of a few parts per billion. Furthermore, 
ANET can be used to differentiate between 
chlorinated and non-chlorinated organic 
species, can detect several different heavy 
metals simultaneously, can differentiate 

elemental mercury from mercury tied up as 
chloride, and can detect species adhering to 
particulates. Finally, we observed molecular 
emission upon adding uranyl compounds to the 
D-B discharge. We think it most likely that 
the emission arises from the UO molecule, 
although emission from UO, is also a 
possibility. 

Active Nitrogen Energy Transfer (ANET) 

From the beginning of this century, 
scientists have observed characteristic 
emissions from atoms and free radicals when 
atomic and molecular species were added to 
active nitrogen. A rich literature exists 
detailing the chemical reactions and energy- 
transfer processes that occur to excite these 
emissions. Basically, metastable nitrogen 
molecules (molecules having internal energies 
of 2 to 10 eV which they cannot easily release 
via radiation) in the active nitrogen transfer 
their energy to the various acceptor species. 
These acceptor species then fluoresce at 
wavelengths characteristic of the acceptor. 
Most of these early studies relied upon the 
recombination of nitrogen atoms at relatively 
low pressures to generate the metastable 
nitrogen molecules. For analytical applications, 
this approach has the disadvantage that 
considerable power is required to dissociate 
atomic nitrogen. In addition, because these 
systems operate at pressures on the order of 
1 to 10 Torr, a vacuum system is required and 
sampling under ambient conditions becomes 
much more difficult. As discussed below, our 
ANET approach eliminates these problems. 

We conceived and began developing ANET 
as an alternative to active nitrogen analytical 
techniques using an atomic-nitrogen recombina- 
tion source. Our approach is to generate the 
metastables in a dielectric-barrier discharge 
operating at atmospheric pressure and total 
power of a few Watts. Thus our system 
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requires neither a large power source nor a 
vacuum system. In addition, we believe that 
the overall metastable number densities 
generated in the dielectric-barrier discharge are 
several orders of magnitude larger than those in 
the atom-recombination system. This means 
that ANET has the potential to be several 
orders of magnitude more sensitive. 

Dielectric-Barrier Discharge Technology. 
A dielectric-barrier discharge is a high voltage 
a.c. discharge between two electrodes, at least 
one of which is separated from the discharge 
region by a dielectric barrier (insulator) such as 
glass"" (see Figure 4). A typical discharge 
will run at voltages between 3 and 30 kV at 
frequencies from line frequency to 100 kHz. 
Gas pressures are typically an atmosphere and 
gap spacings are on the order of a few milli- 
meters. In its simplest form, the discharge can 
be powered by attaching the electrodes to the 
output of a high voltage, step-up transformer, 
such as a neon-sign transformer, plugged into a 
variac. 

One-Piece 

(quartz, glass ...) 

Copper Foil 
Window (outer electrode) rCIuartr r 

Conductive 
Graphite 
Coating on 
Dielectric 
Surface 

dielectric and the other electrode. These 
microdischarges consist of short duration 
(typically 10 to 100 ns) current pulses (100 to 
1000 A ern-,) localized in roughly cylindrical 
filaments, typically 100 pm in radius. The 
mean electron energy in a microdischarge is on 
the order of 1 to 10 eV. This is ideal for meta- 
stable generation. At any given instant in time, 
the microdischarges are distributed uniformly 
across the face of the dielectric. This 
uniformity provides a relatively stable 
excitation throughout the discharge volume. 

The Chemistry and Physics of ANET. 
Dielectric-barrier discharges in pure nitrogen 
have been shown to be efficient sources of 
metastable N,(A 3C:)'2-'5, even at pressures of 
one atmosphere, thus providing the active 
nitrogen source necessary for the selective 
analyte excitation of ANET. If the analyte 
species is an atom, such as elemental mercury, 
the excitation occurs directly. When molecular 
species are added to the discharge region, the 
N2(A) generally reacts with the molecule, 
producing molecular fragments, which it 
subsequently excites. For example, HgCl, is 
dissociated to HgCl* which emits around 
540 nm, organic molecules are broken down 
into CN radicals which emit near 388 and 
420 nm, and chlorinated organics to CC1 
molecules emitting at 278 nm. - Compression Fit 

Spiral Wire 
(inner electrode) 

t 
Gas Exhaust 

t 
Sample and 

N2 in 

Figure 4. Schematic Diagram of Dielectric- 
Barrier Discharge Lamp 

The dielectric-barrier discharge (also 
referred to as an ozonizer discharge) is not a 
single discharge in the sense of a continuous 
arc or glow discharge, but rather a collection of 
innumerable microdischarges between the 

The chemical processes responsible for 
exciting fluorescence from species M in a 
dielectric-barrier discharge are summarized by 
the following reactions: 

N, + e' + N,* + e' 

N,* + N, + N, + N2 

N,* + M + M* + N2(X) 

M* + M + h u  

M* + N, + M + N, 
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M * + Q  + M + Q '  

N,* + Q 3 N2 + Q', (7) 

where, Q represents a species in the discharge 
that quenches electronic energy in either the 
N,* or the electronically excited analyte 
fragment, M*. 

Although the dielectric-barrier discharge is 
a pulsed discharge, one can treat it as if it were 
a continuous discharge if observations are 
averaged over a number of discharge cycles. 
Then, because of their short radiative and 
quenching lifetimes, the excited species in the 
discharge region are effectively in steady state 
and the analyte fluorescence intensity, I,*, is 
given by 

I,. = k,[M*] 

Equation (8) shows that for constant 
metastable number density and total pressure, 
the fluorescence intensity will be linearly 
proportional to the additive number density, 
provided the number densities of any potential 
quenchers remain constant. This generally will 
be the case. In previous investigations, the 
linearity of active-nitrogen excited fluorescence 
intensity with analyte number density has been 
demonstrated experimentally to cover four to 
five orders of magnitude for many  specie^.^-^ 

The exciting species in active nitrogen 
responsible for exciting fluorescence from 
additives generally is considered to be 
N2(A "E:), although other nitrogen metastables 
have been invoked from time to time.' N2(A) 
carries about 6 eV of internal energy. Based 
on the reaction scheme above, its effective 
steady-state number density is given by 

(9) 

The radiative 1ifetimel6 of N2(A) is about 2.5s. 
Thus, the primary mechanism for its 
deactivation will be quenching rather than 
radiative decay. 

Quenching of either the analyte fluores- 
cence or the nitrogen metastables can be an 
issue affecting the sensitivity of ANET. 
Although rate coefficients for quenching N2(A 
'E:) and many analyte emissions by a number 

should determine the effects of quenching in a 
D-B discharge in situ to ensure that unexpected 
processes do not complicate the analysis. Our 
observations related to metastable nitrogen 
quenching in the D-B discharge2' are generally 
consistent with more direct quenching measure- 
ments. However, mercury fluorescence 
quenching did not follow our expectations. 
Fortunately, as we show below, it does not 
seriously compromise the overall sensitivity of 
the ANET technique for detecting this 
important hazardous species. 

of important species are known 79 17-19, one 

PROJECT DESCRIPTION 

Our program was essentially a laboratory 
study to prove our concept for monitoring 
hazardous waste. That is we needed to 
demonstrate the variety of hazardous species 
that could be detected by ANET and determine 
the sensitivities at which ANET could detect 
the various species. 

Our apparatus is shown schematically in 
Figure 5. It consists of a dielectric-barrier 
discharge lamp, power source, optical 
multichannel analyzer, and gas handling lines. 
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Figure 5. Schematic of Laboratory Apparatus 

Most of our lamps were fabricated from a 
single piece of quartz having a 12 mm 0.d. 
body with an axial protrusion inside the 12 mm 
tube, thus giving the lamp an annular discharge 
region. We used several lamps with various 
protrusion diameters ranging from 3 to 8 mm 
0.d. The end opposite the protrusion is sealed 
with a quartz window. The outer electrode is 
formed by wrapping copper-foil tape around 
the outside of the lamp body. We painted the 
inside of the axial protrusion with a layer of 
conductive graphite or nickel to form the inner 
electrode. A wire, wrapped loosely with 
copper turnings to contact the conductive inner 
surface, was inserted into the protrusion and 
connected to the power supply. This configu- 
ration provides a clean discharge region since 
all surfaces are quartz. 

For most experiments, we powered the dis- 
charge with a 15 kV neon sign transformer 
having a center-tap-grounded secondary wind- 
ing. The voltage to the primary was controlled 
by a variac operating off standard 60 Hz ac 

power. For a few measurements we connected 
the electrodes to the secondary of an automo- 
tive ignition coil which was powered with 12 
to 15V square-wave pulses at frequencies 
between 45 Hz and 3 kHz. This power source 
has great potential because it lends itself to 
battery operation. 21 

Samples were placed in a cold finger 
immersed in a bath that was thennostated for 
vapor pressure control. A small flow of 
nitrogen through the cold finger transported the 
samples into the discharge region. The 
concentration of the analyte in the discharge 
region was equal to the product of the 
compound’s vapor pressure in the cold finger 
and the dilution factor between the N, flow 
through the cold finger and that through the 
D-B lamp as a whole. The temperature of the 
thermostated bath generally was quite cold, 
e.g., slush baths of chloroform (-63OC) or 
ethanol (-110OC). At these temperatures the 
vapor pressures of most species studied were 
on the order of Torr or below, giving 
mixing ratios around 10 ppb. The bath 
temperatures were measured with a thermo- 
couple or thermometer. 

We used a Princeton Instruments ST210 
Optical Multichannel Analyzer (OMA) system 
to detect the fluorescence. This system 
consisted of a 0.32m monochromator, generally 
with a 2400 groove mm-’ grating and an 
intensified linear diode array. The lamp was 
sufficiently bright, that relatively high 
resolution spectra (Ah-0.1 nm) could usually 
be accumulated with good signal to noise in 
only 10 seconds. Data were stored in a 
computer for later analysis. 

The primary activity in this .project was to 
characterize the D-B discharge spectro- 
scopically both in the absence of added species, 
to provide an understanding of the basic opera- 
tion of the discharge itself, and in the presence 
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of added species. When species were added, 
we characterized the fluorescence spectrum 
resulting from their addition, and in some 
instances, determined how fluorescence intensi- 
ties characteristic of the additives varied as a 
function of concentration of the added species. 

RESULTS 

We begin first with a number of qualitative 
observations on the spectra excited when 
various chemical species are added to a 
dielectric-barrier discharge in nitrogen at 
atmospheric pressure. After that we give more 
quantitative results for the detection of 
mercury, a species we studied in some detail. 

Qualitative Observations 

Heavy Metals. Figure 6 shows the spectral 
region in the vicinity of the Hg 253.7 nm 
emission line. The mercury line is prominent 
in the spectrum, and is surrounded, but well 
separated from, several bands of the NO(A 
*C+ -- X 217) system. These bands are also 
excited b energy transfer from metastable 
nitrogen2$ The NO is formed in the discharge 
in reactions involving traces of oxygen in the 
nitrogen. Figure 7 shows the D-B discharge 
spectrum when mercury at four different mole 
fractions has been added to the discharge. The 
spectra are the difference between the D-B 
discharge spectrum with added mercury and 
that in the absence of added mercury. The 
spectra illustrate qualitatively that the intensity 
of the mercury line increases in proportion to 
the mole fraction of mercury added. 

Figure 8 shows the spectra generated in the 
D-B lamp in the absence of any added 
chromium compound, with traces of a 
chromium compound added, and the difference 
between the two spectra, which is a spectrum 
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Figure 6. Spectrum of Dielectric-Barrier 
Discharge in the Absence and 
Presence of Added Hg 
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Figure 7. D-B Discharge Spectra at Four 
Different Mercury Mole Fractions 

of just the Cr emission. Figure 9 shows a 
similar set of spectra when the added 
compound contains Se. In both cases easily 

i7 
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Figure 8. D-B Discharge Spectra with and 
without added Cr 

20 

-nose  

14 - 
v) 

C 
- .- 
3 12-  

2 
5 :  

5 10-  
m 
x 

t 
W 

C 

v - 
z 8 - - - 

6 -  

4 -  

202 204 206 208 210 212 214 216 218 220 
Wavelength (nrn) 

Figure 9. D-B Discharge Spectra With and 
Without 0.036 ppb of Added Se 

identifiable lines are observed that are well 
separated from background emissions in the 
lamp. 

Mercuric Chloride. Adding traces of 
gaseous mercuric chloride to a D-B discharge 
in nitro en results in emission of the 

The trap containing the HgC1, was at room 
temperature, so its partial pressure in the 
reagent feed was only 1 x lo4 TOK. Thus, the 
HgCI, was admitted only in trace quantities. 
Nonetheless, the spectrum is quite strong and 
readily assigned. An interesting feature in the 
spectrum is that one can distinguish emission 
from Hg37C1 as well as Hg3kl. Thus in this 
instance, at least, the ANET approach can be 
used to quantitate isotopic ratios. We did not 
make quantitative measurements of our 
system's sensitivity for HgC1, detection, but 
based upon the small amount sampled, it must 
be at ppb levels if not lowe:. 

HgCI(B 5 2' - X22>, as shown in Figure 10. 

HgCI(B22+,v' = 0 - X22+,v") 

':1-5 '16 '17 '18 :19 '20 '21 '22 

500 510 520 530 540 550 560 57 
Wavelength (nm) 

Figure 10. D-B Discharge Spectrum of 
HgC1, 

Mercury on Dust. The energy of a 
microdischarge having the characteristics given 
above is about 10 pJ. In contrast, the energy 
required for complete vaporization of a 1 pm 
radius silica particle is only aobut 0.2 pJ. This 
suggests the D-B discharge should be able to 
vaporize contaminants on particulates such as 
fly ash or cement, so they can subsequently be 
detected. We investigated this possibility 
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briefly. Ultimately two issues need to be 
addressed. The first is to determine whether or 
not small concentrations of fine dust particles 
affect significantly the operation of the 
dielectric-barrier discharge being used in the 
ANET process. The second is whether 
hazardous species adsorbed on the dust 
particles can be vaporized and subsequently 
detected in the D-B discharge. Although we 
did not investigate these issues in detail, we 
were able to demonstrate qualitatively that 
mercury can indeed be detected on dust 
particles. 

For this test, we used a simulated-cement 
dust that we had spiked by adding a few drops 
of an aqueous mercury solution to 1 to 2g of 
the dust. The powders used to make the partic- 
ulate sample were generally 10 pm or less in 
diameter. We took spectra of the D-B lamp in 
the absence of any added dust, and again after 
we had placed some of the dust sample in one 
of the gas lines conducting the nitrogen to the 
D-B lamp. Figure 11 illustrates the results of 
that test. The spectrum displayed is the differ- 
ence between two spectra, one taken before the 
dust was added to the gas feed line subtracted 
from one taken after dust was added to the feed 
line. Clearly, the only spectral feature of any 
significance is the 253.7 nm emission from 
atomic mercury, thus demonstrating that ANET 
can be used to detect mercury adhering to 
particulate samples. 

400 1 1 

Wavelength (nm) 

Figure 11. D-B Discharge Spectrum of 
Hg-Spiked Dust 

Organic Compounds. All hydrocarbons 
we have studied so far can be detected in a 
D-B lamp in nitrogen at atmospheric pressure 
by observing emission from the CN(B - X) 
system at 388 or 420 nm. Figure 12 illustrates 
this at 388 nm for the case of chloroform addi- 
tion. Figure 12 shows the spectra generated in 
the D-B lamp in the absence of any added 
chloroform, with about 0.05 ppb added chloro- 
form, and the difference between the two 
spectra, which is a spectrum of just the CN 
emission. We have observed identical spectra 
from a number of hydrocarbons including 
hexane, acetone, methanol, isopropanol, 1,2- 
dichloroethane, trichloroethylene, 1 -chloro- 
butane, and even bromotrifluoromethane. 

3500 [ 
--. CHC13 added 

- difference 

2500 

3 
380 382 384 386 388 390 

Wavelength (nm) 

Figure 12. D-B Discharge Spectra With and 
Without 0.05 ppb of Added 
Chloroform 

The presence of chlorinated hydrocarbons 
is signaled by the appearance of CC1 emission 
at 278 nm, in addition to the just discussed CN 
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emission. Figure 13 illustrates this in the case 
of chloroform. Figure 13 shows the spectra 
generated in the D-B lamp in the absence of 
any added chloroform, with 0.01 ppb added 
chloroform, and the difference between the two 
spectra, which is a spectrum of just the CCI 
emission. To date, all chlorinated hydro- 
carbons studied have shown this fingerprint. 

A 

" 
274 276 278 280 282 

Wavelength (nm) 

Figure 13. D-B Discharge Spectra With and 
Without 0.01 ppb of Added 
Chloroform 

Uranium Compounds. Finally, we placed 
small quantities of uranium compounds directly 
in the discharge region. Figure 14 shows the 
spectrum resulting from the addition of uranyl 
acetate to the discharge region. Several of the 
features in the spectrum are easily identified as 
being part of the nitrogen second-positive 
system, but three rather broad bands appear at 
486, 510, and 534 nm. Figure 15 shows this 
same spectral region after the second-positive 
bands and some other background spectral 
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Figure 14. D-B Discharge Spectrum With 
Added Uranyl Acetate 
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Figure 15. Background-Subtracted D-B 
Discharge Spectrum of Uranyl 
Acetate 

features have been subtracted out. The spectra 
used to make the subtraction were taken under 
identical conditions except in a clean lamp 
from which all traces of the uranium compound 
had been removed. 

In order to assure ourselves that the 
observed features were not related to the 
acetate group in the compound, we repeated the 
test using uranyl nitrate. The resultant 
spectrum showed the three bands appeared in 
the same locations. The only difference is that 
they appeared to be a little broader when the 
uranyl nitrate was added. 
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- We think that what we are observing is a 
spectrum from uranium oxide, probably UO, 
but possibly UO,. We surveyed a fairly wide 
range of wavelengths to see if we could find 
atomic-line emissions from U, but did not find 
anything obvious. Since most uranium waste is 
likely to be oxidized, this probably is not a 
serious drawback. We clearly have unique 
spectral features that identify uranium as being 
present. Thus ANET appears to have potential 
for U detection as well as that already demon- 
strated for other heavy metals. 

Quantitative Observations 

We showed above that the mercury 
intensity in the D-B discharge lamp varies in 
proportion to the mole fraction of Hg added to 
the lamp. Figure 16 illustrates this more 
quantitatively, and demonstrates that the 
proportionality is linear The abscissa in 
Figure 16 refers to concentration in terms of 
parts per trillion on a volume basis in the 
discharge region. 
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Figure 16. Hg 253.7 nm Emission Intensity as 
a Function of Hg Mole Fraction 

In a practical situation, one must consider 
the effects of other species in the sample, such 
as 0, for samples taken in air. If these species 
quench the mercury fluorescence, then the 
sensitivity of ANET will be lessened. To 
investigate this, we monitored the mercury 
signal from the D-B lamp as a quenching gas, 
primarily 0,, was added to the discharge. 

Figure 17 shows the results of adding the 
quenching gas to a D-B lamp containing a trace 
of Hg. The reciprocal of the fluorescence 
intensity is plotted as a function of mole 
fraction of added quenching gas. Reference to 
Eq. (8) shows that such a plot should then be 
linear in concentration of added quencher if all 
other conditions remain constant. As can be 
seen, the quenching gas does reduce the 
mercury radiation. 

"0 0.1 0.2 0.3 0.4 0.5 0.6 
Thousandths 

Quencher Mole Fraction 

Figure 17. Hg-Fluorescence Quenching Plot 

The information in Figures 16 and 17 can 
be combined to determine an effective 
sensitivity for detecting mercury under realistic 
sampling conditions. Our anaZysis indicates 
ANET can detect mercury IeveIs as low as 
0. I5 ppb in air. 
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- Measurements with Cr and Se compounds 
also showed a linear relationship between the 
intensity of the ANET excited fluorescence and 
the concentration of the additive in the dis- 
charge region. Our results indicate a sensitivity 
for Se detection in air below 1 ppb. The sensi- 
tivity for Cr detection appeared to be somewhat 
higher, but we think our concentration 
estimates might have been in error. These 
preliminary measurements will be repeated. 

Studies of hydrocarbons and chlorinated 
hydrocarbons also established a linear 
relationship between the mole fraction of added 
hydrocarbon and CN or CCl band intensity. 
These measirements, when corrected for 
quenching by air, indicated sensitivities at both 
wavelengths of about 5 parts per billion. 

Conclusions 

Our results indicate that ANET is a very 
sensitive technique for monitoring heavy 
metals, particularly mercury and selenium, and 
hydrocarbons. Further, by using ANET we can 
distinguish chlorinated hydrocarbons from non- 
chlorinated ones. Our approach requires no 
special sample preparation and can operate 
continuously. Our overall sensitivity is at or 
below ppb levels for sampling in air. 

ANET appears to be ideal for development 
into an on-line monitor of toxic heavy metal 
levels at building sites, hazardous waste land 
fills, and in combustor flues, and of chlorinated 
hydrocarbon levels at building sites and 
hazardous waste dumps. The compactness and 
portability of ANET can provide rapid, on-site 
mapping of hazardous waste dumps to aid in 
more efficient remediation efforts. 

FUTURE WORK 

The work in the first phase of this program 
successfully demonstrated that ANET technol- 
ogy holds great promise for development into a 
sensitive, multi-element hazardous species mon- 
itor. Our plans for the second phase of the 
program are to develop a breadboard prototype 
system and characterize it under more realistic 
conditions. We will then use the results of this 
characterization to design in detail a first- 
generation, or alpha-, prototype instrument. 
During the third phase we will build the alpha- 
prototype instrument previously described and 
test it in the field. 

The goals of the second phase of the pro- 
gram are to develop and characterize a bread- 
boar3 instrument and to design a prototype 
instrument suitable for construction and evalua- 
tion in the final phase of the program. To 
achieve these goals we have designed a Phase 
I1 program with two primary tasks: process 
development and design engineering. 

The purpose of the process development 
task is to establish the procedures for sample 
handling and analysis, and to develop systems 
and software needed to automate these 
processes. System components and processes 
to be examined include sample collection and 
introduction, active nitrogen source stability, 
fluorescence detection and analysis, and 
measurement, calibration, and test procedures. 

The most crucial issues are sampling, cali- 
bration, and testing. The other issues, fluores- 
cence detection and analysis, active nitrogen 
source stability, and measurement procedures, 
were explored in some detail in the program's 
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first phase. Implementing these components 
into a breadboard system should be 
straightforward. 

The sampling and testing issues, however, 
will ultimately determine the degree of success 
of the ANET technology. Designing a system 
that abstracts samples truly representative of 
the hazardous environment is crucial. Only if 
this is accomplished can the hazardous species 
concentrations be determined accurately. 
Therefore, sample entrainment, speciation, Cali- 
bration and matrix effects are of primary 
import. 

The design engineering task has two 
elements. The first of these is to identify and 
specify each of the components to be 
incorporated into the prototype instrument we 
shall fabricate as a part of the final phase of the 
program. Each component needed will be 
enumerated, and commercial suppliers will be 
identified. We will investigate the efficacy of 
in-house construction of some components 
versus their purchase from commercial OEM 
suppliers. Final component suppliers will be 
determined by balancing various factors, 
including adaptability, quality, size, weight, and 
cost. 

The second element of the design engineer- 
ing task is to design a prototype hazardous 
waste monitor. This design will balance a 
number of considerations including power 
management and portability. The location of 
each component will be studied in relation to 
the others to identify configurations that 
promote simple operation and servicing while 
retaining compactness in the whole instrument. 
At the end of the program's second phase we 
will have a detailed set of drawings and 
specifications for the construction of an alpha- 
prototype instrument. 

The third, and final phase of the program 
will be to build and field test an alpha-proto- 
type hazardous waste monitor. The fabrication 
will follow closely the designs developed in the 
program's second phase. The alpha-prototype 
development will be followed by several 
months of testing and refinement in our labora- 
tories. Finally the program will conclude with 
an extensive series of field tests of the 
instrument. 

At the program's conclusion, we will 
transfer the technology we have developed to 
Environmental Instruments Corp., a subsidiary 
of Physical Sciences Inc. They have 
commercialized several instruments initially 
developed at PSI. Their primary product line 
currently consists of instrumentation used by 
the power generation industry to monitor and 
control combustor temperatures and to measure 
ammonia concentrations in combustor effluents. 
Both products are aimed at controlling and 
minimizing NOx production and emission from 
combustors. The ANET hazardous waste 
monitor will be a next-generation product. 
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