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PREFACE 

» 

The sixth Annual Symposium on Environmental Research, jointly sponsored by the C'B 
Division and the Chesapeake Chapter of the Americal Defense Preparedness Association, was held at 
Hdgewood Arsenal on 29 April 1 May 1975. The meeting was planned and conducted under the 
guidance of COL Norman I. Shapira, USA(Ret.), Chairman of the CB Division. The Meeting 
Chairman was Dr. John A. Brown, Chairman of the Environmental Research Section, assisted by 
Mr. R. Bruce Young, President of the Chesapeake Chapter, and by Mr. John Garber of Edgewood 
Arsenal. The assistance of the members of the Program Committee, listed elsewhere, is gratefully 
acknowledged, as is the hospitality of COL Kenneth Stahl. Commander of Edgewood Arsenal. 

This collection of the papers presented constitutes the Proceedings of the meeting, and 
it is being distributed to the attendees. This document is a US Government Special Report with a 
limited distribution,* and it does not constitute publication of the papers it contains. Most of the 
papers will be offered for publication in the regular scientific literature or have already been 
published as noted. 

This report is sponsored by COL Kenneth Stahl, Commander, Edgewood Arsenal and 
Dr. Benjamin L. Harris. Technical Director of Edgewood Arsenal. 

The use of trade names in this report does not constitute an official endorsement or 
approval of the use of such commercial hardware or software. This report may not be cited for 
purposes of advertisement. 

Reproduction of this document in whole or in part is prohibited except with 
permission of the Commander, Edgewood Arsenal, Attn: SAREA-TS-R. Aberdeen Proving Ground. 
Maryland 21010; however. Defense Documentation Center and the National Technical Information 
Service are authorized to reproduce the document for United States Government purposes. 

SPECIAL NOTE 

Unfortunately Dr. James A. Hodgeson’s paper. Evaluation of the Isotope-Zeeman 
Atomic Adsorption Mercury Detector (Session I), a paper by Dr. William Sarver. Problems in 
Analysis in Land Reclamation (Session II), another by Dr. T. O. Tieman. Measurements of 
Tetrachlorodibenzo-p-Dioxins in USAF Herbicide Stocks and in Environmental Samples, and yet 
another by Charles S. Harden. Detection and Identification of Trace Quantities of Organic Vapors 
in the Atmosphere by Ion Cluster Mass Spectrometry and the Ionization Detector System 
(Session IV), could not be obtained for inclusion in this special publication. 

A paper by Leonard A. Jonas. Joseph Rehrmann and Jacqueline M. Eskow. Kinetics of 
Trace Gas Adsorption from Contaminated Air was given instead of Dr. Sarver’s paper, but the other 
papers were presented verbally. 

* Although the publication will he available to the public through Defense Documentation Center 
and the National Technical Information Service. 
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KtYNOTE ADDRESS 

7If \CE ANALYSIS AND DETECTION THE THE ENVIRONMENT 

by 

Dr. VNilson K. Talley 
Assistant Administrator, Office of Research and Development 

US Environmental Protection Agency 

As the recently appointed Assistant Administrator of Research and Development tor 
Environmental Protection Agency (FnA), I am in the enviable position ol beingable to tmplcmen 
recommendations which I like to think I was instrumental in developing. As some ot you nay 
know. I participated as a staff meml r of the “Ash” Council, which was created in April d 1^6 > to 
act as the President’s Advisory Council on Executive Organization. One of the major 
recommendations of that Council was the formation of a single agency responsible for developing 
an integrated standard setting, regulatory, and assistance program relative to the protection and 
enhancement of the environment. This ccommendation, in a rare stroke of bureaucratic 
positiveness, was accepted and F.PA was created. I am now an insider in EPA. an I have lound that 
the old saying that planners never have to implement their plans is. at least in this instance, 
“inoperative.” 

Perhaps it would be proper to review the originai concepts, charges and impressions as 

they were interpreted during the period ot the A h C suncil and. in hindsight, comment briefly. 

At that time, as it is now, there was a plethora of environmental protection programs 
within the Federal community, and categorizing these programs was difficult indeed. It seemed that 
everyone was wearing a white hat, and the word “environment” crept into program objective 
statements rcgardles of the tack taken in previous years. In spite of this contusion, a package ol 
programs having to do with pollution control, standard setting a id research was assembled to form 
a lean or nwboned regulatory agency. That agency was not to perform all ancillary environment, i 
functions. For example, in research the intent was thaï in addition to its own programs it uid <>nl\ 
to be cognizant of the many other environmental research programs and be able to interpret and 
utilize their results. EPA research and development was designed to respond to problems associated 
with the regulatory mission of the Agency; not to conduct research independent ot that mission It 
was not envisioned that a heavily funded program would result, and that in fact has not been the 
case. The major effort within EPA has been, and continues to be centered in the technical assistance 
and grant programs associated with municipal and state pc Million control efforts. 

It is not premature to assess the results o the implementation of the Ash Conned 
recommendations: Docs EPA work? What progress ha; been made toward agency and national 
goals? Is F.PA research adequate? 

The questions surrounding the achievement ol the National Air Quality Coals present 
an interesting history and perhaps provide one framework in which to assess F.PA s research efforts 

By the end of D ember of 1971. states were required to have adopted ambient air 
quality standards and to have submitted implementation plans indicating their ability and course ol 
action to meet these goals. These were subject to the approval of the FPA Administrator and they 

Preceding page blank 
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\u'u‘ u> ¡ncluilc lhe six criteria pollutants: carbon monoxide; sulfur dioxide; nitrogen dioxide; 
o/one; hydrocarbons; and particulate matter. The standards (or goals) were to be designed to 
protect the health and welfare of the Citizens. 

Plans for controlling these con aminants normally fit into two legones: 
(I) controlling stationary sources for sulfur oxides and particulates and (2) controlling automobile 
or mobile sources for carbo nonoxide, nitrogen dioxide, hydrocarbons and the subsequent 
formation of ozone This appears to be »uaightforward; however, the implementation of control 
plans has revealed conditions and situations unforeseen by the Federal and state drafters. Obviously 
if one limits the sulfur content of fuel, the sulfur dioxide in the ambient air will be reduced by some 
amount. And which envirr ime^talist could predict the force of the current energy and economic 

(situation that has résulter1 in an emphas on availat 'e high-sulfur coal? 

Further as research on health effects continues, there may be indications that the 
culprit is not sulfur dioxide alone but its photolytic product, sulfate, as well. And, further, we 
suspect that the size and chemical composition of the sulfate/particulate complexes are the 
important determinants in health effects. Now we have crossed from gas to particulate, and not just 

particulate, but a particle small enough to possibly elude collection on tnc standard 
particulate-matter collection filter. In other words, what started as a straightforward control of a gas 
and particulate has. it leems, merged into a new problem. 

How has the research capability of F.PA responded to 'hese much more complex 
problems? Obviously there is a need for new detailed research information on the generation, 
transformation, transport, health effects end ultimate fate of these chemical and physical 
phenomena. Research is also needed in the measurement of. and the effects of these ewly defined 
species prior to the implementation of effective control plans. 

The second suspension of the automotive emission standards is another instance in 
which there is an urgent need for research to yield new technology. The automoiive catalyst 
cauldron continues to boil. The combination of EPA and Detroit research and development appears 
to have left many old questions unanswered and has generated new issues. Obviously something 
more must be done in this area. 

While on the subject of automotive emissions. I should mention the status of the 
nitrogen oxides-hydrocarbon-ozone relationship. The state-ot-the-art regarding modeling has been 
altered somewhat by research into the nature of this chcmical-physical triangle. The air quality 
standards imply that if one controls the morning rush-hour hydrocarbons, the afternoon ozone v ill 
be reduced. Recent ozone monitoring has provided additional information resulting in 
reconsideration of this premise. The presence of inordinately high levels of photochemical pollution 
in rural or remote areas (far removed from autorr ive traffic) is at this time a subject ot intense 
investigation by EPA research and other offices. As in he case of the sulfur ox'des. information on 
generation, transformation, t ansport and sinks is urgí fitly needed 

We are meeting here to discuss trace analysis and detection o. contaminants in the 
environment. This is another area in which the nature of our research activity seems to be changing. 
We are monitoring parts per trillion; we are getting less md less of mor" and more. What (' ' 's this 
mean? That is, are these small amounts important? Our ability to detect has moi entarily 
outstripped our ability to interpret. Further, we continue to need arrival capability. Bi we have 
new probiens in preserving samples, and acquiring the ability to avoid contamination of amples of 
such snail concentrations. The interpretation of these data is critical. What does the iressure to 
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abandon the concept of a threshold level of a contaminant do to our standards? The burden is on 
the scientist now, as he has an increased responsibility, as less of more is found, b identity the 
significance of these trace substances. He must inform not inflame, the public. 

There are other r ameworks in which to assess the research role in this regn' * ~- 
agency. The taeonite-Duluth situation involving the contamination of drinking water with asbestos 
raises further questions about what kind of research EPA can or should do. The case was placed in 
the itands of the courts, and partly becaus of the paucity of health effects information, the results 
have been, 1 feel, less than satisfactory . The stark realities of unfavorable economics played a strong 
role in this litigation. Perhaps it is time to dwell for a moment on the changing role of 
environmental research. The cry “damn the environment, 1 want a job” is being heard with 
increasing frequency. Ten years ago, in the mid 60’s, it was considered somewhat chL to march in 
favor of environmental control. The pendulum was swinging with great amplitude in favor ot the 
environmenta st. The clean-life wave continued to build until somewhere around 1972-73 when the 
legislative mandates and the myriad of ramifications associated with them came home to industry 
and the consumer. Large industries with marginal operations were faced with the realities of “clean 
up or shut down.” The consumer too was to feel the bite. Clean air is expensive. He noticed his ne.v 
‘73 auto was not as easy to operate nor as inexpensive to run as the old ’970 model. Then came the 

I embargo. The heavy artillery o industry had been turned toward EPA. Thus w have yet 
another aspect to environmental research unforeseen in its complexity by the original planners ol 
EPA. We must abate pollution, but within the cons* tin that the abatement not unnecessarily 
injure the Nation’s economic environment. We are. as a society, facing hard decisions concerning 
how much environmental enhancement we want or are willing to pay for. Further, how badly wi 
want environmental improvement is a moving target, dependent upon the day’s crises, the economic 
situation, and many other factors. The Agency, and consequently its research effort, must be in 
phase with this target. 

1 spoke earlier of having to implement the plans I helped establish for EPA s R&D 
effort. Are the original intentions for an enviro..mental research program still valid in light of these 
new demands? I thi..k they are. In fact, the new and broader needs point again to EPA’s research 
role as being cognizant of other agencies’ and industry’s efforts. We do not so much need n, re 
money or manpower as we need the R&D product'“ of other agencies and industry. Wc have received 
this help in the past I hasten to add. But we need much more. of a higher sophistication; we need 
to know about products of others' n search, which with minor modifications introduced early into 
their designs, may be applicable to our needs. We need ,o be informed of other agenc.es' planning at 
a yet earlier stage, instead of learning of the products of research after the fact. Reading the 
literature, which reports completed research, is not enough; it’s often years too lat 

More specifically in view of all this philosophy and history, it may be t ne to return to 
■ome of the hard facts surrounding EPA R&D. As nea..y as can be determit J. the Federal 
community managed to dispense approximately 18.8 billion dollars tor R&D in F' 75. Of this. 
Department of Defense (DOD), National Aeronautics and Space Administration (NASA). Energy 
Research and Development Agency (ERDA) Health. Education and Welfare (HEW) and National 
Seiet • Foundation (NSF) budgeted near'y 90%. EPA R&D spend a-proximate.y I 5% or .bout 
285 million. This d~es not seem to be much wher w* co sider the charges placed on FPA R&l 
Indeed, the recommendations of the Ash Council have been adhered to — ours is a lean operation. 
The projected FY 76 budget is 258 mi ior an approximate 10% reduction. The following table 
provides a breakdown by media of these funds for F^i 74, 75 cn 76. As can be seen, about one-half 
of the FY 76 decrease occurs within the energy R&D prenant Ai»o, I should cal to your attention 
that this program constitutes nearly 45% of the total and that it is basically an extramural effort 
that was not part .f the F 74 budget. 
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Table. Hnvironmental Protection Agency, Office of Research and Development 
Comparison of Resource Levels in FY-74, FY-75, and FY-76 By Media 

Media 

Air 

Water quality 

Water supply 

Solid wastes 

Pesticides 

Radiation 

Noise 

Interdisciplinary 

Toxic substances 

Energy 

Program management 
& support 

OR&D program total 

FY-74 

$(M) 

46.8 

42.2 

2.5 

2.2 

5.1 

2.2 

0.5 

14.8 

0.2 

17.4 

7.8 

141.7 

FY-75 

$ (M) 

53.9 

46.1 

5.2 

5.8 

8.5 

2.6 

0.6 

18.6 

1.2 

134.0 

7.9 

284.4 

FY-76 

$(M ) 

45.9 

44.6 

12.8 

4.0 

8.5 

1.6 

0.1 

20.6 

1.2 

112.0 

6.6 

257.9 

The FY-74 base program (energy exclusive) breakdown indicates a 57.5 million dollar 
in-house effort with 25.5 million in grants, 44.0 million in contracts and 15.0 million interagency. 
During FY-76, excepting the energy R&D, 1 would not expect these ratios to change dramatically. 
And as I mentioned previously, the energy R&D will be basically extramural. 

So FPA R&D should and must rely on R&D contributions from outside the agency. 
For instance, NSF plans to spend about 29 million on ecology and population biology and about 
15 million on atmospheric sciences in FY-76; NASA plans to spend 175 million on space 
applications in FY-76; ERDA plans to allocate 156 million for biomedical and environmental 
research. The total for these selected examples is 375 million. It seems quite possible that the FPA. 
NSF, NASA and ERDA programs can be designed to complement each other with a minimum of 
duplication and a maximum of information for all agency objectives. It is imperative that closer 
interagency coordination be achieved at the project-planning stage and that there be much less 
parochialism within agencies if we are to reach our goals. This was the original idea tor EPA 
research, that is, to not do all the environmental research but, rather, to be cognizant that it is being 
done and to benefit from it where possible in the achievement of their R&D goals that are 
associated with standard setting and regulatory mandates. 



In conclusion, I would like to commend the organizers of this symposium ;md those 
government, industrial and academic components who have supported it. This appears to he an 
excellent forum for the transfer of R&D findings. This of course is one of the best ways to 
accomplish some of the objectives of the Federal environmental effort and as a result of this 
symposium perhaps we will have chipped away a hit more of the interagency parochial facade that 
continues to he a barrier to the transfer of technology and the completion of closely allied 
objectives. 



SESSION I 

Chairman: Mr. Charles Brunot 
Office of Monitoring Systems 

US Army Environmental Protection Agency 
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( KVOtil NIC SAMPLING OF AMBIENT ATMOSPHERES AS A Ml ANS OF CONO NTR ATINO 

TRACI OROANIC COMPOUNDS FOR CHEMICAL ANALYSIS 

bv 

James P. Conklc. Ph.D and Richard L. Miller. Ph.l). 
I'nvironmental Sciences Division, USAF School of Aerospace Medicine 

Aerospace Medical Division (AFSC) 
Brooks Air Force Base. TX 78235 

This paper describes a cryogenic sampler that permits concentration of common 
organic air pollutants. The sampler employs a 3-stage condensation series, at O'Cticc water». 
-7S ( (dry ice), and -I 75°C (liquid nitrogen). Liquid oxygen formation is prevented by maintaining 
the final trap at -I75°C with a gaseous nitrogen flush. The sampler in field configuration is 
44 X 51 X 51 cm and weighs about 48 kilograms. Liquid nitrogen, gaseous nitrogen, dry ice, ice and 
1 lO-volt power are required for its operation. The sampler provides for the identification and 
quantitation of trace organic compounds in the ambient atmosphere when analyzed with a gas 
chromatograph-mass spectrometer-data acquisition system. 

The system has been used in environmental pollution applications. The identilication 
of the contaminant which made the contents of Armed Forces subsistence vans usable was a 

dramatic demonstration of the usefulness of the system. The system has also been used in the 
identification of the gaseous organic compounds contained in the exhaust of turbine engines. 
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Figure I (¡as Flow Path for Multistage Cryogenic Trapping System 
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Figure 4, Fractionation of Liquids Obtained in Each of the Traps 

Table. Major Compounds in Contaminated Trailers

Trichloroethane Cumene

Telrachloroethyicne Acetaldehyde

Toluene Crotonaldchyde

Methanol Limonene

Ethanol Ethylidene Norbomene

t
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INTRODUCTION 

BACKGROUND 
The composition of the polluted Los Angelts air has been studied for 

many years with a variety of measurement methods. The main purpose of 

direct atmospheric analysis is to determine what people are exposed to, 

but in addition it can indicate the sources of the pollution, the trans¬ 

formations of the compounds, and the pollution removal paths. The main 

prior application of long-path infrared absorption to atmospheric analysis 
1-4 

was the work of the Franklin Institute group between 1953 and 1957. 

Among the results of that earlier infrared work were the discovery of the 

peroxyacyl nitrate family of pollutants, the proof of the presence of 

peroxyacyl nitrates in the Los Angeles atmosphere, and spectroscopic 

confirmation that ozone is a major product of atmospheric photooxidations. 

Infrared techniques were exploited in those earlier studies as 

fully as the equipment allowed. A prism spectrometer was used, with a 

thermocouple detector. The folded path was about 240 meters long. At- 

mosp'. ei I. spectra were compared to reference spectra by inspection, and 

point-by-point ratio plots were made through slide-rule calculations. 

These techniques yielded a limit of pollutant detectability of about 0.05 

ppm for peroxyacetyl nitrate, ozone, ethylene, and acetylene. This was 

sufficient for detection Jn the ambient air under some conditions, but 

not all. The limit of detectability for nitric acid, formic acid, and 

formaldehyde fell in the vicinity of 0.2 ppm—too M«h for detection. Most 

of the compounds that were detected by infrared can also be measured with 

simpler equipment, and therefore long-path infrared studies were relegated 

to a minor role for the following 15 years. 

In the laboratory, the infrared method has continued to be success¬ 

ful. Imrared studies of pollutant reactions at parts-per-million levels 

have been carried on at the General Motors laboratories and in several 

university laboratories. These studies have been a major source of pro¬ 

gress in air pollution chemistry. ’ 
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Ambient air analysis lias been carried out mainly by the gas chroma- 

tograpi.ic method. In hydrocarbon analysis, t iis method easily exceeds 

the capability of long-path infrared. The infrared method can give a 

fairly sensitive measure of total hydrocarbons in the air, and a highly 

sensitive measure of individual hydrocarbon species with one, two, and 

three carbons, but it cannot resolve the heavier hydrocarbons. Gas 

chromatography, in contrast, cleanly separates and Identifies nearly 

ail components of a mixture of hydrocarbon pollutants, down to parts- 

per-bixiion (ppb) levels. 

The main value of the intrared method is in identifying and measuring 

all the assorted nonhydrocarb^n species in the air, especially the 

oxyp«.n. ted ana nitrogenatt- compounds. This is just the aa^tcc of air 

analyses in which the chromatographic method is weakest. Thus, the two 

methods are complementary, and long-path infrared methodology atill has 

a V tal rcle to fill in atmospheric studies. 

Improved optical components of many différé t types have been deve¬ 

loped *n the past 20 years. These include the so Id-state detectors, 

the laser, the scanning Micheltjon interferometer, ad the dedicated 

minicomputer for processing interferograms a..d spectra. The Fourier 

transform spectrometer systems now commercially aval able bring all of 

the.-c components together in a package that yields hi iher resolution 

and higher signal-to-noise ratios than conventional g) »ting or prism 

spectrometers. Furthermore, the new spectrometer data systems permit 

th-i automatic plotting of ratio spectra when a single • -sorption cell 

Is used. 

Since new instrumental improvements were capable o yielding a 

10-.. ; or even 100-fold increase in measurement sensiti ity in an 

itmoaplu ric long-path infrared experiment, a new long-pa!h absorption 

cell lias been built especially for use with a Fourier transforn 

spectrometer. it was soon demonstrated that the combination was 

>leading a parts-per-billion detection sensitivity for manv ol the 

important air pollutant species. These results were describe, in a 

recently published article, which should be consulted for additional 

., 7 
deta ils . 
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EQUIPMENT AND METHOD
In 1972, part of a atudy of partlculata and gaaaoua pollution, 

tha Fouciar tranaform apactronatar and long-path cal?, wara aat up In Paaadana 
on tha roof of tha Kack Englnaarlng Building at tha California Inatitute 
of Tachnology. A foldad-path Whita call with a baaa path of 8.7 natara
vaa uaad.^ Tha path vaa ancloaad In a glass tuba 9.2 maters long and 0.3
matar In dlamatar. Tha tub^ la abown In Flgura 1. Either 44 or 48 pasaaa

-t. • *'

iM

r 'f

Figure 1. Glass tuba in penthouse.

vara used, yielding path langtha of 383 and 417 aatars. Tha only place 
available to locate the system was Ins'da the penthouse for the air con­

ditioning and heating macninery of tha building. Although this proved to 
be a shaky and noisy environment, most of the vibration was eliminated by 
shock mounts placed under tha tuba and tha spectrometer. The spectrometer 
and Its data system were housed in a small air-conditioned shed, as shown 
In Figure 2. Two detectors were used, each at liquid nitrogen temperature:

H
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Figure 2. Spectrometer and data system in shed.

indium artitnonide for the frequency region 2000 to 3300 cm , and mercury- 
cadmium-telluride for the region 700 to 136C cm The region 136C to 
2000 cm“^ was not recorded because of water vapor interference.

The system components are diagrammed in Figure 3. Infrared radiation

_________^ PATH OF INFRARED
RADIATION

------------------- FLOW OF DATA AND
INSTRUCTIONS

INFRAREO 
,SOURCE
I

4+1------------

LONG ATHCELL 1
[7"----------------------INTERFEROMETER

INTERFEROMETTR
CORIROLIER

DETECTION
SYSTEM

T
ANALOG 

TO-OIGITAL 
CONVERTER AND 

SIGNAL AVERAGER

4096 WORD 
COMPUTER

ELETYPEWRITER 
FOR USER 
CONTROL

DISC AND TAPE 
MEMORIES FOR 

DATA AND 
PROGRAMS

DIGITAL
PLOTTER

Figure 3. Pollutant measuring system. 
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from a Narnat glower aource waa projer.ted Into he interferometer. The 

modulated optical output of the interferometer (the interferogran) was 

passed through the long absorption cell to the detector. Forty digitized 

record!»gs of each interferogram were added toge her in the data system 

in order to increase the signal-to-noise ratio. The summed inter erogram 

was then transformed to yield the spectrum. (Sp.ctral resolutioi was 

approximately 2 cm'1.) The digitized spectrum c* ild be displayed, oi 

it could be scored in the computer memory for fut ire access. Gen¬ 

erally, the ratio between the air spectrum and a .tored reference spectrum 

was computed and plotted. 

The air sample was taken in through a G.l-meier-diamecer plastic 

pipe, which ran out the door of the penthouse and up into the air about 

9 meters above the roof on the fourth floor. This placed the intake 

point about 27 meter* above the street. A blower kep*- the air moving 

through the intake pipe at all times. Tne glass long-path cell was evac- 

uable down to less than 1 torr pressure. The manner of collecting a sam¬ 

ple was is follows: (1) The lorg-path cell was evacuated. (2) By opening 

valve, the flow of outside air was directed into the long-path cell so that 

the cell was filled to a pressure sufficient to cauce1 the /at er vap.r 

lines against those in a reference spectrum. Generally, t e pressure 

was between 500 and 600 torrs. (3) Recording of the spec urn was begun 

immediately and was completed within about 5 minutes. It s hard to 

imagine that this manner of sampling could result ^n e dss of any 

labile species of molecules in the air. The residence time of the air 

sample in the intake pipe was no more than a few secot.ds, and in the 

glass cell it was no more than a few minutes. There was good afc-reenent 

between the values of ozone measured by infrared and the values measured 

by chemiluminescence instruments. 

The reference air samples were made up from tank ai -, humidified to 

match the water content of the ambient air. Humidity wa< adjusted by 

mixing twc portions of reference air in the long-path ce 1. One portion 

came straight from the tank, dry. The ocher came from . reservoir of 

tank air stored in a large plastic bag with liquid wate . The work done 

in late November 1972 used Matheson Zero Air for referee. This turned 

out to be nearly devoid of carbon dioxide but to conta n about 1 ppm of 

carbon monoxide. The absence of c-rbon dioxide was a disadvantage 
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because it allowed atmospheric carbon dioxide to show In tne ratio 

plots. The presence of carbon monoxide was also disadvantage 

because it cancelled some of the absorptior by ambient carbon 

monoxide pollution, thus requiring a correction factor. The 1973 work used 

Scott reference air to which 300 ppm of carbon dioxide had be^n added. This 

cancelled most of the carbon dioxide in the rafo plots, but not all. 

The Scott air also turned out to include about 1 ppm of carbon monoxide. 

It did not prove feasible to obtain an exact water balance in all cases; 

but, generally, at least 9C percent of the water interference was removed. 

CALIBRATION SPECTRA 

'ncorreci. absorption coefficients are the most likely source of error 

in atmospheric infrared studies. Many of the molecular speH¿s detec* d 

and measured in this work do not have well-documented reference spe.tra. 

Published absorption coefficients must be used with caution because of tne 

many possible vju tr of error in handling the gas and in recording and 

interpreting the spectra. Whenever possible, absorption coefticients to 

be used wer* rechecked by running new reference spectra or. samples at 

parts-per-mix^ion concentrations in a lal.ratory long-path cexl. The sim¬ 

plest and sfest cases of absorption coefficient measurement involve the 

large polyatomic molecules, which are thermally stable. Th^s includes, for 

example, paraffinic hydrocarbons, alkyl nitrates, ketones, ajcchols, and 

alc.J..y 2;r or morp carbons The spectra in these cases have so 

many overlapping lines that there is no inhere>t fine structure in -ha bands 

at atmospheric pressure. The absorption coeffici*'t is therefore independent 

of pressure and instrumental resolution; the absorp.xon equation is obeyed 

¿’t all abserptivities. The most difficu*- cases involve the molecules with 

a small number of lines in the't spectra such as c*rbon monoxide, nitric 

oxide, and hydrogen chloride. The appa.* it absorption coefficients in 

thèse cases are dependent on total pressure, roncei.c^at on of ^h' absorbing 

species (because of self-broadening), and instrumental resolution. The 
» 

absorption equation is only obeyed at sm 11 absorpti/ities. Thermally 

unstable spermes, su'-h as ozone and hydrogen peroxide, and species that 

adsorb or polymerize, such ps formic acid and formaldehyde, ..ave their own 
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characteristic measurement difficulties. For these reasons, a listing 

of absorption coefficients and the conditions under which they wars 

obtained is given in Table l.7* 9“12 Reference spectra with sharp bands or 

lines were measured with resolution similar to that used in recording 

the atmospheric spectra. The values of the absorption coefficient, k, 

are those used in the absorption equation: 

ln (I /1) - <PL 
o 

where: 

in » natural logarithm 

I - incident intensity of infrarau frequency specified 
o 
I - transmitted intensity 

P “ partial pressure of component, atm 

L - optical path length, cm 

K - absorption coefficient, cm atm 

For proper calibration of carbon monoxide measurements, it was 

necessary to measure the absorption coefficient as a function of the 

apparent energy ratio at the chosen point in the spectrum. A range 

of concentration of carbon monoxide between 9 and 0.5 ppm was used. The 

results are plotted in Figure A. The absorption coefficient values for 

carbon monoxide were found to be about one-half as great as they were 

found to be in a similar measurement made at torr-level concentrations 

in a 10-cra absorption cell.9 The difference is probably due to self- 

broadening of the lines. 



Table 1. ABSORPTION COEFFICIENTS 

Measurement Absorption 

frequency, coefficient. 

Pollutant cm-1_ca~l a un-1 _References and comnent ■ 

Acetylene (C^lt.,) 720 180 

Ammonia NH..) 930 

J 967 

27 

35 

Carbon m noxitU 

(CO) 

2170 See curve ln 

Figure 4 

Carbon tetra- 793 

chloride (CCI.) 

Ethylene (C^) 950 

Formaldehyde 2780 

(HjCO) 

Formic acid 1105 

(HCO^ J) 

210 

20 

10 

13 

Freon 12 CCI,F ) 

Hydrogen peroxide 

(h2o2> 

Methane (Oi^) 

921 

1250 

»017 

1307 

45 

9 + 3 

12 
11 

'lethanol (Crt^OH) 

'.ethyl nitrate 

(CFjONO,) 

1033 25 

853 30 

1018 18 

1290 35 

Citric at Id 896 
(hno3) 

1 Itrogen Pentoxlde 740 

orj) 1 (48 

( rone 

¡»unmethane 

paraffini 
carbon (* 1 ^) 

1053 

79 70 

20 

40 
40 

8.6 

4 0 

Peroxyaceryl ]lh2 32 

nitrate (PAD 

Ti tchloro- 8‘>2 22 

eihylene 

(CjHClj) 

Present work; measured at parts- 

per-mlllion concentration In air 

Present work 

Present work; spectra of parts- 

per-mlll Ion concentrations of CO 

In 600-torr air were recorded In 

the long-path cell at a resolution 

similar to that used In Pasadena 

Reference 10 

Present work; measured at parts- 

per-milllon concentrations In air 

Present work 

Applies to central peak on}y; 

measured at parts-per-ml)lion 

concentration in long-path cell 

Reference 10 

Present work 

Reference 9; rechecked in present 

work with 1.7 ppm CH, in atm 

of air 

Present work 

Present work 

Reference 7 

Present work 

Reference 11 

An average of the absorption 

coefficient values, per catbon. 

calculated for propane, butane, 

pentane, and hexane fnm Refer¬ 

ence 9 

Reference 12 

Reference 10 

"n. es not n tude ethane . r the ring carhons In aromatics: thus, the b.rt Irt x 

indicates f o or (tree hydrogens, nut not one or four. 



Figure 4. Carbon monoxide absorption coefficient as a function of apparent energy ratio 

at2700 cm-', 
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RESULTS AND DISCUSSION 
9 

RESULTS 
There were two periods of data taking: (1) late November 1972 and 

(2) July and August 1973. The 1972 period did not include any smoggy 

days, but it did include mornings and evenings of stationary air that, 

although visually clear, showed an accumulation of gaseous pollution. 

The 1973 summer period included the smog attack of July 24 and 25, which 

yielded the highest ozone concentrations Pasadena had seen for several 

years. 

A sample spectrum from the late November period is shown in Figure 5. 

This spectrum was obtained on Thursday evening, November 30, 1972, at 

5:15 p.m. Sample pressure was 760 torr, and the path length was 383 

meters. Only the higher frequency end of the spectrum recorded with the 

indium antimonide detector is shown. In interpreting this spectrum, it 

should be recognized that approximately 10 percent of the signal was due 

to stray radiation that travelled only a few tens of meters in the cell, 

rather than the full path. This condition could have been corrected but 

was not recognized in time. When properly allowed for, the stray radiation 

does not invalidate any of the results. The single-beam atmospheric ab¬ 

sorption spectrum appears in the lower part of the figure, and the ratio 

plot of chat spectrum over the spectrum of humidified reference air appears 

in the upper part. The single-beam plot shows the many water vapor lines, 

which are removed in the ratio plot. In proceeding from lower frequency to 

higher, the single-beam spectrum shows a gradual decrease in signal due 

to the response characteristics of the detection system. The ripples 
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in the ■ingle-beam plot, which are especially evident between 2400 and 

2500 cm \ are the result of interference phenomena in the train of 

optical components. The ripples are camelled out in the ral Jo plot. 

A slight overcompensation of the water vapor absorption has dilvtn some 

of the strong water lines above unity in the ratio plot. The Matheson 

Zero Air used for reference contained about l ppm of carton monoxide, but 

no carbon dioxide, nitrous oxide, or methane. The carbon monoxide band 

in the ratio plot is therefore smaller 'han !t should be, but the oilier 

bands appear at full strength. Concentiatloin of pollutants laloulainl 

from the spectrum are carbon monoxide, 11.5 ppm; methane, 2.® ppm; ron- 

methane paraffinic carbon atoms (CH ), 2.2 ppm. Nitrous oxide was it its 

13 X 
normal value of 0.25 ppm. Carbon dioxide wa.-> not calculated from the 

spectrum. There was no indication of tormaidehyde. 

Spectra from July 25, 1973, covering the region /00 to 1 inO (.in are 

shown in Figures 6 and 7. Stray light in these cases was probably less 

than 5 percent. For these spectra, the meivio) 'admium-telluride detector 

was used. In the 9:30 a.m. spectrum. Figure b, the sample presume was 

600 torr, and the path length 417 meters. ie lower spectrum is the single¬ 

beam plot, showing mainly water and carbon dioxide bands. The middle spectrum 

is a ratio plot using a reference spectrum ot Scott tank air properly humid¬ 

ified to cancel nearly all of the water vapor absorption. This air also 

contained about 300 ppm of carbon dioxide, which cancelled about 90 percent 

of the carbon dioxide absorption. 1'he reference air did not contain methane 

or other hydrocarbons. The upper spectrum in the figure is a seale-expanded 

plot of the spectral region dOO to 1200 cm 1 in which the ordinate scale 

is 19 times larger than in the center spectrum. Marked on the spectra are 

absorption bands for the following compounds and concentrations: ozone, 

0.09 ppm; peroxyacetyl nitrate, 0.016 ppm; methanol, 0.015 ppm; Freon 12, 

0.008 ppm; trichloroethylene, 0.015 ppm (pernaps underlaid with some 

absorption by Freon 11); formic acid, 0.020 ppm (underlaid with some 

absorption by Freon 12); acetylene, 0.028 ppm; ethylene, 0.015 ppm (dis¬ 

torted by a noise spike); and methane, 2.0 ppm. 

In the 1:00 p.m. spectra, Figure 7, we see that the photochemical 

reaction produces—ozone, formic acid, and peroxyacetyl nitrate—-have 

increased substantially. In Figure 7, the expansion factor of the upper 
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spectrum Is only 7-fold. The 1:00 p.m. velues were ozone, 0.60 ppm; 

formic acid, 0.063 ppm; and peroxyacetyl nitrate, 0.051 ppm. By 1:00 

p.m. the acetylene and methane had Increased slightly to values of 0.030 

ppm and 2.4 ppm, respectively. The ethylene concentration had decreased 

to approximately 0.009 ppm. 

Pollutant concentrations measured between November 20, 1972, and 

December 1, 1972, are listed in Table 2. In general, this was a time of 

air stagnation morning and evening, ventilation and clean air in the middle 

of the day, and no smog. 

Concentrations measurr-i on selected days in the summer of 1973 are 

listed In Table 3. July 24 and 25 were days of vary high ozone concen¬ 

tration, and all values calculated from the spectra of those days are 

listed. July 26 was also expected to be a day of very high oxidant, and 

in fact, Federal employees in the Los Angeles area were excused from 

work. However, the atmospheric conditions changed--perhaps beginning 

in the late afternoon of the 25th—and very little smog developed. Other 

days of high ozone showed a pattern of concentrations and variations with 

time generally similar to those observed on the smoggy days of July 24 and 

25. Since the ratio of nonmethane paraffinic hydrocarbon to carbon monoxide 

can Indicate pollutant sources, the values for those two pollutants measured 

on 5 days in August are also listed. The gaps in the table result from 

the choice of detectors and spectral regions for recording. The bulk 

of the July 24 data was obtained in the 700- to 1400-cm ^ region, using the 

mercury-cadmium-telluride detector; hence, they do not show carbon monoxide 

or paraffinic carbon. On July 25 and 26, the data obtained with the mercury- 

cad ..n-telluride detector were recorded out to 2300 cm and hence include 

carbon monoxide. The various measurements that show paraffinic carbon and 

carbon monoxide were obtained with the indium antimonide detector. Some 

additional details from the spectra will be included in the following dis¬ 

cussions. 

DATA ANALYSIS AND DISCUSSION 

Analysis of the results yields information on the sources and sinks 

of the pollutants and on the pollutant transformations in the air. The 
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Table 2. POLLUTANT CONCENTRATIONS (ppm), PASADENA, 27 meters ABOVE GROUND, 

NOVEMBER 20-DECEMBER 1, 1972a 

Date and time 
Carbon 

monoxide Methane 

Nonmethane 

paraffinic 
carbon Acetylene_Ethylene 

Nov. 20-11:30 a.m. 1.2 

20- 4:45 p.m. 3.4 

21- 11:00 a.m. 1.2 

21- 4:10 p.m. 2.7 

22- 8:10 a.m. 7.5 

22-12:00 a.m. 3.1 

27- 8:10 a.m. 9.5 

27- 3:10 p.m. 4.8 

27- 5:00 p.m. 6.0 

2b- 9:00 a.m. 4.0 

28- 3:30 p.m. 3.6 

28- 5:00 p.m. 

24-10:00 a.m. 2.6 

29- 3:15 p.m. 0.9 

30- 8:10 a.m. 6.1 

30- 1:10 p.m. 18 

30- 5:15 p.m. 11.5 

Dec. 1- 8:15 a.m. 11.2 

1- 4:00 p.m. 5.6 

2.1 

2.2 

1.9 

2.3 

2.8 

2.3 

2.7 

2.5 

7.6 

2.4 

2.6 

2.2 

2.0 

2.2 

2.2 

2.8 

2.7 

2.6 

0.16 

0.45 

0.11 

0.29 

1.23 

0.34 

1.42 

0.89 

1.34 

0.45 

0.63 

0.30 

0.16 

1.2 

0.42 

2.2 

2.0 

1.25 

0.011 

0.017 

0.030 

0.083 

0.022 

0.090 

0.041 

0.043 

0.030 

0.039 

0.058 

0.019 

0.006 

0.044 

0.02? 

0.071 

0.090 

0.041 

0.010 

0.010 

0.025 

0.098 

0.026 

0.071 

0.030 

0.042 

0.030 

0.02C 

0.046 

0.015 

0.005 

0.045 

0.015 

0.065 

0.092 

0.031 

Blanks indicate no measurement. 
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Table 3. POLLUTANT CONCENTRATIONS (ppm), PASADENA, 27 meters 

ABOVE THE GROUND, SUMMEa 1973® 

HoiUMthan* P«romy 
Carlun p«r«fftBlc rormlc acetyl 

Data and tlaa aonoxUa Hethana carbon Äcatvlaoa tthylana O«ona-acid—nit rata 

July 24-10:00 a.a. 2-0 

10:30 a.a. it 

11:00 a.a. 1.« 

11:30 a.a. 1-» 

12:00 noon 1*9 

12:30 p.a. 2.2 

1:00 p.a. 2.3 

1:30 p.a. 2.3 

2:00 p.a. 2.2 

2:30 p.a. 2.1 

3:00 p.a. 2.1 

3:30 p.a. I-» 

4:10 p.a. 3.3 

July 25- 7:10 a.a. 2.2 

8:00 a.a. 2.4 2.0 

9:30 a.a. 2.1 2.0 

10:00 a.a. 2.1 2.0 

10:30 a.a. 2.6 2.0 

11:00 a.a. 2.8 2.1 

11:30 a.a. 2.8 2.2 

12:00 noon 2.4 2.2 
12:30 p.a. 2.9 2.2 

1:00 p.a. 3.9 2.4 

1:30 p.a. 3.9 2.4 

2:00 p.a. 3.5 2.4 

2:30 p.a. 7.9 2.3 

3:00 p.a. 2.8 2.3 

3:30 p.a. 2.5 2.2 

4:00 p.a. 2.1 2.0 

4:30 p.a. 2.2 

July 24- 8:10 a.a. 2.5 

9:30 a.a. 2.0 2.0 

10:00 a.a. 1.5 2.0 

10:30 a.a. 1.8 2.1 

11:00 a.a. 1.9 2.1 

11:30 a.a. 1.8 2.0 

12:00 noon 1.5 1.8 

12:30 p.a. 1.5 1.8 

3:05 p.a. 1.4 

Aug■ 8 - 4:30 p.a. 1-7 

9 - 8:00 a.a. 2.5 

3:00 p.a. 2.2 

22 - 3:00 p.a. 2.1 

23 -10:00 a.a. 1-5 

24 -11:30 a.a. 13 

0.71 

0.78 

1.05 

0.49 

1.1 

0.47 

0.44 

0.75 

0.41 

0.40 

0.34 

0.51 

0.022 0.014 0.07 

0.025 0.012 0.10 

0.024 0.012 0.13 

0.021 0.005 0.22 

0.019 0.005 0.25 

0.019 0.005 0.24 

0.024 0.004 0.35 

0.029 C 004 0.41 

0.024 0. ">05 0.57 

0.033 0.00'. 0.59 

0.034 0.O05 0.57 

0 333 0.005 0.44 

0.023 0.018 — 

0.0?! 0.015 0.09 

0.024 0.015 0.19 

0.024 0.009 0.25 

0.022 0.009 0.32 

0.025 0.007 0.37 

0.024 0.004 0.39 
0.024 0.007 0.42 

0.030 0.009 0.40 

O.O’Î 0.010 0.48 

0.034 0.011 0.44 

0.031 0.009 0.59 

0.025 0.004 0.53 

0.019 0.005 0.45 

0.014 0.004 0.35 

0.022 0.015 0.04 

0.020 0.014 0.12 

0.022 0.015 

0.024 0.013 0.05 

0.020 0.010 0.04 

0.017 0.004 0.05 

0.013 0.004 0 05 

>Blanka Indicate no aaaauraaant. Daahaa Indicate not detectad 

0.017 0.011 

0.020 0.013 

0.027 0.014 

0.031 0.024 

0.010 0.025 

0.031 0.038 

0.033 0.029 

0.038 0.035 

0.048 0.041 

0.057 0.047 

0.053 0.047 

0.047 0.034 

0.013 0.004 

0.020 0.014 

0.038 0.019 

0.043 0.022 

O.OuO 0.037 

0.044 0.034 

0.054 0.033 
0.057 0.040 

0.043 0.051 

0.072 0.051 

0 048 0.053 

0.043 0.049 

0.044 0.044 

0.057 0.043 

0055 0.034 

0.010 0.009 

0.010 0.010 

0.005 0.005 
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data will b* discusotu in terms of (1) the ratios of pollutant concen¬ 

trations, (2) the time variations of the concentrations, (3) the amounts 

of the polit tents seen or not seen, and finally, (A) the material balance 

(or unbalance) in the photochemicalxy reacted air. 

Ratios of Pollutant Concentrations 

Plots have been made of the pairs of acetylene and carbon monoxide 

values for the sep irate fall and summer per ods. These are shown in 

Figure 8. The fall data ere from Table 2 for 8 days between Novom^er 

20 and December 1, 1972. The summer data, from Table 3, apply to July 

25 and 26 and August 9, 1973. The ratios indicated by the lines dra>,n 

through the points are about 0.009 in each case. This ratio is typical 

of auto exhaust, which is thus indicated as the principal source of both 

pollutants during both periods. Acetylene and carbon monoxide each are 

low in photochemical reactivity, and it can be assumed that they did net 

undergo oxidation between the time of emission into the air and the time 

of the measurements. 

Plots of carbon monoxide concentrations against the concentrations 
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of nonmethane paraffinic hydrocarbons, as indicated by the C-H absorption 

band at 2970 cm-1, are given in Figure 9. These plots show ratios that 

Figure 9. Nonmethane paraffinic carbon versus carbon monoxide, tall and summer 
periods. 

diff-r almost by a factor of 2 between the fall and summer periods. These 

’-atir* can be interpreted as indicating two different m xes of pollutant 

sources. 

The difference might possibly he a result of atmospheric oxidation 

of the hydrocarbons. That explanation seema unlikely, however, because 

of the direction of the differences. Hydrocarbon oxidation occurs more 

in the summer, which is a time of stagnant midday air, rather than in the 

fall, which is a time of midday ventil :ion and air movement. If oxidatio" 

were a major factor, the hydrocarbon-to-carbon monoxide ’-atio would be 

lower in the summer—the reverse of what has been observed. 
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A more likely ex' ration of the differerc* in ratios can be derived 

from differences in at spheric physical properties and atmospheric nov ments 

It is to be noted that che fall measurements taken a the morning -md 

evening showed pollucant concentrations averaging about twice as tiieh 

as in the suiwier. This was the result of the air being trapped under a 

very low-altitade temperature inversion, xn the summer, the temperature 

inversion occurred at a higher altitude, with a resulting larger mixing 

volume. In the call, the ehallownass of the polluted ^ir layer would 

restrict the lateral dilution transport. In this case, the pollution 

at the campus of the California Institute cc Technology would be largely 

auto exhaust from he cars in the nesrby stieets, and there would be 

little influence from dit tant industria* sources or natural sources. 

In the summer, the la-ger mixing volume gives a smaller pollutant 

concentration than in the fall, but at the same time allows more pollutant 

transport from a distance. Thus, the summer air at the site could con 

tain, in addition to auto exhaust, evaporated organic materials from 

sources farther out, including industrial operations, solvent evaporation, 

and petroleum leaks. 

Another factor to be considered is temperature difference., as 

pointed out recently by Stepnens.14 Midday heat will vaporize organic 

lf,-. - is. In the *umcr the air is not onl: warmer and the sun more 

intense than in the fall, but tie air is trapped under a temperature 

inversion in midday, thus allowing accumulation of the organic vapors. 

In the tall, the sun and warmth of midday release vapors into a mobile 

atmosphere that dissipates them quickly. 

In summary, this interpretation of the data indicates that in the 

sonner a aubstantiai portion of the organic pollutant, cornea fro. source 

other than auto exhaust. These Infrared data 10 not give a sufficiently 

detailed analysis of the hydrocarbon portion of the pollution to Identify 

specific nonautomotlv, sour es o£ hydrocarbons. Chromatographic analyses 

are much nv">r^ informative in th^w regard» 

Th<. ratio between ethylene an<* acetylene is a measure of the degree 

of photolysis of the polluted air mass. Both pvilutants come almost ex- 
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clusively from auto exhaust and have a fixed ratio If there are no at¬ 

mospheric transformations. Measurements have shown the average ethylene- 

to- acetylene ratio in auto exhaust to be approximately one-to-one. A 

ratio fairly close to this was obtained in the measurements of November 20 to 

December 1, as shown in Table 2. However, Table 3 illustrates that in the 

summer, the ratio was frequently much smaller. The ethylene is much more 

reactive photochemically than the acetylene, with a disappearance rate in 

smog-chamber experiments many times greater. Thus, the "photochemical age 

of the air mass can be judged from this ratio, as discussed, for example, 

by Stephens and Burleson. 

Data from the tables, plotted in Figures 10 and 11, show the vari¬ 

ations of pollutant concentrations during the day. The data for July 24 

and 25 show an ethylene-to-acetylene ratio about half of the auto exhaust 

value by midmorning and a ratio in the afternoon only about one-fifth of 

the auto exhaust value. The indicated high degree of photochemical ac¬ 

tivity is confirmed by the high values of ozone obtained on those days. 

The observation that by noon the ethylene concentration had already 

fallen as low as one-fifth of the acetylene concentration indicates 

that fresh ethylene was not coming into the air mass at a high rate. Lab¬ 

oratory measurements with simulated atmospheric conditions have shown the 

ethylene to have a half-life of several hours. If a large continuous influx 

of ethylene existed, the steady-state ethylene-to-acetylene ratio should 

therefore remain much higher than observed. Instead, it appears that the 

react!ve components were transformed early in the day, and they were not 

.’?lk :cd. 

- - comparison, data are shown in Figure 12 for August 9, a summer 

lay oi. which only a moderate amount of ozone was formed. On this day, 

uhe ethylene-to-acetylene ratio remained near one-to-one in the morning 

and evening and dropped only to about three-to-four in the middle of the 

lay when the photochemical oxidation was at its height. There was also 

a variation in concentrations during the day. 

Pollutant Concentrations as Functions of Time 

Carbon monoxide and acetylene, both indicators of auto exhaust, 

did not vary markedly with time during the smcggy days of July 24 and 
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25. Nor did they vary markedly during other summer days of moderately 

high oxidant, such as August 9. The relatively steady value of these 

pollutants is at variance with a concept of morning and evening auto 

exhaust peaks. If there was any peaking of the traffic count, it was 

obscured by the Integrating effect of the well-mixed trapped air mass. 

Probably, the frequently observed morning and evening peaking phenome¬ 

non is a result of morning and evening periods of air stagnation sep¬ 

arated by a midday period of ventilation. This is the pattern we ob¬ 

served in the fall, when there was no smog. In contrast, on the heavy 

smog day of July 25, the acetylene and carbon monoxide concentrations 

peaked at 2:00 p.m. The amounts of carbon monoxide and acetylene on 

July 24 and 25 were low compared with the amounts frequently reported 

for urban locations.This emphasizes the important role that the 

meteorological factors p3ay in the Southern California smog. It is the 

trapping of the midday air that allows the photochemical reaction pro¬ 

ducts to accumulate. 

Three principal reaction products were observed—ozone, formic acid, 

and peroxyacetyl nitrate. The variations of these with time during the 

July smog attack are shown in Figure 11. The increase of reaction pro¬ 

duct concentrations during the morning and early afternoon followed by 

a falling off in the late afternoon, as seen on July 24 and 25, is typical 

smog season behavior. This pattern is also shown in the August 9 plots. 

July 26 seemed to start out as a smoggy dey, but by noon the air had 

gotten moving and cleared out the pollution. 

The figures show that on the smoggy days the ethylene concentration 

went down quickly in the morning. It can be assumed that propylene, 

butadiene, isobutene, formaldehyde, and other components of the auto 

exhaust that are more reactive than ethylene decreased in the morning 

even faster than the ethylene. It is these highly reactive components 

that are mainly responsible for the morning conversion of nitric oxide to 

nitrogen dioxide and the start of the ozone buildup. However, there was 

much more total ozone formed than can be accounted for by the action of the 

reactive species. It is clear that the less reactive hydrocarbons must 
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Figure 12. Pollutant and product plots for August 9, 1973. 
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also be contributing to the ozone buildup. This will be further discussed 

in connection with the material balance. 

Individual Compounds 

Acetylene—Acetylene is probably the best indicator compound for the 

presence of auto exhaust pollution in the atmosphere. No major sources 

of acetylene other than the internal combustion engine are normally pre¬ 

sent. Laboratory studies have shown acetylene to be highly resistant 

to atmos] ueric oxidation. Its half-life in the atmosphere is probably 

many days. The compound thus serves as a reference against which to 

measure thi extent of reaction of other species. 

The acetylene absorption band at 730 cm ^ (Figures 6 and 7) is one 

of the strongest known, so that small amounts can be measured reliably. 

Ammonia—Ammonia is assigned a prominent role in fine particle formation 

in the atmosphere. Ammonium sulfates and nitrates are major constituents 

of atmospheric aerosol, as shown, for example, in the reports by Gordon and 

19 20 
Bryan and by Charleson £t «ïl. ’ Decaying vegetation is regarded as the 

principal source of atmospheric ammonia. Georgii reported about 20 ppb 

of ammonia in the air at Frankfurt, Germany, but only about 6 ppb in air 

21 
coming into Europe from the Atlantic Ocean. 

The infrared absorption spectrum of ammonia is undoubtedly one of the 

b*.-t indicators of the presence or absence of the compound. The ammonia 

bands at 930 and 967 cm-1 are strong and distinctive. Furthermore, there 

is very little interference at these wavelengths from water vapor or from 

other pollutants. We have seen these infrared bands in the rpectrum of 

air at Durham, North Carolina, indicating an ammonia level of about 20 ppb. 

Figure 13 shows the 1:00 p.m. spectrum from July 23 as it actually 

appeared and as it would have appeared if ammonia were present at con¬ 

centrations of 10 or 40 ppb. Even at 10 ppb, the expected absorption 

features are several times larger than the noise level in the spectrum. 

Examination of all of the several hundred spectra recorded in the fall and 

summer observation periods has failed to show any indication of absorption 

at the principal ammonia band at 967 cm \ For many of the spectra, the 

noise level corresponds to about 5 ppb of ammonia. The indicated low 
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Fiiju.o 13 Atmospheric spectrum, July 24, 1973, 1:00 p.m., showing absence of am¬ 
monia (NH3) by comparison with hypothetical spectra for atmospheres containing am¬ 
monia 
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concentration of gaseous ammonia is understandable in the light of several 

factors: (1) The amount of decaying vegetation and other organic matter 

per square kilometer in the Los Angeles area is smaller than in most places 

where ammonia has been detected. (2) Air coming in from the Pacific Ocean 

would be expected to be relatively low in ammonia content. (3) Nitrate 

and sulfate formation in the Los Angeles atmosphere will consume gaseous 

ammonia. 

Carbon Monoxide—The carbon monoxide spectrum occurs with little inter¬ 

ference froa other compounds. The principal uncertainties of the carbon 

monoxide measurement come from variations in its apparent absorption 

coefficient, as previously discussed. The amounts of carbon monoxide 

detected were smaller than customarily seen in center-city monitoring 

stations, but were comparable to the amounts measured in outlying areas, 

such as Riverside. The use of carbon monoxide as an indicator of the 

air stagnation has been discussed. Carbon monoxide is a comparatively 

inert compound in the air, with a half-life of several months. Recent 

studies of carbon monoxide oxidation have outlined the removal paths for 

carbon monoxide in the air and are important to an understanding of overall 

atmospheric chemistry. However, it is still generally concluded that 

> ’ on monoxide does not significantly influence the short-term atmospheric 

photochemistry of urban areas. 

Ethylene—Much emphasis has been placed on the detection or nondetection of 

ethylene, and our conclusions as to the low rate of air turnover and high degree 

of hydrocarbon reaction on smoggy days have largely been based on ethylene 

measurements. The compound is easily enough measured in the spectrum. Its 

hand at 950 cm”1 is strong and sharp, and its spectrum does not suffer 

serious interference from other atmospheric constituents. Figure 7 shows 

an ethylene value of 0.009 ppm. Spectra obtained earlier in the summer 

mornings and in the fall mornings and evenings showed the ethylene 

bard stronger, with a maximum of 0.098 ppm. 

Formaldehyde—Formaldehyde is detectable by its characteristic 

spectral structure in the region 2700 to 2900 cm . All the spectra 

obla red in this study were examined carefully for these spectral lines, 
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Figure 14. Formaldehyde (H2CO) response: contrast between Pasadena site, where 
formaldehyde was not detected, ambient air in Raleigh, N.C., and auto exhaust in 
laboratory air. 
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but no lines were found. The detection limit for formaldehyde was ap¬ 

proximately 15 ppb In the fall 1972 period and about 30 ppb In the summer 

1973 period. The difference is attributed to a somewhat better optical 

alignment in the fall measurements, which gave a better sigi,al-to-noise 

ratio. 

. Although we were surprised at not seeing formaldehyde, we do not 

believe this to be an anomalous aspect of our results. In the fall period 

of observation, there was little photochemical activity, so that the only 

significant source of formaldehyde was its direct emission in auto exhaust. 

For comparison, we have obtained the absorption spectrum of Raleigh, North 

Carolina, morning air in the midst of rush-hour traffic. That spectrum 

did show a trace of formaldehyde vapor but also showed carbon monoxide 

and hydrocarbon levels two or three times greater than the maximum seen at 

the Pasadena site. We also obtained the spectrum of air containing a small 

amount of auto exhaust from a laboratory-operated car equipped with a 

catalytic muffler. The latter spectrum clearly showed formaldehyde bands 

along with a large absorption due to nitrogen dioxide. The Raleigh spectrum 

and the laboratory spectrum are compared in Figure 14 with one of the best 

of the Pasadena spectra. The formaldehyde is clearly detectable in the 

laboratory sample at 80 ppb. In the Raleigh air, it is detectable at 

about 40 ppb. In the Pasadena sample, it is not detectable. It should 

be noted that the scale-expanded fine structure is similar in the 

Pasadena and Raleigh samples, except for the formaldehyde bands. This 

nonformaldehyde fine structure is mainly due to weak lines of methane. 

If the aldehyde had the same ratio to hydrocarbon in both the Raleigh 

and Pasadena air samples, it probably was present in the Pasadena air 

at about 0.015 ppb. 

* In the summer, more formaldehyde is produced by the photochemical 

oxidation of hydrocarbons than is emitted directly into the air. Ethy¬ 

lene oxidation is probably the largest single source. However, the 

aldehyde formed in the air would be further oxidized to formic acid, carbon 

monoxide, carbon dioxide, and water. In view of the indicated advanced 

state of oxidation of the polluted air samples on the smoggy days, it is 

understandable that formaldehyde was not detected. 
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Formic Acid—Th« presence of formic ecid is revealed by its absorption 

band centered at 1105 cm This Is a fairly strong band that has a 

distinctive shape and falls in a spectral region where water vapor inter¬ 

ference is not great. This band has allowed the infrared detection of 

formic acid at levels between 10 and 70 ppb. 

The detection of formic acid is illustrated in Figure 15. The top 

curve is a laboratory spectrum of the formic acid and ozone produced by 

30 minutes of ultraviolet irradiation of 20 ppm of formaldehyde and 0.5 

ppm of nitrogen dioxide in air. The infrared path was 170 meters. Below 

are seven spectra of the Pasadena air recorded on July 25, 1973, and one 

recorded on July 26. The spectra show the appearance, growth, and decay 

of three bands: the ozone band at 1050 cm \ the formic acid band with 

absorption peak at 1105 cm \ and the peroxyacetyl nitrate band at 1165 

cm In the 9:30 spectrum at the top, the water bands have been fully 

cancelled and a very small amount of formic acid appears. The 10:30 spectrum 

shows more formic acid and a slight undercompensation of the water lines. 

The 11:30 and 12:30 spectra show an overcompensation of the water lines, 

which drives them upwards in the ratio plot and clearly reveals the 

downward-directed formic acid peak. The 1:30 and 2:30 spectra show under¬ 

compensation of water, with formic acid still present. The July 26 9:30 

a.m. «per- *’im shows a good water balance, a trace of ozone, and no obvious 

absorption due 1o fortric acid or peroxyacetyl nitrate. From a scale- 

expanded plot of this same spectrum, we estimated 8 ppb of formic acid 

and peroxyacetyl nitrate and 60 ppb of ozone. 

The formic acid band appears to lie on top of a weak background of 

-absorption by other species. This caused some difficulty in determining 

he amount of formic acid, but an attempt was made to minimize the error 

by measuring only the depth of sharp downward peak. 

As Figure 11 has shown, the formic acid concentrations were sightly 

higher than the peroxyacetyl nitrate concentrations. This means that 

except for (' tie, formic acid is present in the highest concentration 

of any reaction product seen in these samples of polluted air. Carbon 

dioxide, carbon monoxide, and water are also products, but they meld into 

the background and are not measurable. 
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Figure 15. Detection of formic acid (band indicated by arrow). 
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Laboratory photooxidation studies using the infrared technique 

1 2 
for analysis have many times shown the formation of formic acid. ’ 

2^ 
The acid is a major product of the photooxidation of formaldehyde. 

Thus, there has always been reason to suspect the acid to be present 

in the polluted air. However, we believe this to be the first time 

it has been conclusively identified and measured. In 1955, it was re¬ 

ported that formic acid had been measured in the Los Angeles ai- at cun- 

25 
centrations up to 0.41 ppm. The method used involved the reduction of 

formic acid to formaldehyde, followed by the reaction oí the formaldehyde 

with chromatropic acid to yield a colored complex. We suspect the method 

to have been subject to error because the amounts of formic acid reported 

were about a factor of 5 or 10 greater than the amounts now detected by 

the infrared method. There is no reason to assume that the composition of 

the atmosphere is Los Angeles has changed so substantially in the past 20 

years. Other indexes of pollution, such as carbon monoxide, ozone, and total 

hydrocarbons, have not shown such substantial changes. It is interesting to 

note that Leighton's 1961 summary of the state of knowledge of atmospheric 

26 
photochemistry did not give any significant consideration to formic îci«1 

as a product. 

Stability is the reason that there is more acid chan aldehyde in the 

air. ihe aldehvdes are precursors of the acids and have a relatively short 

litetime in the S'niit atmosphere. The acids, especially formic acid, re¬ 

present a stopping place in the sequences oi photochemical reactions. Thus, 

our observations are consonant with the current measurements that are showing 

organic acids to he constituents of the fine particles in the air. 

Ha'ogenated Compounds—the fluorinated and chlorinated hydrocarbons all 

have strong absorption bands in the frequency region of 700 to 1360 cm 

The greater the molecular symmetry, the more likely that tue bands will 

have a characteristic shape, and the more sensitive the infrared detection. 

Thus, we identify carbon tetrachloride by its strong band at 792 cm * and 

ireon 12 by its strong band at 921 cm Trichloroethylene and Freon 11 

both absorb near 85C cm ^ and are undoubtedly contributors to the per¬ 

sistent absorption band at that frequency. In no cases were the de- 
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tected amounts of a halógena..*d compound greater than a few pa-ts per 

billion. The concentrations, did not appear to change ip any regular 

pattern. Because of their inertness, the compound? will accumulate xn a 

sluggish urban atmosphere, just as they are accumulating in the atmosphere 

on the global scale. 

Hydrocarbons—In addition to the selected bands of individual light 

hydrocarbons such as methane, acetylene, and ethylene, the spectra show 

the combined ban ! at 2970 cm ^ due to C-H stretching vibrations in many 

hydrocarbons. As noted earlier, the land does not include met..ane or 

the ring carbons in aromatics. Thus in designating the band as CH^, 

the subscript x means two or three hydrogens, but not one or four. 

The band is useful as a general indicatot of the level of hydr arbon 

pollution, as hae been previously uiscussed. 

Hydrogen Peroxide—It is logical to expect some hydrogen peroxide to be 

present in the smog along with the other oxidants. The peroxide has been 

seen as a product in laboratory photooxidations. In addition, it ha* been 

measured by Cay and Bufalini in the air in New York City ai in Rivercide, 

California. Th v used the chemical method developed by Cohen rd Puree?}, 

in which titanium IV ^nd 8-quinolinol react with the hyd-ogen peroxide to 

fttm « .ulored omplex. They observed that hydrogen peroxide increased 

i-i the attenoon in a pattern similar to the ozone build-up, but at con- 

26 
centrations only about one-fifth as great. If the hydrogen peroxide were 

presert at one-fif h »-he ozone concentration in the Pasadena air on July 24 

and 25, it rhould appear in the spectra. 

A reference spectrum lf hydrogen peroxide obtained under 'ow 

resolution is shown in Figure 16. Water lands are seen on the ..igh- 

frequency side. In the laboratory, we have measured the maximum 

absorption coefficient of tr-'s hydrogen peroxide band to be 9 + J 

atm 1 cm 1 , indicating a fairly strong band, simila’- to the accessible 

bands of ozone and formaldehyde (Table 1). When the atmospheric spectrum 

is recorded over a 417-meter path, water and methane both absorb strongly 

in the same region a-» the peroxide, and it is difficult to detect the 

peroxide absorption if it is only at a few percent. One can say from 
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inspection of the ratio spectra, such aa in Figure 7, that the peroxide 

was not present at concentrations of 100 ppb or higher; we wish to go to 

a lower detection limit than this. 

In order to extract any possible hydrogen peroxide absorption from 

the data, we have carefully compared the single-beam plot of 9:30 a.m. 

on July 25 with each of the single-beam plots of 1:00 p.m. and 1:30 p.m. 

on the same day. The spectra were superimposed sj that they matched at 

about 1200 cm-*, and then the ordinates were compared at all the points 

between the water lines, from 1200 to 1360 cm . In each case, this gave 

us 17 points on a low-resolution ratio plot, showing changes in absorption 

that occurred between morning and afternoon. The average of the resultant 

two ratio plots is shown in Figure 16, lower half. The appearance of 

the peroxyacetyl nitrate absorption band, which we know must be present at 

about 1300 cm-1, assures us that the ordinate comparison technique is 

giving a valid answer. From the strength of the 1160-cm peroxyacetyl 

nitrate band, we know that nearly all of the 1300-cm band must be due 

to peroxyacetyl nitrate. The remaining absorption in the figure may be 

ascribed to hydrogen peroxide. The absorption band depth appears to be 

about 2 percent, corresponding to about 0.070 ppm hydrogen peroxide. This 

identification is by no means totally convincing, but at least one might 

sav that the spectrum indicates the possible presence of hydrogen peroxide, 

not at one-fifth the concentration of the ozone, but perhaps at one-tenth. 

Methane—Methane shows in both the high-frequency and low-frequency por¬ 

tions of the spectrum. It was always present at concentrations between 

1.8 and 2.8 ppm. The methane is not primarily automotive in origin, and 

as shown in Figure 10, it does not closely follow the concentration 

variations of carbon monoxide and acetylene. The most probable source 

of methane is natural gas.It should be noted that the Raleigh 

air spectrum of Figure 14 shows a higher methane concentration than the 

Pasadena spectrum. 

Methanol—Methanol, revealed by its band centered at 1032 cm , appeared 

in the spectrum occasionally and apparently at random. The maximum amount 
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detected was about 0.10 ppm, but usually the amount was near or below our 

detection limit of 0.008 ppm. Consider, for example, the spectra in 

Figure 15. The 9:30 a.m. spectrum shows 0.013 ppm; the 10:30 spectrum 

shows none, and the 11:30 a.m. spectrum shows 0.017 ppm; then for the 

rest of the day the methanol was again below the detection limit. One 

of the clearest methanol spectra is reproduced in Figure 17. In this 

Figure 17. Detection of 0.10 ppm methanol (CH3OH) and 0.021 ppm Freon 12 
(CCIpFp); 11-00 a.m., August 23, 1973. Methanol band superimposed on A band due 
to 0.075 ppm ozone. 

case, the amount was 0.10 ppm. The band is somewhat distorted by an 

overlapping band of 0.075 ppm of ozone. Also shown in the figure is 

a band due to 0.021 ppm of Freon 12. The random appearances of methanol 

in our spectra could have resulted from dumping of this solvent 

somewhere, e.ither in industrial operations, or in some type of activity 

on the campus. Clearly, methanol is not a photochemical reaction 

product. 

Methyl Nitrate—A laboratory photooxidation of hydrocarbon and 

nitrogen oxides in air carried out with reactant concentration of one 
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part per thousand will yield alkyl nitrate as the major nitrogen- 

containing product. When the reaction is conducted with concentrations 

of 10 ppm, a mixture of alkyl nitrate and peroxyacetyl nitrate will be 

formed. At concentrations of 1 ppm, the product is nearly all peroxyactyl 

nitrate. Thus, we do not expect to find alkyl nitrates in the smog, and 

the spectra confirm this expectation. The strong methyl nitrate bands at 

853, 1018, and 1290 cm ^ do not show in any of the spectra. We estimate 

our detectability limit to have been 0.010 ppm. 

Nitric Acid—Evidence of the presence of nitric acid vapor in the air was 

searched for, but none was found. The spectra place an upper limit of ap¬ 

proximately 10 ppb on the level of nitric acid vapor that might have been 

present but not detected during the period of observation. 

The acid has been detected in the upper atmosphere by means of its 

spectrum, but it has never been detected near the earth's surface. Know¬ 

ledge of the level of nitric acid present in the lower atmosphere is neces¬ 

sary for understanding the fate of the nitrogen oxides and the mechanics 

of formation of the nitrate found in the aerosols. 

It is known that the acid is formed by the interaction of nitrogen 

dioxide and ozone: 

N°2 + 03-4- n03 + °2 

no3 + no2 -+ n2o5 

N205 + H¿0 •+ 2HN03 

We have followed these reactions in the laboratory by observing the 

infrared spectra of the reactants and products. The rate of conversion 

of N2o5 to HN03 dependa on the amount of water vapor in the system. 

It appears that the conversion takes place not in the gas phase but at 

the surface of droplets or on the vessel walls. Nitric acid appears 

as a gas, but not with the uniform rate that would indicate a homogeneous 

gas-phass reaction. After an induction time, the acid appears in a surge 

that is accompanied by the formation of many fine particles in the mixture. 



After being formed in the condensed phase, the nitric acid evaporates. 

Other possible nitric acid-forming reactions may include nitrogen 

trioxide abstracting hydrogen from water or hydrocarbons, and nitrogen 

dioxide combining with hydroxyl radicals. The N02—OH combination may b« 

the source of nitric acid vapor in the upper atmosphere, but at ground 

level such free radical reactions would appear to be a minor source of 

HN03 compared to the N02~03 interaction. 

The nitric acid absorption band most sensitive for atmospheric 

analysis is centered at about 880 cm'1. At this frequency, water vapor 

interference is not serious. There are two distinctive "spikes" in the 

band, located at 879 and 896 cm-1. These features would have revealed 

the presence of nitric acid with a sensitivity down to approximately 10 

ppb. 

Figure 18 shows the spectrum from July 25, 1973, 12 noon. The 

actual spect-um is drawn in the upper part of the figure. Many trace 

molecules were detected, as indicated, but there is no evidence of nitric 

acid. The calculated concentrations of detected species illustrate 

the detection sensitivity: carbon tetrachloride, 3 ppb; Freon 12, 8 ppb; 

ethylene, 6 ppb; methanol, 14 ppb; formic acid, 55 ppb; and peroxy- 

acetyl nitrate, 35 ppb. The middle and lower spectra in the figure 

show upper spectrum redrawn with added bands of 20 and 100 ppb of 

nitric acid. Wc believe the absorption peaks would have been discernible 

even at nitric acid concentrât'ons as low as 10 ppb. No peaks were seen 

in any of the several hundred spectra recorded. 

Nitrogen Pentoxlde—Nitrogen pentoxide is formed in the reaction of 

nitrogen dioxide and ozone. It hydrolyzes to yield nitric acid. We 

expect this hydrolysis to take place primarily at the surface of aqueous 

fine particles, but no measurements or other experimental data on which 

to base predictions of the rate of hydrolysis were available. All we 

can nay Is thf a hydrolysis half-life on the order of an hour or 

more .--hon'd allow the nitrogen pentoxide to remain in the gaseous state 

long enough to develop a detectable concentration. Actually, none of^the 

spectra shows the strong nitrogen pentoxide bands at 745 and 1245 cm . 
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We estimate the detection limit to have ber-n 0.010 ppm. 

Nitrous Oxide—Nitrous oxide is an inert constituent of the atmosphere, 

uniformly distributed. Although it is an oxide of nitrogen, it takes no 

part in the atmospheric chemistry. The only reason that it is mentioned 

is that it does appear in the spectra at about 2200 cm The atmospheric 

concentration of the nitrous oxide is a constant 0.25 ppm, and its bands, 

along with the bands of carbon dioxide and water, are a permanent part of 

the infrared background. 

Ozone—The prominent band centered at 1050 cm ^ gives an accurate 

measure of ozone, as shown in the figures. Occasionally, a small amount 

of methanol absorption was seen superimposed on the ozone band, but the 

amount of methanol could be judged from the band at 1033 cm \ and 

a correction could be made. The ozone went through the typical photo¬ 

chemical cycle, as shown in Figure 11, with the highest value being the 680 

ppb observed at 1:30 p.m. on July 25, 1973. This unusually high level of 

photochemical oxidant will be discussed further in the section on material 

bal anee. 

Peroxyac3tyl Nitrate—Peroxyacetyl nitrate is seen most easily by its 

band at 1165 cm as shown in many of the spectra. Its concentration 

wa V““' low at night and in the early morning. During the day, it built 

up to a maxin-im acd then declined in a pattern similar to the pattern of 

ozone and formic acid concentrations, as shown in Figure 11. Peroxyacetyl 

nitrate is a strong oxidizing agent, and it is thermally stable in the gaseous 

state. It readily reacts at surfaces, damaging plants and irritating the 

eyes. Its reactions with other gaseous pollutants have not been studied 

extensively, but it is reasonable to assume that such reactions do take 

place, especially in the case of nitric oxide. Details on the properties 

and occurrence of peroxyacetyl nitrite in the atmosphere have been given 

97 
by Stephens. 

Material Balance Consli-’erations 

The high acetylene-to-ethylene ratio observed on July 24 and 25 leads 

or.e to suspect that the average irradiation time for pollutants in the air mass 

was at least several hours. A more accurate estimate of the rate of air 

exchange on those days can be made by considering the acetylene and ethylene 
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to be components in a well-stirred flow reactor. The following assumptions 

are made: acetylene is nonreactive; ethylene, CE), has a first-order reaction 

rate: -d(E)/dt - k(E); and, for daytime conditions of high ozone and high 

photochemical activity, the ethylene half-life is 2 hours. This half-life 

was derived from the slopes of the ethylene plots of Figure 10 for July 24 

and 25 between the hours of 10 and 11 a.m. and is supported by laboratory 

smog-chamber data. It corresponds to a rate constant, k, of 0.35 hr 

Consider the air to be well mixed at the sampling point, with an 

influx of unreacted polluted air at the ground level, and an outflow 

of photochemically reacted air at the top of the inversion. Assume 

the entering ethylene to be at 30 ppb (equal to acetylene), and the 

outflowing ethylene to be at 6 ppb, as given by our afternoon measure¬ 

ments. At the steady state we have 

Flow in - flow out ■ ■ k(E) 

Taking x as the fractional turnover of the air per hour yields. 

(30x - 6x) - 0.35 (6) 

x - 0.087 hr-1 

The reciprocal of x gives about 11 hours as the time required for one 

air mass to pass through the reactor. 

In view of the low air turnover, it is of interest to estimate 

the t^degree of photochemical oxidation of the air sample. The 

amounts of acetylene, carbon monoxide, methane, and nonmethane 

paraffinic hydrocarbons have been given by the infrared measurements. 

Details of the initial atmospheric composition can be filled in by 

reference to other work. From measurements at Riverside by Stephens 
1 ft 28 

and Burleson18 and at Los Angeles by Kopczynski et al., the con¬ 

centrations of hydrocarbon species were estimated and are given in 

Table 4. Likewise, the amount of nitric oxide introduced into the air 

mass was estimated through reference to the profile of air contaminant 

emissions issued by the Los Angeles Air Pollution Control District in 

29 
January 1971. 

The requirement for peroxy radicals, RO^, is derived from the 

following considerations. It is firmly established that the 0 is 
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Table 4 MATERIALS IN THE PHOTOOXIDATION PROCESS, 
AVERAGED FOR JULY 24 and 25, 1973 

Pollutant 

Produce Reactant RO, Maximum ROj 

maxima availability* requirement availability 

640 

450 

100 
(1190 Total) 

Formic acid 62 

Acetylene 35 

Methyl Acetylene 1 

Ozone 640 

Nitric Oxide 350 

Peroxy acetyl nitrate 50 

Olefins 

Ethylene 

Propylene 

1,3-butadlene 

1- butene 

Isobutene 

Trans-2-butene 

Cla-2-butene 

2- methyl butene-1 

Cyclopentene 

Trana-2-pentene 

2-methyl butene-2 

35 

10 
1.8 
1.3 

2.6 
0.7 

0.7 

1.2 
2.2 
1.2 
1.3 

140 

60 

14 

10 
21 
6 
6 

12 
22 
12 
13 

(316 Total) 

Total aromatics, assuming 

eight carbons per molecule 

Total nonmethane paraffins, 

assuming six carbons per 

molecule 

1000 

2000 

A Composition of olefin fraction from the September 24, 1968, data of Stephens and 

Burleson*8; nitric oxide estimate from Los Angeles Air Pollution Control District 

Emissions Profile; aromatics and paraffins estimates from Kopczynski et al. 

formed from the photolysis of N02: 

N02 + NO -*■ NO + 0 

0 + 02 + K -► 03 + M 

It is also known that the 03 reacts very rapidly with the NO to 
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regenerate NO^: 

03 NO -► 02 + N02 

The principal role of hydrocarbons in the buildup is to supply an 

alternate path for oxidation of NO to N02 via peroxy radicals: 

ro2 + NO -* R0 + no2 

R may be a saturated or unsaturated hydrocarbon radical and may be 

partially oxygenated. The R0 radical can continue in subsequent 

reactions. If R is large, the R0 radicals can be oxidized to some 

kind of R02 radical one or more additioncl times. 

The 0^ reacts with NO coming into the system, and then with 

the resulting N02 to remove it from the system: 

03 + NO -► 02 + N02 

o3 + no2 o2 + no3 

no3 + no2-*- n2o5 

N205 + H20 (at surface) -*■ 2 HN03 

For each two NO molecules converted to HN03, three 03 molecules are 

removed, using up to three R02 radicals. Formation of a peroxyactyl 

nitrate molecule uses two R02 radicals: 

NO + R02 - N02 + RO 

CH3C(0)00 + no2 - ch3c(o)oono2 

It is assumed that all the NO ends up as HNOj, nitrate salts, or peroxy 

acetyl nitrate. Overall, the number of reacted R02 radicals equals the 

total of: (1) the number of 03 molecules accumulated; (2) 1-1/2 times 

the number of NO molecules that do not go into peroxyacetyl nitrate but 

disappear from the system, presumably into HN03 or nitrate salts; and (3) 

2 times the number of peroxyacetyl nitrate molecules formed. Loss of 

03 in reaction with hydrocarbons is not counted because that reaction 

probably regenerates R02 radicals. 

The number of R02 radicals available from each organic molecule 

can be estimated. The number actually generated will depend on how 
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far tne oxidation procaads. Without conaidaring tha datallad oxida¬ 

tion mechanism, it can be atatad that tha numbar t>f RO^ radicals to 

be derived from each carbon is probably not mora than two. A carbon 

atom that begins as a -CH^- group and ends as a CO molecule probably 

serves as the oxygenated carbon in an RO^ group only once. If the 

carbon atom ends up as CO^ or as HCOOH, it may hav*. been through 

the RO2 phase twice. Hydroperox'1 radicals (HO^) may also form, but 

it is not easy to say how frequently. Only a weakly bound hydrogen 

will be abstracted by 0^ to yield HO^. The more strongly bound hy¬ 

drogens can be abstracted by OH, 0, and RO, which do not yield HO^. 

In summary, therefore, if each carbon atom is assumed to be able to 

serve twice as the oxygenated carbon in an RO^ radical, then some 

CO, HO2, aliphatic acid, peroxyacetyl nitrate, and CO2 can be formed. 

The figures listed in the table under "Maximum R02 availability" are 

just twice the number of carbons for each molecule listed. 

The low measured values of ethylene indicate that olefins were 

nearly all reacted. Let it be assumed, as shown in Table 4, that 316 

ppb of the required 1190 ppb of RO2 came from olefin oxidation. The 

aromatics as a class are somewhat more reactive than the paraffins, as 

28 
shown by Kopczynski et al. Since there probably was about twice as 

much paraffinic materials as aromatic, it seems fair to estimate that the 

remaining 874 ppb of required RO2 came half from aromatics and half from 

paraffins. Overall, a 20 to 30 percent depletion of carbon by oxidation 

is estimated. This is borne out by the two measurements of C-H absorption 

in the late afternoon on July 24 and 25. These points, marked on Figure 

9, both have slightly higher C0/CHx ratios than the average. 

In summary, the data show a substantial degree of oxidation of 

the nonmethane hydrocarbon matter in the air on July 24 and 25. 

Olefins and aldehydes can be assumed to have been nearly completely 

reacted. The degree of oxidation of other compounds undoubtedly 

fallowed their photochemical reactivities. Highly substituted 

aromatics and branched-chain paraffins were probably fairly well 

oxidized, and straight chain paraffins, benzene, methane, and 
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acetylene were probably only slightly oxidized. 

The high level of photochemical oxidation at the sampling loca¬ 

tion in the July 2A and 25 period is demonstrated by a comparison of 

the ozone-to-hydrocarbon ratios with those shown in the Environmental 

Protection Agency document Air Quality Criteria for Hydrocarbons, 

Figure 5-3.30 That figure shows the measured maximum 1-hour ozone 

concentrations plotted against average nonmethane hydrocarbon con¬ 

centrations for the period 6 to 9 a.m. From our measurements on 

July 24 and 25, we get a 6 to 9 a.m. total nonmethane hydrocarbon 

concentration of 1.25 ppm. This is derived from our measured 

nonmethane paraffinic carbon values with a 30 percent increment to 

correct for the low absorption coefficient of aromatics and small 

olefins. From Figure 11, we get 0.57 and 0.66 as the maximum 1- 

hour average ozone concentration. This yields ozone-to-hydrocarbon 

ratios of 0.45 and 0.53. Each of these ratios is several times 

higher than the ones shown in the criteria document. There, the 

three highest ozone values are shown to have been achieved with 

ozone-to-hydrocarbon ratios of 0.12, 0.11, and 0.13. Two reasons 

are seen for the abnormally high ratios in the present work: (1) 

our sampling point was well above the street, in contrast with the 

st* eet-level measuring points of many monitoring stations; and 

(2) the 24th and 25th were days of unusually high photochemical 

activity. 

We now consider the fate of the 350 ppb of nitric oxide which 

must have entered the air mass along with the measured inert pol¬ 

lutants. Since peroxyacetyl nitrate, at 50 ppb, was the only nitrogen- 

containing compound detected, the remaining 300 ppb of nitric oxide 

must have ended up either (1) in the particulate matter and gaseous 

species that were below the detection threshold, or (2) in the veg¬ 

etation, soil, and other surfaces. 

The nitric oxide equivalents of the measured or allowed compounds 

3re easily enough totaled: 50 ppb are in peroxyacetyl nitrate, 10 ppb 
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might be in nitric acid, 5 ppb might be in alkyl nitrates, and 20 ppb 

might be in nitrogen pentoxide. Practically no free nitric oxide 

would exist because of its fast reaction with orone. If nitric oxide 

must be absent, then its equilibrium partner, nitrous acid, must also 

be absent. Let us estimate a 2 ppb maximum for each. 

High levels of nitrogen dioxide are also disallowed because of 

reaction with ozone. An NO^ level can be calculated from the stirred-flow 

reactor approximation with the aid of published rate data. 

Flow in - flow out ■ ^^2^ 

dt 

The NC>2 is oxidized to in two steps: 

no2 + o3 - no3 + o2 

no3 + no2 - n2o5 

31 
According to data quoted by Leighton, the first reaction determines 

the rate by being the slower of the two, with a bimolecular rate con¬ 

stant at 25° C somewhere between 0.010 and 0.002 ppb ^ hr Con¬ 

sidering that two N02 molecules are removed for each 03 reacted and 

usin« an average 0o concentration of 400 ppb, we have: 

Flow in - flow out 2 X 

0.010 
to 

0.002 
X 400 X (no2) 

8 
to 
16 

X (N02) 

We now get the flow in and flow out by using the fractional air turn¬ 

over of 0.087 hr ^ previously calculated from the ethylene-to-acetylene 

ratio : 

0.087 X 350 - 0.087 x (N02) 

8 
to 

16 

x (N02) 

• • r* c tí ; Lower estimate of N02 ■ 3.8 ppb 

Upper estimate of N02 ■ 19 ppb 
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The above estimates consider only the reaction of nitrogen dioxide 

with ozone; reactions with radicals and molecules other than ozc 

would furtaer reduce the nitrogen dioxide level. 

We believe that there is no point in attempting to compare this 

estimate with measurements of nitrogen dioxide in the July 24 aad 

25 afternoon air mass, because the measurement methods in use do 

not give believable answers under afternoon smog condltlms. One 

method which, in our opinion, would give believable answers is the 

recently developed laser fluorescence method, in which blue laser 

light is absorbed by the nitrogen dioxide and emitted as red light. 

This method has been shown to be highly sensitive, proportional to 

nitrogen dioxide, and free from interference. In an afternoon smog 

at El Segundo, California, Tucker et al. showed the nitrogen dioxide 

concentration to be not more than a few parts pex billion. We 

believe that their measurement method would have given a similar 

answer if applied to the air at our sampling site. 

The amount of nitrate in the atmospheric fine particles can only 

be roughly estimated, but even a liberal estimate cannot acccunt for 

more than a small part of the total nitric oxide that entered the air. 

In an intense smog, there might be 200 micrograms of partícula.e 

matter per cubic meter. If this were as much as 3C percent nitrate, 

by ^ it would only be equivalent to about 2C ppb of nitric oxide. 

The sum of all the possible amounts of combined nitrogen is 

equivalent to only about 130 ppb of nitric oxide. Thus, about 220 ppb 

are not accounted for, and may have been removed at the surface. These 

conclusions are summarized in Table 5. 

If the estimate of 350 ppb of nitrogen oxides (NO^) obtained from 

the Los Angeles emission profile vas too high, then the missing fraction 

of nitrogen oxides would be correspondingly smaller. However, even if 

the estimate was 100 percent too high, we would still have a substantial 

fraction of nitric oxide not accounted for. 

If the r.ltrogeneous compounds are not present in the air either in 

gaseous or particulate form, then they must have been removed at the 

surface. Such removal processes need to be studied further both in the 

field and in the laboratory. 



Table 5. 

Compound_ 

Peroxyacetyl nitrate 

Alkyl nitrate 

Nitric oxide 

Nitrous acid 

Nitric acid 

Nitrogen pentoxide 

Nitrogen dioxide 

Particulate nitrate 

Totals 

NITROGEN-CONTAINING COMPOUNDS 

Amount 

detected, ppb 

Maximum 

allowed, ppb nitrogen 

50 

5 

2 

2 

10 

20 

20 

20 

1Õ 79 

aNitric oxide entering air mass: 350 ppb. 

Nitric oxide not accounted for: 221 ppb. 

Future Work 

A few improvements in the infrared detection technique used in 

this work should yield substantial further progress. Although the 

defection threshold for many pollutants has been reduced to a level 

near 10 ppb, this is still about a factor of 10 higher than the^ 

limits of detection claimed for the method in a previous paper. 

One major source of difficulty in this work was the unsatisfactory 

working environment, which was too shaky, too cramped, and too subject 

to temperature fluctuations. The remedy for this is simply to set up 

i,, optical system in a fully air-conditioned room away from machinery, 

with ample space for the optical components. This will allow maintenance 

or proper optical alignment for maximum throughput, minimum spectral 
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noise, and less shifting of. Interference fringes. These environmental 

improvements alone should double or triple the sensitivity. 

Another limitation of the present work was the use of imperfect 

reference air. Carbon dioxide interference was never fully removed 

in the ratio plots, and nitrous oxide interference was not removed 

at all. Furthermore, the balance of the water lines in the ratio 

spectra was not always ideal because of the temperature fluctuations 

in the working environment. These errors can be significantly re¬ 

duced in future studies. We recommend that vaporized liquid nitrogen 

be used in place of tank "zero air." Measured amounts of carbon 

dioxide and nitrous oxide gases should be carried into the long-path 

cell with the nitrogen. Humidification can be achieved by the "wet 

bag" method already developed in the present work. 

Finally, it appears that there is still much to be gained in 

more fully utilizing the capabilities of the Fourier transform 

spectrometer system. Tape storage of the ratio spectra will allow 

retrieval and processing at a later time. The plotting of one ratio 

spectrum against another will reveal small increases or decreases 

in pollutant concentrations. A much greater number of scans should 

be added together in recording the spectra, thus raising the signal- 

to-noi-'e ratio. The use of a copper-doped germanium detector at 

liquid helium temperature promises two benefits: it will cover the 

whole spectral region from 300 to 3500 cm-1 on each scan, and it 

will have higher detectivity than the detectors previously used. 
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NEW SAMPLING TECHNIQUE FOR IDENTIFYING ORGANIC FILM 
ACCUMULATION ON ARMY MATERIEL IN THE TROPICS 

by 

James F. Sprouse 
US Army Tropic Test Center 

Fort Clayton, Canal Zone 

A 1-year research project has recently been completed at the US Army Tropic Test 
Center, Fort Clayton, Canal Zone that sampled the tropic environment for ambient organic 
compounds. One objective of the investigation was to study test methods for use in assessing 
environmental damage to military items undergoing prolonged storage in the tropics. Materiel 
degradation usually occurs from a combination of environmental forces which vary in intensity 
depending upon the type of tropic test site. Test sites typically consist of open grasslands, coastal 
areas, dense tropical forests, or man-made structures placed at the sites to help protect test items 
from the environment. Degrading forces range from ultraviolet radiation, moisture, salt and 
constantly warm temperatures to microorganisms and environmental chemicals. It is usually a 
combination of these forces that causes a malfunction in the tropics. This paper will discuss 
sampling and analysis of ambient organic compounds that enter into the environmental degradation 
process found in the tropics of Panama. These compounds can enter into environmental 
deterioration processes in the tropics by serving as a carbon source for sustaining microbiological 
life, by reacting directly with the substrate or by providing electrical shorts in electronic 
components. 

Sampling for ambient organic compounds was completed by two methods: l irst. air 
sampling for volatile organic compounds was carried out to determine whether the majority of 
compounds originated from natural sources (vegetation) or man-made pollutants. Secondly, a 
simple new technique was used that involved placing glass plates at field test sites and allowing 
compounds to naturally accumulate on the surface. 

Seven tropic test sites were sampled for both volatile and condensed compounds. 
Figure 1 shows site locations in the Canal Zone on the Pacific side of the isthmus, the Atlantic or 
Caribbean side and the geographical mid-isthmus. On the Pacific side and at mid-isthmus, grassland 
and forest sites were sampled. On the Atlantic side, a mangrove forest site was added to the 
grassland and forest sites. 

Air samples were collected using the system shown in figure 2. The system consists ot a 
filter which eliminates particulate matter, a sampling tube for concentrating organic volatile 
materials, a flow meter and a vacuum pump. Approximately 50 liters of air are passed through the 
system at a flow rate of 1 liter/minute. As the air passes through the sampling tube, volatile organic- 
materials are retained by the chromosorb 102 solid adsorbant. Chromosorb 102 is a nonpolar 
packing which is not adversely affected by high levels of ambient moisture. 

After collection of samples in the field they were returned to the laboratory for 
analysis. Figure 3 shows a gas chromatogram for a sample collected at the Pacific grassland test site 
in the Canal Zone. Identification of the component peaks is based on retention times, infrared 
analysis and mass spectrometry. 
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Fifteen m^jor components are generally resolved by ps chromatography with flame 
ionization detection using the temperature program shown in figure 3. Nine of the components have 
presently been identified. Peak number 1 is mostly hexane but other light hydrocarbons are 
probably eluted at the same time. Peak 3 is benzene and peak 5 is toluene. Peaks 7, 8 and 9 are p, 
m and o-xylene. respectively, but ethylbenzene is also eluted with the p-xylene. Peaks 10, 11 and 1 2 
are n-propylbenzene, methylethylbenzene and trimethylbenzene, respectively. 

Figure 4 shows a gas chromatogram of an air sample from the Gamboa forest site at 
mid-isthmus. Note the temperature program is from -70°C to 150°C using a Durapak column as 
opposed to the previous slide which used a program from 70°C to 130°C using an Apiezon column. 

The majority of the components identified are POL combustion and incomplete 
combustion products. The concentration ranges are generally less than 5 parts-per-billion. Diurnal 
measurements have shown that ambient concentrations fluctuate throughout the day, but the 
inventory of materials detected is usually constant regardless of site location. 

Figure 5 shows the average total concentration for volatile hydrocarbons tor lour 
sampling times in a 24-hour period versus combined site location and site classification, (i.e., 
grassland, forest and mangrove). The total hydrocarbon measurements are the average of samples 
collected at 0600, 1200, 1800 and 2400 hours at all sites. Almost identical concentrations are 
found for the Pacific and Atlantic sides of the isthmus, while the mid-isthmus area contains a 
concentration only 75 percent as high as the other site locations. 

The hydrocarbon concentrations were highest in forest sites, followed by grassland and 
lowest in mangrove swamps. The total hydrocarbon concentrations on the Pacific and Atlantic sites 
of the isthmus reflect a greater number of pollution sources available at these locations than those at 
the geographical mid-isthmus locations. 

Figure 6 shows material-sampling plates set under the jungle canopy. The glass plate 
technique works on the principle of providing a biologically inert substrate for collecting ambient 
organic materials through natural condensation. The plates were exposed at the seven field sites 
continuously for 11 months in order to accumulate materials. Plates were returned to the 
laboratory after 4, 8 and 11 months, chemically extracted, and the extracts analyzed by gas 
chromatography.. 

Figure 7 shows a typical chromatogram for analysis of condensed materials. Fitteen to 
twenty components are usually isolated from a single plate. 

As may be seen from the temperature program in figure 7, the condensed materials 
should have boding points in the range of 160°C to 240°C. Of the 19 components resolved in this 
chromatogram, our laboratory has only worked with the higher boiling compounds that are present 
in the greatest concentrations. Limited mass spectra obtained on these compounds indicate their 
molecular weights are 208 and 198 respectively. 

Figure 8 shows the infrared spectra of peak 19 in the chromatogram in figure 7. 
Enough sample was concentrated into sufficient quantity for obtaining IR spectra by collecting 
peak 19 into a microfraction collector during repetitive gas chromatographic analysis. A beam 

condensei was used for obtaining the spectra. 
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Figure 5. Average Total Hydrocarbon Concentration by Air Sampling for Sites Combined 
Because of Geographical Proximity and Similar CharacterisUcs over a 24-Hour Period
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Figure 6. Glass Sampling Plates for Collecting Condensed Material



Figure 7. Cías Chromatogram of Condensed Material Extracted from Glass Sampling Plate 
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The spectra in figure 8 show absorption bands characteristic of alkanes 
(2800 to 3000 wave numbers and 1370 and 1460 wave numbers). The band at 1730-40 is 
characteristic of the carbonyl ester stretching vibration and the band at 1250-60 is characteristic of 
CO stretching. The doublet shown at 173040 is also characteristic of an a-keto ester compound. 

The bands at 1600. 1510 and 1060 show the possible presence of an aromatic 
component. However, the band at 1060 is likely to be a straight chain or cyclic ether (ligure 9) 
which means that the aromatic compound in the plate extract may be trace contamination from a 
second component eluted at the same retention time. The band at 800 cm'1 indicates unsaturation 
in the aliphatic chain. 

Figure 9 shows an IR spectra of a compound extracted from Gynérium sagittatum 
(tropical grass). This grass is found adjacent to nearly all of th¿ test sites. This spectra is nearly 
identical to the previous spectra of peak 19 (figureS). The adsorption bands at 1600 and 1510 
which are characteristic of aromatic structure are not resolved, but the resolution at 1060-70 and 

1 110 cm'1 is more defined. This strengthens the argument that the band results from a straight 
chain or cyclic ether. The spectra in figures 8 and 9 offer sound evidence that the accumulation of 
organic materials on the glass substrates is at least partly of vegetative origin. 

Figure 10 shows the average total hydrocarbon accumulation on plates for sites 
grouped according to geographical proximity and characteristics in common (i.e.. forest and 
grasslands) After 11 months of exposure, the greatest average accumulation of condensed material 
on the plates was on the Pacific side of the isthmus. The mid-isthmus sites at Gamboa had 
accumulated approximately 75 percent as much as at Pacific sites, and at Atlantic sites, 
approximately 55 percent as much material as the Pacific sites. The grassland sites accumulated 
more condensed material than the forest, and the mangrove site accumulated the least amount. 

CONCLUSIONS. 

The sampling for hydrocarbon compounds in the tropics has shown that volatile 
compounds are mainly combustion and incomplete combustion products, fheir concentrations are 

typically 1 to 2 ppb. 

The glass-plate-sampling technique has proven to be a simple method for sampling 
organic films that accumulate on items exposed to the tropic environment. The glass plate can be 
placed adjacent to a test item stored in the tropics and the effects of environmental chemicals 
studied without destroying the test item Organic films analyzed to date ha\e components that have 
been traced to vegetative sources. After isolating these compounds from the glass plates, their 
characteristics can be evaluated with respect to chemical reactivity, biological effects, optical 
characteristics and general degrading effects upon Army materiel. 
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LASER INTRACAVITY RAMAN Cl LL 

by 

Philip J. Miller and Stanley M. Klniner 

Presented at the Sixth Annual Symposium on Environmental Research 
American Defense Preparedness Association, 29 April 1975 

ABSTRACT 

Raman scattering of trace gases in the atmosphere is obtained from a laser intracavity 
sample cell. The design of the sample cell in configuration with optical filters and photo-multiplier 
tube for frequency discrimination is such that scattering is collected over a large solid angle 
(F/2.5-»3.5) and from a large sample volume (approaching 10cm3). The combination of the 
increase in sample volume, in solid angle of collection, and in laser power gives an effective 104 
increase in sensitivity over the conventional laboratory Raman spectrometer. The method and 
apparatus are usable in a variety of applications relating to the real time monitoring of gas in the 
atmosphere for the 0.1-ppm to 100-ppm concentration range. 

INTRODUCTION. 

The technique of Raman scattering spectroscopy for analyzing trace quantities is not a 
sensitive technique. The reason is obvious when the magnitude of the Raman scattering 
cross-section ('v 10'30 cm2/molecule) is compared to that of an absorption cross section 
('v 10'1 7 cm2 /molecule). However, there are circumstances when Raman scattering can and indeed 
does measure part-per-million concentrations. For example, in remote Raman spectroscopy where 
one observes scattering from sample volumes of the order cubic meters, the technique is highly 
sensitive to trace constituents in the atmosphergyrnd is successfully utilized. 

The expression for the Raman scattering return signal (in photons per second) is 

where 

E/hi' is the number of photons of frequency v generated by 
the laser with power E (watts); 

p is the concentration (molecules/cm3) of sample; 

Vs/A is the effective path length (cm) of sample scattering, 
where Vs is the total volume of sample and A is the 
cross-sectional area of the laser beam 

a is the scattering cross-section cm2-molecule l-st ^ ; 

T is the transmission to the detector of the scattered light; 
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n is the effective solid angle of collection of the scattered 
Raman radiation, ster; and 

17 is the quantum efficiency of the detector. 

As can he seen from this expression, the only way to effectively increase N^, the Raman signal, lor 
a fixed concentration and scattering cross sections is to increase E, Vs/A, and Si. 

In the typical laboratory Raman experiment using a 1-watt laser and a commercial 
Raman spectrophotometer, EÍ2(VS/A) has the value 0.015 (watts em ster) as determined from the 
scattering volume and light-gathering capabilities of the system. Block Engineering, Inc. has 
designed a system for analyzing trace components in gases which gives a >10 times larger value of 
ES2(Vs/A) 0150 watts-em ster) and therefore a 104 increase in the No, the Raman return signal or 
conversely allows for the observation of a 10'4 weaker concentration of the sample. 

TECHNICAL DISCUSSION. 

The following gives a short description of this system. The exact details of the design 
are. at this time, proprietary to Block Engineering, Inc. Increasing the term, EÍ2(VS/A), as defined 
previously, is accomplished by: (1) Putting the sample intra-cavity with the laser where effectively 
a 20-fold increase in laser power is obtained; (2) Using interference filters (this allows for the 
F number of this system to be 'v 3 as compared to 7 for the typical commercial Raman system: the 
collection solid angle is related to F*2, thus an effective fivefold increase in £2 is obtained): 
(3) expanding the sample path length. (In the typical laboratory Raman experiment. Vs/A is 
determined from scattering volume of the laser-exposed sample, which :s determined from the cross 
sectional area of the focused laser beam. This has a value of ^ 2 cm. This corresponds to the slit 
height which assumes that the optics of the spectrometer are such that all the light of the 
focused-laser beam is in the optical sample volume. The design of the presenl sample cell requires an 
unfocused-laser beam and gives an effective 100-fold increase in the path length over that of the 
conventional sampling technique.) (4) Finally, one may use a combination of color filters and 
interference filters for spectral discrimination. (This gives a twofold increase in the transmission 
efficiency of the system over a double monochromator). 

EXPERIMENTAL RESULTS. 

Commercial Raman spectrometers have stray light rejection ratios of 1012 to 10'14 
That is to say that of the light entering the monochromator, this amount is undispersed. By far the 
major component of the light that one needs to reject is light with the same frequency as the laser, 
which includes the reflected laser light and the Rayleigh scattering from the sample. The measured 
rejection of light at the laser frequency used in our system is less than 10‘15. This is accomplished 
by the use of the color filters and interference filters. However, since we are attempting to measure 
ppm concentrations of particular species, it is also necessary to have Raman scattered light rejection 
of 10 6 or better. Experimental results have shown thus far. that that with 10Â resolution at least 
IO’7 rejection of unwanted Raman light can be obtained. This arises from the major components in 
the atmospheric sample such as N2 and 02- 

Using a 1-watt (4880Â) line of an argon laser the Raman spectrum of water vapor in 
the air (about 104 ppm) shows a signal with maximum intensity of 20 photons/sec. Using the same 
laser and the intracavity sample cell, a signal of greater than 200.000 cps is observed which verifies 
the original predictions. At this time, detection of 10'6 concentrations have not been observed due 
to interferences in the background from the laser plasma at the wavelength of interest which gives a 
background of ^5000 cps. We are attempting to eliminate this effect by introducing a dispersive 
prism into the laser cavity. The sensitivity of this system using a 4-watt argon ion laser for a variety 
of molecules is expected to be as follows: 
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Molecule Concentration Expected Raman signal 

h2o 

H2 

C02 

CH4 

N2 

so2 

ppm 

0.1 

1 

1 

0.1 

1 

0.01 

photons/sec 

100 

400 

750 

300 

800 

125 

INDIVIDUAL APPLICATIONS. 

The system described was designed and built, using a high-power gas laser, for the 
determination of trace quantities, less than a ppm of homonuclear diatomic molecules, aerosols, 
and free radicals by both Raman and fluorescent scattering. 

The system has the potential of being made into a battery-operated portable device. It 
can, in either configuration, be used for both ambient and industrial pollutant detection and 
quantification. With the right selection of components it can be used for resonant light-scattering 
measurements. 

Figure 1. Block Diagram 

Intracavity Raman Cell and Spectral Discriminator. 

86 



wmnummmamMÊtmÊÊBmmÊKmBBmmaa 

I. IO'15 REJECTION RATIO OF LIGHT AT LASER FREQUENCY 

2. 10'7 REJECTION RATIO OF UNWANTED RAMAN LIGHT 
OF MAJOR ATMOSPHERIC COMPONENTS 

3. 200.000 CPS OBSERVED FOR 104 PPM H20 VAPOR 
IN ATMOSPHERE 

Figure 2. Experimental Results 
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Figure 3. Comparison to a Commercial Raman System 
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KINETICS OF TRACE GAS ADSORPTION FROM CONTAMINATED AIR1 

by 

Leonard A. Jonas, Joseph Rehrmann, and Jacqueline M. Eskow 
Edgewood Arsenal, Aberdeen Proving Ground, MD 21010 

ABSTRACT 

A study was made of the kinetics of trace gas adsorption from contaminated air 

flowing into beds of activated carbon arranged in series. The purpose of the study was to determine 

if it were possible to predict the period of time for which the discharge flow emitted to the 

atmosphere from two carbon filters in series, would not exceed an environmentally imposed limit 

on concentration which was below the sensitivity of existing monitoring equipment. The results of 

the study showed that (1) gas adsorption by carbon beds in series was equivalent to adsorption by a 

single bed with a proportionate increase in depth, Í2) the present equations describing gas 

adsorption kinetics were applicable to carbon beds in series, (3) the gas concentration exiting the 

first carbon filter, monitored by a relatively insensitive alarm, could serve to predict the subsequent 

time period during which the concentration emitted from the second filter would never exceed the 

imposed emission standards. 

1 P-'oer c iginally presented at the symposium “Removal of Trace Contaminants from the Air” American Chemical 
Society meeting in September 1974 at Atlantic City, NJ. This paper, as well as others in that symposium will be 
published by the ACS in an Advances in Chemistry Series due for publication in 1975. 



DEVELOPMENT AND EVALUATION OF A SAMPLING AND HYDROCARBON 
CLASSIFICATION SYSTEM FOR JET ENGINE EXHAUST ANALYSIS 

by 

Joseph J. Brooks 
Monsanto Research Corp., Dayton, OH 

and 

Marilyn S. Black, William R. Rehg and Robert E. Sievers 
Aerospace Research Laboratories 

Wright-Patterson AFB, OH 

INTRODUCTION 

The incomplete combustion of nonhomogeneous hydrocarbon-based fuels produces an 
exhaust which contains a complex mixture of organic compounds. As an illustration of the 
complexity of this mixture, table 1 contains a partial list of compounds identified in the exhaust 
from the combustion of JP-4 fuel by the Air Force School of Aerospace Medicine (AFSAM). Each 
of these compounds is of environmental significance depending upon the degree to which it exhibits 
properties that are detrimental to the environment or harmful or irritating to the public. Toxicity 
smog-producing capability, odor, and eye irritability are examples of environmentally significant 
properties. More generally, certain of these properties have been associated with particular reactivity 
classes of compounds. As examples, olefins are known to be important links in the reaction 
sequence which produces smog, and oxygenated and aromatic compounds are recognized as being 
among the more odorous and toxic compounds. By comparison, the paraffins are relatively 
innocuous. 

Since these compounds have different potentials for affecting the envrionment. total 
hydrocarbon analyses do little to provide useful information concerning the environmental 
consequences of hydrocarbon exhaust. On the other hand, a quantitative compound-by-compound 
determination, which is the most complete type of analysis for this purpose, is expensive and time 
consuming, and requires instrumental sophistication beyond the capability of many analytical 
laboratories. There is a need for an intermediate analytical capability which provides enough detail 
to reasonably assess the environmental consequences of the hydrocarbon portion of exhaust, and 
yet is relatively inexpensive and fast for rcutine or multiple analyses. This need has spurred several 
attempts at developing analysis schemes which divide organic exhaust products into various 
classifications based on reactivity or compound type. The goal of research conducted at the 
Aerospace Research Laboratories by ARL and MRC personnel has been to investigate methods of 
accomplishing such an analysis and applying this technology to real-world samples from the 
combustion of various fuels under selected conditions. 

ANALYTICAL SYSTEM 

The instrumentation used in the analytical system includes: 

(a) A Hewlett-Packard Model 5750B research gas chromatograph equipped with a 
dual flame ionization detector (FID). 
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Tabic 1. Compounds Identified in JP-4 Exhaust by USAF School of Aerospace Medicine 

Paraffins 

Methane 
2.2.3- Trimethylbutane 
3- Methylhexane 
2.3.4- Trimethylpentane 
3.4- Dime thylhexane 
2.4- Dime thylhexane 
3.4- Dimethylheptane 
n-Octanc 
n-Nonane 
4- Methyloctane 
2-Methyl-4-ethylhexane 
n-Decane 
2-Methyl-5-ethylheptane 
Isopropylcyclopropane 
Methylcyclohexane 

Ketones 

2- Butanone 
Methyl propyl ketone 
3- Hexanone 
5- Methyl-2-hexanone 
Propyl benzyl ketone 
3-Heptanone 

Alcohols 

Methanol 
Cyclohexanemethanol 
2-Propylheptanol 

Aldehydes 

Acetaldehyde 
Propionaldéhyde 
Crotonaldehyde 
Butyraldéhyde 

Aromatics 

Ethylbenzene 
1,4-Dimethylbenzene 
1.2.3- Trimethyibenzene 
n-Propyl benzene 
1.2.4- Trimethylbenzene 
1.3- Diethylbenzene 

Olefins 

Ethylene 
Acetylene 
Propylene 
Propyne 
2-Methylpropene 
1 -Butene 
2-Butene-cis 
2- Methyl-l-pentene 
1 -Hexene 
3- Heptene-trans 
Aliene 

Ethers 

Furan 
3-Methylfuran 
2.3- Epoxyb"tane 
Isooctyl vinyl ether 

Esters 

Amyl acetate 
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(b) An Autolab System IV computing integrator. 

(c) A Hewlett-Packard Model 19021A heated gas-sampling valve modified to 
accommodate solid sorbent-sampling tubes. 

(d) A specially designed tube furnace for desorbing samples from sorption tubes. 

The heart of the analytical system is the column arrangement shown in figure 1 The 

essential components are: 

(a) A 1-m analytical column packed with 60/80 mesh Chromosorb P coated 30'X by 
weight with 1,2,3-tris-(2-cyanoethoxy)propane (TCEP).* 

(b) A four-port switching valve. 

(c) A removable subtractor column consisting of two sections: 

(1) Ag2SO4/H2SO4 on 60/80 mesh Chromosorb W. and 

(2) PdS04/H2S04 on 60/80 mesh Chromosorb W. 

(d) An analytical column packed with 13 cm of Chromosorb 105. 

SAMPLE IN r 

Figurei. Analytical System 

* C. A. Index name ( 1,2,3-Propanetrioxy)tris(3-propionitrile). 

91 



~-a- 

Brief descriptions of the functions of the various components of the column system 
follow. 

A. TCEP Column. 

The function of the TCEP column is to retard water and oxygenated and aromatic 
compounds while allowing paraffinic and olefinic compounds to elute relatively quickly. The 
column is maintained at 80°C during the analyses. The effectiveness of this column is illustrated by 
the retention data in table 2. Particular attention should be given to the retention time of 
n-decane(81 sec.) because previous studies by AFSAM identified this compound as the highest 
molecular weight saturated compound found in JP-4 exhaust. Consequently, a time corresponding 
to that required for the elution of n-decane has been chosen for switching the effluent from the 
TCEP column onto the Chromosorb 105 column. Figure 2 is a chromatogram of a synthetic 
mixture of representative organic compounds on the TCEP column. 

Table 2. Retention Times of Various Compounds on 30% TCF.P Column 
at 80°C (60 ml/min Flow Rate) 

Compound Retention times (sec) r»* 

Methane 
Methylcyclopentane 
Hexane** 
Octane 
Decane 
Dodecane 

Propionaldéhyde 
Butryaidehyde 
Valeraldehyde 
Benzaldehyde 

Allyl ether 

Methylfuran 

Methanol 

Acetone 
Methyl ethyl ketone 

Benzene 

Acetylene 
2,2,4-T rimethyl-1 -pentene 
1-Nonene 
1 -Decene 

!4 
31 
22 
37 
81 

222 

128 
196 
323 
375 

168 

118 

258 

187 
273 

241 

16 
30 
60 
92 

1.0 
2 2 
1.6 
2.6 
5.7 

15.8 

9.1 
14.0 
23.1 
26.8 

12.0 

8.4 

18.4 

13.4 
19.5 

17.2 

1.1 
2.1 
4.3 
6.6 

• - RT£pd/RTc„4 

** These are normal paraffins. The prefix n - is ordinarily understood (C. A. nomenclature). 
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PEAKS' 

1. HEXANE 

2. HEXENE-2 

3. DECANE 

4. PROPIONALDEHYDE 

5 ACETONE 
6. WATER 

7 METHANOL 

8. BENZENE 

8 

Peak Identification 
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B. Switching Valve. 

The function of the switching valve is to direct the effluent from the TCHP column 
either into the subtracter (or directly into the FID if the subtracter is not in the system) or into the 
Chromosorb 105 column. The valve is switched at a predetermined time after injection of a sample. 
As explained above, this switching time corresponds to total elution of the n-decane peak. In the 
chromatogram of figure 2, the proper switching time is after peak 3 has passed from the 
TCKP column. Performing the valve switch in this manner causes olefinic and paraffinic compounds 
to pass directly into FID A (or into the subtractor if it is in the system), and water, oxygenated and 
aromatic compounds to pass into the Chromosorb 105 column. Oxygenated compounds which have 
shorter retention times than propionaldéhyde on the TCEP column probably pass through with the 
olefins and paraffins before the valve switch. Acetaldehyde has been identified by AFSAM in 
JP 4 exhaust and is probably the only compound which need cause any concern in this respect. 
Provisions have been made for removing any light oxygenates which may be eluted before the valve 
is switched (see discussion of subtractor below). 

C. Subtracter Column. 

The function of the subtracter column is to efficiently remove olefinic and light 
oxygenated compounds from the effluent coming from the TCEP column before the valve is 
switched. AgjSC^/f^SC^ is an efficient subtracter for the olefinic compounds, and PdSC^/HiSC^ 
serves as a subtractor for any light oxygenated compounds (particularly acetaldehyde). The olefinic 
subtracting efficiency of the AgiSC^/HiSC^ subtractor is illustrated by the data in table 3 and the 
chromatogram in figure 3. The efficiency of the PdSC^/f^SC^ subtractor for removing oxygenated 
compounds is illustrated by the data in table 4. Of particular importance is the fact that paraffins 
are essentially unaffected by the subtraction process (see tables 3 and 4). 

D. Chromosorb 105 Column. 

Chromosorb 105 is a hydrophobic porous polymer which performs the function of 
allowing the water to pass quickly through the column while retarding the oxygenated and aromatic 
compounds. This function is considered important since it is feared that water, a major product of 
the combustion process, might adversely affect the analyses if it is allowed to elute at the same time 
as the peaks of interest. The Chromosorb 105 column is connected exterior to the oven by passing 
lines from the switching valve through the oven wall. It is wrapped with heating tape, allowing 
individual temperature control through a variac. fhe column is maintained at ambient temperature 
until the water has eluted, then heated to M50°C to facilitate the elution of the aromatic and 
oxygenated compounds. Typical operation of the Chromosorb 105 column is illustrated by the 
chromatogram in figure 4. The injection sequence used for this chromatogram simulates the order 
of elution from the TCEP column. Note that the very small response associated with the elutior uf 
water is the first to appear i;. the chromatogram . 

E. The Total System. 

Figure 5 is a chromatogram illustrating the operation of the complete system on a 
synthetic mixture of representative compound types. The shift in baseline occurring after peak 2 
(decane) corresponds to the switching of the valve. Therefore, hexane and decane pass through the 
TCEP column and are detected at FID A. Water, propionaldéhyde, acetone, methanol, and benzene 
pass through the TCEP column and the Chromosorb 105 column and are detected at FID B. The 
data obtainable from this system are divided in*o the following classifications: 
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Table 3. Efficiency of Ag2S04/H2S04 Absorbent (80°C) 

Compound Cone. Efficiency, compound removed 

il-Pentane 

n-Heptane 

n-Decane 

Mcthylcyclopropane 

2.3-Dimethylbutane 

Acetylene 

Ethylene 

2-Ethy 1-1-butene 

4-Methyl-l-pentene 

1-Hexene 

1-Octene 

1 -Decene 

Benzene 

Ethylbenzene 

Mg 

90 

19 

2 

37 

56 

5780 

12/3 

123 

121 

47 

10 

2 

78 

48 

% 

0 

1.11 

3.07 

1.41 

0.39 

100 

99.4 

100 

100 

100 

100 

100 

100 

100 

2 
MFOfC 

PCâKS 

Ai TCR 

1 4 - METMYL- • * RC NTEHf 

2 2-METMYL-I-RENTENE 
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Figure 3. Chromatograms of Olefin Mixture Before and 
After Subtracting with Ag2S04/H2S04 
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Table 4. Efficiency of PdSO^'F^SC^ Absorbent (80°C) 

Compound Cone. Efficiency, compound lemovcd 

Acetaldehyde 

n-Propionaldehyde 

n-Butryaldehyde 

Allyl ether 

2-Methylfuran 

Methyl acetate 

Acetone 

Methanol 

n-Pentane 

n-Heptane 

p-Decane 

Methylcyclopropane 

2,3-Dimethylbutane 

Pg 

100 

67 

22 

98 

125 

53 

25 

19 

90 

19 

2 

37 

56 

% 

99.1 

100 

100 

100 

100 

100 

100 

100 

0 

0 

0.1 

0.24 

0.19 

3 

IMJECTKM SCHEDULE 

A 2-METHYLFURAN 

B PROPANAL 

C WATER 

0 METHANOL 

E ACETONE 

F PENTANAL 

G ETHYLBENZENE 

H START HEATING OF 105 COI UMN 

I 1.2.4,-TRIMETHVL BENZENE 

45 SO 55 

_INJECTION 

SCHEOÜLÍ 
TIME tMINl 

7o 45 

Figure 4. Typical Operation of the Chromosorb 105 Column 
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( I ) total unreactive hydrocarbons (paraffinic compounds) 
(2) olefins (+acetaldehyde) 
(3) oxygenates + aromatics 
(4) total reactive hydrocarbons (nonparaffinic compounds) 
( 5 ) total hydrocarbons (THC) 

In order to obtain the complete analysis, it is necessary to have two samples of known 
sample volumes taken under identical conditions. The first sample is analyzed without the 
subtractor in the system and yields the following data (see figure I ): 

( 1 ) FID A response = paraffins + olefins (+acetaldehyde) 
(2) FID B response = oxygenates + aromatics 

The second sample is analyzed with the subtractor in the system and yields the following data: 

( 1 ) FID A response = paraffins (total unreactive) 
(2) FID B response = oxygenates + aromatics 

Olefins (+ acetaldehyde) are obtained by difference by subtracting the FID A response ol the 
second sample from the FID A response of the first sample. The total reactive hydrocarbon value is 
obtained by summing the values for olefins (+ acetaldehyde) and oxygenates + aromatics. A THC 
value is obtained by combining the total reactive and total unreactive hydrocarbon values. Note that 
for each analysis (either with or without the subtractor) a value is obtained tor the 
oxygenate + aromatic content. Thus, in general, this value is more precisely determined than other 
values. 

Figure 5. Operation of the Complete System 
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SAMPLING SYSTEM 

Exhaust samples were collected on the combination sorbent trap illustrated in figure 6. 
The trap is constructed from 1/4-inch OD, 2-mm ID glass tubing and is packed with 'vS cm of 
b0/80 mesh Tenax GC and 'v? cm of 60/80 mesh Carbosieve B. The Tenax GC is used to trap the 
higher molecular weight organic compounds while the Carbosieve B captures the lower molecular 
weight compounds not retained by the Tenax GC. The tube is fitted with 1 /4-inch Swagclok nuts so 
that it can be directly connected to the sample line and desorption system. A standard I/4-inch 
Swagclok back ferrule is reversed and silicon rubber o-rings are placed on the tube ends to seal the 
connections of the trp in the sampling and desorption systems. Standard 1/4-inch Swagclok caps 
are used to seal the tubes during transport and storage. 

OVCN 

--5 V-- 

60/gg Mesh Tenas : For Heavier Cmpds. 
60/go Mesh Carbosieve: For light Cmpds. 

Figure 6. Adsorption Tube in Oven: 1/4-inch OD Glass 

The sorbent traps are cooled to -78°C with crushed C02 during sampling and storage. 
Cooling is accomplished by placing modified styrofoam cups around the traps to contain the dry 
ice. This system has proven to be reasonably effective and inexpensive. 

Figure 7 illustrates the actual sampling arrangement used to collect exhaust samples 
from a T-56 combustor rig at the Air Force Aero Propulsion Laboratory (AFAPL). The valving 
system makes possible the accomodation of two adsorption tubes. One tube serves as a dummy for 
regulating the flow rate to 50-100 cc/min. The flew rate is continually monitored so that the total 
sample volume can be determined. The exhaust sample line is heated to 'v300°F. The adsorption 
tubes are connected so that the sample passes first through the Tenax GC, then through the 
Carbosieve B. While the actual samples were being collected, a Beckmann Model 402 total 
hydrocarbon (THC) analyzer provided continuous on-line THC data. 

Figure 7. Sampling Arrangement to Collect Exhaust Samples from a T-56 Combuster Rig 
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The exhaust samples are desorbed into the chromatographic system by means ol a 
modified Hewlett-Packard Model 1902IA heated gas-sampling valve. One of the sampling valve- 
loops has been cut and fitted to accomodate the I/4-inch Swagelok connection of the adsorption 
traps. This makes possible the switching of the sample trap into the system as shown in figure K. 
I he desorption is facilitated by means of the specially designed tube furnace. The sorbent traps are 
heated to 350° to 400°C’ during the desorption cycle. 

Exhaust samples were collected from the T-56 combustor rig at AFAPL using JIM, 
IP 5. .IP-8, isooctane, anu DF.L-5 fuels at various inlet pressures. 

JP-4. JP-5, and JP-8 are standard military blends used by DOD aircraft. Isooctane was 
run to compare a pure fuel with the nonhomogeneous fuels. DFL-5 is a specially blended fuel made 
by adding 1.6 weight percent pyridine to the stock JP-4 fuel and additionally increasing the 
aiomatie content of the fuel from M2% to 25%. The DEL-5 was prepared to simulate more closely 
fuels which may be obtained from alternative sources such as shale oil. 

GAS SAMPLE VALVE 
DESORPTION POSITION 

Figure 8. Schematic Diagram Revealing How Sample Trap is Switched into the System 
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CHROMATOGRAPHIC ANALYSIS 

A chromatogram typical of the actual exhaust sample analyses is shown in figure 9. 
1 he important events in the analytical sequence are noted on the chromatogram. The first peak is 
labeled “paraffins” signifying that this particular analysis was performed with the subtractor in the 
system. The “column switch” designation corresponds to the time at which the effluent from the 
TCI 1’ column is directed into the Chromosorb 105 column. The area of the chromatogram labeled 
“reconcentration period” represents the period of time while the Chromosorb 105 column is 
maintained at ambient temperature to allow the water to pass through. The point at which healing 
of the Chromosorb 105 column begins is indicated on the chromatogram. After this, the oxygenates 
and aromatics are eluted as shown by the labeled area of the chromatogram. The final peak ot the 
chromatogram labeled “excess area” is an impurity peak that appears in the baseline when the 
Chromosorb 105 is heated. This area is routinely discarded from the chromatogram by dropping a 
perpendicular in the manner indicated. 

All samples were subjected to the analytical sequence described above, and the areas 
corresponding to the different portions of the chromatogram were automatically recorded by the 
Autolab System IV integrator. 

Figure 9. Chromatogram Typical of Actual Exhaust Sample Analysed 

SUMMARY OF ANALYTICAL RESULTS 

Table 5 lists the average values in terms of ppm C for the various hydrocarbon 
classifications at the different test points. The percent composition of the exhaust is tabulated in 
table 6. The term “unreactive” is defined as all paraffinic compounds and “reactive” includes all 
nonparaffinic compounds. Figure 10 is a graphical representation ot JP-4 data at various power 
settings. The uppermost point at each of the inlet pressure settings is the THC value obtained by the 
on-line THC analyzer at the time the sample was collected. 
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Table 6. Composition of the Kxhaust 

Fuel 
(pressure) 

JP-4 

( 15 psig) 

JP-4 
(33 psig) 

JP-4 
(50 psig) 

JP-5 
(33 psig) 

JP-8 
(33 psig) 

DEL-5 
(33 psig) 

DEL-5 
(33 psig) 

Isooctane 
(33 psig) 

Percent olefins 
+ It. oxygenates 

12.7 (8.6)* 

25.6(13.8) 

34.9(17.9) 

22 6(14.8) 

19.8(11.8) 

29.9(21.3) 

Percent ox', ¿enates 
+ aromatics 

59.8(40.4) 

59.0(31.8) 

58.2 (29.8) 

66.4(23.1) 

74.3 (40.2) 

68.6 (45.0) 

67.8 (40.5) 

32.1 (22.9) 

Percent 
reactive 

Percent 
un reactive 

1 
72.6(49.1) i 27.4 

84.7 (45.7) 15.3 

93.5 (47.9) 

91.2(59.7) 

87.6(52.3) 

61.8(44.1) 

6.4 

8.8 

12.4 

38.2 

* Numbers in parentheses represent percentages compared to APL THC results. 
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Figure 10 JP4 Data a» Various Power Settings 

Some tentative conclusions can be drawn from the data obtained. 

(1) The major portion of the hydrocarbon exhaust from all fuels tested is reactive in 

nature. 

,2) For a given fuel, the percentage composition of reactive compounds increases as the 

power is increased. 

(3) There is a general decrease in absolute concentration of all classifications ot 

compounds as the power is increased. 

(4) The distribution of hydrocarbon species into the various classifications does not d Her 
appreciable for JP-4 compared to DFL-5 even though DEL-5 is JP-4 with increased aromatic 

content. 

<5> Greater than 55% of the THC sampled from actual jet fuels was classified as either 

aromatic or oxygenated. 

(6) The pure isooctane showed marked reduction in the THC compared with actual jet 

fuels and had the highest percentage contribution from unreactive compounds. 
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CHEMILUMINESCENT MEASUREMENT OF SUB-PPM CONCENTRATIONS OF 
VINYL CHLORIDE AND CERTAIN LOW-MOLECULAR-WEIGHT 

UNSATURATED HYDROCARBONS 

by 

Ralph Baumgardner, W. A. McClenny, B. E. Martin and R. K. Stevens 
ENVIRONMENTAL PROTECTION AGENCY 

National Environmental Research Center 
Chemistry and Physics Laboratory 

SUMMARY 

During the past year with disclosure of a possible relationship between exposure to 
vinyl chloride and a rare liver cancer, monitoring and analysis of trace concentrations of viny 

chloride have become increasingly important. 

Standard exposure limits have been set for employees in the vinyl chloride industry 
which require monitonng in the ppm and sub-ppm range. EPA is presently monitoring ambient a.r 
in the vicinity of vinyl chloride production and processing plants to establish a data base for sett g 
emission standards. More sensitive and specific detection methods will be needed for survey 

monitoring of residential areas adjacent to sources of vinyl chloride. 

Current techniques for field monitoring of vinyl chloride center on a M-hour 
integrated sample collected on charcoal with subsequent extraction with carbon disulfide and 
analysis by gas chromatography (GC) using a fiame ionization detector (FID). Direct ana,ys's “ 
samples by GC-FID is also used. Both methods can be used to detect vinyl chloride concentrations 
as low as 0.01 ppm. Other continuous and semicontinuous techniques for monitoring vinyl chlorid 
have been sought for greater simplicity,fewer maintenance problems and greater specificity. 

A new technique has been developed which allows the detection ol sub-ppm 
concentrations of vinyl chloride plus detection of sintdar lo«;mol«cu.ar.weight unsatura.ed 
hydrocarbons. This technique is a combination of chemduminescence detection and 
chromatographic separation. The chemiluminescence results from the gas pha^ reaction of ozone 
and the unsaturated compound. Specificity for this technique is obtained from the chromatographic 
separation and from lack of response from compounds which do not chemiluminesce. 

In early 1974 experiments were initiated to determine the possibility of detecting vinyl 
chloride by reacting it with excess ozone and measuring the intensity of the luminescence^ A 
diagram of the reaction chamber u*d is shown in figure 1. The inside of the chamber is tefion 

coated with a glass face at one end. The face of the reaction chamber was coup ed with a coo ed 
photomultiplier tube. Concentric flow tubes, one of tefion carrying the vinyl chloride sample, the 
other of stainless steel containing the ozone, allow the reactants to meet near the face of the 
detector cell. The ozone-vinyl chloride reaction takes place at atmospheric pressure with a sP c 

intensity centered at 4000° A. 
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The responses of other unsaturated compounds were also obtained to determine 
potential interferents and to determine whether other unsaturated compounds could be detected by 
use of this technique. The response curves are shown in figure 2. \ number of other compounds 
give a response equal to or greater than vinyl chloride; therefore separation of vinyl chloride is 

necessary for specific detection. 

Chromatographic separation of vinyl chloride has been documented and column 
packing was available commercially. A chromatographic system was constructed which utilized a 
chemiluminescence detector, a gas-sampling valve and chromatographic column. A chromatromx 
chemically inert gas-sampling valve was used to bring the vinyl chloride sample into the system. 
Nitrogen was selected as a carrier gas and the optimum carrier gas flow for the system was found to 
be 30 cc/min. The chromatographic column which gave the optimum signal and resolution was a 
10-ft. tefion tube 3/16-in. OD packed with 0.4% carbowax 1500 on carbopack A. No ,nc|ea^ m 
signal response or resolution was obtained using columns of larger diameters and increased lengths. 
Column temperature was not controlled and varied from 23 to 25°C. Ozone flow was optmuzed to 
30 cc/min and a concentration of 2%. The reaction chamber was coupled to a R^A 45U1 
photomultiplier tube which had a peak response at 4500 A°. Signals obtained from the detector 

were measured using a Keithly model 417 picoammeter (figure 3). 

Figure 4 shows a typical calibration curve for vinyl chloride. Additional calibration 
data taken with a 25<c sample loop indicate a full-scale response of 0 to 1 ppm with a noise 
equivalent concentration of 30 ppb and a minimum detectable limit of 60 ppb. 

Figure 5 gives the chromatographic separation of vinyl chloride from simUar 
unsaturated hydrocarbons using the chemiluminescent-GC system. Baseline separation o viny 
chloride is possible and sufficient resolution is present to permit the quantification of a num 
other compounds. The chromatographic conditions could be optimized tor eac compoun 

interest. 

CONCLUSIONS 

An analysis technique has been developed which for the first time combines the 
chemiluminescent detector with chromatographic separation for measurement of '«« compsunds^ 
Detection of vinyl chloride in the ppm and sub-ppm range with a linear signal from 0 to 10 ppm an 
a noise equivalent concentration of 30 ppb is possible. Trace concentrations ofpropylene. ethylene^ 
and 1,2-dichloroethylene can also be measured with this system. No compounds have been found to 
interfere with the detection of vinyl chloride. A field monitor fabncated with use of the above 
technique would have an advantage of simpler operation, portability and specificity over existing 

procedures. 

A more detailed account of this technique has been submitted to Fnvironmental 

Science and Technology for publication. 
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NEEDLE IN THE HAYSTACK ANALYSIS 

by 

Walter C. McCrone 
McCrone Associates, Chicago, IL 60616 

Trace analysis involves the detection of very low percentages of a substance in a 
relatively large sample. The trace, perhaps a part per billion in concentration, may be 
homogeneously distributed throughout the matrix or it may be present as discrete particles 
heterogeneously distributed. Examples might be asbestos fibers in Lake Superior water 
(heterogeneous) or mercury compounds dissolved in Mississippi river water (homogeneous). 

Ultramicroanalysis describes the identification of very small samples single 
subnanogram particles, of relatively pure substances. The two types of analysis overlap when the 
trace component is heterogeneously distributed throughout a matrix. Each particle of the trace 
component is. an ultramicroanalysis problem. 

The polarizing microscope is an ideal tool for most ultramicroanalytical problems. If 
the partie can be magnified microscopically to the size of recognizable macroscopic objects, e.g.. a 
car key. anchovy olive or a dime, we should expect to be able to identify it if we have seen it before 
and remember what it is or if we can refer to a reference set of pictures that includes the 
unidentified object (figures 14). Identification is based on observation of a group of obvious 
“identifying characteristics” such as size, shape, surface texture, transparency, color, refractive 
index (relative to the mount) and birefringence. These characteristics register almost 
instantaneously on the retina and in the brain and trigger the memory bank to identify the 
substance. 

If the memory bank fails, additional identifying characteristics must be measured until 
the particle is identified. These additional characteristics include refractive indices, dispersion 
staining and othe. optical properties measurable by polarized-light microscopy. Also included, 
however, are x-ray or electron diffraction patterns; shape, size and surface texture by scanning or 
transmission electron microscopy; and elemental analysis by energy-or wavelength-dispersive x-ray 
analysis or by mass spectrometry using the ion microprobe. Very few particles characterized by one 
or more of these techniques fail to yield their identity. 

Since all of these techniques, from polarized-light microscopy to the ion microprobe, 
are designed to determine significant identifying characteristics of microscopic objects wc term the 
application of all of these tools and techniques microscopy. We begin each analysis with the 
simplest and quickest of these microscopical techniques, polarized-light microscopy. When 
necessaiy we continue through micro x-ray diffraction to electron microscopy and the microprobes 
until the particle is identified. Most often, the particle is identified at the first stage because we have 
a group of optical microscopists (with good memory banks) who can identify many thousands of 
particles at sight. The identification is so rapid that the results of an analysis of a sample containing 
many different substances will be tape-recorded. A small portion of a typical recording of a dust 
sample analysis might be transcribed as: coal (30 pm), quartz(2 15pm particles), glass wool 
(15 X 300-pm), paper fiber (25 X 200-pm), brass machining chip (50-pm), power plant flyash 
(3 10-pm particles, 3 20-pm and 5 30-pm), limestone (50 particles <2-pin 20 5-pm, 2 30-pm and 

1 50-pm particles), molding sand (100-pm), incinerator ash (10 particles 10-to 100-pm) etc. 
Identification and estimated dimensions take only as long as it takes to dictate the name and size. 
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Figure 3. Foundry Sand. Slightly Uncrossed Polara, Top Light, 200X

Figure 4. Mineral Wool, Slightly Uncrossed Polars, Top Light, 200X



Any particles not identified, if important enough, arc isolated, washed clean ami 
remounted for electron microscopy, microprobc or diffraction (figures 5 and 6). I cwci than 
10 percent of unknown particles submitted for analysis require more than optical microscopy. I his 
10 percent, however, presents problems not the least of which is mounting on the proper substrate 
in such a way that the microanalyst can find each particle quickly and unequivocally. Although 
finder grids can be used for transmission electron microscopy, mounting a 1- to 5-/jm particle at a 
specific spot on a highly polished beryllium surface requires great skill. We have a group <>l highly 
trained microscopists led by Anna Teetsov who manipulate and mount single tiny particles tor all ot 
the electron optical instruments. To make certain that the operators of these instruments quickly 
and dependably find the proper particle these girls draw tiny pictures a tew tenths ot a milhmetei 
high on the bery'Mum plate (figure 7). The microprobe operator is told to look tor a meter high on 
the berryllium plate. The microprobe operator is told to look lor a sailboat, bird, airplane, 
horse etc., and to analyze the particle on the mainsail in the bird’s eye. on the horse s tail etc I his 
apparent bit of whimsy has greatly aided the analyst in finding the proper particle quickly and 

confidently. 

The methods used are the same whether the sample is river silt, atmospheric particles, 
moon dust. soil, or particles from parenteral solutions, hydraulic fluids, mine dust, clogged lilieis or 
industrial stacks. All particles in the sample can be identitied or we can look tor specific substances, 
e g., in the sample there can be identified or we can look for specific compositions, e.g . asbestos in 
talc, free silica in mine dust, or explosive residues from a bombing or sate insulation in dust 
vacuumed from a burglar’s clothing. Sometimes one or a few single particles must be identified, e g. 
exotic crystals in human tissue, contaminants in drugs, foods, metals, polymers, paper etc I mally. 
two samples often must be compared for identity of composition and source This includes glass 
from the crime scene and glass on the shoes of a suspect or a hair from the crime scene with the hair 
from a suspect. The methods outlined above can solve all of these problems and. equally important 
no other analytical methods would do the job except in special cuses, e g.. DTA to detect chrysotile 
asbestos in talc. Even here microscopy does a superior job since it also sizes the fibers and often 
designates the particular source for that sample. 

It is difficult to see why methods as powerful as these are not more often used. 
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Figure 5. Electron Microprobe Analyzer as Used for Small Particle Analysis
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Figure 6. Ion Microprobe Analyzer
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Figure 7. Two Pictures Drawn on Highly Polished Beryllium Plate as Keys to Location 
of Partides for Probe Analysis, Brightfleld Top Light, 200X
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A DAY IN THE LIFE OF “CHOPPER” 

by 

Guy T. Barry. Ph D., Deputy Director 
Technical Services Division. US Customs Service, Washington. DC 20229 

This is a film that illustrates the use of a biosensor by the US Customs Service to 
interdict contraband drugs in vehicles, packages and cargo at more than 300 ports of entry into 

the United States of America. 

Despite the effectiveness of the biosensor dog in the examination of vehicles and 
mail packages, the use of this technique has several limitations These include, among others, the 
nonpermissible use of dogs to exami'ie people. As more than 200 million persons entered the 
United States during the 1975 fiscal year, it is apparent that no more than a fraction of these 
could be close y examined. Other mechanical sensor techniques are needed for examination to 
supplement the dog in the interdiction of drug contraband. 

This future mechanical dog must be inexpensive, rugged, portable and have a high 
degree of reliability that will permit rapid examination in a large variety of operational 
conditions and environments that include people, ships, containers, mail cargo and all types of 
vehicles. The purpose of showing the film was to demonstrate some of the workday tasks that 
US Customs Service personnel have to do at the border and at ports of entry in the performance 
cf the agency’s mission. The development of a mechanical sensor to supplement the biosensor 
dog far drug interdiction is a major goal of the service. The successful design of a suitable 
mechanical sensor is posed as a challenge to those chemists and engineers present who are 
engaged in trace analysis detection and who are int-rested in assisting the Government to control 

the drug menace. 



DITWTION Ol VAPOR PH ASF COMPOUNDS 
OI ILLIC IT NARCOTICS 

by 

I). Hagel.* V. Laverty.* J. Santo.* and A. Fein** 

SUMMARY 

\ number of aosorbents were tested for their collection efficiencies towards vapors 
associated with illicit narcotics. The purpose of the study was to characterize these vapois ami 
evaluate the feasibility of developing a Held instrument for detection of illicit drugs Various 
metals, metal oxides, organic polymers and active carbon were screened as adsorbents, using OC, 
or CtC-MS for analysis. A number of characteristic compounds were found to be associated with 
most of the drugs and were appreciably preconcentrated by various adsorbents. Based on the 
study, it appears feasible to develop a field detector for these materials 

INTRODUCTION 

HYDRONAUTIC'S. Incorporated recently completed the first phase of a research 
program sponsored by the Drug Enforcement Administration.+ 

The purpose of the program was twofold: to identify and characterize compounds 
present in the vapor phase of street samples of seven types of narcotics (hashish, marijuana, 
marijuana resin, opium, morphine and heroin) and to evaluate the potential of the development 
of a field instrument for detection of illicit narcotics based on preconcentration of characteristic 
vapors associated with them. Complete chromatographic separation of hashish and marijuana 
resin « oors would require a capillary column, but as the study was a practical, qualitative, 
feasibility study, standard packed columns were used. Because the active compounds of these 
drugs have extremely low vapor pressures, there would be little chance to detect their vapors in 
field situations; however, other compounds that are inherent with the drugs such as the terpenes 
(in the cannabis and opium drugs' decomposition products), or manufacturing byproducts and 
impurities may serve as good indicators for the presence ot illicit narcotics. 

INSTRUMENTATION 

The study was performed using an existing vapor preconcentrator, the Vapor Trace 
Sampler (VTS) which was originally developed in HYDRONAUTIC’S (Israel) lor selective 
preconcertration of vapors of explosives. VTS Tetlon plugs (figure I ) containing various 
adsorbents were used for testing the collection characteristics. A tew modifications ot the VIS 
allowed control of sampling rate and desorption temperature (between 200-250n(' depending on 
the adsorbent used). 

• HYORONAITICS, Incorporated, laurel. Maryland 

•* PS Drue I nforccment Administration. Washington. IX 

+ tinder contract fc|o J-LFAA-n32-73. 
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The adsorbent materials tested were of four types: 

• Metals: Pt. Pt-blaek, Nickel. Tungsten, and Palladium 

• Metal oxides: SiCh and AhOj (coated on Pt or Ni wires) 

• Polymers: SE-30. OV-17 and Texsil 400 (coated on Pt wire) and 

• Active carbon (particles trapped in coiled Pt wire) 

The preconcentrating unit of the VTS, the Teflon plug (ligure I) is installed in a 
stainless steel housing and during its operating cycle, it assumes three functional positions 

(figure 2): 

• Sampling 

• Purging of nonadsorbed vapors, and 

• Injecting the sample, which is desorbed of adsorbent by heat supplied via 

electrical leads, into the GC column. 

RESULTS 

A summary of the results can be illustrated by a few representative figures and 

chromatograms, as follows: 

Preconcentration-efficiencies and Characteristics 

Figure 3 - presents a chromatogram of hashish headspace vapors, introduced to the GC by 
syringe injection (with no preconcentration). It can be seen that the concentration ot 
high-molecular-weight compounds (far end of the spectrum) is considerably lower than the 
low-molecular-weight ones, an obvious result of their lower volatility. 

Figure 4 - shows the difference in adsorption characteristics between Pd. NiO. SiOi. and W. 
(the upper chromatogram represents a typical pattern obtained for this group of adsorbents) and 
Ah03 (compare to figure 3). Whereas the Pd. NiO. Si02. and W. with decreasing efficiency, 
preferentially preconcentrate the high MW end of the spectrum and do not preconcentrate the 
low MW fuction, the AhOj preconcentrates low MW volatiles with high efficiency (not« 
sensitivities and sampling time) while the high MW compounds are less efficiently collected. 

Figure 5 - illustrates a comparison of the collection characteristics of active carbon anu AbOt 
for headspace vapors of marijuana resin. It seems that the carbon preconcentrates very efficiently 
the whole range of volatiles of the marijuana resin (the same is true for other cannabis drugs) 
whereas AhOs has little affinity for high MW compounds, but very similar efficiency to carbon 

for low MW compounds. 
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Figure 6 — illustrates the configuration of the adsorbent in the VTS preconcentrator valve. The 

wire coil which entraps the charcoal particles is tight, and the loops are actually touching each 

other, thus blocking the contact between the iatnpled air and adsorbent; the estimated collection 

efficiency is less than 7.3% based on volume ratios. 

Figure 7 - Despite the low collection efficiency, the preconcentration effect is still very high. 

The figure compares the result of syringe injection of a volume of hashish vapors equivalent to 

the volume of the adsorption channel, with sampling and preconcentrating for 3 minutes using an 

active carbon adsorbent in the configuration shown in figure 5. 

Figure 8 — presents chromatograms obtained by preconcentrating opium vapors, using two 

different adsorbents. A very similar pattern can be observed for both. 

Figure 9 - presents chromatograms obtained by preconcentrating morphine and cocaine 
headspace vapors. Surprisingly similar patterns are obtained for the two unrelated drugs, hinting 

perhaps to similar impurities present due to manufacturing processes. 

Figure 10 - Using AI2O3 and Ni as adsorbents, for preconcentrating cocaine it was possible to 
detect (although in low concentration) a relatively high MW compound, at 175° oven 
temperature. The humps present in the high-temp range of the chromatograms in figure 9 
indicate the existence of these compounds. The Ni adsorbent dia not preconcentrate this 

compound until it got oxidized in repeated use. 

Figure 11 - Although the heroin sample used was about two years old, a very small peak was 

persistently obtained after preconcentrating its headspace vapors on a Pd wire. 

Figure 12 - summarizes qualitatively the collection efficiencies of the adsorbent materials tested 

for the various drugs. 

Identification GC-MS Analysis 

In order to characterize the vapors associated with the narcotics samples, the 

preconcentrator was interfaced with the GC-MS unit equipped with a data system 

A quadrupole MS with a single-stage separator was found to be the most suitable 

for analyzing these trace-vapor mixtures, compared to the ones using double-stage and 
Biemon-Watson separators. A few representative results are shown in the following figures: 

Figure 13 - A typical fingerprint was found for the cannabis family consisting of four terpenes, 
limonene, myrcene, A3-carene and caryophyllene (see figures 14 and 15 for mass spectra), the 
figure shows regenerated chromatograms of marijuana and hashish (partial) showing the 
compounds identified definitively. Additional terpenes (CjoHig) were identified but due to 

insufficient separation were not yet definitively characterized (having such similar structure 
varying only in the location of one or two bonds, these compounds have to be almost ideally 

separated to achieve positive identification). 
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Figure 16 - shows the regenerated chromatograms obtained for cocaine and morphine using a 
charcoal adsorbent. Surprisingly the two narcotic samples had methyl and ethyl benzoates 
present in their vapors. From figure 17 it can be seen that one could expect these compounds to 
be present in cocaine head-space vapors; however, their presence in the morphine vapors is not 
expected, and might be due to cutting materials, manufactur.ng contaminants, or cross 
contamination. 

Figure 18 - summarizes all compounds identified so far in the various drugs head-space vapors. 

CONCLUSIONS 

it has been proven in this study that there are, indeed, characteristic vapors 
associated with the various narcotics. Despite the relative inefficiency of the preconcentrator in 
its present form the vapors were collected and preconcentrated appreciably. It is anticipated that 
with an improved design of preconcentrator with the right combination of adsorbents, a 
collection efficiency greater by 2-3 orders of magnitude can be achieved, which would make it 
feasible to build a selective field detection instrument for illicit narcotics. 
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Figure 1. VTS Teflon Plug



Figure 2. Functional Positions of Teflon Plug in VTS 
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Pd > NiO, Si02 >W 
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SAMPLE: HASHISH 

SAMPLING TIME 1 MIN 

PLUG: PT/ALjOj (FILLED! 

SENSITIVITY: ON CHART 

OVEN TEMPERATURE PROGRAMMED 

70-30° « 16°/MIN 

80-36° ® 6°«^ 

86-120°e 20°/MIN 

120-170°* 16°/MIN 

♦ 

Figure 4. Difference in Absorption Characteristics Between Pd, NiO, S, 02 and A1203 
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SAMPLE: MARIHUANA RESIN 

SAMPLING TIME: 1.5 MIN 

PLUG: PT/C 

SENSITIVITY: ON CHART 

OVEN: TEMPERATURE PROGRAMMED 

70 - 80° O 15°/MIN 

80 - 85° « 6°/MIN 

85 -120° • 20°/MIN 

120 -170° • 15°/MIN 

SAMPLE: MARIHUANA RESIN 

SAMPLING TIME: 1.5 MIN 

I PLUG: PT/AL2O3 (FILLED) 

SENSITIVITY: ON CHART 

OVEN: 

< 
0 
** 

X 

TEMPERATURE PROGRAMMED 

70 - 80° @ 15°/MIN 

80 - 85° © 6°/MIN 

85 -120°* 20°/MIN 

120-170° • 15°/MIN 

Figure 5. Comparison of Collection Characteristics of Active Carbun 
and AI2O3 for Head-Space Vapors of Marijuana Resin 
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SAMPLE: HASHISH 

SAMPLE VOLUME: 0.6ml HEADSPACE VAPORS 

(SYRINGE INJECTION) 

SENSITIVITY: 4 X 10 A.F.S. 

OVEN: TEMPERATURE PROGRAMMED 

70 - 80° @ 20°/MIN 

80 - 85° © 10°/MIN 

85 - 120° © 30°/MIN 

120 - 170° © 20°/MIN 

SAMPLE : HASHISH 

SAMPLING TIME: 3 MIN 

PLUG: PT/C 

SENSITIVITY: ON CHART 

OVEN: TEMPERATURE PROGRAMMED 

70 - 80° © 20°/MIN 

80 - 85° @ 10°/MIN 

85 - 120° © 30°/MIN 

120 - 170° © 20°/MIN 

Figure 7. Syringe Injection of Hashish Vapors Compared to Preconcentration 
with Use of Active Carbon Adsorbent 
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SAMPLING TIME: 3 MIN 

PLUG: PT/C 

SENSITIVITY: 4 X 10 A.F.S. 

OVEN: TEMPERATURE PROGRAMMED 
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130 - 150° @ 10°/MIN 
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SAMPLE: OPIUM 

SAMPLING TIME: 2.5 MIN 

PLUG: PT/AL2O3 (FILLED) 

SENSITIVITY: 4 X 10 A.F.S. 

OVEN: TEMPERATURE PROGRAMMED 

70 -80° @ 15°/MIN 

80 - 85° @ b°/MIN 

85 -120°@ 20°/MIN 

120 - 170°@ 15°/MIN 

Figure 8. Chromatograms from Opium Vapors by Preconcentration 

and Use of Two Different Absorbents 
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Plug: Palladium 
Sensitivity: 2 x 10 A.F.S. 
Chart Speed: l/2"/min. 
Oven: Temperature Programmed 

95-170° @ 20°/min 

Figure 11. Small Peak from Heroin, Two-Years old. After Preconcentration of Vapors 
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FILE - 004 (SCANNING STARTED AFTER 3 MINI 

TITLE - HASHISH 5 MIN 

COLUMN - 3% OV-17 ON CHROMOSORB WAW 80-100 

TEMP PROGRAM - 65-220° AT 15°/MIN 

PLUG - PT/C 

SECONDS PER SCAN -1 

FILE - 11 

TITLE - MARIHUANA (MARI) 10 MIN 

COLUMN - 3% OV-17 ON CHROMOSORB WAW 80-100 

TEMP PROGRAM - 6B-200°C 

Figure 13. Regenerated Chromatograms of Marijuana and Hashish 
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SPECTRUM NUMBFR 92 

F 004. HASHISH 

SPECTRUM NUMBER 114 

F -004, HASHISH 

SPECTRUM NUMBER 66 

F - 004, HASHISH 

Figure 14. Mass Spectra for Figure 13: Spectra 66, 92, and 114 
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SPECTRUM NUMBER 275 

F -004, HASHISH 

Figure 15. Mass Spectra for Figure 13: Spectrum 275 
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FILE - 213 

TITLE - COCAINE (COCI 

COLUMN - 3% OV-17 ON 

CHROMOSORB WAW 80- 100 

TEMP PROGRAM - 65-200 AT 

< 
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NJ 
Z 
£ 

Z 
tu 
a> 

SO 100 150 

SPECTRUM NUMBER 

—i— 

200 250 

FILE - 219 

TITLE - MORPHINE (MORPH) 10 MIN 

COLUMN - 3% OV-17 ON 

CHROMOSORB WAW 80-100 6' X 1/8 

TEMP PROGRAM - 65-200 AT 16°/MIN 

PLUG - PT/DEXSIL (COATED! 

SECONDS PER SCAN -1 

50 100 150 

SPECTRUM NUMBER 

—I— 
200 25P 300 

Figure 16. Regenerated Chromatograms Obtained for Cocaine 

and Morphine Using a Charcoal Adsorbent 
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MORPHINE 

Figure 17. Molecular Structures 

\39 



Fi
gu

re
 

18
. 

V
ap

or
-P

ha
se

 C
om

po
un

ds
 I

de
nt

if
ie

d 
fr

om
 S

tr
ee

t 
S

am
pl

es
 o

f 
Il

lic
it 

N
ar

co
ti

cs
 



DETECTION OF NITRO AROMATICS WITH PLASMA CHROMATOGRAPHY /PRECONCENTRA TION 

by 

Glenn E. Spangler 
US Army Mobility Equipment Research and Development Center 

Fort Belvoir, VA 22060 

Plasma chromatography has been developed in recent years to detect and identity 
trace constituents of organic vapors in gaseous mixtures with increased sensitivity and short 
analysis times. The Beta VII instrument as owned by USAMERDC consists of a drift tube along 
with supporting electronics for data analysis. The internal construction of the drift tube is 
illustrated in figure 1. Defection is achieved by subjecting the trace vapor molecules to 
ion-molecule reactions in a reagent carrier gas and analyzing the product ions with coupled-ion 
mobility-drift-tube spectrometry in a drift region. The molecules are drawn and/or carried into 
the reaction region of the instrument by either room air or a carrier gas and are ionized in the 
presence of a 11.5-millicurie ^3Ni radioactive source. The drift times of the product ions are 
measured with the aid of a pulsed grid, a constant electrostatic drift field, and fast or slow 
electronics depending on whether multiple-ion or single-ion monitoring is performed. For 
multiple-ion monitoring, signal-to-noise enhancement is achieved by using signal-averaging 
techniques and readout is an arrival time spectrum of ion current peaks separated by mobility 

differences. 

Due to the extremely electomegative character of nitroaromatic compounds and the 
large cross sections offered by these compounds to charge transfer and ion-molecule reactions, 
negati.'e-ion plasma chromatography has been found particularly suited for their detection and 
analysis. The purpose of the studies described here was to determine the nature cf the 
ion-molecule reactions involved in '.he ionization of these compounds, to establish the feasibility 
of extending the detection capabilities of the instrumentation by using preconcentration 
techniques, and to demonstrate capabüity for the detection of land mines. It is impossible to 
discuss the results of all these experiments in just 20 minutes, but some of the more interesting 
ideas will be presented with the understanding that the details will become available in 

forthcoming publications. 

The experimental work was performed on a Beta Vll instrument utilizing various 
reagent carrier gases and ultrahigh purity nitrogen for the drift gas. Gases chosen for the reagent 
carrier gases included zero air containing less than ppm levels of water and hydrocarbons, 
ultrahigh purity nitrogen, laboratory air. and these gases in the presence of Cl anions generated 
from the dissociative capture of electrons by o-dichlorobenzene. All gases except laboratory air 
were passed through Linde 13X molecular sieve traps before introduction into the reaction or 
drift regions. The instrument temperatures were 202°C for the inlet. 166°C for the drift tube 
housing and 180°C for the carrier gas. Resolution was optimized by using an 0.1-msec gate 
width and an electrostatic drift field of 214 volt/cm applied across an 8-inch drift length. The 
sample vapors were obtained from zone refined or recrystallized supphes of 2, 4, 6-TNT, reagent 
grade supplies of 2, 4-DNT, and reagent grade supphes of o-, m-, and p-mtrotoluene. Sample 
introduction was achieved through either a direct sniff of the vapor or by adsorption on a 
six-inch length of 0.021-inch diameter gold wire followed by desorption via indirect heating in 

the inlet of the instrument. 
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Summarized in figure 2 are the responses obtained for TNT. Three ion mobility 
peaks were observed having drift times of 14.6. 15.0. and 15.5 msec corresponding to reduced 
mobilities of 1.59, 1 54. and 1.49 cmW'sec-l respectively. The top spectrun was obtamed 
with a pure nitrogen carrier gas while the other spectra were obtained with increasing levels of 
laboratory air in the nitrogen carrier. It is observed that the ions at 15.5 msec are the dominant 
ions species in nitrogen while the ions at 15.0 msec become important in laboratory air. Since 
spectra similar to that obtained in laboratory air were obtained in the presence of zcroair and 
the Cl' anion, the ions at 15.5 msec appear to arise from reactions with free electrons. The ions 
at 15 0 msec appear to arise from ion-molecule reactions with reactant ions. The same 
phenomenon was also observed for the 13.9 and 14.5 msec ions of DNT as illustrated m figure 3 
in the presence of increasing levels of the chloride anion. These ion peaks correspond to reduced 
mobilities of 1.67 and 1.61 cn^volr'sec'1 respectively. For mononitrotoluene. the fourth figure 
illustrates that, except for the hydrated OH' or CT ions which may or may not arise from the 
room air, a dominant ion response is observed in the presence of nitrogen while extensive 
fragmentation is observed in the presence of zero air. The ion peaks at 13.3 and 12^8 msec with 
reduced mobilities of 1.74 ar.d 181 cnAolrW1 are thought to correspond to the ion peaks 
described for DNT and TNT but instead of the 13.3 msec ion peak disappearing in tavor of the 
12.8-msec ion peak in the presence of Cl', the chloride attached ion peak at 15.0 msec was 
observed. The NO2' ion has a drift time of 8.7 msec and contributes to the mononitrotoluene 

spectrum in zero air. 

When considering the possible ionization processes which might occur in negative-ion 
plasma chromatography, considerations must be given to electron capture. The probability 0 
electron capture depends much on the energy of the electrons involved in the capture process. 
This energy in a nitrogen carrier gas can be estimated through the Townsend energy 
relatationship 3/2tjK.T where 17 is the Townsend energy factor. For the operating conditions of 
the plasma chromatograph, this energy is 0.49 ev. Since the energy lies below the appearance 
potentials of Christophorou, et al. for the dissociative capture of mtrotoluene, the ion formed in 
nitrogen is most likely the parent anion. However, if air or CT is present, the e ectrons are 
thermalized to 0.057-ev ions which in turn cause fragmentation through ion-molecule reactions. 

In order to substantiate this interpretation, arrangements were made to run several 
samples of TN'i on a negative-ion chemionization source of a MS-9 mass spectrometer and an 
atmospheric pressure ionization source of a quadrupole mass spectrometer. The data on chemi- 
fonization were obtained with the facilities of Hunt at the University of Virginia and are 
displayed in the fifth figure. Ionization is achieved with a corona discharge in the presence of air. 
oxygen, or hydrogen/water reagent gas mixtures. Except for the reactant 10ns. the 10ns generated 
for TNT depended little on the type of reagent gas used in the instrument. The dominant ion 
was the TNT molecular anion with only slight evidence for the dissociation of NO2 to form the 
(M-NO7)' anion. This contradicts the interpretations of Karasek and Denney but supports the fact 
that NCH’is not observed in the neptive ion spectrum for TNT in plasma siuomatography. The 
ion peaks at masses 210 and 197 correspond to a loss of OH and NO respectively but in 
different ratios as observed by Yinon, Boettger, and Weber with 2-ev electron bombardment in 
negative-ion mass spectrometry. The data on atmospheric pressure ionization were obtained wit.i 
the facilities of Homing, et al. at the Baylor School of Medicine. Ionization was achieved in the 
presence of a radioactive source and O' with the resulting mass spectrum being dominated by a 
proton-abstracted anion with little evidence for additional fragmentation^ The differences in 
response between chemionization and atmospheric pressure ionization are thought to be due to 
the slightly more energetic ions and electrons involved in the low pressure regime of 
chemionization and the acidity character of the chlorine anion in atmospheric pressure 

--- 
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ioni/ation. In fact, when the discharge of the chemionization source was pushed into the glow 
discharge regime, dissociation ol NOt from TNT was observed as expected Irom the data ol 
Boettger, et al. Consequently, the ions observed in plasma chromatography tor the nitrotoluenes 
appear to be the molecular anion in the presence of nitrogen whiL the proton-abstracted anion 
becomes important in the presence of air. CT. etc. This does not correlate well with mass 
assignments obtained from the empirical relationship provided by Cram and Chesler but empirical 
relationships must give way to mass-identified ions. Chloride attachment was not observed for 
ONT or TNT but was observed for o-mononitrotoluene. Tannenbaum et al. have reported 
chloride attachment for mononitrotoluene in chemionization mass spectroscopy. 

The sensitivity of plasma chromatography to TNT vapor has been reported. Based 
on dilution flask measurements on a Beta VI1IS instrument detection limits were found to be 
near one part in 101'. However, the electronic noise was 2 XIO'*-^ amp and grid transmissions 
were 40% for this instrument. The Beta Vll instrument as owned by USAMERDC has a peak 
noise less than 8.5 X 10**^ amps and grid transmissions of about 90%. This would suggest that 
sensitivities of 2 parts in 1012 are achievable. Furthermore, the ionization processes in the 
presence of reactant ions are more efficient than the ior .zation processes in the presence of free 
electrons and sensitivity can be increased through the use of preconcentration. The simplest 
of all preconcentration devices is a gold wire with which the following series of experiments 

can be performed. 

If a gold wire is allowed to collect vapor from a reservoir of TNT vapor for 
increasing lengths of time at room temperature and the collected vapor desorbed into the heated 
inlet of the instrument for analysis, the response of the instrument follows a relationship similar 
to that displayed in the sixth figure. Here o is the surface coverage which is proportional to the 
instrumental response, a is the accomodation coefficient for adsorption, J is the impingent flux 
rate of material on the surface, and r is the mean residence time spent by the molecule on the 
surface before desorption. Hence, the response builds up to a maximum value dependent on J 
which in tum depends on the partial pressure. Experimental data of this type fitted to the 
equation are displayed in figure 7. From the fit. the mean residence time for a TNT molecule on 
a gold surface is observed to be about 8.95 minutes. Such a large value for the residence time 
corresponds to a heat of adsorption of 21 kcal/mole which lies close to the he..t of vaporization. 
Since it is thought that the maximum volume of vapor collected on a six-inch length of 
0.02!-inch diameter wire is near 20-30 cc, the sensitivity of the plasma chromatograph should he 
improved by about an order of magnitude with the technique. The volume of the reaction region 
is 4.7 cc. a factor of 5 below the collected volume. Such an increase in sensitivity has been 
preliminarily established experimentally by the sampling of saturated vapors for one second. 
Additional gains in sensitivity can be achieved by using larger surface areas for adsorption. 

Using the gold wire sampling technique with its enhanced sensitivity an experiment 
was performed to measure the availability of TNT vapor from an encased mine. The mine chosen 
for analysis was an inert Italian antitank mine because the main charge well is easily exposed by 
unscrewing retainer rings and breaking gasket seals. Three tanks were prepared to collect vapor 
given off by the mine. One served as a blank containing no mine, a second served as a blank to 
establish background for an unloaded inert mine, and a third served as a sample containing a 
mine with a laboratory amount of recrystallized TNT deposited in the main explosive charge 
well. The tanks were sampled periodically through holes provided in one of the walls of each 
tank for about 3 months to watch the buildup of vapor. When the vapor concentrations reached 
a steady state, the response obtained on the plasma chromatograph were as displayed in figure 8. 
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The reactant ions were the only ions observed in the spectrum obtained on the air-filled tank. 
For the blank mine, an ion peak anpeared at 18.7 msec originating from materials contained and 
being released from the hard-rubb r pressure plate of the mine. For the TNT laden mine, a TNT 
related anion was observed at an estimated level of 4 part in 1012. This is nearly three orders of 
magnitude below the saturated vapor pressure for TNT. Experiments of this type indicate a 
detection capability for antitank mines albcii only under very specialized sampling conditions of 
enclosed containers. Detection limits needed to establish a more practical detection capability 
appear very stringent. 
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Figure 1. Internal Structure of Plasma Chromatograph 
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Figure 2. Ion Mobility Spectra of TNT Vapor 

Figure 3. Ion Mobility Spectra for DNT 

145 



RE
LA

TI
VE
 I

NT
EN

SI
TY

 

RICA TM tOR5 
otin niifiRATuM 4m 

Figure 4. Ion Mobility Spectra for MNT 

NEGATIVE CHETiTIONIZATION AIR REAGENT GAS 
TOWNSEND DISCHARGE SOURCE SOURCE TEMEERATURE 100 200:C 

1 

Figure 5. Mass Spectrum of TNT 
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SOLUTION a J * f(a) 

a = aJT [I-EXP (j)] 

Figure 6. Differential Equation Describing Adsorption/Desorption 

Figure 7. Integrated Response Versus Collection Time 
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H. E. Stubbs and A. W. Berger 
Better Environmental Development Corporation 

Newton, Massachusetts 02160 

Conventional analytical techniques for measuring gaseous sulfur compounds such as 
SOt and H-»S at low part-per-billion concentrations are, at best, marginally sensitive at these 
levels. In order to determine the background sources and fate of these gases, improved analytical 
methods are required. This report describes the development and application of a new type of 
flame photometric detector capable of measuring sub-part-per-billion concentrations of sulfur 
dioxide and hydrogen sulfide. The instrument employs rare earth absorption filters to define a 
spectral band including the sulfur emission at 374 nm and an adjacent background comparison 
band. The first of these filters has a band pass of lOnm and the second of 5 nm. An optical 
chopper alternatingly presents light from the two filters to a detector. Special signal-processing 
techniques are employed, permitting detection of sulfur compounds at levels below 1 ppb. Data 
taken in nonurban areas measuring ppb concentrations of H2S and SO2 will be presented. 

The seven figures show how the instrument behaves along with some results from its 

use. 

AN ULTRASENSITIVE FLAME PHOTOMETRIC DETECTOR 
FOR SULFUR DIOXIDE AND HYDROGEN SULFIDE 

by 

R. K. Stevens and Ralph Baumgardener 
Environmental Protection Agency 
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Figure 2. Another Response Curve at 350-400 nm 

(Note change of scale) 
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Figure 3. Photometer Optics 

Figure 4. Photometer Electronics 
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ANALYSIS OF TRACE CONSTITIIENT PATA -- 

A PATTERN RECOGNITION APPROACH 

by 

H.T. McAdams and C.F. Holmes 

CALSPAN CORPORATION 

Buffalo, New York 14221 

ABSTRACT 

A survey is presented ov data analysis techniques 

applicable to collected data of trace constituents. In 

particular, techniques are presented whereby the identi¬ 

fication of sources can be accomplished based on chemical 

analysis of particulate effluents from several sources in 

a given area. Many of the methods presented fall under 

the general term of pattern recognition. In particular, 

the techniques of maximum likelihood theory are used to 

classify particulate effluents according to source. An 

example problem is solved and the applicability of other 

pattern recognition techniques to the problem of source 

identification is discussed. 

1. INTRODUCTION 

Particulate effluents which escape the suppressive mechanisms 

designed to eliminate them can be collected at distances downwind from 

the source. Often several sources may be present in one general area 

so that the sampling sites may well be collecting effluent particles from 

several different industrial operations. In order to pinpoint the sources 

of such pollutants so that environmental impact may be assessed and any 

necessary corrective measures may be taken, it would be desirable to have 

data analysis techniques available which could help identify sources oF 

effluents on the basis of chemical or physical analysis of the effluent 

particles. 

- 154 



Clearly, there are cases where this is impossible. If two or more 

industrial sites are engaged in nearly identical operations, using similar 

raw materials, it is unlikely that chemical analysis of effluents will 

reveal differences enabling discrimination. However, there are other 

situations in which even minor differences in industrial processes will 

result in effluent particles sufficiently different to enable their separa¬ 

tion and identification as to source. It can also be expected that these 

differences may be subtle enough to escape detection by visual examination 

of analytical data. It is this class of problems we would like to address 

in greater detail. Namely, given that subtle differences exist among 

particulate effluents from different sources within a general geographic 

area and similarities among particulates emanating from a single source, 

how can such factors be combined in a data analysis scheme which will allow 

the identification of the sources of particulates comprising a collected 

sample ? 

A method which is showing considerable promise in solving a class 

of problems typified by the above situation is a subset of artificial 

intelligence known as pattern recognition. Briefly stated, the general 

problem addressed is the classification of objects united by some (perhaps 

obscure) property into a¿ propriate groups on the basis of indirect measure¬ 

ments made on these objects. The exact relationship by which the measure¬ 

ments are related to the classifying property may be unknown and theoretically 

inaccessible. But if the measurements (say elemental analysis of the 

effluent particulates) are related to the classifying property (source) 

in a manner not readily apparent, the techniques of pattern recognition 

can often provide the method by which the two are related and can provide an 

algorithm by which sources are identified on the basis of analytical informa¬ 

tion obtained from the particulate effluents. 

This relatively new field of applied mathematics was originally 

developed to solve such problems as recognition of handwritten characters, 

analysis of speech patterns, irage analysis, and signal discrimination. 
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More recently, chemists, physicists, and engineers have become aware of the 

potential of this tool and are applying pattern recognition to problems in 

their fields. Pattem recognition has been applied to the interprétât’on of 

analytical spectra,1,2 the screening of drugs according to pharmacological 

efficacy,^ surface characterization/ blood cell analysis, and finger¬ 

print identification/ 

It is the purpose of this paper to propose pattern recognition as 

a useful tool in identification of effluent particulate sources. In the 

following sections some basic concepts of this tool are presented, a sample 

problem is introduced and solved, and some general remarks regarding the 

usefulness and limitations of this method are presented. 

2. PATTERN RECOGNITION -- A PROLEGOMENON 

Often the physical scientist/engineer is faced with the detection 

a seemingly obscure property of a collection of objects based on indirect 

measurements made on the objects. Occasionally, the connection can be made 

through theoretical application of basic principles to the problem. More 

often, however, the connection between a common property and a given set of 

measurements is more subtle and requires a more empirical approach to its 

development. A somewhat ill-defined but nonetheless effective method of 

"guessing" the connection between measurements and a common property of 

objects is often used by scientists to deduce logical empirical relationships. 

Pattern recognition, a subset of a much broader field known as 

"artificial intelligence," attempts to classify objects into appropriate 

groups according to measurements (called "features") made on these objects. 

Pattern recognition can be divided into probabilistic (parametric) approaches 

and geometric (nonparametric) approaches. In the probabilistic approach 

an estimate is made of probability density functions describing the under¬ 

lying statistical distribution of the pattern features. Classification is 

then made using "maximum likelihood" (Bayesian) strategies. In the geometric 

(nonparametric) approach, relations between sets of objects are made on the 

basis of their "closeness" in some geometrical representation. 

156 



The field can be further divided into supervised learning and 

unsupervised learning. In supervised learning the classification algorithm 

is built upon objects for which both the features and the proper classifica¬ 

tion is known. The information thus assimilated is used to classify 

unknown objects based on their similarity (in some well-defined mathematical 

sense) to the known patterns. Unsupervised learning seeks to discover 

hitherto unknown relations between groups of objects by finding meaningful 

clusters of points reflecting the possible existence of relationships. 

The particular scheme we have applied in this paper is a probabilistic 

one based on the occurrence of certain features capable of differentiating 

among classes of airborne particulate materials. An estimate is made of 

underlying probabilities of mutual occurrences of groups of pattern features 

from patterns whose proper classification is known. These probabilities 

are then incorporated into a maximum likelihood classification algorithm 

which can be used to classify unknown pattern sets. Details of the algorithm 

are presented in the Appendix and are developed heuristically below. 

2.1 MAXIMUM LIKELIHOOD PRINCIPLE 

The principle of maximum likelihood, as it applies to the problem 

under consideration, can be illustrated by a simple um model. Consider 

two urns containing different mixtures of black and white balls (Figure 1). 

Let a ball be drawn randomly from one of the urns and let its color be 

communicated to a decision maker whose task is to "guess" which urn yielded 

the ball. It is assumed that the decision maker does not know the source 

of the ball but does know the relative proportions of black and white balls 

in the two urns. Suppose that, at the outset, one urn is as likely to be 

sampled as the other. It is evident, then, that if the ball drawn is 

black, it "most likely" came from um I, but if it is white, it "most likely" 

came from um II. If the decision maker calls I on black and II on white, 

therefore, his "batting average" will be 75% correct decisions. 
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25% WHITE 

75% BLACK 

25% BLACK 

75% WHITE 

I II 

Figure 1. URN MODEL DEMONSTRATING MAXIMUM 
LIKELIHOOD DECISION MAKING 

The simple process described above becomes less straightforward 

if the two urns are not sampled with equal likelihood. Suppose, for 

example, that um II is sampled much more often than um I. It should 

now be apparent that a black ball does not necessarily imply a high 

probability that the ball came from urn I. Ouite clearly, the decision 

making process needs to be adjusted to allow for the preference of the 

sampling process for um II. This preference can be taken into account 

by proper attention to the "prior probability" that um II will be sampled 

more frequently than um I. As shown in the Appendix, Bayes' theorem 

provides the basis for such adjustment. In the event that um IT is 

sampled three times as often as urn I, drawing a black ball affords no 

basis for decision: the chances are 50/50 that either urn I or um II 

was the source. 



2.2 JOINT ANO CONDITIONAL PROBABILITY FUNCTIONS 

In many practical situations, the distinction between sources of 

items to he classified is not nearly as definitive as ir the urn model 

discussed above. Items from the various sources may be very much "like" 

each other in the sense that no one attribute or feature stands out as a 

specific indicator of source. For example, suppose that urn II contains 

51% black balls and that um I contains 49% black balls. The slight "edge" 

of um II over um I is not a sufficient basis for decision making if one 

wants to be right "most of the time." Suppose, however, that there are 

several attributes, each exhibiting a slight edge with regard to probability 

of occurrence in one of the categories. If ? sufficient number of these 

bits of information can be composited, it may well turn out that decisions 

can be made with relatively high probability of being correct even though 

decision based on any one item of information would be highly problematical. 

Suppose, for example, that the balls differ not only in color 

but in shape: some are perfect spheres while others are recognizably 

distorted. Though the two shapes, like the two colors, may occur with 

about equal frequency in the two urns, the joint occurrence of color and 

shape may be considerably more indicative of source of origin than either 

color or shape considered alone. 

A popular approach to consideration of joint probabilities is to 

regard the occurrence of the several attributes as statistically independent. 

In the above example, this assumption is equivalent to saying that the 

probability that a ball is black is the same whether the ball is perfect 

or malformed or, conversely, that the probability that the ball is perfect 

is the same whether the ball is black or white. Under such an assumption, 

the probability of occurrence of a perfect black ball is just the 

probability that the ball is black times the probability that the ball is 

perfect. 
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In many cases, of course, the assumption of independence is 

violated. The conditions "black” and "perfect" may tend to po together, 

and so may "white" and "imperfect." In such instances, decision makinp 

can be improved by incorporatinj* conditional probabilities into the 

decision makinp process. Given that a ball is black, the probabilities 

associated with perfect and'imperfect spheres take on one set of values; 

given that a ball is white, the shape probabilities take on a different 

set of values. Under these conditions, joint probabilities can no lonper 

be computed by the product rule but must be determined directly for the 

four classes: white-perfect, white-imperfect, black-perfect, hL-.ck-imperfect. 

As the number of attributes is increased, the prospect for more 

complex forms of dependences presents itself. Thus one can speak of 

first-order dependence, second-order dependence, and so on according to 

the number of conditions which must be specified before probabilities for 

the occurrence of a particular feature can be specified. 

It should be clear that as the number of features is increased, 

the number of combinatorial possibilities for dependences çoes up very 

rapidly. For example, in a set of 10 features, there are 45 possible 

first-order dependencies alone; consequently, it is advantageous to 

incorporate into the decision making process only those dependencies 

which are in some sense "most important." The means whereby these primary 

dependences are singled rut for inclusion in the decision-makinr algorithm 

is discussed in the Appendix.7 The key concept is a measure called 

"mutual information." By means of this measure, the various first-order 

dependences can be ranked in order of their importance so that the most 

critical dependences can be incorporated into the decision algorithm. 

160 



3. EXAMPLE PROBLEM 

3.1 SCENARIO 

With the above preamble it is possible to demonstrate the techninue 

of Bayesian classification by its application to a specific "scenario" which 

could conceivably arise in connection with particulate effluents as they 

affect air quality. Consider a situation wherein three industrial coal- 

buminp operations are located in the same general geographic area. Each 

of tnese sites is producing fly ash particulates, some of which escape and 

are carried downwind where they adversely affect air quality. It is possible 

to sample the particulates at the sources (i.e., in the stacks), and it is 

also possible to sample the (combined) effluents downwind (Figure 2). 

Figure 2. SCENARIO OF EXAMPLE PROBLEM 
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By means of scanning electron microscopy coupled with energy 

dispersive X-ray spectroscopy or electron microprobe analysis, it is 

possible to analyze these particulates for percent concentrations of 

the various chemical element? making up fly ash. Ten of the more 

important constituents of fly ash are: Carbon, Sodium, Magnesium, Aluminum, 

Silicon, Phosphorus, Sulfur, Potassium, Titanium, and Iron. Of these 

elements A1, Si, and Fe are major constituents; the rest are present in 

trace amounts (say 5% or less). These data can be normalized, digitized, 

and placed into a ten-component "pattern vector" characterizing each 

fly ash particle. 

The problem we proposed to solve is the following: Given that 

samples of particulate effluents can be collected at each of the sources 

Sj, S2, S3, and at a downwind site C, estimate the percentages of the total 

sample collected at C which originated at each of the sources. The data 

to be used in this problem will be the concentrations of the ten chemical 

elements listed above. 

It should be pointed out that this problem is not without its 

analogies in the "real world." In a project conducted for the Erie County 

Air Pollution Control Board, Calspan Corporation attempted an identifica¬ 

tion as to source of particulate effluents collected downwind from four 

sources within a local steel plant on the basis of data obtained from g 
particles collected within the stacks. Although the mathematical 

techniques presented here were not employed in that study, the problem 

itself is comparable. 

3.2 DATA GENERATION 

Fly ash from coal-burning p^wer generation plants varies in chemical 

composition as a result of a number of factors, notably differences in the 

coal used as fuel and differences in efficiency of the combustion process. 

Conceivably, then, the particulate effluents from two or more generating 

plants might be expected to carry "fingerprints" by which their source 
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identity might be inferred. It is on this assumption that a collection of 

data was simulated. It is emphasized that the data, though believed to be 

"reasonable," were generated by purely random means for the express purpose 

of demonstrating how principles of pattem recognition might be applied in 

a particle-identification context. 

Table 1 shows the bulk chemical composition of three fly ashes used 

in an experiment to evaluate the ability of fly ash to reclaim acidic 
9 

surface-mined coal lands. 

Table 1 

CHEMICAL ANALYSES OF FLY ASHES 

Ash #1 Ash #2 

Chemical Analysis, wt pet 

Aluminum (A^Oj) 23.9 

Silicon (SÍO2) 46.3 

Iron (Fe203) 22.9 

Phosphorus (P205^ * ^ 

Titanium (Ti02) *9 

Calcium (CaO) 1.9 

Magnesium (MgO) .8 

Potassium (K20) 2.2 

Sodium (Na20) .6 

Cobalt *02 

Boron *908 

Manganese *03 

Copper •92 

Molybdenum -997 

Carbon 5-7 

Sulfur (total) *24 

23.9 

42.2 

24.0 

.2 

.8 

4.0 

1.2 

2.2 

.6 

.02 

.02 

.05 

.02 

ND* 

12.4 

.51 

Ash #3 

23.6 

47.7 

15.6 

.6 

2.7 

3.5 

1.5 

2.2 

1.9 

ND* 

ND 

ND 

ND 

ND 

1.54 

.34 

Note that on a bulk basis the differences among the three ashes are slight 

for certain elements such as aluminum and silicon but are appreciable for 

other elements such as iron, titanium, and carbon. 

# - 1 f.'l 
not determined 1U 



To generate data for a sample problem, the analyses of Table 1 were 

considered typical. Then, by means of a random number generator which used 

postulated variances, a collection of 1000 -particles" were -produced" for 

each of the three ashes and, finally, for 1000 particles constituting an 

arbitrary mix of the three sources. It was assumed that discrimination 

among sites would be based on individual-particle examination rather than on 

bulk sample analysis for two reasons: first, the collection of a bulk sample 

might be difficult and, second, the fly ash undoubtedly would be mixed with 

extraneous debris and would have to be identified as fly ash on the basis of 

its particle morphology. Consequently, identification of the fly-ash source 

would have to be based on chemical analysis of individual fly-ash particles 

by means of some technique such as electron microprobe or energy dispersive 

X-ray analysis as previously mentioned. 

Figure 3 is a scanning electron micrograph of a sample of fly ash 

particles. Though these particles all look similar, they are revealed by 

energy dispersive X-ray (Figure 4) to vary considerably in composition. 

In particular, some appear to be relatively high in iron and low in silicon 

and aluminum, whereas for others the reverse appears to be true. In short, 

considerable variation in composition from particle to particle can, and 

most likely does, exist even within a given source of fly ash. The simulated 

data were constructed to reflect this postulated variation. 

Consider, for example, the iron analyses in Table 1. It is 

postulated that individual particles from a composite sample of the 

three fly ashes might have a statistical distribution as shown in 

Figure 5. On an interval basis, one can hypothesize four ranges of 

iron content -- say trace, low, medium and high -- and can compute 

probabilities that particles from each of the three sources fall into 

the trace, low, medium, and high categories (states 1, 2, 3, or 4). 
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Figure 4 (A) IRON MAP OVERLAP ON SEM MICROGRAPH OF FIGURE 3 (B)
(B) SILICON AND ALUMINUM MAP OVERLAY ON SEM MICROGRAPH 

OF FIGURE 3 (B)
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Figure 5 POSTULATED DISTRIBUTION OF IRON IN FLY ASH PARTICLES 

It is a reasonable assumption, therefore, that particles from fly ashes #1 

and #2 would exhibit a distribution skewed toward the high-concentration 

range, whereas particles from fly ash #3 would exhibit a distribution skewed 

toward the low-concentrât ion range. For purposes of the example experiment, 

these differences were realized by assigning the following probabilities 

to the iron ranges for the three fly ash samples. 

Trace 

Ash #1 5 

Ash #2 5 

Ash #3 30 

Low Medium High 

15 50 30 

15 50 30 

50 15 5 

Note the considerable amount of overlap of the three distributions; 

in particular, there is no distinction between ash #1 and ash #2 

on the basis of iron alone. 

The method of allocation of probabilities discussed above was 

applied to the ten elements: A1, Si, Fe, P, Ti, Na, Ca, Mg, K, and C 

with the results shown in Table 2. 
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Table 2 

State 

STATE PROBABILITIES FOR SELECTED 

CHEMICAL ELEMENTS IN FLY ASH 

ASH »1 ASH »2 

2 3 4 1 2 3 4 1 

ASH »3 

2 3 4 

Al 

Si 
Fe 

P 

Ti 
Na 

Ca 

Mg 
K 
C 

Percent of Occurrences 

15 35 

15 35 
5 15 

15 35 

15 35 

15 35 
25 50 

30 50 
15 35 
15 35 

35 15 

35 15 
50 30 

35 15 

35 15 

35 15 
15 10 

15 5 
35 15 
35 15 

15 35 
15 35 

5 15 
25 50 

25 50 

15 35 
5 20 

15 35 
15 35 
5 5 

35 15 

35 15 

50 30 
20 5 

20 5 
35 15 
50 25 

35 15 
35 15 
7e 15 

15 35 

15 35 
30 50 

5 25 

5 10 

5 5 

15 35 

5 15 
15 35 

15 75 

35 15 

35 15 

15 5 
60 10 

75 10 
80 10 

35 15 
50 30 
35 15 

5 5 

In view of the apparent association between certain elements such as Fe 

and Si, however, it is not realistic to assume that the distributions of 

Table 2 are all statistically independent. To allow for the possibility 

of statistical dependence, it was assumed that Al, Si, Fe, and Ti were 

correlated to varying degrees and that this correlation was not the same 

for all three sources. Correlation implies that probabilities associated 

with these elements must be given as conditional, rather than as uncon¬ 

ditional, probabilities. 

Tables 3, 4 and 5 give the conditional probabilities which were 

used as inputs to the random generation process. In Table 1, which 

characterizes Ash #1, it is assumed that Al and Si always occur together 

and in the same state - that is, if Al is in state 3, then Si is also 

in state 3. The four states have the probabilities 0.15, 0.35, 0.35, and 

0.15. Note, however, that if Al and Si are in state 1, Fe is always in 

state 4, whereas if Al/Si is in state 4, then Fe will occur in state 1 with 

probability 0.3 and in state 2 with probability 0.7 but never in states 3 

or 4. Finally, the state probabilities for Ti depend on knowing what 

state Fe is in. For example, when Fe is in the highest state, Ti has 0.5 

probability of being in state 1 or state 2. When Fe is in its lowest state 

however, Ti always occupies its highest state. 

-168 



Table 3 

CONDITIONAL PROBABILITIES FOR ASH #1 

Al/Si Fe 
(Read Down) (Read Down) 

Ti 
(Read Across) 

.15 0 
0 
0 

1.0 

0 0 0 
0 0 .3 
0 .4 .6 
.5 .5 0 

1.0 
.7 

0 

0 

.35 0 
0 
.6 
.4 

0 0 0 1.0 
0 0 .3 .7 
0 .4 .6 0 
.5 .5 0 0 

.35 0 
.15 

.85 
0 

0 0 0 1.0 
0 0 .3 .7 

0 .4 .6 0 
.5 .5 0 0 

.15 .3 

.7 
0 

0 

0 0 0 
0 0 .3 
0 .4 .6 

.5 .5 0 

1.0 
.7 

0 

0 

Table 4 

CONDITIONAL PROBABILITIES FOR ASH *2 

Al/Si Fe 
(Read Down) (Read Down) 

Ti 
(Read Across) 

.15 0 
0 
0 

1.0 

.25 

.25 

.25 

.25 

.50 

.50 

.50 

.50 

.20 

.20 

.20 

.20 

.05 

.05 

.05 

.05 

.35 0 

0 
.6 
.4 

.25 

.25 

.25 

.25 

.50 

.50 

.50 

.50 

.20 

.20 

.20 

.20 

.05 

.05 

.05 

.05 

.35 0 
.15 
.85 
0 

.15 .3 
.7 
0 
0 

.25 .50 .20 

.25 .50 .20 

.25 .50 .20 

.25 .50 .20 

.25 .50 .20 

.25 .50 .20 

.25 .50 .20 

.25 .50 .20 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 
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Table 5 

CONDITIONAL PROBABILITIES FOR ASH #3 

Al/Si Fe 

(Read Down) (Read Down) 
Ti 

(Read Across) 

.15 .30 

.50 

.15 

.05 

.35 .30 

.50 

.15 

.05 

.35 .30 
.50 
.15 

.05 

.15 .30 
.50 

.15 

.05 

.3 0 .7 

.3 0 .7 

.3 0 .7 

.3 0 .7 

0 .3 .7 

0 .3 .7 
0 .3 .7 

0 .3 .7 

0 0 1.0 
0 0 1.0 
0 0 1.0 
0 0 1.0 

0 0.3 

0 0.3 
0 0.3 
0 0.3 

0 

0 
0 
n 

o 

0 

0 
0 

0 
0 
0 
0 

.7 

.7 

.7 

.7 

With the underlyinp probability distributions defined above, 

random "particles" were generated as strings of 10 digits, each digit 

of which was either 1, 2, 3, or 4. Position in the string denoted 

the element and the digit in that position denoted the concentration 

state for the element. For the purposes of the experiment, random 

numbers in the interval 0.0-1.0 were generated arj states assigned 

according to whether the number fell within certain subranges defined 

so as to occur with the desired probabilities. The necessary condi¬ 

tional probabilities were generated ¿n a similar way. 

3.3 PARTICLE MIXTURE ANALYSIS 

Consider three sources S^, S2, and a collection site C. Let 

it be assumed that a classification algorithm has been developed and that 

the performance of this algorithm is given by the "classification matrix" 

below. 
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item is classified as 

Item S. .7 

belongs _ _ 
to h2 '¿ 

The classification matrix simply tabulates, for each of the sources Sj, S7, 

Sj, the probabilities that a particle from a given source will be assigned 

to Sj, S^, or Sy Perfect classification would be represented by a matrix 

having 1.0 in each principal diagonal position and zero elsewhere. In 

practice, however, perfect classification is seldom achieved and the off- 

diagonal elements of the matrix indicate the extent of misclassification 

indigeneous to the algorithm under consideration. How do errors of mis- 

classification propagate when a composite mix of particles is involved, 

and how can these errors be acconmodated under circumstances in which the 

prior probabilities are unknown? 

To answer these questions, it is appropriate to proceed from the 

known to the unknown. Suppose that of all the particles collected at C, 

20% originated in source S^, 30% in source S2, and 50% in source S^. How 

would this collection of particles be assigned by the classification 

algorithm? 

Of the 20% from S^, 70% would be assigned to , 20% to S^, 

10% to Sj. The corresponding fractions of the total collection so assigned 

would be 

(0.2) (0.7) 

(0.2) (0.2) 

(0.2) (0.1) 

0.14 to Sj 

0.04 to S2 

0.02 to S3 
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Of the 30% from S2, 20% would be assigned to Sj, 60% to S2, 20% 

to Sj. The corresponding fractions of the total collection so assigned 

would be 

(0.3) (0.2) * 0.06 to Sj 

(0.3) (0.6) » 0.18 to S2 

(0.3) (0.2) = 0.06 to S3 

Of the 50% from Sj, 10% would be assigned to 

80% to S^. The corresponding fractions of the total 

would be 

Sj , 10% to S2, and 

collection so assigned 

(0.5) (0.1) 

(0.5) (0.1) 

(0.5) (0.8) 

0.05 to S. 

0.05 to Sj 

0.40 to S2 

Then, of al^ the particles collected, 

0.14 ♦ 0.06 ♦ 0.05 « 0.25 would be assigned to Sj 

0.04 ♦ 0.18 ♦ 0.05 * 0.27 would be assigned to S2 

0.02 ♦ 0.06 ♦ 0.40 * 0.48 would be assigned to 

No« that the fractions 0.25. 0.27. 0.48 differ fro, the actual fractions 

0.20, 0.30, and 0.50. 

In practice, we will determine the assigned fractions, and the actual 

.... ._ taafv ï X denote the unknown fractions. 
fractions will be unknown. T.et , x2, Xj 

Then, in the above problem, 

0.7 x1 ♦ 0.2 X2 * 0.1 x3 

0.2 Xj ♦ 0.6 x2 4 0.2 x3 

0.1 x1 ♦ 0.1 x2 4 0.8 Xj 

0.25 

0.27 

0.48 

or, in matrix notation, 

D X * £ 
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where D is the classification matrix 

X is the vector of prior probabilities 

and y is the vector of posterior probabilities 

Solution of the simultaneous equations will be seen to yield the prior 

probabilities assumed at the outset. The followinp section presents the 

results of applying this technique to the simulated data. 

3.4 RESULTS 

The results of applying the Bayesian approach to simulated data on 

fly ash particulates illustrate and reinforce the principles discussed above. 

Implementation of this algorithm is a two-stage proct s. Tn the first stage 

simulated elemental occurrences for fly ash particles from each of the three 

sources are used to construct estimates for the underlying probabilities of 

occurrence. In the second stage the probability that an "unknown" fly ash 

particle exists in each source is calculated, and the particle is classified 

as having come from that source for which its probability of occurrence is 

highest. The result of this exercise is a classification matrix D 

in which the element d.^ is the percent of particles known to have come 

from source i which was classified as having come from source j. Ideally, 

the diagonal elements would be 100% and the off-diagonal elements would be 

zero. In practice, some misclassification will occur, and the success of 

classification can be judged by the size of the diagonal elements. 

Two Bayesian schemes were allied to these data. The first scheme 

invoked the assumption that the elements observed in the particles were 

statistically independent. This is clearly not a good assumption, since 

statistical dependence was built into the data. Accordingly, the second 

scheme invoked the assumption of first-order dependence among elements? 

In each case 1000 particles from each of the three sources were used as 

the training set to construct estimates of the underlying probabilities. 

Then 1000 different particles from each of the three sources were run 
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through the algorithm and classified as to source. Finally, a mixture of 

1000 particles taken from all three sources (i.e., particles taken "downwind" 

from the sources) were classified and "unscrambled" as to sources of origin. 

The results of the classification under the assumption of statis¬ 

tical independence are shown below. 

Table 6 

CLASSIFICATION RESULTS ASSUMING STATISTICAL 

INDEPENDENCE OF ELEMENTS 

u* 
u 
£ 

I 
ai 

S2 

s. 

Source as Classified 

S 
1 

74.2 17.0 8.8 

16.2 78.4 5.4 

6.4 3.1 90.5 

The mixture of 1000 particles was then classified. Results showed 29.7% 

assigned to S^ 45.9% assigned to S2, and 24.4% assigned to S^. Solution 

of the simultaneous equations irdicated the prior probabilities to be 25.4%, 

51.7%, and 23.4%. The actual mix employed in the simulation was 30%, 50%, 

and 20%. 

A second set of results was obtained by classification under the 

assumption of first-order dependence among elements. The results of that 

classification are snown in Table 7. 

Table 7 

CLASSIFICATION RESULTS ASSUMING FIRST-ORDER 

DEPENDENCE AMONG ELEMENTS 

ULi 

s 

a 
.j 
< 

u 
< 

Source as Classified 

31 

83.4 

13.9 

3.3 

2 

13.4 

83.4 

2.2 
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Considerable improvement was obtained by taking into account the 

statistical dependence among elements. The mixture of particles was again 

classified, and the results were 32.6¾ classified into Sj, 46.6% classified 

into Sj, and 20.9% classified into S^. The prior probabilities calculated 

by solving the set of linear equations were 30.2%, 50.2%, and 19.8%. Again 

the correct results were 30%, 50%, and 20%. 

The classification results obtained under the assumption of first- 

order dependence is encouraging. The correct percentage of effluent from 

each source was identified to within two significant figures. The three 

"unknown" sets of 1000 particles each achieved good classification results. 

The potential of this method for identifying effluents collected downstream 

on the basis of information obtained at the sources is clearly illustrated. 

4. CONCLUSION 

The purpose of this paper has been to demonstrate that the techniques 

of pattem recognition exhibit potential value for the analysis of trace 

constituent data. Thus an example problem has been constructed and worked 

out in some detail using one of a vast array of pattern recognition techni¬ 

ques. The problem was constructed so as to include as much "realism" as 

possible and to preclude a trivial or facile solution. 

The technique employed in this exercise was a maximum likelihood 

(Bayesian) classifier. There are available many other pattern recognition 

techniques. In particular, geometric (nonparametric) algorithms such as 

linear discriminant function analysis, Euclidean distance classification, 

and other supervised learning approaches may be applicable to this 

problem as well. The problem of identification of sources from data taken 

downwind may also be amenable to techniques available in unsupervised 

learning or cluster analysis. Techniques such as "non-linear mapping" 

may provide a graphic display method for sorting out and identifying data 

from several sources. 
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The results obteined by application of the maximum likelihood 

algorithm to the problem proposed here are encouraging. The data used 

in this exercise were simulated data designed to reflect real differences 

that were reflected in bulk analysis of real data from three fly ash 

producing sites. The data thus reflected differences in probabilities 

of elemental occurrence that accounted for the ability to discriminate 

among sources. This is not without physical merit, however, in that it 

is to be expected that such differences will arise in actual situations. 

The use of random number generators to create the data set further contri¬ 

butes to the "realism" of the example problem and illustrates the promise 

of these methods in attacking the problem of source identification. It is 

hoped that this demonstration problem will stimulate interest in the use 

of pattern recognition as a data analysis tool for trace constituent 

characterization. 

APPENDIX 

The maximum likelihood classification algorithms employed in this 

paper are based on a theorem of Bayes concerning the probability of 

occurrence of an event. Let Sj, S2> ... ?n denote one of n possible 

sources from which particulate effluents can emanate and let A be a 

"feature" or characteristic of a particle (e.g., an elemental concentration). 

Then the probability that a particle exhibiting the property A emanated 

from source Si, P(S.|A), is given by 

P(Si IA) 

P(S.) P(AIS.) 

P(S.)P(A ISj) (A-l) 

where P(AIS.) is the conditional probability that the property A will be 

observed given that S. is the source sampled and P(S.) is the prior 

probability that S. was the source from which the sample was drawn. 
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The probability PfS^A) is referred to as an inverse probability and, 

(?iven good estimates of the probabilities on the ripht side of F'q. (A-n. 

can be calculited for each source S.. The source S. for which the 
i i 

inverse probability is the Rreatest is, in fact, that source from which 

the particle is most likely to have emanated. 

The application of the maximum likelihood stratepy under the 

assumption of statistical independence of elemental occurrence requires 

the computation of the joint probability of occurrence of fin our problem) 

ten elemental concentration states as the product of the marpinal distri¬ 

butions of the several states considered individually. Thus 

10 
(A-2) 

Pj (Xj, %2, ... xlf)) is the probability that the fly ash particle with 

concentration states (x^, x^, ... Xj0) emanated from source S_. and 

P.^ (Xj) is the marpinal probability that concentration state x. occ occurred 

These P..'s are estimated bv the equation 
1.1 

in source S.. 
i 

(A-3) 

where n.. is the number of times the concentration state x. occurs in 
il i 

a sample from source of size N. The P^ (x^) functions arc esti¬ 

mated from data contained in the traininp set, the function P. (x^ ,x2,... x^l 

is calculated for each unknown particle, and the particle is assipned to 

As was pointed out in the text, the assumption of statistical 

independence of elements in fly ash particulates is a dubious one on 

chemical prounds. A method of accountinp for some of the dependence 

amonp elements is based on "dependence trees."^ Let P^ (Xj, x^, ... xjq) 
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denote the joint distribution of the 10 elements. This distribution can 

be approximated by 

10 
Pj (x1. x2. ... x10) . nt P («¡lx, ,,,) (A-4) 

implying a dependence relation j(i) among the elements. This relation 

can be represented by a directed graph, or "dependence tree." For example, 

consider five variables (Xj, x2, Xj, x4, and x$) for which the dependence 

tree is as follows: 

Then, 

P(Xj. *2’ x5) * PÍXj) PfXjlXj) P(x3lx2) P(x4( x2) P(x5|x4) (A-5) 

where, for example, P(x3( x4) means the probability that element 5 is in 

state Xj. given that element 4 is in state x4. The dependence sequence is 

determined by extracting from the possible ordering sequence that one which 

best approximates the joint probability as a product of conditional 

probabilities..Unknowns are then classified as before. 
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DETERMINATION OF CONCENTRATION OF EXPLOSIVES 

IN AIR BY ISOTOPE DILUTION 

Gilbert A. St. John, James H. McReynolds, and Michael Anbar 

Mass Spectrometry Research Center 

Stanford Research Institute 

Menlo Park, California 94025 

ihe design of instrumentation for the detection of explosives or narcotics, 

and the application of such devices under field conditions must take into 

account many parameters including: 

(1) Static vapor pressure of pure material 

(2) Static vapor pressure of material over explosive 

(3) Rate of evaporation from explosive 

(4) Rate of equilibration with surfaces 

(5) Extent of adsorption on particulate matter in air 

(6) Rate of equilibration with particulate matter 

(7) Rate of penetration through barriers. 

The first requirement is to obtain reliable information regarding the 

concentration in air of the materials in question in pure state at room 

temperature under equilibrium conditions. The next important task 

is to ascertain the concentrations in air over impure technical products or 

composites under equilibrium conditions; these will, as a rule, be lower 

than those over the pure material. Information on the rates of adsorption 

on surfaces, desorption from surfaces, and diffusion through packaging 

materials requires measurement of concentrations in air of the materials in 

question, but now under dynamic conditions. Such practical measurements would 

involve determination of concentrations 1 to 3 orders of magnitude below those 

of the equilibrium values. 

Many of the materials in question (e.g., TNT, RDX, PETN, heroin, cocaine) 

have very low vapor pressures (of the order of microtorrs) which produce 

equilibrium concentrations in air of the order of ppb (v/v) . The detemination 
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oi the concentrations in air of such materials under dynamic conditions require:, 

sampling of air with minimum disturbance and thus limits the sample size to 

small volumes of air (10 to 50 ml). Ten ml of air would contain such materials 

in amounts of the order of 0.1 ng, even under equilibrium conditions, and 

only picogram amounts under dynamic non-equilibrium conditions. 

Because of excessive adsorption of such nonvolatile polar materials on 

the walls of the sampling vessels or the inlet system of the measuring 

device, the quantitative determination of such small amounts of material 

is extremely difficult, even if detection systems of sufficient sensitivity 

15 2 
were available. Monolayer adsorption involves 10 molecules per cm ; thus, 

2 —8 
at 1¾ saturation, a sampling vessel with 10 cm area would have about 10 g 

of TNT adsorbed on its walls, i.e., approximately 100 times more material than 

it would contain in the gas phase at room temperature under equilibrium 

conditions with bulk TNT. 

Isotope dilution analysis (using stable isotopes as labels) overcomes 

this difficulty. In this technique we add a known amount (100 to 10,000 times 

larger) of isotopic carrier to the sample and determine the abundance ratio of 

unlabeled to labeled material by mass spectrometry. In order to attain sizable 

dilution factors (> 100) without interference from the natural abundance of the 

heavy isotopes, carrier molecules multilabeled with a number of isotopic 

heavy atoms are used. It is preferable to use carriers with molecular 

weights 5 to 8 amu higher than the material at its natural isotopic composition. 

Field ionization mass spectrometry is the analytical method of cnoice 

for the assay of unlabeled and labeled materials because it produces almost 

exclusively unaltered molecular ions, as can be seen from the following figures. 

Figure 1 shows a field ionization spectrum of pure hydrocarbon compared with 

that of an electron impact spectrum of the same. Figure 2 is the field ionization 

spectrum of DNT. Figure 3 is a spectrum of hexalabeled DNT. Note the absence 

of any significant amount of the unlabeled material in the isotopic carrier. 

Figure 4 is an analogous spectrum of pentalabeled TNT. Figures 5 and 6 are the 

spectra of multilabeled RDX and PETN, respectively. 
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The determination of the concentrations in air under equilibrium 

conditions was carried out by rapid transfer of 50 ml of air equilibrated 

with the pure explosive in a 3-liter vessel to an evacuated sampling 

vessel containing 100 to 400 ng of multilabeled carriers. The air was 

removed from the sample vessel by freezing and pumping; the material was 

dissolved in an appropriate solvent (e.g., benzene) and transferred to the 

mass spectrometer using a solid sample probe. 

The equilibrium vapor pressures of a number of pure explosives determined 

by this technique are presented in Table 1. In the case of nonvolatile 

explosives (e.g.f nitrocellulose), volatile additives present in smokeless 

powders may be detected by air monitors. A number of volatile additives 

have been detected and identified by monitoring the effluents from powder 

samples by field ionization mass spectrometry at room temperature. Figure 7 

shows a few examples of such spectra. The materials positively identified 

are diphenylamine, DNT, sym diphenyldiethyl urea (ethyl centrante), and its 

methyl analog, as well as dibutylphthalate. The compound at mass 198 is 

tentatively identified as dinitrocresol. Tables 2a and 2b summarize the 

findings on over 30 kinds of smokeless powders. Using the isotope dilution 

technique we are presently able to measure the equilibrium concentrations 

in air of these additives over a number of smokeless powders. These concen¬ 

trations will evidently be lower than those of the neat materials. 

The nonfragmenting nature of field ionization mass spectrometry also 

makes it a unique tool for characterization and identification of explosives 

by the content of their volatile constituents. This can be seen from the 

molecular weight profiles of the volatile constituents of smokeless powders 

(Figure 7) as well as from the characteristic fingerprint of the volatile 

constituents of dynamites (Figures 8 and 9). Higher resolution field ionization 

mass spectrometry can characterize even more complex mixtures and identify 

them through their molecular weight profiles as is exemplified for different 

crude oils in Figure 10. 

This research has been sponsored by the U.S. Postal Service under Contract 

No. 74-00810. 
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Table 1 

ROOM TEMPERATURE (25° ± 2°C) VAPOR PRESSURES OF EXPLOSIVE 

COMPOUNDS OBTAINED BY THE ISOTOPE DILUTION METHOD 

Compound 

Concentration 

(g/cc) P (torr) Moles/Mole 

EGDN 

DNT 

NG 

PETN 

TNT 

RDX 

2.5 X 10"7 

-9 
1.3 X 10 

-10 
3.2 X 10 

1.0 X 10”10 

4.0 X 10-11 

-12 
8.0 X 10 

2.8 X 10”2 

1.4 X 10-4 

2.4 X 10~J 

-6 
5.3 X 10 

-6 
3.0 X 10 

-7 
6.1 X 10 

37 ppm 

184 ppb 

31 ppb 

7 ppb 

1 ppb 

0.8 ppb 
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Table 2a 

SMOKELESS POWDER 

«1 Hercules 2400 

»2 Hercules Unique 

*3 Hercules Green Dot 

#4 Hercules Herco 

#5 Hercules Bullseye 

#6 Hercules Red Dot 

Hercules 21 

#8 Hercules 11 

»9 Hercules 7 

»10 Alcon A17 

#11 Dupont IMR-4198 

#12 Winchester 760BR 

#13 Winchester 630P 

#14 Winchester AA20S 

#15 Winchester 450LS 

Diphenyl- 

amine 

m/e 169 

++++ 

++++ 

-*■>■++ 

++++ 

+++ 

+++ 

+++ 

+++ 

+++ 

++++ 

++++ 

++++ 

++++ 

Dinltro- 

toluene 

m/e 182 

++++ 

++ 

++ 

++ 

Dinitro- 

cresol 

m/e 198 

Methyl- 

centralite 

m/e 240 

Ethyl- 

centralite 

m/e 268 

++ 

+++ 

+++ 

+++ 

+++ 

++++ 

++++ 

+++ 

++++ 

++++ 

++++ 

Dibutyl- 

phthalate 

m/e 278 

++ 

+++ + 

+++ 
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Table 2b 

SMOKELESS POWDER 

Diphenyl- 

amine 

m/e 169 

Dinitro- 

toluene 

m/e 182 

Dinitro- 

cresol 

m/e 198 

rtethyl- 

cent ralite 

n/e 240 

Ethyl- 

centralite 

m/e 268 

Uibuty1- 

phtha 1 a 1 <■ 
m/e 278 

#16 Winchester 500 

#17 Winchester AA12S 

#18 Winchester 540MS 

#19 Winchester AA665S 

#20 Winchester 630BR 

#21 Winchester 780BR 

#22 Winchester 230P 

#23 Winchester 748BR 

#24 Winchester 680 BR 

#25 Hodgdon H335 

#26 Hodgdon H110 

#27 Hodgdon H380 

#28 Hodgdon BL-C 

#29 Hodgdon H870 

#30 Russian 7.62 mm 

#31 Dupont HSK0R 

#32 Dupont IMR 

#33 Hodgdon 4895 

#34 Alcon Al-5 

++++ 

++++ 

++++ 

++++ 

++++ 

++++ 

+++ 

++++ 

++++ 

++++ 

++++ 

++++ 

++++ 

++++ 

++++ 

++++ 

+++ 

+++ 

++++ 

++ 

++ 

++ 

++ 

++ 

++ 

++ 

+ 

+ 

++ 

+ 

+ 

+ 

+++ 

++++ 

+ 

+++ 

+++ 

+++ 

+++ 

+++ 

+++ 

++++ 

+++ 

+++ 

+++ 

++ 

++ 

++ 

++ 

++++ 

+ 

+ + 

4 + 

4 + 

4 

4 4 + 

444 

444 

444 
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Source temperature: 100°C. 
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FIGURE 7 VOLATILE EFFLUENTS OF SMOKELESS POWDERS 

AT ROOM TEMPERATURE 
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FIGURE 10 TYPICAL SPECTRA OF THREE CRUDE OILS 
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RECENTLY DEVELOPED ENZYMATIC SYSTEM FOR ENVTRONMEMAL MON I TORINO 

by 

Louis H. Goodson and William B. Jacobs 

Midwest Research Institute 

Kansas City, Missouri 64110 

An instrument known as the Continuous Aqueous Monitor, CAM-1, 

which uses gel en^rapped cholineaterase for the rapid detection of 

cholinesterase inhibitors in vrater, has been reported earlieriilil^ 

(Slide 1). This apparatus has been shown to be useful for the detection 

of toxic and subtoxic levels of organophosphates and carbamates in water 

supplies. In this instrument the enzyme pad with its gel entrapped 

cholinesterase acts like a dosimeter; by measuring the activity of the 

enzyme pad before and after exposure to inhibitors, it is possible "o 

correlate loss of enzyme activity with quantity of inhibitor reacted 

with the immobilized enzyme. 

In an effort to detect very low levels of organophosphate 

inhibitors in air, the CAM-1 instrument was converted into an air monitor 

by adding a concentrator to extract the organophosphates from large 

volumes of air into small volumes of water and making some adjustments 

in flow rates. A breadboard model of this system is shown in Slide 2. 

In this system, the inhibitor solution is pumped from the air-liquid 

separator of the concentrator assembly to the enzyme pad; as in the case 

of the CAM-1, the reduction in activity of the enzyme pad is determined 

automatically and is used as an indicator of the amount of inhibitor in 

the air sampled. 

A flow diagram showing the concentrator and electrochemical 

enzyme cell is shown in Slide 3. Operation of this instrument with a 3- 

min detection cycle in which inhibitor solution from the concentrator is 

contacted with the enzyme pad for the first 2 min of the cycle and the 

residual activity of the enzyme pad was measured during the last minute 

of the cycle, permits detection of low levels of airborne inhibitors. 

Slide 4 shows typical data which can be obtained with this air monitoring 

system. By reading up from the bottom of the strip-chart recording, it 

will be noted that a stable baseline voltage was obtained for the first 

3-1/2 hr of monitoring. At the end of this 3-1/2 hr-period, the pure 

air was replaced with a stream of air containing 0.0001 pg GB/liter for 

three 3-min cycles. The increase in voltage from 320 to 360 mV accom¬ 

panying this exposure is typical of responses to these low levels of 

agents. Greater responses to this same concentration of GB are possible 

by increasing the air flow rates into the concentrator or by increasing 

the contact time of the inhibitor solution with the enzyme 
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pad. It should be noted that a new stable baseline voltage was established 

after the exposure to GB was terminated; also, there was adequate enzyme 

left on the pad so that other responses to GB could have been measured 

before it was necessary to insert a new enzyme pad into the cell. In 

the present example, eel cholinesterase was entrapped on the enzyme pad 

and a solution of 2.5 x 10"* M acetylthiocholine iodide in 0.08 M Tris 

buffer, pH 6.75, was pumped through the enzyme pad; at the same time, a 

constant current of 2.0 HA was applied to the electrodes in contact with 

the enzyme pad. In this manner, a voltage change inversely proportional 

to the change in enzyme activity of the enzyme pad was measured once 

each cycle. 

Experiments show that immobilized cholinesterase offers a 

practical method for monitoring both air and water for toxic or sub¬ 

toxic levels of cholinesterase inhibitors on a real time basis. Sensitivity, 

selectivity, and rapid display of the results are features which justify 

the use of systems of this kind in environmental monitoring. 

1. L. H. Goodsoil and W. B. Jacobs, A rapid detection system for organo 

phosphates in water. Proceedings of the 1972 National Conference 

of Hazardous Material Spills, Sponsored by EPA and University of 

Houston, Houston, Texas, March 21-23, 1972, pp 129-136. 

2. L. H. Goodson, W. B. Jacobs, and A. W. Davis, An immobilized cholines¬ 

terase product for the rapid detection of enzyme inhibitors in air 

or water. Anal. Biochera., 51.(2) ! 362-367 (1973). 

3. L. H. Goodson and W. B. Jacobs, Use of immobilized enzyme product in 

water monitoring. Proceedings of the 1974 National Conference on 

Control of Hazardous Material Spills, Sponsored by American Institute 

of Chemical Engineers ,’nd EPA, San Francisco, California, 

August 25-28, 1974, pp 792-299. 
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Slide U. Strip Chart Recording from Air Monitor 
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DETECTION OF POLLUTANTS BY CHEMICAL AGENT DETECTION TECHNOLOGY 

by 

Harvey lannenbaum 

The Hdgewood Arsenal military mission of developing detection devices for chemical 
agents, is. at the same time, consistent and inconsistent with the requirements for the detection 
of pollutants. It is consistent with it in that we are developing trace contaminant detectors of 
high reliability for field use. and inconsistent in that our detectors, for their military role, are 
designed specifically so as not to respond to the pollutants that might be encountered in the 
battlefield or other potential use situations. In the course of these developments, however, in 
encountering what we call “interference” problems from specific atmospheric oollutants, we go 
to considerable effort to eliminate such responses. In the absence of concern for chemical agents, 
of course, without these correction factors, we might have a very useful pollution detection 
device. !n other cases, a modification of the system or technique, as 1 will describe, can make 
the approach applicable to certain pollutant-monitoring uses. 

We are developing basically three types of detection devices. There are two types of 
automatic threshold alarm devices, these being “point sampling” and “remote sensing." We define 
the point samplers as those which must be in the sampled environment to function and remote 
sensors, as the name implies, which can detect remotely, without the detector necessarily being 
in or even near the contaminant being detected. The last type is the “kit”, which we might call a 
miniature chemical-reagent kit packaged in a convenient field configuration and simplified for use 
by unskilled personnel. There are obvious specialized applications for each of these types of 
detectors. The most obv'ous application of our detection devices, developed primarily for nerve 
agents, is for the detection and monitoring of organophosphorus insectides. which find wide use 
today. Requirements have been established by Federal agencies for acceptable levels of 
contamination for a wide range of these compounds, and a review based upon our experimental 
measurements to date, indicates that a number of our devices of the kits and automatic alarms 
types can meet these requirements in sensitivity and, probablv as well, in other specifications. 

As typical of these devices, we have the standardized M8 Automatic Alarm which is 
a rugged, portable automatic detector. It will operate for more than 12 hours before requiring 
minimum servicing by replacing solutions, filter and battery. It is an electrochemical-type 
detector which detects either directly, or by conversion through an oxime reaction, the cyanide 
ion. measuring the resultant detector-cell current and triggering the alarm circuit. It will detect as 
little as 0.2 mg/m^ (equivalent to .04 ppm) of organophosphorus compounds in less than 
2 minutes, responding more quickly to higher concentrations. Atmosoheric cyanide is removed 
by a prefilter, limiting the response to compounds of the type of interest. 

By eliminating the prefilter we have a detector which will respond with comparable 
sensitivities to cyanide and hydrogen sulfide. Sensitivities have been measured to be 
approximately 0.1 mg/m^ for both H2S and HCN. equivalent to fractions of a part per million. 
It might be noted that OSHA Maximum Allowable Exposure (8-hour weighted average) is 
10 ppm for HCN and 20 ppm for H2S. 
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The enzyme alarm, a system now in exploratory development, employs a concept 
well established. Our development problems relate primarily to instrumentation suitable lor 
military field applications, although the detection concept is well founded. \* employs 
cholinesterase and a suitable substrate, relying for detection on the enzymatic reaction which 
duplicates the human physiological response. It thus provides assurance of detecting any 
anticholinesterase agent, has a very high degree of specificity and a sensitivity which exceeds un> 
other point-sampling alarm It will detect organophosphorus conr.(X)und concentrations of as low 
as 0.001 mg/m^, equivalent to a fraction of a part per billion. 

In its designed operational mode, and for applications where one is not concerned 
with a militarized piece of hardware, the current enzyme alarm system provides an ultrasensitive 
automatic monitor and warning device for organophosphorus insecticides. It does require 
servicing to replace enzyme pads and battery each 12 hours, but use of line power could simphly 
this requirement. Elimination of other of our rigorous military requirements also could permit 
unattended operation for longer periods by modification of the enzyme design features. 

Another of our point-sampling detectors of interest is the ionization detector. This is 
based upon ion cluster spectrometry. Dr. Harden will be discussing the theoretical aspects ot this 
detector in detail in the following paper, so it will suffice to state now that the detector is 
designed to respond to positively charged ion clusters above a certain mass. The 
organophosphorus insecticide compounds generally fall in this category; we have found none to 
date to which it does not respond with sensitivities of better than 0.1 mg/m . equivalent to less 
than a tenth of a part per nillion with response times ranging from almost instantaneous to less 
than a minute. Similar responses have been measured for carbamates. Interference studies, 
conducted in a wide range of normal and industrially polluted atmospheres have not revealed any 
interference problems, although in the laboratory a large number of compounds can generate 
significant responses. The work being conducted by Dr. Harden and others is directed toward 
improving the specificity of this detector, along with other objectives. The significant advantage 
of the ionization detector is that is is a physical technique, thus eliminating the periodic-servicing 
requirement. As long as power is supplied, the system can run unattended for days, or even 
weeks, at a time. It is hoped that the basic studies now under way will enable us eventua' , to 
design sensor cells to respond to specified classes of compounds. The ability to specify responses 
to predetermined mass ranges and the nature of the charge on the ion cluster will, hopefully, 
permit us to attain the required degree of specificity for intended applications. 

In addition to automatic point-sampling devices of the type just described, we are 
also developing new kits for the detection of chemical agents. These differ in function from the 
automatic alarms in their military appUcation, since they require some form of manual operation, 
The automatic alarm provides warning, permitting troops to take proper protective action and 
the kits are then used, while troops are in protective gear, to monitor the atmosphere to 
determine when it is safe to remove the protective equipment. They are designed to provide 
greater sensitivity and to be more specific in identifying the nature of the threat. Several kits 
have been standardized over the years for both air and water monitoring, and a major program is 
now under way to develop a simplified kit to replace several of the current military items. The 
XM256 Kit is designed to monitor and identify low concentrations of a number ot chemical 
agents, using packaging concepts which greatly simpUfy use of the kit. It has four test spots for 
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llic detection of all major nerve, blood and blistering agents. These are in a 3-by-6-inch plastic 
sampler with premeasured reagents in finger-crushable glass ampules. By following simple, 
prescribed procedures, the user can identify the nature of the chemical agent in the atmosphere. 
All agents being tested for are simultaneously sampled. Including sampling time, in about 
lourteen minutes the complete range of chemical agents can be monitored Compounds in the 
same classes as the chemical agents can be monitored with these kits, including the 
organophosphorus insecticides, cyanide and arsenicals. A related program EPA funded, is now 
under way at Edgewood Arsenal to develop a water-monitoring kit for monitoring a wide range 
ot contaminants. EPA is concerned about 370 compounds, and a model list of 33 is being used 
in the development studies. It appears that 18 tests will provide a sufficiently broad detection 
scheme. These include pH, conductivity, colorimetric, enzyme, volatile and high-molecular-weight 
organics, heavy metals and a variety of inorganic ions. Prototypes of the selected design will be 
available and tested before the end of the calendar year. 

Another application of our detection technology is Liquid Agent Detection (LaDi 
paper. It is a detector paper which has been made more storable and resistant to interferences 
and abrasion. It consists of a paper bonded to a plastic film coated with an adhesive, in turn 
protected by a silicone release paper. The detector paper incorporates a detector dye and a green 
camouflage dye. When a liquid chemical aerosol impacts on the surface it dissolves the detector 
dye and stains the paper red. The Department of Forestry has expressed interest in using this as 
marker to trace the application of inseciticides over forest areas. LAD has been shown to 
respond to a number of liquid insecticides and some of their solvent carriers. 

Ip general, with respect to point-sampling alarms and kits, there are a number of 
direct potential applications for organophosphorus insecticides for agricultural applications. 
Modifications of current techniques, which may be as simple as removing a prefilter, or 
adaptation by change of enzyme or reagent, may permit application of our field hardware for 
other pollution-moii’.toring applications as well. A significant factor to bear in mind is that these 
are developed for rugged field use by relatively untrained personnel and high reliability. 

Remote sensing for pollution monitoring has different types of applications. It may 
be used for monitoring of ambient atmospheres over large urban areas, where one is interested in 
an integrated concentration level, or with some techniques mapping pollutant clouds over large 
areas. It may also be applied to police areas that are not readily monitored by other techniques, 
such as remotely monitoring stack or other effluents from suspect manufacturing facilities. 
Because of the comparative complexity and higher costs of remote-sensing systems at present, 
their applications are of necessity limited to unique functions which can be justified on the basis 
of an otherwise unattainable capability or cost effectiveness standpoint as compared to multiple 
use of point-samplers. This discussion will be limited to the remote-sensing techniques with 
which we are directly involved, although there are additional approaches, most of them related 
to these, which are being studied elsewhere. 

The most advanced of our techniques, insofar as our development cycle is 
concerned is Passive LOPAIR (Long-Path Infrared). The concept is based upon the detection of 
distinctive spectral absorption or emission of the compound to be monitored when viewed 
against a passive background of a temperature different than that of the ambient air. When 

205 



BsC3-a 
'T1' T. T1 

r 
viewed against a cold sky background, one would see the spectral emission of atmospheric 
species such as water, carbon dioxide and contaminants present in sufficiently high 
conantration. When looking at terrain, buildings, etc. backgrounds warmer than ambient air. 
absorption would then be seen. Systems are programmed to monitor discrete spectral frequencies 
in such a way as to preclude interference responses. To do this, we have devised a simulation and 
spectral optimization program which derives a spectral program which we then implement in our 
versatile hardware. The efficacy of this technique has now been verified by field testing and we 
are now fabricating advanced systems with even greater capacity for adding to the spectral 
programming and enhancing the potential applications of the system. As mentioned eerlier, our 
m^or efforts now are dedicated to problems associated primarily with military applications, 
rather than the basic concept of perfoiming the monitoring function. In a fixed installation, 
where an active radiation source might be used or with a cooperative reflector and radiation 
source, the capabilities of the system could be greatly enhanced with respect to sensitivity and 
reliability. We have conducted successful tests with SO2 from simulated smokestacks. 
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A related remote-sensing technique in exploratory development is similarly based 
upon long-path absorption, but uses an active laser radiation source. For detection of chemical 
agents the conventional CO2 laser is not optimum since there is a significant gap in the spectral 
region of interest. However, the use of isotopic C^02 shifts the lasing frequencies so that we 
may select the desired monitoring frequencies. With the use of a cooperative reflector there is 
abundant signal to operate over a range of several miles from a convenient low power laser and 
the EPA has, in fact, been developing this approach with the contractor who initiated our 
efforts. Our military concept, however, is to use topographic reflectors of convenience, »bus 
permitting use in situations where a cooperative reflector cannot be emplaced. Systems have been 
designed and fabricated which permit spectral scanning or rapid sequential scanning of selected 
lasing lines for proper discrimination. We are planning to initiate efforts very shortly to apply 
our simulation and spectral optimization program to the laser technique for remote sensing. We 
are also initiating efforts to build a more fieldable system for more intensive exploratory studies. 
We will be investigating various instrumentation techniques, such as direct versus heterodyne 
signal detection and the potential use of capillary wave-guide lasers to reduce size and power 
requirements. The technique, like Passive LOPAIR, is adaptable to any contaminant possessing 
characteristic spectral signatures in the 8 to 13 pm spectral region. 

Another laser approach we are investigating, this directly applied to pollution 
monitoring, is the application of laser elastic-backscatter differential-abso-.^i Dn measurements. 
This effort is jointly sponsored by Edgewood Arsenal, EPA-NERC and CUNY; the latter is doing 
the work. Present efforts are using a dye laser tuned to lines on and off an absorption peak of 
NO2 at about 448 nanometers. Remote measurements have been made at ranges of up to one 
kilometer, with detection levels as low as 0.06 ppm. These values were checked by bubbler 
analysis to within .01 ppm. These studies are now being extended to the monitoring of SCK An 
important aspect of this technique is that, by virtue of using a time-gated system it is possible 
to determine the range to the pollutant and to map the pollutant cloud. 

The last of the remote-sensing techniques we are studying is the remote Raman. 
Here we are using the back-scattered Raman shifted radiation generated by a pulsed laser 
irradiating the atmosphere. The shifted frequencies permit identification of the species, and by 



time-gating the pulse we can determine the range to the contaminant and map the pollutant 
cloud. The present system operates at ranges of over two kilometers, and has monitored a 
number of atmospheric species as well as SOi. kerosene and DIMP. Ail are referenced to 
atmospheric nitrogen, which permits quantitative measurements to be made. Calculations have 
been made as to projected sensitivities for various pollutants. 

With respect to remote sensors, in general, they are less sensitive than point samplers, 
but do permit measurements to be made under conditions often otherwise impossible, and can 
perform large-area monitoring and surveillance. The rapidly developing technology associated 
with these techniques is likely to make them mu.h more cost-effective in the near future, as well 
as improving their performance capabilities. 

In summary, present chemical agent detector technology offers available solutions 
for monitoring of organophosphorus insecticides, vhich present a significant health hazard. The 
same technology, with minor modification, offers potential for pollutants such as HsS and MC N 
in configuration and design which is probably superior to other techniques in use. 1 he 
technology base developed in the course of these program efforts offers potential lor application 
to other pollution-monitoring problems, as evidenced by ongoing efforts by Fdgewood Arsenal, 
other Government agencies and a number of our present and previous contractors who art. 
applying their gained expertise in pollution applications. 

As Lead Laboratory for AMC for R&D for Pollution Abatement and Environmental 
Control Technology, and with our specific responsibility for the monitoring instrumentation lor 
the R&D program, we are coordinating with other Government agencies and contractors and 
participating, as required both by in-house and contractual programs. We hope that the expertise 
we have accumulated over the many years of experience in trace gas detection will continue to 
play a key role in the important area of pollution monitoring 
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AND DISPERSING UNDER DIFFERENT SURFACE AND ATMOSPHERIC CONDITIONS 
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ABSTRACT 

Concentration at a downwind surface receptor of contaminant 

released from a ground level point source is estimated. Because of 

meander of the plume, concentration is expressed as a probability. 

Effects of ground surface and ambient atmospheric conditions are 

considered in model, as well as building wake effects. 

The long-term average centerline plume concentration is given 

as a function of downwind distance from a point source located on plan¬ 

ar terrain. Effects of wind speed, ground roughness, heat flux, and 

the wake of a nearby structure are incorporated in the diffusion rela¬ 

tions. The ratio of peak to mean plume concentrations, a function of 

the sampling time of the sensing instrument, and a result of the me¬ 

ander of the plume on either side of the wind axis, is discussed. This 

ratio (the gain) is expressed as a function of the exceedance probability, 

the probability that a given reading will be larger than an assigned level. 

The information presented in the paper is in a form suitable for imme¬ 

diate, operational use in actual field situations. 

The results of the paper can be used for air quality estimation, 

for specifying detection instrument sensitivity, or for developing plume 

tracing strategies. 
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NOMENCLATURE 

A Area of plume 
P 

A Area of wake region behind structure 
w 

a Fluctuating velocity component 

B itander dispersion 

C Long-term average concentration 

C' Long-term average concentration modified 
by wake of structure 

C Instantaneous concentration on wind axis 

C Instantaneous concentration on instantan- 
° eous center of plume 

H Heat flux 

L Horizontal dimension of structure 

n Constant for determining concentration 

N Number of sensors 

N Heat flux number 
H 

N_ Roughness number 
R 

P Exceedance probability 

Q Source release 

t Time 

u Mean wind velocity at z = 10 m 

u Roughness reduced wind speed 

X Horizontal coordinate in direction of wind 

y Horizontal coordinate transverse to wind 

Y Meander displacement from wind axis 

Units 

m2 

m2 

m/sec 

m 

PPb 

PPb 

PPb 

PPb 

cal/cm2 /min 

m 

ppb m km'' 
gram 

grams/sec 

sec 

m/sec 

m/sec 

m or km 

m 

i.i 
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NOMENCLATURE (continued) 

Units 

z 

ß 

e 

C 

T1 

X 

V 

§ 

a 

X 

cp 

Vertical coordinate 

Linear growth factor of meander 

Atmospheric dissipation rate 

Transformed coordinate 

Transformed coordinate 

Ratio of horizontal to vertical dispersion 

Transformed time 

Transformed coordinate 

Dispersion 
Q 

Downwind concentration variation, 

Angle between mean wind direction and 
line joining receptor to source 

m 

2 / 3 cm /sec 

m 

m 

sec 

m 

m 

sec 
m km" 
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1. INTRODUCTION 

The manner in which material disperses in the atmosphere is 

of considerable importance in plume tracing studies and in predict¬ 

ing downwind concentrations from stationary sources. A properly 

validated mathematical diffusion model will thus ?llow the geometry 

of the plumes from such sources to be analyzed with respect to the 

geography of the area in which they are located. Decisions relating 

to the characteristics, the operation, or the location of a sensor in 

a particular situation may be quantitatively evaluated in terms of the 

measured or estimated downwind plume size and concentration. 

This paper describes a rational general technique to estimate 

the peak and mean plume concentration taking into account the effects 

of wind, ground roughness, insolation, atmospheric stability, and 

building wakes. Such information is operationally useful not only to 

estimate concentration levels, but also to design or specify sensors 

to detect dilute plumet. 

The material emanating from a source is convected by the mean 

ambient wind in the prevailing wind direction. The growth of the re¬ 

sulting plume of material as it is convected downwind is due to atmos¬ 

pheric dispersion. This dispersion results from the action of the tur¬ 

bulent transport of the atmosphere. The factors involved in the gener¬ 

ation of this atmospheric turbulence are a combination of the effects of 

the velocity of the wind, the roughness of the ground over which the wind 

is blowing, and the heat flux through the atmosphere itself. 

With point source releases, the meander of the plume is an im¬ 

portant effect causing a significant difference between short-term and 

long-term concentration readings. An illustration of this effect is 

shown in Figure 1, from a recent AeroVironment field experiment. 

This shows an elevated point release from a smoke bomb attached to 
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a tethered balloon at 30 m altitude, in conditions of a light breeze in 

an unstable itmosphere. The photo, taken at 1/250 sec exposure, 

clearly shows convection, meander, and dispersion. The general 

site and ambient conditions affecting plume concentrations are shown 

in Figure 2. 

Lissaman (1973) has developed a mathematical plume concen¬ 

tration model in which the effects of ground roughness and heat flux 

are explicitly used to determine the turbulent transport velocities, 

and hence the plume dispersion. This has great practical significance 

fron the standpoint of determining plume characteristics under actual 

field conditions. The steady-state solution of this model results in an 

expression for thf long-term average concentration distribution for an 

inert plume. Numerous field observations conducted by AeroVironment 

(1974) have validated Lissaman's model. 

The downwind concentration at a given receptor due to a plume 

from a point source will vary with time, so the short-term concentra¬ 

tion will generally be different from the long time average centerline 

concentration predicted by the model. Both the instantaneous and av¬ 

eraged concentrations as read by a downwind detection instrument will 

be altered from the predicted plume centerline concentrations due to 

the statistical varirtion in actual plume location resulting from me¬ 

ander. Any meaningful use of the concentration model for point sources 

and short measuring times must properly correct predicted model cen¬ 

terline concentrations to account for instrument sampling time and plume 

meander. 

This paper presents a method of determining expected downwind 

plume concentrations from isolated sources, taking into account the 

nature of the surrounding terrain, the atmospheric conditions, and the 

nature and sampling time of the measuring instrument. It presents this 

information in a practical and useful manner for application to field test 

conditions. 
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2. PLUME CHARACTERISTICS 

2. 1 Plume Concentrations 

The fundamental model is based on the short-term asymptotic 

result of Taylor's Theorem (1921), in which it is shown that the rms 

dispersion, o , for short time, t , is o = at , where a is the dis¬ 

persion speed. Taylor shows that a may be taken as the rms turbu¬ 

lent fluctuations in the direction of o . The condition of "short" time 

implies t is small compared with the Lagrangian time scale of the pro¬ 

cess. Justification for this is given by Lis saman (1973). Replacing the 

transfer coefficient, k ~ aa , by terms containing the proper scales, the 

formal diffusion equation for the concentration X can then be written as 

^ + u^ 
Òt U òx 

(a o t^-) + (a o t-A) + t— (a 
ox X X òx òy y y òy Oz z a I*) z 0 z d) 

For a invariant with space and time, and from Taylor's result. 

aO = a2t , Eqn. (1) becomes: 

& + u I* * t (»= 5¾. + a* £4 + &) 
òt òx xöx2 y by2 z bz2 (2) 

The transformations of v = ta/2 , Ç = x-ut, "n = y , and Ç 

Eqn. (2) to: 

z reduce 

Xv “ axX§§ + ay \r\ + a xcc (3) 

which is simply the diffusion equation in a coordinate system moving 

with the wind. An exact unsteady solution for Eqn. (3) with an instan¬ 

taneous point release can be written down. The specific steady case 

for which t-» ® , representing a fully developed plume from a contimt- 

ous release, is given by: 
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a 
X 

+ erf —~r) . (4) 
a /2 

Over a short downwind distance, the ratios of the horizontal and 

vertical dispersion speeds may be assumed to vary in a coupled man¬ 

ner, so that 

With this assumption, the variation in downwind plume concen¬ 

tration may be expressed as: 

X 

In general, X is a function of downwind distance, x , and atmos¬ 

pheric stability. The determination of X will be discussed in a later 

section 

In proper dimensional units, the plume :oncentration, C = XnQ » 

where Q is the source release rate, and n is a constant selected for 

the desired units of concentration. For Q in grams/sec, x in km, 

and a in m/sec, n = 1. 67 for C expressed in ppb by mass in air. 
2 

It must be noted that this is a proper dimensionless quantity of parts 

per billion by mass. That is, we use the ratio of contaminant mass to 

air mass in a given volume. For some air quality regulations a differ¬ 

ent unit is used, being parts by mass per unit volume (e.g. , micrograms 

per cubic meter)-. For comparison, proper conversion factors must be 

used. Throughout, a conservative contaminant is assumed, that is, it is 

inert, with i.o deposition. 
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2. 2 Factors Effecting Dispersion 

Vertical Turbulent Velocity 

For a given situation in which ¿he release rate, the wind vel¬ 

ocity, and the desired downwind receptor distance are all specified, 

the other factors which effect plume concentration are the vertical 

and horizontal dispersion speeds. It is shown by Lissaman (1973) 

that these dispersion speeds are functions of the wind speed, u , 

the ground roughness, zq , and the heat flux, H . A particularly 

useful feature is the relationship between a and the heat flux, the 

wind speed, and the ground roughness. The turbulent dissipation 

rate, C , is expressed in terms of the turbulent mechanical produc¬ 

tion due to wind shear and that due to buoyancy -- the only production 

mechanisms. The wind shear results from the Lumley and Panofsky 

(1964) self-similar diabatic wind profile. These relationships are 

coupled to give an exprsssion for the vertical fluctuating velocity com¬ 

ponent. The results are presented below as an algorithm which is suit¬ 

able for programming. The wind speed is expressed as a roughness re¬ 

duced wind speed also described in the cited paper. 

Vertical Turbulence 

1. For H < 0 and u < 13. 2 (-H)1^3 ; a = 0 
r z 

2. For H > 0 and u <6.96 (H)1/3; a r 
= .87H1/3 

z 

3. Otherwise, a = . 125 u 
z r 

Roughness Reduced Wind Speed 

4. 6 u 
u 

z ' o 
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Here, u and a are the wind speed and the rms vertical turbu- 
z 

lence, respectively in m/sec at z = 10 m , ZQ the ground roughness 

in m , and H is the heat flux in cal/cm2 /min. 

Ratio of Horizontal to Vertical Turbulent Velocities 

It is becoming increasingly clear that Pasquill1 s diffusion curves 

("Meteorology and Atomic Energy", 1968) are not sufficiently general 

to give reasonable accuracy for different values of heat flux and ground 

roughness. Furthermore, Pasquill's curves give the dispersion, O , 

as a function of downstream distance and not the turbulent velocities 

themselves. 

However, the ratio of horizontal to vertical dispersion would be 

the same for similar ratios of the turbulent velocities at the same 

downwind distance. Hence, X can be easily determined from the ra¬ 

tios of the Pasquill dispersion estimates as a function of downwind dis¬ 

tance. Also, it can be assumed that these ratios would only be weakly 

dependent upon heat flux and ground roughness, and hence the Pasquill 

stability classifications will adequately specify broad ranges of appli¬ 

cability of X which match the actual conditions. 

Thus, X was determined as the ratio of horizontal to vertical 

dispersion as a function of downwind distance from Pasquill's diffusion 

estimate curves, and presented for each of his stability classes. This 

procedure was done for two different ranges in downwind distance, 

1 £ X ^ 5 km and 0. 2 £ x £ 2 km. The best straight line fit between the 

end points in each range was determined for both and o^ . The 

ratio of these resulting functional relationships then formed the rela¬ 

tionship for X . Table 2-1, below, presents the results of these oper¬ 

ations. 
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Table 2-1. The Ratios of Horizontal to Vertical Fluct¬ 
uation Velocities as Functions of Downwind Dis¬ 
tance and Pasquill Stability Class. 

Pasquill 
Stability 
Class 

X (x) 

0. 2 s x £ 2 km 1 £ x £ 5 km 

A . 25 x" 1‘ 1 aha -2- 94 . 404 x 

B . 90 x"*4 , ^ --89 1. 33 x 

C 1. 58 1 A4 °-5 1.64 x 

D 2.24 x'2 2.25 x 3 

E 2. 57 x'2 2. 39 x* 26 

F 
I 

2.57 X* 2 2.71 x- 32 

2, 3 Effects of the Wakes of Structures 

For a source release in or near the lee side of a building, the 

plume material immediately mixes with and fills the wake area of 

the separated flow behind the building. Thus the concentration is re¬ 

duced from the value that would exist in the absence of the building. 

For the plume area, A , and the wake area, A , at the same down- 
P / 

wind location, the modified concentration, C , becomes: 

c7 
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The area of the plume is given by: 

A 
P 

TT 

2 
a o 

y z = 1 * 

The vertical dispersion and the fluctuating vertical velocity are re¬ 

lated by: 

a X 
z 

so that: 

- a x 
= Ç X (-- f 

2 ' u 
x 10 for x in km . 

The wake area is taken from "Meteorology and Atomic Energy" 

(1968) as: 

A 
w 

where: 

r = 1.57L(£)1/3 . (6) 

Here, L is the width of the building, and the height of the building 

is L/2 .- For L in m and x in km , 

A = 38i L4/:> *a/3 . 
w 

Thus: 

_ / C /71 
= 1 + (JLf 

z 
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The plume concentrations obtained from Eqn. (5) may be modi¬ 

fied according to Eqn. (7) to obtain the concentrations downwind from 

a sharp edged building approximately twice as wide as it is high. 

Buildings of other shapes and propor ions would result in modifica¬ 

tions to Eqn. (6), which are beyond the scope of this paper. The 

reader is referred to Section 5. 5 of "Meteorology and Atomic Energy" 

for a more comprehensive discussion of this subject. 

2. 4 Typical Results for Concentration 

The preceding analysis assumes a plume ensemble average. 

Thus it may be considered to be the sensor reading taken over an 

infinitely long averaging time. The concentration equation contains 

terms which explicitly express the effects of different input para¬ 

meters. For example, Figure 3 shows concentration under unstable 

conditions with small roughness. We observe the interesting effect 

that concentration at a given receptor does not vary in a simple in¬ 

verse fashion with wind speed, as implied by some formulations. In 

fact, for conditions fixed, there exists a wind speed for which concen¬ 

tration is a maximum. To understand this conside- a situation of posi¬ 

tive heat flux, initially in calm conditions. The contaminant will dis¬ 

perse in a hemispherical manner, dispersed by convective turbulence. 

If a light wind develops, the contaminant is all blown downwind, while 

the dispersing turbulence is not greatly changed. This will double the 

concentration at a downwind receptor. As the wind speed increases 

dispersion increases due to mechanical turbulence generation, increas¬ 

ing plume growth rate with time, but '^e time of flight to a receptor is 

reduced, so that concentration there may still increase. As the wind 

becomes stronger the increase in turbulence will offset the reduced 

flight time so that eventually the concentration starts to drop. 
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Under extremely stable conditions, with small roughness a dif¬ 

ferent situation occurs. Here, as shown in Figure 4, we have increas¬ 

ingly higher concentrations with wind speed, since because of the high 

stability the wind is not very effective in generating turbulence. 
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3. PLUME MEANDER 

3. 1 General 

The sinuous path of a plume is a well known phenomenon. The 

plume centerline does not follow the mean wind but makes excursions, 

the vertical deviations being called looping, the horizontal, meander 

(Figure 5). If no distinction is required both vertical and horizontal 

motions will be referred to here as meander. 

It is presumed that meander is caused by large eddies of rela¬ 

tively long time scale superimposed on the small scale turbulence. 

Theoretically all meander properties could be computed from know¬ 

ledge of the turbulent power spectrum. However, certain conceptual 

difficulties occur here, since any continuous power spectrum will not 

give rise to the meander observed with real plumes. For a continu¬ 

ous type spectrum the meander would be a continuous function of the 

sampling time, increasing with this time. This does not appear to be 

the case with a plume where the meander properties appear to be dis¬ 

connected from the small scale dispersion. For example, if a photo¬ 

graph is taken of a plume, its appearance will depend upon the expos¬ 

ure time. It appears that for exposures of less than five seconds the 

discrete sinuous appearance of the plume is maintained, while for ex¬ 

posures of 15 minutes, the fully diffuse meandered plume is recorded. 

In the analysis of the previous section, it is implied that the en¬ 

semble average is taken as the mean concentration. This implies 

that the concentration is averaged over all possible positions, or con¬ 

versely that the sampling time is long compared with the plume me¬ 

ander time. Thus the value given here is the long time average, 

which is the lowest value of the concentration. This is illustrated in 

Figure 6. 
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Figure 5. Meander and Looping of a Plume. 

Figure 6. Short Time and Long Time Concentration Distributions. 
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For the purposes of this paper it was appropriate to assume 

that meander and dispersion are two discrete uncoupled parameters, 

both Gaussian and both functions of downwind distance and atmos¬ 

pheric turbulence. On this basis it is possible to compute maximum 

plume concentrations for short sampling times, and to express these 

in the forms of exceeda.i<_c probabilities. 
« 

This approach is the asymptotic limit of the sampling times, 

in that the short-term concentration applies to zero sampling time, 

the long-term to infinite sampling time. The effect of finite sampling 

time is not treated, since it is assumed that the sensor instruments, 

having response time less than a few seconds, correspond to zero 

sampling time. 

Thus, we have computed the long-term average in the preceding 

section. However, our instruments will detect short-term averages, 

which will always be higher than this value. The gain is defined as 

the ratio of the short-term concentration to the long-term centerline 

average. 

3. 2 Gain Exceedance Probability 

At a given downwind position, assume the local dispersion is 

given by b and the meander by Y (Figure 7); then the short-term 

concentration on the wind axis, C* , is given by 

C* = C exp (- Y3/2b2) 
o 

where C is the short-term concentration on instantaneous plume 
o 

centerline and b is instantaneous dispersion. Now, if the meander 

is Gaussian, of magnitude B , then the probability P that the concen¬ 

tration will exceed C is the probability that the meander will be less 

than Y 
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Figure 7. Centerline Concentration for Plume with Meander of Y . 
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r+Y 
P = exp (-Ya/2B3) dY 

NZr ' .Y 

= erl /v^ZB) 

On the other hand, the long-term wind axis a.erage is given by 

)»CO 

exp (-Ya/Zb2 - Ya/2E^) dY 

, 

= C.JyJl + Ba/ba 

where ^ba+is the long-term dispersion, a . Now the gain G is 

defined as C/C and the exceedance probability of a specified gain given 

by 

P(G) = erf (Y//2 B) 

with Y/a defined by the ratio C/Cq . 

We note that the previous section defines the long-term disper¬ 

sion, o , in giving the long-term average. If B is specified one can 

determine b , hence Y for a given G and then P . 

It is assumed that both b , B are linear functions of x so that 

exceedance probabilities are not functions of downwind distance. There 

is very limited information on B , the meander scale. For our purposes 

we assume that it is a function of atmospheric stability only. 

The values of B can be inferred from reported peak to average 

concentration ratios. Although experimental data here is sparse and 

not extensively correlated we can obtain some estimJtes. From Gifford 
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(19<’0) we assume tnat peak to average concentration ratios are 5, 3, 

2 for unstable, ueutral, and stable cases. Then, taking a linear ap¬ 

proximation of the Pasquill results for long-term average it is possi- 

bh- to infer the magnitude of B . Assume B to vary linearly up to 

about l km we write B as B - ® x and use the values listed below: 

Atmospheric Stability _ß 

0.21 
. 071 
. 033 

Unstable 
Neutral 
Stable 

Gifford predicts gains to vary with receptor distance, but for simpli¬ 

city we have ignored this effect. 

3. 3 Off Axis Exceedances 

With the above assumptions the off axis exceedance can be com¬ 

puted in a similar fashion. Since all scales are linearly dependent on 

x , the downwind axis, it is found that the e i eedance probabilities are 

constant along lines at fixed angles to the mean wind. Along a line in¬ 

clined at Cp to the mean wind it can be shown that the exceedance pro¬ 

bability is given by 

P = [erf [x tan Cp + Y)//2 B} - erf {(x tan Cp - Y)//2 B) ] 

where other quantities are defined in a similar way taking recepto) 

offset into account. 

3. 4 Buildinc Wake 

In the case of dispersion in a building wake it is clear that initi¬ 

ally the concentration at right angles to the wind will not have a Gaus¬ 

sian distribution. Presumably it will have more of a uniform ("top 

hat") type distribution. However, it is known that a few scale lengths 
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behind bluff bodies the wake propeiHes are generally Gaussian in nature. 

Consistent with the other approximations involved in this analysis, we 

will assume the concentration behind a building is Gaussian, at the re¬ 

ceptor distances of interest. Thus the exceedance probability estima¬ 

tion follows the same lines as before. 

3. 5 Typical Exceedance Curves 

Two extreme cases of exceedance probability curves are shown. 

In Figure 8 we have the case of a very unstable atmosphere (positive 

heat flux) with minimal effects of building wake because the atmospheric 

dispersion is much larger than the wake dispersion. Here we see that 

gain is quite large, and that for up to 10° off axis receptors there is not 

much change in gain probability. 

On the other hand, for a stable atmosphere with a building wake 

we get the curves shown in Figure 9. The features here are that the 

plume width is much larger than the meander. Thus, the gain is al¬ 

ways rather small. Also, because of the very small meander it is 

seen that the exceedance probability is very sensitive to receptor angle 

cp , so that receptors must be close to wind direction for significant 

gains. 

3. 6 Multiple and Moving Sensor s 

The effect of multiple and moving sensors is inserted in a simple 

fashion, assuming that the meander correlation time is about 15 minutes. 

for N sensors taking short-term averages and operating for less than 

15 minutes it is assumed that the probability that at least one sensor will 
N 

detect a signal is 1 - .TT^l-P.) where P. is the detection probability of 

each sensor. For a single sensor on the wind axis sampling for more 

than 15 minutes it is assumed the.t maximum gain will always be detected. 

For a sensor moving at right angles to the wind it is assumed that maxi¬ 

mum gain will always be detected. 
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4. NUMERICAL INPUTS TO MODEL 

The downwind concentrations predicted by the model are a 

function of both the specified parameters and the variable para¬ 

meters. Specified parameters include the source release, Q , 

the downwind distance, x , and the wind speed, u . The vari¬ 

able parameters include the heat flux, H , and the ground rough¬ 

ness, zq , and depend totally upon the conditions at and near the 

location of the release. Here, we determine the numerical values 

of these variable parameters and the conditions which affect them. 

4. 1 Determination of Heat Flux 

The heat flux is a function of the insolation in the region of 

interest. Since actual values of insolation are usually not available, 

it is convenient to define certain broad categories of insolation and 

to assign them a heat flux number, N^ . These heat flux numbers 

are then related to observable quantities in the field. Some precis¬ 

ion is sacrificed by doing this, but the convenience in applying the 

model to actual field conditions more than compensates. The heat 

flux numbers are directly related to the Pasquill insolation. Table 

4-1 lists the heat flux numbers, the associated values of the heat 

flux, and the conditions for which they apply. 

Table 4-1. Heat Flux 

Heat Flux 
No., Nh 

Heat Flux, H 
(cal/cm2 /min) 

Pasquill Insolation 

-1 -.060 Nighttime, ^3/8 cloudiness 

0 0 
Nighttime, ^1/2 cloudiness 
Daytime - slight 

1 . 175 Daytime - moderate 

2 . 350 Daytime - strong 
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For daytime insolation, the condition of slight pertains to early 

morning or early evening; moderate to mid-morning and afternoon; 

and strong to direct, overhead sun with no sky cover. 

The insolation is modified by position on the earth (latitude), 

season of the year, and sky cover. 

If a is the angle of the sun from the vertical (in degrees) at 

latitude 6 , then: 

a = I 0 - Cy I , 

where 

Y = -1 

Y = 0 

Y = +1 

for winter 

for spring and fall 

for summer 

(the tilt angle of the earth) 

The value, cos a, represents the variation of insolation, with cos a = 1 

(a = 0) , representing the maximum (sun directly overhead). 

Variations in insolation due to latitude were examined over a 

range 6 = 0° to 50° in 10° steps for the three seasonal categories. The 

only significant variation within the range of heat flux numbers pre¬ 

scribed occurred between latitudes 20°-50° for winter. Thus, latitude 

variation of insolation is presented in two broad categories, 0 = 0°-20o 

and 0 = 20o-50°. Seasonal variation is also presented in two oroad 

categories; winter, and the combination of summer, spring, and fall. 

Table 4-2 shows the clear sky, mid-day heat flux numbers for these 

combinations as functions of the prescribed latitude ranges, and sea¬ 

sonal categories. Table 4-3 then shows the heat flux numbers that 

are operationally significant in the field for the same variation in 

latitude and season for different sky conditions. 
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Table 4-2. Clear Sky Midday Heat Flux Numbers. 

Latitude 
Season 

Summer, Spring, Fall Winter 
o

 O 
1 ts>

 
O

 o 
2 2 

tN
J o
 o 1 Ln
 

o
 o 

2 1 

Table 4-3. Operational Heal Flux Numbers, N^ 

Latitude 

Sky Conditions 

Day Night 

Clear* 1/2 Overcast Overcast 1 /2 Overcast Clear 

Summer, Spring, Fall 

0o-20° 2 1 0 0 -1 

20°- 50° 2 1 0 0 -1 

Winter 

0°-20o 2 1 0 0 -1 

20°-50o 1 0 0 0 -1 

❖ Note: For one hour after sunrise and one hour before sunset, use 
Npj = 0 ; for early morning and late afternoon use N^ = 1 . 

For operational use, the appropriate heat flux number is se¬ 

lected from Table 4-3, and then the actual heat flux is determined 

from Table 4-1. This value is then used to determine the vertical 

turbulent velocity in Section 2. 2. If the actual value of heat flux is 
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available from direct measurement in the field, it will provide a 

more accurate determination of the turbulent velocity. 

4.2 Ground Roughness 

In a similar manner to the heat flux numbers, the ground 

roughness can be specified as a roughness number for field use. 

However, ground roughness is a fairly easy quantity to obtain and 

hence the roughness number is not as operationally useful as the 

heat flux number. 

Table 4-4 presents the roughness, zo , in m and a roughness 

number, , for each of several categories of terrain. The value 

of z Is directly used to calculate the roughness reduced wind speed 

in Section 2.2. The roughness for terrain not included in the table 

can be interpolated from the cases that are listed. 

Table 4-4. Roughness for Various Types of Terrain. 

Roughness No. 

nr 

Roughness, z 
(m) Terrain Types 

1 .022 
Ice, smoc h water, snow, lawn 
or smooth, long grass, smooch 
sand desert 

2 .220 
Fully grown crops, bushes, and 
small trees, rocky desert 

3 .800 
Residential buildings, park-like 
trees 

4 2.20 Forest areas, city and commer¬ 
cial buildings 
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5. CONCLUSIONS 

Thie procedures described give a rational method for determin¬ 

ing concentration and exceedance probability for a wide range of ground 

roughness heat flux, and wind speed. The analysis is confined to roughly 

planar (not hilly) terrain and ground level releases. However, elevated 

releases, or the effect of an inversion layer can easily be inserted into 

the equations by standard image methods. 

The basic equation and constants have been extensively validated 

for line sources during various AeroVironment freeway air quality pro¬ 

grams. For point releases, however, the meander term becomes sig¬ 

nificant. Experiments on this have not been done by AeroVironment, 

but it is believed that the best available data has been used. 

A valuable aspect of this particular approach is that because all 

effects are explicitly represented in the model, as more data becomes 

available, it can be inserted into the equations. Thus the accuracy of 

the model can be improved as more experimental data becomes avail¬ 

able. 
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ABSTRACT 

The gas detector sensor research program directly supports the Fire and Explosion 
Prevention and Industrial Hygiene programs of the Bureau. The work is concentrated on 
development of new sensors and prototype instrumentation for the detection of combustible and 
toxic gases. Specifically, the primary gases of concern are methane, carbon monoxide, nitrogen 
dioxide, nitric oxide, oxygen, and carbon dioxide. The ultimate objective is to develop 
transducers of suitable size, specificity, power consumption, and longevity for use in small 
light-weight portable handheld direct-reading instruments and for use in personal dosimeters or 
alarms. The transducer state of the art for each gas is presented. In-house and contract research 
programs art discussed in terms of the objectives and methods of approach (NDIR. 
electrochemical, and solid state) and accomplishments and time frame for usable hardware. 

I. INTRODUCTION. 

A. Gases of Interest. 

The mining industry is obligated to ensure by Federal law that “all active workings 
shall be ventilated by air containing not less than 19.5 volume percentum of oxygen, not more 
than 0.5 volume percentum of carbon dioxide, and no harmful quantities of other noxious or 
poisonous gases.” As people become more conscious of the health hazards and as diesel 
equipment is introduced into the coal mines, it becomes imperative that suitable, reliable and 
accurate instruments be developed and made available to measure these toxic gases which in 
sufficient quantities can be harmful to man. 

Currently the concerr. is with the following gases: Methane (CH4) at 2%. carbon 
monoxide (CO) at 50 ppm (parts per million), oxides of nitrogen (NOx). especially nitrogen 
dioxide (NO2) at 5 ppm ceiling, NO at 25 ppm, oxygen (O2) deficiency at 19.5^, carbon 
dioxide (CO2) at 0.5%, and other diesel combustion products such as aldehydes and higher 
molecular-weight hydrocarbons. Generally speaking, the detection methods for gas identification 
and measurement are rather straightforward for all but the miscellaneous diesel exhaust products. 
Extensive research investigations, however, are currently going on which will pin down those 
combustion products for which detection methods may have to be developed. I consider 
methane, CO, and the oxides of nitrogen, especially NO2, to be the gases of special priority for 
concern. 
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B. Air-Monitoring Systems. 

There are many gas-monitoring and measuring devices which can be placed in the 
mine to monitor air quality. These devices range from large mine-monitoring stations to small 
low-power personal dosimeters. Each device places different requirements on the performance of 
the gas-sensing transducer. Specifically these are: 

1 ■ Mine-monitoring stations with data link to mine control center. 

2. Stationary area monitors 

• 3. Portable work area monitors. 

4. Onboard (diesel) vehicle monitors similar in function to present methane 
monitors. 

5. Handheld inspection instruments for spot checks. 

6. Personal devices such as dosimeters. 

A summary of the important instrument characteristics for each category is given in 
table I The immediate long-term objective of Bureau gas-detection instrumentation research and 
development is to produce suitable transducer/readout systems for the handheld-inspection-type 
instruments since all the other gas-measuring and monitoring systems, except for the personal 
devices, have requirements which are less restrictive in size, weight, and power requirements than 
those for the handheld instruments. 

C. Gas Detection Method. 

The coal mine environment is one in which high relative humidity, dust, shock and 
vibration, and explosive atmospheres are commonplace and, although the temperature deep 
within a mine is fairly constant, it can differ greatly from the temperature at the surface where 
the instrument calibration generally occurs. What then are the most promising detection methods 
for these conditions? 

Based on our knowledge of the state of ihe art today, the following approaches hold 
the most promise for use in coal mines: 

1. Catalytic oxidation 

2. Electrochemical gas transducers 

3. Chemical absorbents 

4. Nondispersive optical absorption 

5. Electrical conductivity changes in semiconducting elements 
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When the catalytic oxidation process is used to detect methane and carbon 
monoxide, the heated catalyst, mounted in some way to a resistance element, increases in 
temperature owing to the burning of the contaminant gas. This temperature rise is sensed by a 
change in resistance of the heated element, providing an electrical signal. The catalytic 
combustion method is used extensively in most methane detectors and serves also as a basis for 
the Hopcolite CO detectors. However. Hopcolite is rendered insensitive by high humidities and 
some methane elements are fragile and show a change in calibration upon an exposure to a high 
concentration of methane. In addition, methane concentrations greater than about 10% give low 
readings since there is insufficient oxygen to completely oxidize the methane. 

In electrochemical gas transducers the air sample is pcssed over a membrane through 
which the contaminant gas passes. It undergoes a chemical reaction upon contact with a special 
electrode in an electrolyte. This reaction generates an electric current which is related to the 
partial pressure of the contaminant gas. This type of sensor is most suitable for the detection o! 
Ot. CO, NO, NO2, and NOx. These sensors can be ruggedly constructed and work well in the 
high humidity level of the mine air. 

The type of detection method which 1 have called the chemical absorbent method 
includes such devices as stain lubes and chemically coated tape systems in which a controlled 
volume of gas meets with a chemical solid to produce a color change The color changes appear 
as a length or intensity of stain. In the so-called paper tape systems a long paper tape has been 
coated with a chemical substance which changes color when exposed to a specific contaminant 
(NOi. H2S, or CO). The air sample is drawn over a small piece of the tape. The color change is 
measured optically to give a signal proportional to the product of the gas concentration and 
exposure time. 

Nondispersive optical absorption methods use the fact that each contaminant gas ot 
interest can absorb light at specific wavelengths (or colors). These absorption bands can be used 
to identify the gas and the amount of absorption can be used to measure the quantity of gas 
present. This method uses hot filaments as the light sources. These sources pose a problem in 
permissibility design. Clever implementation of th;s method can minimize the effects ot dust and 
interfering gases. 

The final method which may be applicable for gas detection in coal mines uses a 
semiconducting element which changes its resistance in a manner related to the concentration ot 
contaminant gas near its suri'ace. The present Figaro TGS sensor uses this principle but lacks 
selectivity and reproducibility. These devices are inexpensive and lightweight and consume little 

electrical power. 

All of the foregoing methods, except the nondispersive method, use transducers 
which are inherently permissible, are low power consumers, and are small and lightweight There 
are a number of other methods for gas detection. A description of these methods and a list of 
available instruments have beer summarized in several articles. One of them is in Vol 7. No. 11. 
November 1973, of Environmental Science and Technology, pages 1011 through 1017 It is by 
Craig D. Hollo well and Ralph D. McLaughlin. Table 2 is my summary of most gas detection 

methods used today. 
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Il AVAILABLE GAS DETECTION DEVICES. 

Generally speaking, there are very vew gas detection instruments available that have 
been designed tor use in coal mines Methanometers and methane monitors are the obvious 
exception. Again I will discuss the availability of these devices categorized by detection methods. 

Methane and carbon monoxide have traditionally been measured by handheld 
portable battery-operated catalytic combustion-type detectors. The CO detectors using Hopcolitc 
are sensitive to relative humidity so the sample must be dried. For measuring CO near the 
threshold limit value (TLV) (50 ppm) these devices are not really adequate. Some catalytic 
methane sensors can be poisoned and desensitized by exposure to a high level of methane or 
low-level silicone compounds. A full-scale evaluation program is planned to examine the effects 
of temperature and relative humidity on instrument calibration. 

Stain tubes are being used in mines and many brands are available that can measure 
CO. NO. NOt. and CO2 among others. An extensive evaluation program is continuing at the 
Bureau to evaluate the performance of these devices under simulated mine environments. Results 
show (see Bureau of Mines I.C. 7811, Accuracy and Precision of Several Portable Gas Detectors, 
by II. B. Carroll. Jr. and F. E. Armstrong) that the observer is the major source of error with 
these devices. Variations in the reading for gas concentration near the threshold or ceiling limit 
value can vary from the true value by as much as 50 percent or more. But these tubes are the 
only readily available portable method that can measure all the toxic gases in mines. 

There have been some recent advances in the electrochemical sensor technology. 
There are several approved battery-operated, handheld meters and alarms available for measuring 
oxygen levels in coal mines. An approved portable battery-operated unit is also available for 
measuring carbon monoxide at levels near the TLV (50 ppm) with good stability and accuracy 
although it has not been designed specifically for use in the severe mine environments. 

Unfortunately, there are no comparable devices to measure the oxides of nitrogen. 
None of the commercially available instruments are battery operated or are packaged suitably for 
use in the mine, although they are generally small in size and relatively lightweight. They are 
reasonably accurate in the low part-per-million range, yet require frequent calibration and have 
response times ranging from seconds to tens of minutes. I think this area holds the most promise 
for handheld gas detection devices. The Bureau is planning an extensive research ami 
development program in this area, starting with fundamental research on electrochemical gas 
measurement techniques. 

Currently, available gas analysis instruments using nondispersive absorption are 
suitable only for surface monitoring of CO, methane, or COs. They are expensive and arc not 
likely to go underground in great numbers. 

III. BUREAU RESEARCH EFFORTS. 

In general toxic gas detection devices have not been designed ftv underground use 
To this end. then, the Bureau will be devising suitable performance specifications for instruments 
which will be used in the underground coal mine environment. 
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Long-term research programs are underway to improve the overall performance and 
availability of gas detection instruments for use underground. These programs will be outlined 
below. The general procedure which is used is (1) to define the contaminant to be measured; 
(2) to survey the available devices and keep abreast with new technological developments; (3) to 
choose those devices which use methods which seem compatible with restrictions imposed by the 
mine environment; (4) evaluate devices available to determine applicability; and (5) to perform 
the necessary research that will yield the suitable instruments. 

The Bureau has a 5-year gas-detection-instrumentation-research program. The 
ultimate purpose of this program is to develop or refine gas detection methods and develop the 
necessary hardware, the gas-sensing elements, needed electronics, and packaging in a suitable 
form for use as a personal dosimeter or alarm for all the hazardous gases that could be found in 
coal mines. In doing this the Bureau will also, in a shorter time frame have developed small 
handheld gas-detectors for CO, NO, NO2, etc., similar in size and function to the present 
methanometers. This research effort will be carried out through in-house investigations and 
specific contract research programs, based upon in-house findings. 

Currently several areas of research into methods of gas detection are very active and 
are summarized here; 

1. Contract H0230050 with ANDROS, Inc., is using nondispersive optical 
absorption methods in a unique and clever way described in the following presentation to detect 
part-per-million levels of NO2, CO, and percent levels of CH4 (or possibly CO2, if necessary). 
The final instrument will be a battery-operated, handheld multigas device for spot checking toxic- 
gases in the mine atmosphere. It could also be used as the sensor for stationary monitors and 
vehicle monitors. A prototype should be available in about 6 months. 

2. The Bureau of Mines Bartlesville Energy Research Center (BERC) is 
developing a CO2 monitor and alarm for mounting on diesel-powered equipment. By monitoring 
the CO2 level of the diesel intake air, the instrument gives an indication of the extent of dilution 
of the diesel exhaust by the ventilation air. With this information available, the operator can 
minimize the diesel rebreathing its own exhaust and can shut down the diesel operation if air 
quality becomes unsafe for prolonged exposure. By keeping the CO2 level in the safe region 
below one-half percent, the operator can be reasonably sure that the other diesel exhaust gases. 
CO, and the oxides of nitrogen are being diluted to a safe level as well. The first prototype has 
undergone field tests; the second-generation monitors are to be delivered and field tested in the 
near future. Nondispersive infrared absorption is the detection method used. 

3. In addition to the multigas detector in item 1 above. Brown University (Grant 
G0101740) has successfully produced infrared-emitting diodes which emit in the methane 
absorption band. 3.3 micrometers. These devices are being used with a solid state Indium 
Arsenide detecting diode as the methane detector for a handheld methanometer. Instrumentation 
design utilizing these devices is being done at the Pittsburgh Mining and Safety Research Center 
(PMSRC). 

4. A grant, G0133066, was given to New York University to develop CO. NO, 
and NO2 dosimeters. Molecular diffusion along a path depends upon (1) ratio of path length to 
cross sectional area, (2) ambient temperature, and (3) difference in gas concentration along the 
path. Tire NO2 concentration is kept at zero by a chemical absorbent at the closed end of the 
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tubo. The amount of NCH absorbed, determined later by chemical analysis, depends only upon 
the exposure time and the ambient NO2 level, all other factors being constant. The device is 
specific to NOs, is insensitive to air flow and weighs only 7 grams. These devices are passive 
samplers in that a chemical absorbent of the gas being measured samples the atmosphere through 
a controlled orifice. The sampling rate is controlled by molecular diffusion of the gas in air. 
Small NCH samplers using this principle were developed and are currently in field tests. 
Dosimeters for CO and NO are currently under development. 

5. The principle by which the semiconductor Figaro TGS sensor detects “almost 
everything” is being investigated by Research Triangle Institute under Bureau contract 110346015 
to see if a semiconducting detector can be developed which is selective and sensitive only to 
carbon monoxide. When such a substance is found, a handheld CO meter with a low range of 
0-100 ppm will be made. In addition, such a transducer could be used in a CO dosimeter/alarm. 

6. The Bureau is also supporting the development of an optical stain tube reader 
which will remove the observer error from stain tube measurements. A bench-type setup has 
proved the feasibility of such a device. Along the same lines a prototype 
sub-part-per-million-range NOt dosimeter using the change in optical reflectance of a chemically 
impregnated silica-gel-coated tape as the detection method will soon be undergoing in-mine field 
tests. It is self-powered by rechargeable batteries and fits a 6-in by 6-in. by 6-in. box. 

7. Two prototype multigas Mine Air Monitors (CH. CO, and NO2) using available 
electrochemical-type sensors were developed for the Bureau of Mines under contract H0122044 
with Texas Instruments. These devices, already in field trial, are hand-carryable. train-case-si/cd 
battery-operated air monitors for use near the working face. These units can run unattended for 
30 hours on a single battery recharging. Should the CO or NOi level rise above a set threshold or 
an 0-> level or fall below a set threshold, an alarm will sound. The actual gas concentration, state 
of battery charge, and threshold levels can be read on a digital meter. Complete design drawings, 
schematics, and specifications for this device are available from the Bureau of Mines. 

8. Perhaps the most promising research area is in the electrochemical-type 
transducers for CO, NO, and NO2 These devices are inherently low-power devices and in fact, 
generate their current in proportion to gas concentration. This type of device is ideal for use in 
dosimeter/alarm devices. In the next several years, the Bureau of Mines wdl be putting a great 
deal of effort and money into the development of both electrochemical transducers. Although 
several instruments using electrochemical transducers are on the market, only a few can be used 
in a coal mine and none of these were specifically designed for such use. The transducers 
themselves are in their infancy and it does not seem likely that they will be improved or 
specifically designed for use in mines without a Bureau of Mines program of coordinating and 
funding in-house research, university grants, and contracts. Carbon monoxide will be the target 
gas for our initial efforts. 

SUMMARY 

To ensure adequate coal mine air quality, especially with the introduction of 
diesel-powered equipment and to improve instruments used to detect methane, the Bureau of 
Mines is carrying on an extensive research effort into the development of better gas-sensing 
transducers. A discussion of candidate gas detection methods was presented emphasizing 
electrochemical methods, nondispersive optical absorption, chemical absorption, and gas-sensitive 
semiconductor methods. The target gases are CH4, CO. NO. NO2. COt, and O2 
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The availability of suitable detectors for mine use was pointed out. Most are not 

suitable, with methane detectors and possibly oxygen detectors being an exception, and only the 
methanometers have been designed specifically for use in coal mines. Contract research am 
development have produced a prototype portable Mine Air Monitor for CO, O2, and NO: using 
state of the art electrochemical transducers; a passive NO2 sampler using an absorbing chemica , 
and an infrared emitting diode for use in ND1R methane detection. Current contract research 
should produce a small handheld CO, CH4, N02 gas detector using nondispers.ve absorption, 

passive samplers for CO and NO, optical stain tube reader for all gases for which there are tubes, 

an infrared diode methanometer, and a low-power semiconductor CO detector. 

Table 1. In-Mine Gas Detection Applications and Requirements 

I. Mine-monitoring stations 

Function: 

Gases: 

Power: 

Size: 

Environment: 

Operating requirements: 

Candidate methods: 

11. Portable work area monitors 

Function: 

Gases: 

Power: 

Size: 

Environment: 

Stationary monitors with or without data link to 

central location; local alarm or readout 

Probably CH4, CO. NO2, O2 

Either unlimited or intrinsically safe power available 

Standard rack mounting 

Little or no shock, vibration, or temperature variation, 

continuously wet and dusty 

Very little maintenance, infrequent or automatic 
calibration in situ, continuous operation, low operating 
cost, fail safe, accurate, and precise 

Nondispersive absorption, sealed electrochemical cells, 

chemiluminescent 

Local breathing-air-quality alarm at face, possible 
wireless link to communications station (alarm 

condition), local alarm or readout 

CH4, CO, N02, O2 

At least 10 hours continuous operation from 

rechargeable batteries 

Hand carryable, train case size 

Shock, large temperature variation, wet and dusty 
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Operating requirements: 

Candidate methods: 

III. Vehicle monitore 

Function: 

Oases: 

Power: 

Size: 

Environment: 

Operating requirements: 

Candidate methods: 

IV. Portable handheld devices 

Function: 

Gases: 

Power: 

. 

Size: 

Environment: 

Operating requirements: 

Candidate methods: 

Table 1. (Contd) 

Weekly maintenance and calibration, continuous, 
reasonably accurate and precise 

Sealed electrochemical cells, semiconductor 

Breathing-air quality monitor onboard diesel- or 
electric-powered face equipment, local alarm and 
readout; possible wireless link to central control, 
possible vehicle shutdown at alarm 

CH4, CO, CO2, NO2, O2 others 

Unlimited (100W) 12 or 24 volts, direct current 

Small low profile, heavy/permissibly enclosed 

Shock, Moration, temperature variation, wet and dusty 

Little maintenance, infrequent calibration, short 
warmup time, nonmicrophonic. ruggedly constructed, 
continuous operation, reasonably accurate and precise 

Nondispersive absorption catalytic combustion, sealed 
electrochemical cells, semiconductor 

To replace stain tubes, spot-checking gas 
concentrations by operators and inspectors 

CH4, O2, and all toxic gases 

10-hour operation at a lO-to-20-perccnt duty cycle, 
rechargeable or replaceable batteries 

Small, less than 10 pounds. Single gas - handheld 
multigas - shoulder-strap-carried box 

Shock, temperature variation, wet and dusty 

Accurate and precise, short warmup and measuring 
time, weekly maintenance and calibration long shell 
or storage life between uses 

Nondispersive. absorption, sealed electrochemical cells, 
semiconductor catalytic combustion 
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Personal devices 

Function: 

Gases: 

Power: 

To provide alarm or dosage measurement to wearer or 
mine industrial hygienist 

02, CO, no2, NO 

Little, if any; self-contained battery or cap lamp 

reserve 

Size: 

Environment: 

Operating requirements: 

Candidate methods: 

Small, pocket-sized; integral part of hat 

Some shock, wet and dusty, temperature variations 

Low cost, infrequent or no calibration, reasonably 

accurate and precise 

Chemical absorption, sealed electrochemical cells 
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Table 2. Gas Detection Methods 

1. Optical absorption spectroscopy 

A. Nondispersive absorption spectrometer 

1. Nondispersive infrared (NDIR) [CO. CO2, HC] 

2. Dual isotope fluorescence [CO only! 

3. Ultraviolet (UV) and visible nondispersive absorption [SOT NOx] 

4. Mercury substitution UV absorption [CO] 

5. Laser techniques [many gases| 

6. Dual isotope correlation [many gases] 

B. Dispersive spectrometers 

1. General dispersive absorption spectrometers [SOt. NOx, CO. or HC 

2. Correlation spectrometers [SO? or NOx] 

II Chemical reaction methods 

A. Electrochen cal 

1. Conductimetric [SOt] 

2. Amperometric [SOt. NOx. CO] 

3. Chemical-sensing electrode [SOt- H2S. NOx, NO2. CO] 

B. Colorimetric 

1. Solutions [SO2. NOx] 

2. Dry chemical-impregnated tape [H2S, NO2, CO] 

3. Stain tubes [many gases] 
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III. Other standard methods 

A. Chemiluminescent [NOx] 



B. Mass spectrometers [many except CO] 

C. Condensation nuclei formation ISO2, submicron particulates, smoke I 

IV. Other methods 

A. Bioluminescence [many gases] 

B. Microwave spectroscopy 

C. Semiconductor detectors [CO, H2, HC] 

D. Quartz microbalance 



RESEARCH IN THE USE OF LIQUID CRYSTALS 
IN CHEMICAL DETECTION* 

by 

Edward J. Poziomek, Thaddeus J. Novak, and Raymond A. Mackay 

Chemical Laboratory, Edgewood Arsenal, Aberdeen Proving Ground Ml) 21010 

This report reviews current technology on the use of liquid crystals for chemical 
detection of organic vapors. Emphasis is placed on the research performed at Edgewood Arsenal 
An introduction to the nature of liquid crystals is supplied. The effect of bulk impurities on the 
transparency ol liquid crystals is described. The Department of Defense programs in the subject 
area are reviewed. Consiuerations in the use of liquid crystals for chemical detection are 
disucsscd Details are given on the use of microporous polypropylene films impregnated with 
liquid crystals. Current technology would allow the development of simple liquid-crystal detector 
devices for the detection of organic chemical vapors in the parts-per-million concentration range. 
The detection would not require instrumental monitoring; it would be nonspecific reversible and 
temperature insensitive. Suggestions for future research are supplied. 

I. INTRODUCTION. 

For those unfamiliar with liquid crystals, a convenient introduction is available in a 
book and several articles.1'4 

The history on liquid crystals goes back to 1888 when the Austrian botanist. 
Friedrich Reinitzer.5 found that cholesteryl benzoate appeared to have two melting points \t 
145°C the solid turned into a cloudy liquid; at 179°C it melted. Lehmann6 in 1889 showed that 
the cloudy liquid contained many regions that appeared to have a crystal-like molecular 
structure, i.e.. ordered areas which were optically anisotropic. In other words, there was a 
defined temperature range where it behaved as a liquid (in its mechanical properties) and as .i 

solid (in its optical properties). Lehmann suggested the name liquid crystal to describe this 
behavior. 

About 5 percent of all organic compounds are transformed at their melting point 
into liquid crystals. These are termed thermotropic mesophases. There may be more than one 
discrete mesosophase exhibited by a particular compound. The fluidity of a liquid crystal mn\ 
vary from a paste to that of a free flowing liquid. There are also lyotropic mesophases. i.e.. those 
formed by mixing substances. A soap-water solution is an example. The liquid crystals described 
in the present paper belong to the thermotropic class. 

Practical application of liquid crystals to chemical detection is minimal in 
comparison to the use of these substances in temperature measurements,7'9 medical 

* The use of trade names in this report does not constitute an official endorsement or approval of the use of such loinmor«.i;tl 
hardware or software. This report may not be cited for purposes of advertisement. 
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Ihcrmography,10 quality control" •'2 and low-powered electro-optic and digital displays.1 5 
Liquid crystals have also been related to living systems and are important in biological 
research.16'18 Many important ceM components such as lipids and phospholipids form 
mesophases in solution. Also, it has bee n shown that the change in the partitioning of cholesterol 
between lipoprotein mesophases with age is a strong biophysical factor in arteriosclerosis and 
coronary thrombosis. Publications covering the chemistry of liquid crystals,19 and applications in 
chemistry20 and physics,21 are available. 

The molecules of liquid crystals are long, relatively straight, and rigid, in other 
words, rodlike. Mutual lateral interactions constrain the molecules to be parallel to each other. 
Conventionally, there are three types of liquid crystals, namely, smectic, nematic and 
cholesteric. 

Smectic is derived from the Greek word for 5oap. The molecules of a smectic liquid 
crystal are arranged side by side in a series of layers. Within each layer the molecules can be 
arranged in rows or at random Since hardly any interaction occurs between the ends of the 
molecules, the layers are free to slide over each other giving the properties of a two-dimensional 
fluid. Smectic liquid crystals are optically positive, i.e., the velocity of light transmitted 
perpendicular to the layers is less than that transmitted parallel. The high viscosity and surface 
tension of smectic phases are a consequence of the high degree of order. A number of smectic 
states have been identified depending mostly on molecular arrangements. Techniques such as 
thermal analysis, microscopy, miscibility relationships ir. binary systems and x-ray analysis have 
been used to identify and assign smectic phases. Smectic liquid crystals have been used as 
solvents in electron spin resonance, Mossbauer spectroscopy and electrooptical memory devices. 

A second major class of liquid crystals is the nematic one. Nematic is taken from 
the Greek work for thread because thread-like structures are observed when viewing a sample 
under a microscope. The nematic liquid crystals are not as highly ordered as are the smectic 
ones. The long axes are parallel, however, the molecules are not separated into layers. The time 
and spacially averaged parallel orientation of the long molecular axes occurs within relatively 
small domains. As one result, nematics are much less viscous than smectics. The degree of order 
is about 0.3-0.8 and decreases further with increases in temperature. Parallel orientation of the 
molecules over large regions can be achieved only by expenditure of additional energy. Nematics 
respond to electric and magnetic fields in much the same way as iron filings do. Changes in order 
are observable as changes in optical properties such as transparency, birefringence, or color. 
Impurities will induce such changes. Indeed as will be discussed later in this report, attempts arc- 
being made to use the effect as a signal in the detection of chemicals which have been absorbed 
by liquid crystals. 

The cholesteric mesophase represents a special case of the nematic structure in that 
the long axes of the molecules are parallel to the plane of the layers. As mentioned earlier, 
cholesteric liquid crystals were first described with cholesteryl esters. The preferred direction of 
the long molecular axes in each layer is rotated through a constant angle (averaging 15 minutes 
of arc) relative to that in the next layer giving the appearance of a “twisted” nematic structure 
A helical path is described. High optical rotation and circular dichroism result from the twisted 
structure. The property of circular dichroism is responsible for the characteristic iridescent color 
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formed when cholesteric liquid crystal Films are illuminated hy white li^ht. The light is broken 
into two components, one with an electric vector rotating clockwise, the other 
counter-clockwise. One component is reflected, the other is absorbed or transmitted. The 
wavelength of the reflected light is sensitive to temperature as well as any effect which causes a 
disturbance of the molecular arrangement. Thus, sheer stresses or the addition ol chemicals result 
in changes of the reflected wavelength. 

II. EFFECT OF IMPURITIES ON OPTICAL CHARACTERISTICS OF LIQUIO CRYSTALS 

The liquid crystal research at Edgewood Arsenal which relates to the effect of 
impurities on the optical characteristics of liquid crystals can be divided into three major 
categories: 

Effect of bulk impurities on transparency 

Effect of bulk impurities on transition temperatures 

Fluorescence emission of impurities 

A simple technique was developed to measure the transparency of liquid crystal 
films at any specific wavelength (ultraviolet to near infrared) versus temperature.22 The 
procedure involves heating a sample held in a lead spacer between calcium fluoride plates in a 
brass holder placed in a Cary 14 spectrophotometer. Thus, the technique provides a 
spectrophotometric method of following transitions which occur from the solid to the isotropic 
liquid phases. The technique was found to be reliable with regard to the detection of the 
transition and the accuracy and reproducibility of the temperature range over which the 
transition occurs. The cell was designed so that the events corresponding to transparency curve 
features can be checked by using a microscope. 

Using the above-mentioned procedure, transparency characteristics were determined 
for cholesteryl myristate, decanoate and nonanoate from the solid to the isotropic phases at 
fixed wavelengths of 300. 400. 500. 700. and 2.500 nm.23 The transparency characteristics of 
cholesteryl nonanoate while being cooled from the liquid phase were also determined All 
transitions previously reported utilizing techniques such as microscopy, differential thermal 
analysis, and differential scanning colorimetry were observed. The method compares very 
favorably with other techniques in regard to the detection of transitions and dichroic scattering. 
The degree of light scattering varies as a function of the incident wavelength, but tlu¬ 
tem perature ranges over which the transitions occur are reproducible. The shapes of the 
transparency curves do vary markedly between compounds as would be expected. 

The effect of bulk impurities on the transparency of cholesteryl nonanoate has been 
determined.24 In one variation, the transparency was measured at a fixed wavelength (500 nm) 
as the sample was allowed to cool at a Fixed rate (0.8°C/min) from the isotropic liquid to the 
smectic phase. The effects on transition temperature and temperature of maximum dichroic 
scattering by each of nine solutes at a concentration of 0.5% were determined. Of the solutes 
examined, anthracene and methyl benzilate exhibited the greatest changes (I.8-3.4°C difference in 
the various transitions compared to those found for cholesteryl nonanoate alone) 
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Since the solute is soluble in all three phases (cholesteric, smectic, anil isotropic 
liquid), the depression of the transition temperature depends on both the transition enthalpy of 
cholesteryl nonanoate (h°) and the distribution coefficient (D) of the solute between the phases. 
An “effective" enthalpy (h) can be calculated from the slope of the line, which on the basis of 
thermodynamics is related to h° and D by equation I.24 

h = 

where 

D = 

and 

X = mole fraction of solute, 

and 

h° = enthalpy of transition from phase a to phase ¡3. 

The results for methyl benzilate were reported16 as follows: 

Transition (a - ß) h°. cal/g25 h- ca*/g JL 

Isotropic-cholesteric 0.22 2.24 0.902 

Smectic-cholesteric 0.11 1-62 0.932 

The wavelength of maximum dichroic scattering (Xmax^ *s relaté to the pitch ot 
the helix (Z) and the average refractive index (n). Added solute will in general change both 7 
and n. and thus Amax. Apparently, the decrease in temperature necessary to compensate for the 
effect of the added solute is proportional to the solute concentration. A similar relationship has 
been noted for the dependence of the nematic temperature of a compensated cholesteric 
liquid-crystal solvent on the concentration of added steroidal solute.76 a typical dependence ol 
Xmax on concentration (C) at constant temperature and Xmax on temperature at constant C 
have been shown for anthracene as a solute in cholesteryl nonanoate. Both methods are about 
equally sensitive. The relationships were found to be nonlinear. 

The effects of lecrystallization technique, recrystallization solvent and added 
impurities (diisopropyl methylphosphonate and pyrene) on the transparency ot cholesteryl 
nonanoate in the solid state have been studied * The studies indicate that the purer the sample 
the more transparent it is in the solid state. Addition of impurities leads to a transparency 

• Poziomek, E. J., »nd Novak, T. J. Unpublished results. 

(1 - D) 

X0/X'1 
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decrease with a minimum (correspondinß to a transparency maximum) appearing in solid state 
transparency versus temperature curves. The purer the sample the more impurity is needed 
before a minimum appears in the solid state transparency curve. A sample ol cholesteryl 
nonanoate recrystallized from hexane scattered much more light than did those obtained from 
either ethanol or acetone. Cholesteryl nonanoate recrystallized from acetone was found to be the 
most transparent in the solid state. 

Investigators working with cholesteryl esters in chemical detection applications 
require knowledge of how the ester was purified. The recrystallization solvent affects not only 
the solid state transparency but also the transition temperatures and the wavelength position <>l 
maximum dichroic scattering. 

The fluorescence emission of impurities (using pyrene and phenanthrene as 

examples) dissolved in cholesteryl nonanoate has been examined as a function of temperature at 
various excitation wavelengths.27 As the samples were cooled the curv.s exhibited prominent 
emission intensity increases. The temperatures at which the line slope increases and/or later 
“peaks” correspond within several degrees to isotropic-cholesteric and cholesteric-smectic 
transition temperatures were reported previously. The increase in fluorescence is most likely due 
to an increase in effective path length due to scattering of the exciting light by the mesophases. 
This is consistent with the general similarity between major features of the fluorescence and 

transparency curves. 

III. DEPARTMENT OF DEFENSE PROGRAMS ON THE USE OF LIQUID CRYSTALS FOR 
CHEMICAL DETECTION 

The Department of Defense has c-msiderable interest in various applications which 
utilize liquid crystals. T ie use of liquid crystals in chemical detection stems back a decade to the 
Air Force-sponsored research of Fergason.28 The Air Force has continued to sponsor this type 
of research with emphasis on the use of instrumental readout.29-30 Cholesteryl esters were 

utilized primarily. 

For about five years the Army Research Office has sponsored basic research related 
to eventual use of liquid crystals in detection. Examples of the work can be found in the 
publications of Martire.31-36 and also Bulkin.37 Though the Air Force work was not duplicated 
in any way, the emphasis of the research was placed on cholesteryl esters. The Army Research 
Office has continued to sponsor the work of both Martire and Bulkin. 

Currently, Martire is *':;jying solute-induced nematic to isotropic transitions. Bulkin 
has been studying the interaction of organic solutes with liquid crystal solvents by util/iing 
infrared, far infrared and Raman techniques. He has also applied a cholesteric liquid crystal 
detector to a detection-identification scheme involving gas chromatography and infrared 
spectroscopy. The Army Research Office began recently to sponsor liquid crystal research by 
M. Labes. This investigator is well known for his research in electric field effects on various 

properties of liquid crystals.38-39 
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Kdgewood Arsenal has been interested in the development of chemical vapoi 
detectors which are very sensitive, simple to use and do not require instrumental monitorinj!. 
Gas-solid chemical reactions would be ideally suited for such applications but the fundamental 
technology does not exist. The problems encountered in the design of gas-solid reactions for 
detection purposes have been outlined.40 Edgewood Arsenal interest in liquid crystal films as 
simple detectors goes back to 1972 when a preliminary communication was published on the 
visual detection between crossed polarizers, of the absorption of organic vapors in the liquid 
crystal film.41 

IV. CONSIDERATIONS IN THE USE OF LIQUID CRYSTALS FOR CHEMICAL 

DETECTION. 

The major factors to be considered in the detection of vapors using liquid crystals 
include film preparation film thickness, specificity, sensitivity and temperature effects. One also 
has to take into account the rate of diffusion of the materials to be detected in the liquid crystal 
film. 

In the preparation of cholesteric liquid crystal films Fergason and coworkers28" 
reported using a solution of 10-15 percent by weight of the liquid crystal usually in petroleum 
ether. A liquid crystal combination (e.g., cholesteryl chloride, cholesteryl oleyl carbonate and 
cholesteryl nonanoate) was chosen so that the dichroic scattering was detectable at room 
temperature. Two drops of the solution were placed on a Mylar film stretched by a hoop. The 
evaporation of the solvent resulted in a thin layer (approximately 25 ¿0 with a surface area of 
about 1 inch. The MylarR hoop was then positioned in the glass va.uum bell jar over an 
aluminum or copper block whose temperature could be measured and carefully controlled. The 
vessel was evacuated and the sample injected as a liquid with a microliter syringe. The reflection 
of light (monc chromator source) by the liquid crystal film was detected by a photomultiplier. 
Parts per million of various organic vapors could be detected easily. Parts per billion have been 
claimed but this would have to involve the most ideal conditions and approach the limit of the 
instrumental monitoring capability. 

The magnitude of the shift in wavelength of maximum dichroic scattering was found 
to depend on the nature and vapor phase concentration of the solute (i.e., fhe material to be 
detected). The wavelength shift was linear in the vapor-phase concentration range studied. 
Martire has repo ¿ed that per mole fraction increment dissolved small dipolar and/or 
hydrogen-bonding olutes (e.g., chloroform and methanol) are most effective in producing red 
shifts, while large nonpolar solutes (e.g., nonane) are most effective in producing blue shifts. 

In essence, "onselective detection of organic vapors at the ppm level appears 
practical with cholesteric liquid crystals but only if the temperature is controlled carefully. 
Warning devices, in the form of badges containing a cholesteric liquid crystalline film to be worn 
by personnel do not appear practical at this time. 
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V. USE OF MICROPOROUS POLYPROPYLENE IMPREGNATED WITH LIQUID 

CRYSTALS. 

Since the use of cholesteric liquid crystals did not appear to offer promise as a 

system for simple detectors, Edgewood Arsenal research turned towards the smectics anil 
nematics. Visual detection between crossed polarizers of organic vapors on various liquid crystal 

films was described in a preliminary communication in 1972.41 A detailed paper appeared 

recently in Molecular Crystals and Liquid Crystals.* 

For the preliminary screening tests the candidate liquid crystal was smeared thinly 

on a microscope slide or on the inside surface of a test tube. A modification involved mixing the 

liquid crystal (three parts) with fumed alumina (AlonR), (one part) in order to prevent Him 

creeping. 

The normal procedure involved impregnating microporous polypropylene film 

(Celgard 2400) with the liquid crystal. Best results were achieved by first stretching the film 
using double wooden hoops. A piece (approximately 9 sq cm) of the stretched film was then 
mounted on a cardboard making a window A simple method of mounting involved placing the 
film onto the window opening previously lined with cellophane tape which was sticky on both 

sides. Excess film was then trimmed off. 

A drop of the liquid crystal was then placed on the film and the excess wiped off 

by using absorbent tissue. Actually both sides of the film were rubb'd repeatedly with the tissue 
until a uniform color field was evident when the film was viewed between crossed polars of a 
hand polariscope. In some instances it wa: found useful to expose the impregnated polymer to 

CHsCh vapors (using a hypodermic syringe) then repeat the rubbing. 

Several experiments were also performed using a polarizing microscope. In these 

cases the film was mounted over a 0.63-cm hole in a cardboard support. 

A qualitative screening of several different liquid crystals was conducted in order to 

select materials for more detailed study. The nematic, cholesteric and smectic mesophascs were 

represented. Tests were performed at room temperature or higher to maintain a particular 
mesophase of the material being examined. All of the liquid crystals tested gave a positive test 

but the nematics responded faster than the others. Since only a limited number of liquid crystals 

were examined, the possibility of obtaining a very sensitive nornematic system cannot be 
overruled. The nematics, N (p-methoxybenzylidene)-p-n-butylaniline (MBBA). and 

N-(p-ethoxybenzylidene)-p-n-butylaniline (EBBA), were studied The results were compared to 
those obtained with a smectic, 3-N (p-ethoxybenzylidene)-6-n-butylpyridine (EBBP). The 

preparation and properties of MBBA and EBBA are well reported42 43 Champa44 has described 

the preparation of EBBP. 

It was found convenient to utilize microporous polypropylene as the matrix for the 

liquid crystals. The polymer film properties were as follows: thickness. 24/un weight. 

• Poziomek. K.J., Novak, T. J., and Mackay. R. A. Mol. Cry«, and Liq. Cryst. 27, 175 (1974) 
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1.2mg/sqcm; pore size, <0.1 nm surface area 50sqm/gm. The amount of liquid crystal loading 

was approximately 0.7 mg per sq cm of film. 

Cardboard containing a window of liquid crystal impregnated polypropylene film 
was mounted with cellophane tape on the inside of a 1-liter flask. The flask was positioned 
between crossed polars of a band polariscope oriented to give the film a visual green color. Use 
of a fluorescent lamp in combination with polare from a commercial microscope gave brighter 

colors than did the polariscope. 

Test atmosphere was prepared by allowing microliter quantities of the substance to 
be detected to evaporate in the stoppered flask. The exact quantity introduced was determined 
by weighing the microliter syringe filled and after emptying. The flask was equipped with a 
miniature fan which allowed equilibration to occur rapidly. The fan was operated for 1 minute 
after the test substance was introduced. The motor was turned off and the color of the film was 
checked. A change in color from green to orange was interpreted as positive detection of the 
vapor. The concentrations of various organic vapors required to give the color change with 
several different liquid crystals are shown in table 1. 

Microporous polypropylene impregnated with a liquid crystal (mesomorphic state) and 
placed between crossed polars gives any one of several colors depending on the orientation of the 
polars. Rotation of the film or the polars lead to the appearance of several different colors. As 
mentioned, if the film is fixed so that the observed color is green, sufficient absorption of organic 
vapor will change the color to orange. The same color can be caused by heating the film above the 
isotropic transition point of the liquid crystal imprégnant. Actually, different colors are observed 
within a 6° range of the transition point (table 2). The initial green is much lighter than the green 
noted in the sequence of colors near the transition point. 

The liquid crystal-impregnated films are essentially acting as biréfringent retarders 
when viewed through a polariscope. A smear on glass appears as a bright yellow white field- 
Impregnated polypropylene films give different colors depending on whether the liquid crystal is in 
a mesophase or an isotropic phase. It should be emphasized that the polypropylene itself is 
biréfringent. The same color effects noted in raising the temperature of the impregnated films were 
also noted in the chemical detection aspects irrespective of the organic vapor tested. Undoubtedly 
the effect of the organic vapor absorption is to lower the isotropic transition to the test temperature 
(in most cases, the ambient one). Colors are observed when the unimpregnated film is rotated 
between crossed polars. Furthermore, droplets of any of the twenty-five organic liquid tests 
(including liquid crystals in the isotropic state) give the same color against a particular background 
color of the unimpregnated film, e.g., orange against green. Liquid crystals in a mesomorphic state 
show a different color than the isotropic liquids. The observed difference was utilized in the design 

of the organic vapor detector. 

Of the nematics examined, the most sensitive detector was MBB A. This was also the 
one with the lowest isotropic transition temperature. Nematics with high isotropic transition 
temperatures were much less sensitive. In other words, more organic vapor needs to be absorbed in 
order to effect a transition from mesophase to isotropic liquid. 
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Table 1 Concentrations of Organic Vapors Effecting a Visually 
Observable Change of Liquid Crystal Filmsa 

Organic vapor Concentration 

MBBAC 
Trimethylphosphate 
a-Picoline 
Pyridine 
Dioxane 
Tetrahydrofuran 
Nitromethane 
Acetonitrile 
Ethyl acetate 
Isopropanol 
Methanol 
Diethylamine 
Chloroform 
Acetone 
Petroleum ether 

(b.p. 30-60°C) 
50% MBB A + 50% EBBAC 

Trimethylphosphate 
Acetic acid 
a-Picoline 
Pyridine 
Tetrahydrofuran 
Dioxane 
Nitromethane 
Acetonitrile 
Chloroform 
Methanol 
Carbon tetrachloride 
Methylene chloride 

EBBAd 

ppmb 

1 
3 
5 

10 
15 
20 
25 
40 
45 
50 
50 
50 
60 

270 

<3 
7 

10 
19 
24 
37 
70 

110 
190 
230 
250 
400 

a 

Tetrahydrofuran 
a-Picoline 
Pyridine 
Dioxane 
Nitromethane 
Acetonitrile 
Diethylamine 
Acetone 
Methylene chloride 
Carbon tetrachloride 
Petroleum ether 

(b.p. 30-60°C) 

6 
7 

15 
35 
40 
52 
77 

110 
240 
290 

1200 

Tests performed at room temperature (approximately 27°C) The films were vtewed usinp a 

hand polariscope. 

b Weight volume. 
c Nematic liquid crystal. Impregnated on Celgard 2400 microporous polypropylene film 

Color change from green to orange with several colors in between, 

d Smectic mesophase. Impregnated on Celgard 2400 microporous polypropylene film. C olor 
change from red to orange with several colors in between. 
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Table 2. Effect of Temperature on Observed Colors of Liquid Crystal Filmsa 

Liquid crystal 

MEBA 

EBBA 

Temperature 

°C 

20-34 
34-37 
37-39 
3940 
>40 

20-72 
72-74 
74-76 
76-78 

>78 

Colors 

Green 
Red 
Green 
Purple 
Orange 

Green 
Red 
Green 
Purple 
Orange 

a Celgard 2400 impregnated with the liquid crystal, supercooling effect noted with EBBA; 
colors viewed through a polariscope during the heating of the films. The same colors are 
observed when the films are cooled. 

b This figure corresponds to the isotropic transition temperature. 

In comparison to the other detectors listed in table 1, the MBBP was found least 
attractive. The detection sensitivity is low and the observed colors are not bright. The poor response 
does not appear totally related to the isotropic transition temperature. The pyridine derivative is 
smectic at room temperature and goes through other phase changes (including a nematic one) 
before reaching the isotropic state. 

It is apparent on examining table 1 that the detection is nonspecific. There is no 
particular correlation evident between detectable concentration and properties of the organics other 
than that the more polar materials are more easily detected. Neither water vapor nor water droplets 
affect the liquid crystal-impregnated detector films. 

Th detection effects shown in table 1 are relatively insensitive to fluctuations in room 
temperature since the isotropic transition of the liquid crystals examined lie well above room 
temperature. Also the effects are reversible, i.e., removal of the films from the organic vapor 
atmosphere restores the original color. 

The polypropylene detector films are visually clear and do not feel wet or “greasy" to 
the touch. It is recommended that the films be used within a day of being prepared because of the 
possibility of their absorbing nonvolatile compounds or chemically reactive ones over a period of 
time. The benzylidene aniline derivatives are not especially stable since the C=N-group is a 

particularly labile one. 



. .. .... 

The tn^jor advantage of the detection technique reported in this publication over the 
one utilizing optical reflection from cholesteric liquid crystals is simplicity. Uniformly thin films are 
easily prepared and handled. Temperature control is relatively unimportant. Instrumental 
monitoring is not required but could be adapted easily if an application deems 't. A hand 
polariscope with an electric light source was used but natural light could serve as well In contrast 
optimum utilization of techniques bared on optical reflection from cholesteric liquid crystals 
requires instruments such as a temperature regulator, incident light source and photocell as well as 

electronic output. Achievement of detection by visual observation is complicated since the observed 
color depends on the angle of viewing. This is not as critical with the nematogen-polypropylcne 
film. 

VI. CONSIDERATIONS FOR FUTURE WORK. 

Current technology would allow the development of simple liquid crystal devices for 
the detection of organic chemical vapors in the parts-per-million concentration range The detection 
would not require instrumental monitoring; it would be nonspecific, reversible and temperature 
insensitive. 

Higiu’ 'ensitivity (while retaining nonspecificity and reversibility) can be obtained 
with the microporo'.' ’X)lypropylene films impregnated with liquid crystals by: 

(a) Op. ating at temperatures closer to tbe isotropic transition temperatures. 

ib) Operating at room temperature but choosing a liquid crystal system with a lower 
isotropic transition temperature, or 

(c) Using the detection signal a color change which occurs prior to the formation of 
an isotropic phase. 

Each of the above possibilities requires closer control on temperature and more careful 
monitoring. The sensitivity can be bettered by at least one order of magnitude (depending on the 
material detected and the choice of liquid crystal detector) if the first color change is used as the 
detection signal. This is illustrated with several examples in table 3. 

A combination of increased sensitivity, selectivity and nonreversibility can be achieved 
if; 

(a) The liquid crystal reacts with the material to b. detected, or 

(b) The liquid crystal system is combined with a chemical which reacts with the 

material to be detected. 

Examples of this effect have been reported.28 ,41 
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Table 3. Color Changes of Liquid Crystal Films Exposed 
to Various Concentrations of Organic Vapors3 

Concentration*5 Color 

ppm 

Liquid crystal: 70% MBB A 

Organic vapor: tetrahydrofuran 

<1.0 

1 * 

3.0 

4.5 

6.0 

7.5 
>15 

Green 

Red 

Orange 

Green 

Blue 

Violet 
Orange 

Liquid crystal: 70% MBB A + 30% EBBA 

Organic vapor: acetonitrile 

<35 

55 

70 

80 

90 

95 

100 

>110 

Green 

Blue 

Red 

Orange 

Green 

Blue 

Violet 

Orange 

a Celgard 2400 microf/orous polypropylene films impregnated 
with the liquid crystal, expo*d to organic vapor and 
examined between crossed polars of a polariscope. 

c Weight/volume. 

Liquid crystals such as MBBA and EBBA are not very stable. Future work shou.d 
utilize room temperature nematics such as reported by Gray.45 
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MICROWAVE-INDUCED EMISSION SPECTROSCOPY: 
A NEW ANALYTICAL TOOL FOR ULTRATRACE ELEMENT DETERMINATION 

OF INDUSTRIAL, CLINICAL AND ENVIRONMENTAL ÍNTEREST 

by 

G. W. Wooten 

ABSTRACT 

A laboratory model microwave-induced emission spectrometer system has been 
developed and fabricated which will extend ultratrace element analysis technology. This instrument, 
which employs low wattage microwave-induced gas discharges to excite atomic and diatomic 
emission, exhibits a high degree of specificity and sensitivity for metallic and nonmetallic elements 
in organic or inorganic substances, in any physical state, and in a variety of matrices of industrial, 
clinical and/or environmental concern. Trace metals have been analyzed in matrices ranging from 
river waters to blood and other biologicals, and food products. No pretreatment or concentration 
steps are required for most analyses. A sensitivity approaclung 10' gram has been achieved for 
elemental mercury while working limits in the order of 10' - 10' gram are obtained routinely 
for many metals with good reproducibility. Pesticide and similar analyses can be performed by 
employing this instrument as a selective and highly sensitive gas chromatographic detector. 
Performance studies conducted thus far indicate that the sensitivity obtained with the 
microwave-induced emission instrument meets or exceeds the absolute detection limits afforded by 

the most sensitive atomic spectrometric procedures available today. 

Figures 1-23, which follow, reveal considerable information about the structure and 

possible uses of this spectrometer system. 
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Discharge Tube - 6mm 0. D. X 5mm I. D. Spectrosil Quartz 

Discharge Gas - Helium 

Microwave Power - 50 watts forward 
0 watts reverse 

Gas Flow Rate - 250cc/minute 

System Pressure - 4-5torr 

Pyrolysis Probe -10 mil Tantalum Filament 
Capacitive DischargeFiring Mode - 

Sustained Probe Format 
Charging Rate - 7 volts at 5.6 amps 

Sample Size - 5 ul 

Discharge Zone Observed - Leading Edge of Discharge 

Data Acquisition - Spectral Mode 

Figure 11. Instrument Operating Parameter 
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Figure 13. Instrument Response to Zinc 
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Copper (grams! 

Figure 14. Instrument Response to Copper 
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2288 Â CADMIUM LINE 

10 MIL TANTALUM PROBE 

2 MINUTE ASHING AT 3 AMPS 

PROGRAMED PROBE - 4.6 AMPS 

RISE TIME~4 SECONDS 

NO PRETREATMENT 
3.5 ppm Cd 

Background 

FigurelS. Cadmium in Oyster Tissue 
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5 X lÕ12g Anthracene 

1 ¿jA Full Scale 
CN Violet 

Figure 20. Anthracene, but Use of More Current 
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SIMULTANEOUS DETERMINATION OF ZINC, LEAD AND CADMIUM ION 

CONCENTRATION IN CONTAMINATED SEA WATER 
USING DIRECT CURRENT POLAROGRAPHY 

by 

Joseph H. Klein and Steven Diamond. Midn 1/C 
US Naval Academy, Annapolis Maryland 21402 

SUMMARY 

A need for a faster, more accurate method of identifying, and quantifying metal ions in 

contaminated sea water can be seen by the recent published literature. Polarography appears to be a 
natural method for this work since the high concentrations of sodium, calcium and magnesium salts 

which hinder other methods of analysis aid polarography. This paper presents a fast, accurate means 
of identifying and analyzing sea water for zinc, lead, and cadmium in sea water without prior 

concentration or treatment. The three ions, zinc, lead, and cadmium çan be determined 

simultaneously and can be estimated at any level greater than one part per million 

l. INTRODUCTION. 

Examination of the Environmental Protection Data Base Publication MPS 2.4 and 3.2 
shows a striking lack of reference to polarographic methods for water analysis. Only a very brief 
treatment of polarographic methods appears in Standard Methods for the Examination of Water and 
Waste Water, 13th ed., and no reference at all to the examination of sea water is included. 

A thorough search of the literature since 1922, revealed only a few articles involving 
the examination of sea water or other highly sahne waters by polarography Whitnack* reported 
that seawater acted as an excellent supporting electrolyte and recommended that polarography be 

given more consideration as an analytical tool in oceanography. 

Most of the work reported involved the trace analysis of metal ions in sea water after 

some means of concentration, and in general, worked in the area of I to 10 parts per billion 
concentration. No reference was found which used standard direct current polarography to examine 

sea water for gross metal ion concentration. 

This report describes a method of analyzing contaminated seawater for Zn++. Pb'!+, 

and Cd++ ions at levels greater than 1 part per million without prior sample concentration. 

• Whitnack, Gerald C. Applications of Cathode Ray Polarography in the Field of Polarography. Journal of the Electrnanalytical 

Society. 2,110(1961). 
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11. EXPERIMENTAL. 

A. Apparatus and Material. 

Two standard direct current polarographs were used in this work: (I ) Beckman 
Electroscan 30 and (2) Heath Kit EUA 19.-2. The dropping mercury electrode was Heath Built 
Model EUA 10-6. pH measurements were made with a Beckman Expandomatic pH meter. Supplies 
of clean tresh seawater were obtained from Wrightsville Beach, N.C., approximately 1 mile off 
shore and from Key West, Florida approximately 5 miles off the Eastern reef. 

All reagents used were of analytical reagent grade or better. 

B. Polarographie Traces of Gean Seawater. 

In order to corroborate Whitnack’s report that seawater served as a good supporting 
electrolyte and to observe the characteristics of the instruments and cells, several polarograms were 
produced of clean seawater. The polarogram of Key West seawater and of Wrightsville Beach 
seawater showed almost identical traces. The increase in diffusion current waves due to metal ion 
concentrations could be detected between 0.00 volts and -1.5 volts versus S.C.E. 

These polarograms corroborate Whitnack's work. Seawater serves as a good supportiim 
electrolyte for polarographic studies in seawater. 

C. Determination of Cd+2 Ions in Seawater. 

A standard Cd++ ion solution was prepared by dissolving I 1.2 g (0.1 mole) of Cd metal 
99.99% pure obtained from Electronic Space Products Inc. in 1 molar HCI and was diluted to one 
liter. This stock solution was then used to prepare solutions of known Cd++ concentration in fresh 
seawater. In general, no maxima suppressor was needed but for uniformity 3 drops of 2.0% 
triton X 100 were added to each 100 ml of sample. The samples of cadmium ion in seawater whose 
concentrations varied from 10‘^ molar to 10"^ molar were then scanned polarographically from 
0 00 to -1.0 volts versus S.C.E. A well-defined wave appeared at an E 1/2 voltage versus S.C.E. of 
-0.60 and the diffusion current was proportional to concentration (see table 1). All solutions were 
scanned at the pH of the seawater used. A plot of the data appears in figure 1 .* 

A second series of solutions was then prepared varying in Cd++ion concentration from 
10"^ molar to 10‘^ molar. Again, well-defined polarographic waves were obtained and the diffusion 
current was proportional to the cadmium ion concentiation. (See table 2 and figure 2». 

The data shows that Cd"H’ ion concentrations in seawater can be accurately estimated 
at levels of 1 ppm or greater in seawater without prior sample treatment by direct current 
polarography. 

D. Determination of Zn++ Ions in Sîawater. 

A standard Zn"" ion solution was prepared by dissolving 6.5 g (0 1 mole) of Zn metal 
99.99% pure, obtained from Electronic Space Products. Inc. in 1 molar HCI and diluting to one 
liter. This stock solution was then used to prepare solutions of known Zn++concentration in fresh 

* The tables at the top of the figures are referred to by the same number as the figure on which they appear throughout this paper. 
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seawater. To each 100 ml of solution 3 drops of 2% triton X 100 were added. The samples of zinc 
ion in seawater whose concentrations varied from I0'2 to 10‘5 molar were then scanned 
polarographically from 0.00 to -1.5 volts versus S.C.E. A well-defined wave appeared at an K l/T 
voltage of -0.96 volts versus S.C.E. The diffusion current for these waves was proportional to the 
zinc ion concentration. All solutions were scanned at the pH of the seawater used, 8.2. A plot of 
this data appears in figure 3. 

A second series of solutions of zinr ion in seawater were prepared varying the zinc ion 
concentration from 10^ to 10’^ molar. A plot of this data also appears in figure 4. 

These data indicate that zinc ion concentrations in seawater can be accurately 
estimated at levels of 1 ppm or greater in seawater without prior sample treatment by direct current 
polarography. 

E. Determination of Pb++ Ions in Seawater. 

A standard Pb++ ion solution was prepared by dissolving 1.0000 g of 99.99% pure lead 
in 1M nitric acid and diluting to one liter with distilled water. This stock solution containing 1000 
ppm Pb++ ion was then used to prepare solutions of known Pb++ ion concentration in seawater. 

Due to the low solubility of lead hydroxide and lead chloride, precipitation occurred at 
pH of 8.2. even at lead ion levels of 20 ppm The pH of the supporting electrolyte (seawater) v as 
adjusted to 4.0 using HC1. Lead ion solutions from 4 to 100 ppm were prepared. These solutions 
were stable and no precipitation occurred. 

The samples of Pb++ ion in seawater whose concentrations varied from 4.84 X lO"^ 
molar to 1.94 X 10"^ molar were then scanned polarographically from 0.00 to -1.2 volts versus 
S.C.E. A well defined wave appeared at -0.47 volts. The diffusion current (id) was proportional to 
the lead ion concentration. A plot of the data appears in figure 5. 

These data indicate that lead ion concentrations in seawater can be accurately estimated 
at levels as low as 4 ppm. The lead ion concentrations in seawater at pH values above 8 would 
always be low and would not exceed 100 ppm. Direct current polarograph seems an excellent 
way to monitor lead ion concentrations with only minimal sample treatment. 

F. Simultaneous Determination of Zinc. Lead, and Cadmium in Seawater. 

In order to study the effect of multiple metal ion concentrations on the determination 
of individual ion concentration, the following solution was prepared. Using the stock solutions 
described earlier, sufficient lead, cadmium and zinc ions were added to one liter of seawater at pH 
value of 4.2 to cause lead, cadmium and zinc ion concentrations of 10 0, 1 1 2. and 6.54 ppm 
respectively. This solution was then scanned polarographically from -.1 volts to -1.9 volts versus 
S.C.E. Three well-defined and sepa>ated polarographic waves appeared which corresponded to the F 
1/2 voltages of the lead, cadmium and zinc ions. The concentrations of the three ions were then 
determined by measuring the diffusion currents and reading their concentrations from the 
respective plots in appendix A. The data is summarized in the following table: 

294 



Ion of 
interest 

E 1/2 
volts 

id 
/xamps 

Known Concentration 
concentration determined 

in ppm in ppm 

% 

Dev 

Pb++ -0.35 0.322 
Cd -0.57 0.650 
Zn+r -0.98 0.630 

10.0 9.50 -5 
11.2 11.2 0 
6.70 6.54 -2.4 

This data was obtained with a low cost Heath built polarograph. 

These data indicate that lead, cadmium and zinc ion concentrations in seawater can be 
accurately esiimated at levels above 1 ppm using direct current polarogruphy. 

CONCLUSIONS 

This work shows that lead, cadmium and zinc ions can be qualitatively identified and 
their concentrations estimated in seawater at concentrations above I part per million The method 
•s fast and does not require prior sample concentration and only a rfiinimum of sample treatment. 

It should be practicable to use any direct current dropping mercury electrode 
polarograph for this analysis. Expensive sophisticated equipment is not required 

Interfering ions would be those whose half wave potentials (E 1/2) fall within .2 volts 
of the ions of interest and even these can be avoided in most circumstances. 

RECOMMENDATIONS 

Since this method of examining contaminated seawater samples has received so little 
attention, it is recommended that further work be accomplished to extend it to cover other ions 
for example; copper, nickel, cobalt, thallium and manganese. 

Actual field samples should be examined and the analysis of these samples by other 
methods should be compared to the analyses by polarography. 

This method may find application in monitoring the corrosion of stainless steel and 
may be helpful in determining the rate of corrosion in seawater. 
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Zn++ concentration 
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Figure 1. Data for Cadmium Ion, at Higher Concentration, in Seawater 
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SUPPORTING ELECTROLYTE SEAWATER pH 

lCd++l E 1/2 id 

PPM Molar 

8 2 

1 124 
2 248 
4 556 
5620 
9 112 

11 24 

1X10'5 
2x10-5 

-0 560 
-0 545 
-0573 
-0 560 
0.578 

-0 583 

0 045 
0 103 
0 248 
0 313 
0504 
0653 

ICd*+] in PPM 

Figure 2. Data for Cadmium Ion, at Lower Concentration, in Seawater 
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SUPPORTING ELECTROLYTE SEAWATER pH * 8.2 

|Cd++] E 1/2 «d 

PPM Molar 

1124 
112.4 

11.24 

IX IO'2 
1X10 3 
IX IO’4 

-0605 
-0 615 
-0 580 

66 5 
665 
0 644 

Figure 3. Data for Zinc Ion. at Higher Concentrations, in Seawater 



SUPPORTING ELECTROLYTE SEAWATER pH 8 2 

Zn++ concentration id pump» 

PPM Molar 

6 54 lx 10 4 0 616 
5 23 8X10'® 0.488 
2.62 4X10'® 0 236 
1.31 2>10® 0 112 
0 65 1X10® 0 056 

Figure 4. Data for Zinc Ion, at Lower Concentrations, in Seawater 
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Figure 5. Data for Lead !on in Seawater 
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A NEW HIGHLY SENSITIVE DETECTION TECHNIQUE BASED 

ON THE PHOTOELECTRIC PROPERTIES OF MATRIX 

ISOLATED DONOR AND ACCEPTOR COMPLEXES 

by 

A. Snelson 
IIT Research Institute, 10 W. 35th St. Chicago, Illinois 

ABSTRACT 

The existence of a photoconductivity effect in matrix isolated donor and acceptor 
species has recently been demonstrated at IIT Research Institute. The phenomenon appears to have 
some very attractive possibilities in several areas, and in this paper, its potential .n the field of 
chemical detection is presented. Although the approach needs further investigation in the 
laboratory, an ultimate level of detection of =*10^ molecules appears possible. In addition to this 
extremely high sensitivity, the approach could also have a marked degree of specificity. 

I. INTRODUCTION. 

The matrix isolation technique is now a well established method for obtaining 
spectroscopic data for atomic molecular and radical species. More recently the method has been 
extended so that the spectra of trapped ionic species may also be obtained.1'5 In this latter 
technique suitable electron donating and electron accepting species are isolated within the same 
inert gas matrix and electron transfer between the donors and acceptors is promoted by 
photoexcitation.12 Electron spin resonance techniques have been used to characterize the isolated 
anionic and cationic species,1 '3 and the infrared spectra of a variety of matrix isolated negative ions 
have been reported.4,5 The most commonly usei electron donors have been alkali metal atoms A 
variety of electron accepting species have been used, NO-»,5 NO,5 SO-».4 B-»H^.3 
tetracyanoethylene3 and furan.3 

Recently in this laboratory some preliminary studies have been made on a possible 
photoconductivity effect which might be expected to exist for matrix isolated donor and acceptor 
species. A paper describing the results of these initial studies has been published.5“ In addition the 
results of some further studies, not yet published will be mentioned. 

Briefly, a photoconductivity effect was observed for matrix isolated sodium atoms 
(donors) and tetracyanoethylene, sym-trinitrotoluen e, dibenzofuran, and 
1:1 :l-trichloro-2,2-bis4P-chlorophenyl)ethane iDDT) (acceptors). This demonstration of a 
photoconductivity effect for matrix isolated species is of interest not only from a basic chemistry 
standpoint, but also from a potentially practical angle of providing new techniques for: 

1. Measuring very low concentrations of atoms, molecules and radicals, 

2. Measuring electron affinities for atoms, molecules, or radicals and. 
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effect). 
3. Measuring light intensities in real time or aftci storage (i c.. an image storage 

Although the photoconductivity effect could find use in all three areas given above, in 
this paper the concern is largely with the possibilities of the phenomenon with respect to chemical 
detection. At the present time the possible harmful effects of small concentrations of a variety ot 
chemical substances to human life have been well publicized; e.g.. NO-NOx levels at the fractional 
to low ppb(v) level; Fréons at the 0.01 to 0.001 ppb(v) level capable of upsetting the upper 
atmosphere ozone balance; vinyl chloride and chlorodibenzofurans as possible carcinogens at low 
ppm(v) level, etc. The measurement of these and other materials at very low levels presents many 
analytical problems both in terms of inherent sensitivity and specificity of the detection method 
and new or improved methods of analysis are constantly being sought. As will be outlined shortly 
there is reason to believe that the photoconductivity effect under discussion here could provide a 
new. extremely sensitive, detection technique. Obviously, at the present time, the observed 
photoconductivity effect needs careful investigation to define its true potential in the area ot 
chemical detection. 

II. THE PHOTOCONDUCTIVITY EFFECT. 

A schematic description of the new photoconductivity effect is most easily obtained 
from figure 1. Alternate matrix-isolated layers of sodium and tetracyanoethylene were deposited on 
a suitable cooled surface. Under illumination transfer of an electron from the sodium to the 
tetracyanoethylene is promoted and under the influence of an applied field conduction takes place. 
Experiments indicate that the charge transfer complex is only formed at the interface ol the 
matrix-isolated layers. It may be estimated, based on the matrix dilution factors used in the 
experiments that a maximum of appioximately lo'^ complexes could be formed at the layer 
interfaces. The maximum current obtained with this arrangement was approximately 10^ amp. 
Since the current measuring device used in the study (A Keithley electrometer) could detect 
currents as low as 1CT* ' amp, the minimum number of donor-accepior complexes detectable with 
this experimental arrangement was of the order of 10*^. This level of detection is ot course very 
good, rivaling many of today’s best existing detection devices. 

In order to improve the minimum detection level two approaches are possible. 

1. The cryogenic sample is in a vacuum environment and thus it is possible to use 
an electron multiplier6 as the primary current detector. These devices are easily able to detect 5-10 
electron sec'* and have gains of approximately 107. At 5-10 electrons sec' . currents ol 
approximately 10'*1 amp result which are suitably measured by conventional electrometers or 
electron-counting procedures. Extrapolating from the above experimental data, it may be calculated 
that on introducing an electron multiplier into the sys’em as the primary current detector, 
approximately 104 donor-acceptor complexes could be detected. 

2. The illumination of the matrix containing the donor-acceptor complexes in the 
I1TRI experiments was from an ordinary 150-watt tungsten filament electric light bulb The 
filament was about 10 cm from the surface on which the matrix was deposited and no attempt to 
focus the radiation on the matrix was made. It is reasonable to assume that the photo-current 
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depends both on the number of donor-acceptor complexes and the rate at which they are 
synthesized from the neutral molecules by the photon energy prior to being discharged. It would be 
an easy matter to increase the illumination at the matrix by at least two orders of magnitude and 
hence increase the sensitivity of the device by a similar order of magnitude. 

It appears tnerefore, that by making the above modifications to the original 
experimental arrangement, as shown in figure 2, the detection of ^10* donor-acceptor complexes is 
entirely possible. Practically there may be difficulties in attaining this limit due to the presence of 
impurities in a real experimental situation. The detection of 10“ molecular species represents an 
extremely high level of sensitivity, some six orders of magnitude higher than obtained with the most 

commonly available systems. 

The possibility that the photoconductivity effect could be used not only as a highly 
sensitive detector, but as a detector with specificity will now be considered. In order to do this it 
will be necessary to consider the energetics of the photoconductivity process. For this purpose a 
system consisting of matrix-isolated sodium and chlorine atoms will be discussed since some 
numerical values are available for the energetics involved. Reference will now be made to the 
diagram shown in figure 3. The figure shows how the potential energy changes as a function of the 
intemuclear separation, R, for neutral and ionic sodium and chlorine species. The most stable 
configuration for Na+ and CT occurs at about 2.4Â, corresponding to a gaseous molecule NaCl 
(salt). This is taken as the zero energy reference state for the two systems. Although the Na and C 1 
system has an energy minimum as the species approach each other from infinite separation, the 
neutra’ Na and G system does not. In the lat er system as the atoms approach each other from 
infinity the potential energy remains essentially .onstant until at fairly small values of R. the energy 

starts increasing very rapidly. 

fhe energetics of the photoconductivity process will now be considered in terms of the 
potential energy diagram. For the sake of simplicity the following is assumed 

1. The sole function of the host matrix in the present context is to keep the species 
(Na and G or Na+ and CD rigidly fixed in their respective postions within the inert gas matrix. 

2. The energy of interaction between the trapped species and the surrounding 
matrix is small, and for the present purpose may be ignored. There is a considerable body ol 

evidence that this indeed is the case.8 

3. Electrode tunneling phenomena can be ignored. With these assumptions, the 
energy E. required to transfer an electron from a sodium atom to a chlorine atom within the matrix 

is given by : 

E = Ejp(Na) - Eea(C.) - e2/ER ( I > 

where 

Eip(Na) = Ionization potential of the sodium atom - 5.2 ev 
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Kca(Cl) = Ele ctron affinity of the chlorine atom = 3.8 ev 

e“/ER = Coulombic potential energy of me resulting ion pair 
and E is the dielectric constant of the matrix. 

In the case of sodium atoms and chlorine atoms, reference to figure I shows that at internuclear 
separations greater than about 10Â (this is where the two potential energy curves intersect) electron 
transfer from a sodium atom to a chlorine atom requires a net input of energy while at R values 
<10Â the si^me process occurs with a net release of energy. Under matrix isolation conditions R 
values greater or less than 1GÂ may be obtained, depending on the dilution factor. Although 
energetically, for R<10Â, a spontaneous electron transfer from sodium to chlorine would be 
favored, practically the process has never been observed in the matrix.3 It must therefore be 
assumed that in order to effect the ionization process an energy barrier not included in equation ( I ) 
must be involved, thu„; 

F = EA + Ejp(Na) - Eea(Cl) - e2/ER (2) 

where EA, representing a quantity analogous to a chemical activation energy term is required. In 
practice the energy required to bring about the ionization process is provided by illumination and 
(2) may be rewritten as. 

Iw = EA + Ejp(Na) - Eea(CI) - e2/ER (3) 

or more generally 

hv = EA + Ejp(D) • Eea(A) - e2/ER (4» 

where 

Ejp(D) and Eea(A) are the ionization potentials and electron affinities of the donor 
and acceptor species respectively. 

Thus in a given system EA will presumably have a characteristic value. R can be fixed 
by the matrix dilution factor and the light energy required to bring about the ionization process will 
then depend on the energy difference Ejp(D) * Eea(A). Since the ionization potentials and the 
electron affinities have unique values for different elements and compounds, the wavelength of the 
exciting radiation may be used as a means of characterizing the donor-acceptor complex. 

Assuming therefore the validity of the above equations and assumptions, it appears 
that the photoconductivity effect could be used in a mode to offer selective detection of different 
molecules and atoms. However, it is well appreciated by the writer that although the above 
equations appear to satisfy the few known facts concerning the matrix photoconductivity process, 
the validity of the relationship expressed in equation 4 between the photon energy, and the energy 
terms on the right hand sid.* of the equation is very uncertain. Quantum mechanical selection rules 
for photoionization processes require only that In' be > the ionization potential of the material 
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under consideration. Practically the cross-section for a photoionization process may he quite small 
and result »n an extremely long period of irradiation to effect significant ionization. In the 
experiments with Na and TCNE, the photoionization appeared to be instantaneous. However, the 
irradiation covered a wavelength interval from 3700Â to greater than 7000Â and included the 
wavelength of the sodium resonance line at 5890Â. It is entirely possible that the main 
photoionization process may have resulted from absorption of radiation by the sodium resonance 
line. If indeed this is the case equation 4 would require modification. 

Finally a note with respect to the kinds of material which can be used in the matrix 
photoconductivity effect. The prime requirement is for electron donors and electron acceptors 
which may be isolated in suitable matrices and undergo photoionization on irradiation. In general, 
electron donors are considered as materials with low ionization potentials. Metals are typical of such 
materials with ionization potentials in the range 3.9 to %9ev. From a practical point of view the 
alkali metals will probably be most suitable since they have the lowest ionization poten'ials 5.36( Li) 
to 3.87(Cs) ev. A low ionization potential is desirable since it allows the photoionizatinn process to 
take place with radiation in the visible region of the spectrum instead of the UV. If JV radiation 
were necessary to produce ionization, problems would probably be encountered with 
photoionization of of the bulk metals used in constructing the equipment, thus adding an 
undesirable photoelectron source to the detection system. 

Electron acceptors cover a wide range of compounds; values range from 0 to as high as 
3.8ev for atomic Cl. In the table some typical electron affinities are listed. It will be observed that 
Ot. Nt. COj, and H^O, the major components of the air. have electron affinities of 0.48. 0. 0.48 
and ^1.3ev respectively, and purely from a detection point of view it appears entirely probable, 
based on equation 4. that any materials in air with electron affinities greater than that of O-i. N-i. 
COt. and H^O could be defected directly using the air as the matrix material, i.e., direct air 
sampling is a possibility for materials with electron affinities greater than 1,3ev. 

It is also worth noting that electron-induced reaction with matrix-isolated materials can 
occur as shown below:5 

M + HI + H + I 

where X = halogen, NO2 etc: 

CnH 2n+l X + M 
hv 

M + ^n^2iH + X 

M + C6H5F ^ » M+ + C6H5 + F ' 

In' - 
-► M+ + C5H4 + Cl * M + C5H4NC1 



H 

iÄSä&'-^.âOôî-3; *"** ^'i M m^T I 

—c 
/ H 

v\ 

O 
\ 

M = Electron donor 

In' 
H /11 

M+ + ¿C-C V 

/-0 % 

Obviously a very large group of compounds can act as electron acceptors, either directly or .is 
indicated above via electron-induced reaction. 

In the above discussion, it has been assumed that only inert gas matrices could be used 
for the host material containing the electron donor and acceptor. This situation obviously requires 
the use of low temperatures for the formation of the solid matrix. The possibility that suitable 
matrices can be found that would be solid at room temperature and still allow the 
photoconductivity effect to occur is likely. Finally, in figures 4 and 5 some typical 
photoconductivity curves are presented. 

III. CONCLUSION. 

A basis for a new, highly sensitive detection technique has been presented. Admittedly 
the approach needs careful laboratory study to determine its true potential at this time, but the 
high sensitivity of the device looks very promising. At a time when it is becoming to be realized that 
very small amounts of chemical substances can sometimes have unexpected effects on human life 
and the environment, the possibility of developing an extremely sensitive detection device is very 
attractive. 
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Figure 4. Photoconductivity Curves for Sodium and Tetracyanoethylene. 
in an Argon Matrix, 30 layers of Each 
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Table. Some Electron Affinities of Elements and Compounds* 

Material 
Electron 
affinity 
in ev 

Material 
Electron 
affinity 

in ev 

F2 
ci2 

Cl 

Bf2 

>2 

02 

n2 

03 
NO 

no2 

no3 

h2o 

ho2 

ch3o 

hno3 

3.08 

2.38 

3.8 

2.51 

258 

0.48 

«0 

1.96 

0.09 

2.04 

2.48 

1.31 

^3.5 

0.39 

1.99 

S 

so2 

sf6 

P 

c 
CH 

c2 
c2h 

C6H3(N02)3 (sym) 

C6H4 (N02)2 (meta) 

C6H5NU2 

co2 

CO 

C2oH 12 (1:2 benzopyrene) 

C20H12 (3:4 benzopyrene) 

2.07 

1.1 

>0.43 <1.47 

0.71 

1.27 

2.6 

3.3 

2.1 

1.86 

1.43 

*0.5 

0.48 

-1.8 

»0.48 

*0.82 

* These values are taken from R. P Blaunstein and L. G. ChrMophorou, “On Molecular Parameters ot 

Physical Chemical and Biological Interest”. Radiation Research Reviews, 3.69 (1971). 
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STUDIES ON THE FORMATION OF DYES FROM DIINDOLYLPYRIDYLMETHANES 

by 

David N. Kramer, Fhaddeus J. Novak, Harold Klapper, and Lester Daasch 

Chemical Laboratory 
Edgewcod Arsenal 

Aberdeen Proving Ground, Maryland 

Brown Murr 

Chemistry Department 
Johns Hopkins University 

Baltimore, Maryland 

There is a need for more sensitive and specific detection tests for alkylating agents, e g.. 
mustard gas. 

The current test used most widely employs DB-3 [4-(p nitrobenzyDpyridinel and 
requires a preheating step followed by the addition of alkali. The reaction is illustrated in figure 1 

Figure 1. Reaction of the DB-3 Test (Sensitivity 0.1 /ag on Silica Gel Tube) 

In attempts to improve on the DB-3 reaction we have synthesized a series of 
diindolylpyridylmethanes by reacting two equivalents of indole and one equivalent of 
4-pyridinecarboxaldehyde in the presence of alcoholic hydrochloric acid. Figure 2 and the table 
summarize the variously substituted analogues that were synthesized. We have also studied the 
kinetics of the alkylation and have illustrated the possible reaction mechanisms leading to dyes 
depicted in figure 3. 

The sensitivity achieved with the new series of reagents is of the order of DB-3. It was 
also found that an increase in sensitivity can be achieved by coupling the reaction with a 
triaryltetrazolium salt (to form the colored formazan). 

316 



T
ab

le
. 

D
ii

nd
oi

yl
py

ri
dy

lm
et

ha
ne

s 



H 

1. have prepared many analogues. 

R = Cl. Me, MeO, Br. CN, C02H 

2. STUDIED KINETICS AND THE MECHANISMS. 

3. SENSITIVITY AND SENSITIZATION WITH TTZ. 

Figare 2. Work Done on D.' iolylpyridylmethanes 
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