DOEMHWF-130

LITERATURE SEARCH, REVIEW, AND
COMPILATION OF DATA FOR
CHEMICAL AND
RADIOCHEMICAL SENSORS

- TASK 1 REPORT ~
Januaty 1993

Submitted io
OFFICE OF TECHNQLOGY DEVELOPMENT
OFFICE OF ENVIRONMENTAL RESTORATION AND WASTE MANAGEMENT
DEFPARTMENT OF ENERGY HEADQUARTERS

Prepared by
ADVANCED SCIENCES, INC.
6739 Academy Road, N.E.
Albuquergue, New Mexico 87109-3345
wnder contract DE-AC0S-870R21706

for the
HAZARDOUS WASTE REMEDIAIL. ACTIONS PROGR AM
Oak Ridge, Tennessee 37831-7606
managed by
MARTIN MARIETTA ENERGY SYSTEMS, INC.

for the

U.5. DEPARTMENT OF ENERGY

under contract DE-ACDS-840FR 21400

DISTRIBUTION OF THIS DOCUMENT Is UNLMITED | MASTER







DISCLAIMER

This report was preparad as an account of work sponsored
by an agency of the United States Govemment. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, exprass or irnplisd,
or assumss any lsgal lisbility or responsibility for the
accuracy, completenass, or usefulness of any information,
apparatus, product, or process disciosed, or represents that
itg use wouid nat infringe privately owned rights. Refacance
herein to any specific commaercial product, process, or
sarvice by trade name, trademark, manufacturer, or
atharwise does not necessarily constitute or imply s
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opiniona of authors sxpressed herein do not necessarily
state or reflect those of the United Statas Government or
any agency thereof.




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original

document.




CONTENTS

PREFACE ... .. it irumrrcnecnsanrenoancnacnacsascasssansnmsnamsansenmnnnn

1. INTRODUCTION ...t ittt rrasermarnasssnar e e

2. ELECTROCHEMICAL SENSORS . ... ... ... iiiiiiiiiareneneirnrrans
21 INTRODUCTION L. hins s e i it ttitssasvaasstcarrasranrans
22 POTENTIOMETRICSENSDORS .. ... o i ieieiiiivsiancaaraacssas
23 AMPEROMETRICSENSORS ......c.0viviivmiranmtnitarninnianranas
24 REFERENCES CITED ... oottt iiiiiainssnnnsnnnncnssnseneenenanensns
25 BOOK REVIEW ... ittt ivatriarsasramaanasatanaraneenns

3. FIBER-OFTIC BASED SENSORS ... ... .. i ia s
3.1 INTRODUCTION ..., B T T LT
3.2 REFERENCES, PROCEEDINGS REVIEWS, AND BOOK REVIEWS FOR

FIBER OPTIC CHEMICAL SENSORS . ..... ... ..o iiiiiivinas
321 References . ... ..o i e i it iee it

3.2.2 Proceedings of Conferences and Symposia = Papers of Special Interest for
This Report . ... ... i e e it et r et easns
3.23 Books of Particular Interest . . ... ... ... . . i i

4. PIEZOELECTRIC SENSORS ... ... i iiiiiinsvassansssnssivassarsarrsans
41 INTRODUCTION . . oe i i i it et i iteataa s aaaasanars
42 BAW SENSORS ... e e
43 SAW SENSORS . i st
44 OTHER TYPES ... it iasatsrirrrsnnnrinanan
45 JOURNAL ARTICLES AND BOOKS CITED . ... coiviiivriininsanrarrssnn
5. RADIOCHEMICAL SENSORS . ..., ..t inanranarrinsnsrnnsnnsmnannn
6. JOURNAL ARTICLE REVIEWS AND REFERENCES - GENERAL ............
6.1 REVIEWS | . e
6.2 CHEMILUMINESCENCE BIBILICGRAPHY ...........iiiireinrinnnnnn
7. PROCEEDINGS-GENERAL ........ .. . ittt ci s iasnenes
B. BOOKREVIEWS - GENERAL ... ... .. ... oot anaancan
9. REFERENCES FROM CHEMICAL ABSTRACTS/STN ... ... i i inrnss

10. LIST OF MANUFACTURERS, VENDORS, AND RESEARCH ORGANIZATIONS

.
1Ll







PREFACE

This literature search was conducted by William H. Roach, Advanced Sciences, Ins. (ASI),
Principal Investigator, with assistance from Lec Rahal (ASI) and H. Milton Peck {Consultant).
The work was performed under contract DE-AQOS-8TOR21706, Task 12,92, TTF No. OR-
121112, with the Hazardous Waste Remedial Actions Frogram (HAZWRAP) of Martin Marietta
Energy Systems, Inc. Fraderick Heacker served as the HAZWRAFP Project Manager for this task
The literature search was sponsored by Caroline Purdy, Office of Technology Development,
Office of Environmental Restoration and Waste Management, Depariment of Energy
Headquarters.







ABSTRACT

This report contains the resulis of an extensive literature search on sensors that are used or have
applicability in environmental and waste management. While restricting the search to a relatively
small part of the total chemistry spectrum, a sizable body of reference material is included.
Resutts are presented in tabular form for general references obtained from data base searches, as
nattative reviews of relevant chapters from procesdings, as book reviews, and as reviews of
jouwrnal articles wath particular relevance to the review. Four broad sensor types are covered:
electrochemical processes, piezoelectric devices, fiber optics, and radiochemical processes. The
tepics of surface chemisury processes and biosensors are not treated separately because they often
are an adjunct to one of the four sensors listed  About 1000 tabular entries are listed, including
selected journal articles, reviews of conference/meeting proceedings, and books. Literature to
aboul mid-1992 is covered. '
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1. INTRODUCTION

During the next several decades, the U.S. Department of Energy (DOE) is expecied to spend
tens of billions of doltars in the characterization, cleanup, and monitoring of DOE’s current and
former installations that have various deprees of 30il and proundwater contamination made up of
both hazardous and mixed wastes. Each of these phases will require site surveys to datermine
iype end quantity of hazardous and mixed wastes: first, a survey to eslimate the magoitude and
cost of the cleanup effort, next, one & quantify the cleanup, and, finally, one to monitar the site
after cleanup to ensure that the effort has been successful, It is penerally recognized that these
required survey and monitoring efforts cannot be performed using traditional chemistry methods
based on laboratory evaluation of samples from the field—the number of samples required for a
meaningful survey would require the capabilities of mamy more certified laboratories than now
exist in the United States. For that reason, a tremendous push during the past decade or so has
been made on research and development of sensors that can largely duplicate laboratory results in
the field, have adequate sensitivity and some selectivity, are easy to use, and are inexpensive
compared to laboratory instrumentation. Much of the research in the United States is being done
at universities, the national laboratories, federally funded research organizations, and, possibly to a
lesser extent, in industry. Foreign governments, particularly Japan, Germany, and the United
Kingdom, are putting Jarge sums of money into sensor research and development, expecting large

payoffs.

Increased interest and funding levels in sensor research have led te a corresponding increase in
reports in journals, books, and proceedings. It is not unusual to see an entive conference
dedicaced to a particular class of sensor (e.g., optical fibers) on a yearly basis. Almost every year
comprehensive reviews of some: aspect of chemical sensors, bath in the United States and abroad,
are published. In an attempt to assemble the mass of literature dealing only with chemical and
radiochemical sensors that address the hazardous and mixed waste pollutants, the Office of
Research and Development uader the Deputy Assistant Secretary for Technology Development
has contracted for a "comprehensive literature seasch to determine the availability and
developmental status of sensors that address DOFE needs (in the hazardous and mized waste
areas).” Initial emphasis is to be placed on optical fibers, piezoelectric devices, electrochemical
processes, and radiochemical processes. Other processes (o be considered are surface chemistries,
biosensors, and sepacation procestes. Task 115 to provide that literature search. Following tasks
include an cvalvation of the referenced material to identify sensors that have immediate
availability, those with short-term (1 to 2 years) availability, and those that may be available in 3
to 5 years. Where possible, these evafuations will include information on sensitivity, dynamic
range, selectivity, and laboratory and fieMd test results. Finally, a more detailed report will discuss,
as completely as possible, each type of sensor, sensitivity, lower limit of detection, and the
developmental agencies and principal investigators involved.

During the course of this literawure scarch, it became evident that the scarch could continue for
an indeterminate Jenpth of time because of the huge amount of material that has addressed the
field of chemical sensars during the past several decades. Limiting the search to those sensors
listed reduced the number of references cited, but did not reduce the time spent in the search by
a proportionate amount because many of the references dealing with areas of interest were
mtermingled with references outside our scope of work, such as sensors for blood glucose or
oxygen and other immunosensors. For that reason, the listing of references, books, and
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proceedings reviewed is far from exhaustive, but it does provide a representative sample of what
has been and is being done in chemical sensor research.

Also during this work, it was found that thermal sensors should have been included in the study.
Although the work on thermal sensors for chemical processes may not be as exiensive as work on
some of the other, there is a fair body of literature on the use of thermal sensors o obiain
quantitative data on analyle concentrations. Because the temperature of a system is often taken
for granted, an attitude of neglect for this important parameter has resulted. Any continuing
literature search should include thermal sensors. .

Biosensors and surface chemistries are not separate parts of this report because both are most
often a part of one of the four sensors covered. That is, biological materials and other organics
often are the coatings applied to one of the four to provide the reaction with the analyte detected
by some measuring device. As a result, many of the references that discuss a particular sensor by
necessity also discuss the coating that is an essential part of the sensor. In some cases, however,
blosensors exist as separate entities, and they will be included in follow-on work to this task.




2 ELECTROCHEMICAL SENSORS

21 INTRODUCTION

Electrochemical sensors ate divided into three catepories: (1) sensors for jons, {2) sensots for
gases, and {3) biosensors [Jznata (1)]. Additionally, electrochemical sensors can be grouped by
their method of measurement into potentiometric {(measurement of veltage), amperometric
{measurement of current), and conductimetric {measurement of conductivity). The subset of ion
sensors can be further subdivided into lon-selective membranes, ion-selective electrodes with
liguid internal contacts, and other potentiometric ion sepsors where the intemnal contact is a solid
material. Gas sensors are subdivided into solid-state cells, Severinghaus-type electrodes, and work
function sensors. This report describes electrochemical sensors with particular emphasis op
applications to environmental monitoring and detection. Biosensors and conductimeateic sensors,
as such, are not discussed.

22 POTENTIOMEYRIC SENSORS

Potentiometric measurements are performed within the condition of zero current. Two types ol
chectrochemical interface exist with regard to charge transfer: ideally polarized (purely capacitive)
and nonpolarized. Additionally, with the advent of [SFETs the potential for using the gate
insulator of these devices ax the active electrochemical surface exists. At present no chemical
sensors are using polarized interfaces.

An ion-selective membrane is the essential component of all potentiometric jon sensors. This
membrane establishes the preference with which the sensor responds to the determinant (ion of
interest) in the presence of a variety of other ionic components of the sample. Ion-selective
membranes arc usually considered in the arena of sensing in an aqueous enviconment. However,
water is not the only usable medium in which these sensors can operate. Examples of successful
application of ion-selective electrodes (ISE) in nonaqueous media and at high temperatures and
pressures are prevalent. The use of any type of sensor for such applications is penerally
determined by jis construction and by the constituent materials, rather than by restrickions on the
principle of aperation of the device.

Coated-wire electrodes are made of an internal wire coated with an ion-selective polymeric
membrane. Alternative methods of attachment are pressing or gluing to the solid.state
membrane, forming a compact and inexpensive ion sensor.

23 AMPEROMETRIC SENSORS

High-performance Jiquid chromatography (HPLC), especially liquil chromatography with
electrochemical detection (LCED), is a powerful electroanalytical technique for conducting trace-
level analysis. The amperometric detection scheme is the most widely used because it offers
enhanced sengitivity, uses simple instrumentation, and yields considerable selectivity through the
choice of applied potential {Bond (2), Betsier and Bersier (3)]. Among the amperometric
detectors, thin-layer or wall-jet types are the most common. Glassy carbon (GC), platinum, and
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gold are the most widely used ghectrodde matetials in LCED determinations. The usual electrode
size 15 in the macroscopic (millimeter) range.

Recently, an increased interest has been shown in the development of electrochemical detectors
that use microstructural matetials, particularly carbon fibers, as reported in Edmonds (4),
lithographic films [Monta et al. {5}], sputtering [Wehmeyer et al. (6)], and host membranes
[Penner and Martin (7}, Wang and Zadeii (8)]. These microvoltamretric electrodes have many
applications and currently represent one of the most active research areas in electrochemistry,
The microelectrode is superior to larpe, commeonly sized clectrodes because of the enhanced
nonlinear diffusion and low ohmic and capacitive drops they exhibit. The result is that the
signal-to-noise (§/N) ratio is larger for microelectzodes than for lacger electrodes. Additionally, as
a result of their small area, microelectrodes are useful for flow.stream analysis in an amperometric
mode.

For this group of sensoss, the information is acquired from the current-concentration relationshig.
The two important aspects of this device are the origin of the signal and the selectivity,
Optimization of these parameters is important to the efficient and accurate operation of the
devices. The chemical transformation that occurs at the electrodes during the passage of current
is determined by Faraday's law, by the mass transport equations {depending on the geometry of
the electrode and the experimental arrangement}, and by the cutrent-voltage equation.

The general relationship describing the current | as a function of the applicd voltage (E - E,) is:

i = aFAky{Coexpl-anF(E - EYRT] - Cop[(l-a}oF(E - EJRT]} , (1)

where C_ and C, are the surface concentrations of the gxidized and reduced forms of the
polarizer (respectively), o 15 the symmetry coefficient, A is the area of the electrode, Lk, is the so-
cailed heterogeneous rate ¢onstant, o is the number of electrons per mole, F is the Faraday
constant, R is the molar gas constant, and T is the temperature. There is no direct effect of the
symmetry coefficient for electrochemical sensors {its value ranges between 0.3 and 0.7). The total
current in Equation 1 can be auributed to two components, the cathodic component i, and the
anadic component i,, given by:

i, = NFAK,C,exp|-anF(E - EJRT] @
and i, = nFALC,exp[(1-«nF(E - EQ/RT] 3)
where i =i - i, . @

Examination of Equation 1 indicates that for an increasingly more negative potential applied to
the electrode, the cathodic current inereases exponentially, leveling off as it approsches the
limiting plateau region where the mass transport of the oxidized specics to the electrode surface
limits the current. At the same time, the anodic current decreases.  Additionally, in a symmetrical
manner, the same argument exists for the increasingly positive potential at the working electrode
where the dominani current is the anode current. In the region of the equilibrium potential, both
cathodic and anodic cutrents conitribite equally to the total current.




There are many other interesting characteristics of electrochemical sensors as can be seen from
references such as the list found in Janata (1}, from which this material was obtained, Relevant
elecirochemical sensor journal articles and books have been reviewed, and notes on some of these
are icluded in this section.

Numerous articles have been published on methods for improvement and application of
electrochemical sensors. A review of a selection appearing in the journal, Electroanalysis,
follows.

Zhu and Curran {9 discuss the porous flow-through electrode of an electrochemical sensor and
showv that a critical dimension for the porous electrode is the pore diameter, the limiting current
being iaversely proportional to the two-thirds power of the pore radius. The versatility of the
porous electrode is significant with regard to application to environmental sensing, and any
progress in the development of this device would be important.

Buldini et al. (10) present information on the use of a voltammetric technique for the
determination of trace metals, including manganese, nickel, and cobalt, in natural waters. The
voltammetric technique provides a “viable aliernative to atomic absorption spectrometry and
neulron activation because of its inherent sensitivity, precision, reliability, multi-element and
speciation capabilities, wide applicability and suitability for on-line measurements, speed,
simplicity, and low cost.” Another advantage of the voltammetnc technique is the ability to
"perform the preconcentration steps directly into the voltammetric cell without risk of sample
contamination . . . amd the possibility of in situ analyses and on-line {remole) monitoring and the
speciation capabilitics that in many cases permit investigators {o establish the chemical form in
which metals are present in the environment.” The new voltammetric tachniques (based on
adsorption or catalytic effects) expand the scope of electrochemistry in the direction of humerous
additional metals. The avtomated instrumentation it ideally svited for monitoting additional

elements.

Postupolski and Golimowski (11) provide information on a technique for the simultaneons
determination of antimony and bismuth from 0.5 M HCl solutions that contained 0.1 M hydrazine.
The technique uses a hanging mercury electrode in differential pulse anodic stripping voltammetry
with very slow potential scan rate and small pulse amplitude, These elements are a serious health
threat, particularly at concentrations higher than those occurring naturally. The technique
described has been ficld tesied at several locations.

Zhi-liang (12) discusses a "novel and highly sencitive single-sweep oscillopolaragraphic method®
for determining ultratrace amounts of ruthenium. The noble meataks have found wide application
to industry and laberatories, especially in the defense industry, the chemical industry, petroleum
refineries, and electronic industries. The results cbiained from experiments show that the method
described has the advactage of high sensitivity, good selectivity, wide working range, accuracy, and
simplicity. Additionally, this method is more sensitive than polarographic methods previously
developed and referenced in this repord.  With regard to sensitivity, working range, and catalyst
{As(III)] usage, the method outlined is preferable to the catalytic spectrometric and catalytic
thermomeiric methods. It is one of the most sensitive catalytic kinetic methods for Ru at the
present time.




Zadeii and Mitchell (13} present an electrochemical microband thin-layer flow cell detector for
high-performance liquid chromatography incorporating a thin GC electrode. The microband
thin-layer cell gives an improved S/N ratio a1 an applied poteniial of 0.6 ¥ vs Ag/AgCt compared
with a conventionally sized GC electrode. This electrode is structurally strong and easy to
fabricate into an LCED cell configuration. The microband exhibits excellent 3/N characteristics,
long linear dynamic range, low detection limits, and fow-rate-independent response.  Additionally,
it has good temporal stability and can be used within 10 to 15 min after woltape is applied. The
microband cell represents a very promising device that can be applied as a universal
clectrochemical detector for liquid chromatography. .

Hernandez-Britc et al. (14) describe a computer-controlled electrochemical system for transient
curreni measurements in the determination of heavy metals. The instrumentation developed by
the authors is applicable to the majority of voltammetric methods used to determine otrganic
compounds and heavy metals, including copper, lead, and cadmium. The system has an option 10
mezsure the current directly, allowing a detennination of the real current obtained in a Faradak
process. This provides a method to establish the reat kinetics of the reaction or the formation of
chemical species an the mercury electrode. Most commercial instruments do not allow
determination of the current circulating theough the electrode. Additional advantages are the
ability to carry out high-speed siripping measurements in a more versatile and powerful fashion
than analog systems and investigate new methods and electrode processes.

Investigations of Ni and Co complexes have been performed by Kapetanovic et al. (15) through
the use of polarographic methods. Although the application in this report is directed toward the
medical arena, the basic procedure should be applicable 1o environmental cases as well.

Progress in the area of electroanalysis, and specifically electrochemical sensors, relies on the
development of improvements in the technology of electrodes. In electrochemistry, the working
clectyode converts the coupled rates of interfacial electron transfer and mass traosfer into an
electric current. Tallman and Petersen (16) discuss recent research involving new composite
electrode materials that offer significant advantages in electroanalysis. The composite electrode is
defined as "a material consisting of at least one conductor phase comingled with at least one
insulator phase® Generally, such a compasite system is composed of only one conducting and one
insulating phase. The authors present a complete discussion of these electrodes and conclude
that "consolidated compaosites appear to offer more flexibility and control over surface morphology
than do dispersed composites and are capable of generating substantinl enhancements in current
density, and, thus, the S/N ratio.”

Improvements in stability, selectivity, and scope of electrochemical detectors, and the detection of
glectro-inactive substances are achieved throuph the vse of chemically modified electrodes
(CMEs) for liquid chromatography and fiow-injection analysis [Wang et al. (17)}. The application
of CMEs has resulted in significant success and extensive stimulated activity, Additional
information on surface-modified, perm-selective cosatings for amperometric detection is provided
in Wang (18), Again, the conclusion reached is that sensors based on modilied electrodes,
although stili in the early stages of their "life cycle,” will provide the means to more powerful
sensing probes, Commercialization of these probes is expected to take piace in the near future,
and application of modified electrodes in chemical sensing should increase at a rapid rate during
the next several years.




The coated-wire electrode is one of the simplest electrochemical sensor types. These devices
have particular application 1o the analysis of sucfactants of various types. Extension to
environmental applications, including detergents, cleaning, and washing powders, elc., is possible,
as discussed in the averview of this area by Vytras (19).

Kalvoda {20) discusses the potential of the various electrochemical methods for moenitoring
pollution of the biosphere and for environmental control; details can be found in the monographs
of Kalvoda and Parsons (21) and Kalvoda {22). Some of the recent electroanalytical techniques
that can te used or adopted for environmental control are discussed in Wang (23).. In conclusion,
it appears that new chemical or biological recognition processes and advances in semiconductor
technologies and microelectronics should result in the appearance of many exciting environmental
applications for electroanalysis.
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25 BOOK REVIEW

Elecrrochemical Deteciors, Fundamentel Aspects and Analytical Applications, Ed by T. H. Ryan,
Flenum Press, New York, 1951.

This book is a series of articles written by several authors addressing the application of
electrochemical sensors and modibcations incorporating improved electrode designs. The
following article reviews were thought to be of potential interest in the DOE work.

New Electroanalyticel Techutiques Applied to Medicine and Biology, by W. ), Albery and B. G.
D. Hapgett, describes the development of new techniques for the determination of thres
different classes of compounds of interest to biologists and clinicians. Although not directed
to the environmental area, this acticle has some merit in that it addresses some innovative
electrode designs incorporating sandwich electrodes with a number of metalized membranes,
therefore providing new possibilities for the construction of a single sensor for analyzing gas
mixtures.

Voltammetric Detectors for HPLC and Other Analytical Flow-Through Sysiems, by A.
Trojanek, provides a brief account of the properties, design, and construction of voltammetric
flow-through detectors for HPLC and continuous flow analysis. The voltammetric detector
represents the most impertant group of electrochemical detectors. Particular emphasis is
placed on sensitavity of these devices and methods to improve their performance.
Improvement in sensitivity i achieved through improved flow rate amd increased arca of the
working electrode. Additionally, the fundamental quantity in useful sensitivity is the value of
the 5/ ratio, in which all of the changes of the output sipnal that do not carry information
about the input function {concentration) are considered. The S/N ratio is improved by
application of pulse and alternsting cutrent (AC) techniques. The author discusses the
effects of dynamic range, stability and reproducibility, use of mercury electrodes, static
mercury electrodes, solid electrodes, porous electrodes, tubular electyodes, rotating
electrodes, and thin layer cells.

Same Applications of Electirochentical Oxidation ax a Detection Technique in High Performance
Liguid Chromatography, by A. J. Samuel and T, J. N, Webber, indicates that HPLC has been
shown to be a powerlul separation technique though its range of application i limited by the
meihods available for detecting the eluates. This paper describes the principal considerations
for setting up an electrochemical detection system for HPLC, including the determination of
electroactivity of organic compounsds using a novel microscale voltammetric technique, the
choice of mobile phase, and the selection of instrumental appreaches for optimum
periormance. The applicaticn of electrochemical detection to several classes of less easily
oxidized compounds, including sterols, nonionic surfactants, and organic acids, is illustrated.

Application of High Performance Liguid Chromatography With Llectrochemical Detection in
Clindcal Chemisry, by D. A Richards, discusses the value of electrochemical detection
following HPLC and compares the value with that of the more widely used optical methods
of detection. The advantapes are discussed mostly with regard to clinical chemistry.
However, discussions of equipment improvements, particularly pressure pumps, could be
important to environmental applications.




Optimization of an Electrochemical Detector Using a Static Mercury Drop Electrode in High
Performance Liguid Chromarography. Analysis of the Anticancer Agens Miromycin C in
Plasma, by W, I. van Qort, J. den Hartigh, and R. J. Dricbergen, discusses an electrochemical
detector using a static mercury drop electrode that has been optimized for combination with
HPLC. Parameters like pump noise, oxygen in mobile phase and sample solution, nozzle,
flow rate, and working potential in the direct current (DC) mode and in the differential pulse
polarography (DPP) mode have been examined. The information provided is applicable to
environmental detection.

Electrochemical Sensors and Detectors With Renewable Electrode Surfoces, by J. Tenygl,
discusses the passivation of the surface of solid elecirodes, which is one of the most serious
problems occurming in the application of electrochemical methods. This report discusses the
ws¢ of dropping mercury electrodes (DME) and the effort to develop an electrode with the
features of a DME, but without the charging current, sensitivity to vibration and impunitics,
and the need to ¢lean the mercury. The article discusses activation of the elecirode surface,
protection of the electrode from passivation, combination of several measuning technigues,
and calibration and zeroing of the sensors. Activation of the working electrode is performed
by the electeode being periodically disconnected from the measuring system and polarized by
ane or more cathodic and/or anodic pulses. The article reviews techniques to improve the
efficiency of sensors and detectors through use of renewable surfaces. There ate a largs
number of references relating to this arca of design.

Foltammeiry of Organic Molecules at Solid Electrodes, by 1. Volke, concludes that it is
possibie, in spite of the unsuitability of nonmercury electrodes in most cathodic reductions, as
compared to mercury, that a considerable number of organic substances can be oxidized at
these electrodes and the resvlting voltammetric curves can be used in quantitative analysis.
The compounds of the following classes can thus be determined by anodic processes:

aromatic hydrocarbons

aliphatic and alicyclic hydrocarbons

alkenes

carboxylic acils

aliphatic and benzyl amines

aromatic amines

aminophenoks

phenols, hydroguinones, and catechols

aromatic ethers and esters

alcohols

sulfur-containing compounds (e.g., sulfides, disulfides)
nitrogen- and sulfur—containing heterocyclic compounds

Tensammetry in Combination with Adsorptive Accumiidation of Surface Active Compournds on
the Electrode Surface, by R. Kalvoda, discusses the study of the adsorptive accumulation of
surface active compownds on the electrode surface in polarographic stripping analysis, where,
during the stripping process, the desorption peak is recorded using DPP. It is concluded that
electrolysis at the interface between two immiscible electrolyte solutions offers attractive
opportunities for exploitation in chemical analysis. The fist attempts are promising, and




future research, it is hopad, will reveal more of the charge transfer reactions of analytical
interest,
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3. FIBER-OPTIC BASED SENSORS

311 INTRODUCTICN

The use of optical fibars for detector applications is almost as old as the introduction of optical
fibers themsebves. Their use in chemical sensing probably dates from the carly 1970s, according to
Wolfbeis (1), when they were specifically identified as sensors for oxygen and iodine.  Since that
time, the use of optical fibers as either the sensor itself or as part of a sensor system has
gxpanded to the depree that entire conferences are held on the use of fibers in sensor systems.
This review covers only a part of the totality of optical fibers as sensors, namely, their use in
applications related to environmental work.

Optical fibers are classed as either single-mode or multimode.  Single-mode fibers, in general, are
of such small diameter, typically 3 to 5 pm, that only a single EM mode can propagate in the
fiber. Multimode fibers are further classed as step-index ot graded-index. Stcp-index fibers
exhibit a certain refractive index in the core, or transmitting region, and a iower refractive index
in the cladding region surrounding the core. Graded-index fibers have a variable refractive index
in the core, the index changing from the core center to the core-cladding interface. The number
of noninterfering modes that can be accommodated in multimode fibers depends on the numerical
aperture, defined in the following, and the wavelength of the light. Parameters of importance in
optical fibers, in addition to refractive indices, are numerical aperture {a measure of the angle of
incidence that incoming fight has for allowed transmission in the fiber), number of modes the
fiber will transmit, and modal an<d chromatic dispersion.

In the field of chemical sensors, optical fibers are classifed as extringic or intrinsic. In extrinsic
applications, the fiber acts only as a light pipe, transmitting light from a source (o some external
medium, either 2 medium that contzins the anailyte or 8 material that responds in a specified way
to an analyte. A cotrssponding signal generated by the analvte is transmitted back through the
fAber to a detector system that interprets the signal as o the analyte's character. Intrinsic fibers
are a part of the sensing mechanism, interacting with an analyte causing some optical change in
the fiber itself or in a sebective coating on the fiber, Thus, extrinsic fibers are not sensors in the
strict sense, but are such an integral part of a sensing mechanism that they are included in the
broad definition of sensors. Wolfbeis (1) defines a sensor as "a device capable of contituously
amdl reversibly recording a physical parameter or the concentration of a chemical or biochemical
species.” Many sensors in the chemical fiekl do not satisfy either or both of these crileria,
particularly the latter. In this case, Wolfbeis suggests using the term "probe” cather than sensor,
but that differentiation does not appear to have pained wide acceptance. Some of the parameters
measured or applications using fibers as extrinsic or intrinsic s2nsors are listed in the following.

EXTRINSIC INTRINSIC
Fluorescence Fluorescence
Scattering, including Raman Absorption
Absorption Refractive index
Atomic emission Fransmisston
Chemiluminescence Chemiluminescence
Colorimetric Colorimetric




Evamnescent wave

Tn this review, only those applications of optical fibers to chemical sensors will be addressed, and
not that completely. The use of optical fibers as temperature sensors, in particular, is pot
discussed in detail. Reference (1), in two volumes, edited by Wolfbeis, includes background and
applications of optical fibers to many fields of chemistry, including environmental, and is
recommended as an excellent reference. A complete review of both volumes is included in the
following section.

3.2 REFERENCES, PROCEEDINGS REVIEWS, AND BOOK REVIEWS FOR FIBER
OFTIC CHEMICAL SENSORS
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322 Proceedings of Conferences and Symposia — Papers of Special Interest for This Repont
Note: Maost listings include a key word or phrase and the number of referencas cited,

1. Fiber Optic and Laser Sensors IV, SPIE, Vol. 718, R. DePaula and E. Udd, eds,,
September 1986

H. H. Miller and T. B. Hirschield, Fiber Optic Chemical Sensors for Industrial and Process
Control.

A paper on intrinsic fiber optical sensors, describing the technique of remote fiber
fluorimetry. Development and use of sensors for redox potential, pH, axygen, carbon
dioxide, copper, nitvogen dioxide, hydropen sulfide, uraoyl ion, formaldehyde, ammonia,
organochlorides, sodium jons, and potassium ions are described. 19 References.

Chemical Biochemical, and Environmental Applications of Fibers, SPIE, Vol 990, R. A.
Licberman and M. T. Wlodarczyk, eds., September 1983,




Extrinsic Fiber-Optic Scnsors

a. N. R. Herron, D, W. Whitchead, aml V. J. Miller, Evelution of a Fiber-Optic Chemical
Fluorescence Sensor for Monitoring Dissolved Volatiles, { Fluorescence / 7 Relferences.

Describes the development and testing of a nonreversible fuorescence sensor for
chloroform. The reagent is contained in a cell at the distal end of the fiber, separated
from the analyte (in water) by a suitable membrane.

b. W. Chudyk, K. Pohlig, N. Rico, and G- Johason, Ground Water Monitoring Using
Laser Fluorescence and Fiber Opiics. ! Fluorescence f 6 References.

The paper describes a field-deployable system using laser ultravioket excitation of
contaminated groundwater and filtering of the return fluorescence signal.
Measurements of aromatic contaminants include benzene, eihylbenzene, toluene, and
sylene [ractions of gasoling, Sampled sites include gas stations and manufaciuring
companies.

c. J. B. Zung, R. L. Woodkee, M.-R. 8. Fuh, and 1. M. Wamer, Fiber Optic Based
Multidimensional  Fluorometer for Stidies of Marine Polluianis. [ Fluorescence / 10
Refarences.

Multidimensional fluorescence analysis i wsed to study the effect of marine pollutants
on marine afgag. Both excitation and emission wavelengths are varied in the
experiments; results are analyzed as a function of both wavelengths.

d. 1. W. Griffin, K. B. Qlsen, B. 5. Matson, and D. A. Nelson, Fiber Optic
Spectrochemical Emission Sexrsors. § Molecular Disscciation, Atomic Emission / I4
Relerances,

Radio-frequency and spark excitation of laboratory samples (e.g., chlorinated and
fluorinated hydrocarbons} and spectral analysis of the return signals are discussed.
Flame excitation, not €xamined experimeantally, is also discussed.

e. K. Goswami, 5. M. Klainer, and J. M. Tokar, Fiber Opric Chemical Sensor for the
Measurement of Portial Pressure of Oxygen. | Pluorescence / 9 References.

The paper describes detection of oxygen in water by luminescence quenching of a
flucrophore by oxygen penetrating through a membrane separating the fluorophore
from the water. The fluorophore, membrane, and laboratory results are given.
Reversibility is possible, but with a long response time.

f. A Sharma and O. 8. Wolfbeis, Fiber Optic Fluorosensor for Sulfur Dixide Based on
Energy Transfer and Excipler Quenching. / Fluorescence / 12 References.

An optical fiber fluorosensor utilizing quenching of energy transfer between the donoc
{pyrene} and acceptor (perylene)} by sulfur dioxide is described. Quenching of the
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pyrene Huorescence is identified as the mechanism that quenches the energy transfer
from donor to acceptor. Concentrations of sulfur dioxide of less than 10 ppm can be
detected.

Intrinsic Fiber Optic Sensors

g B. B. P. Schafiar and O. 5. Wollbeis, New Optical Chemical Sensors Based on the
Langmuir-Blodgett Technigue. [ Fluorescence [ 12 References.

Thin organic (Langmuir-Blodgett) flms deposited on glass surfaces are used as
fluorescent generators in response to various analytes. Resulis from ion selective
optodes, oxygen sensors, pH sensors, halide sensors, and biosensors are discussed, as
are the limitations and problems associated with this type of Alm.

L. C. Bobb, H. D. Krumboltz, and J. P, Davis, Optical Fiber Refractometer. |
Refractive Index Change / 9 References.

A step-index optical fiber, tapered to one-third of its original diameter, with its
cladding partly removed in the tapered ragion, is used as an optical refractometer.
Results are reported for immersion of the tapered section in liquids with refractive
indizes from 1.33 to 1,65,

M. D. DeGrandpre and L. W, Burgess, All-Fiber Spectroscopic Probe Based on an
Evanescent Wave Sensing Mechanism. [ Evanescent Wave / 9 References.

Evanescent wave sensing for nonpolar solvents, using a polymer ¢lad fused silica fiber
as the sensor, is described.  The sensor is sensitive to refractive index, length of fiber,
and fiber bend radivs, Polar sclvents do not penctrate the polymer cladding, which
acts as a selective membroanc.

. Fiber Optic ond Laser Sensors ViT, SPIE, Vol. 1169, E. Udd and R. DePaula, eds.,
September 1989,

P. K. Soltani, C. Y. Wrigley, G. M, Storti, and R. E. Creager, Fiber Opric Radiation
Dosimetry. [ Radiation detection with phosphor and optical fiber / 12 Refercnces.

This paper describes a radiation detector, primarily for gamma rays and X-rays, using a
cerium-and samarium-doped SeS crystal attached 1o the distal end of an optical fiber. The
crystal resporuds linearly to both gammas and X rays, although the X-ray absolute
response depends on the X-ray excitation potential. The authors state that the dynamic
range of the desimeter is about six orders of magnitude. They discuss the theory, method
of operation, and potentiat losses and give some experimental results for Co and Cs
gamma-ray sources and for X-ray potentials from 50 to 300 kV.

Chemical, Biochemical, and Environmental Fiber Sensors, SPIE, Vol. 1172, R. A
Licberman and M.T. Wlodarczyk, eds., Seplember 1989.




a, 5. ). Saggese, M. R. Shahriari, and G. H. Sigel, J1., Evaluation of an FTIR{Fluoride
Optical Fiber System for Remote Sensing of Comtbustion Froducts. [ IR Spectrometry /
7 References.

A fluoride glass optical fiber and a Fourier Transform Infrared {FTIR) spectrometer
were used to detect methane, carbon dioxide, and carbon monoxide in nitrogen.
Detection limits in nitrogen were 0.2 vol % for methane, 0.05 vol % for carbon
dioxide, and .3 vol % for carbon monoxide.

b. B. S. Matson and J. W, Guiffin, fnfrared Fiber Optic Sensors for the Remote Detection
of Hydrocarbons Operating in the 3.3 wm (o 3.5 wm Region. | Photoacoustic,
Absorption / 14 References.

A ZrF optical fiber, operating in ihe infrared (IR) range between 3 and 3.5 pm, s
used with three different sensors: a vapor absorption cell, 2 photoacoustic cell, and
an evanescent field device, along with a gas analysis cell interfaced with a FTIR
specirameter. Representative detection limits are: 0.01% for hexane in the vapor
absorption cell, 2300 ppm for hexane in the photoacoustic cell, 5% for methane in
nilrogen with the evanescent wave device, and 0,19 hexane in air with the FTIR
system.

¢. M. L. Myrick and §. M. Angel, Nonna! and Surface-Enhanced Raman Scatiering with
Optical Fibers. / Scattering / 14 References.

The use of dual optical fibers for Raman spectroscopy is examined. Examples are
shown for benzene and for pyridine, the latter using suriace-enbanced Raman.

d. R E Synovec, C. N. Renn, and L. K. Moore, Fiber Opiic Absorbance and
Fluorescence Measurements in High-Temperature Liquid Chromatography. |
Absorption, Fluorescence / 12 References,

The use of optical fibers with liquid chromatography {LC) is described.  Operation of
an LC at elevated temperatures improves performance, but frequently used
instrumentation does pot function well at the higher temperatures.  Optical fibers are
used to measure absorption or fluorescence of the LC output.

e. R D. Dyiver, G. M. Leskowitz, and L. E. Curtiss, Fiber Optic Chemical Sensing with
Infrared- Transmitting Optical Fiber. [ IR Spectrometry / 11 References.

A FTIR specirometer and TR optical fibers are used o obtain IR spectra for several

liquids and a gas. Sensors were a fiquid cell, an evanescent wave device, and a gas
cell.
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[. S.H. Licberman, S. M. Inman, and G. A Theriault, Use of Thne-Resolved Spectral
Fiuoromerry for Improving Specificity of Fiber-Qpdc-Based Chemical Sensors. |
Fluorescence / 8 References.

Time-resolved fuorescence measurements are described for trace metals (Zn and Cd)
in seawater and for polycyclic aromatic hydrocarbons. An organic indicator molecule
is described that forms fucrescent complexes with the two metals.

J. W, Griffin, B. 5. Matson, K. B. Oken, and T. C. Kiefer, Fiber Optic Spectrochemical
Emission Sensors: A Detector for Chlorinated and Fluorinated Compounds. /
Molecular Dissociation, Atomic Emission / 3 Relferences.

An RF-excited helium plasma is uged to excite the sample gaz, which is drawm into the
plasma chamber. Tests were done with carbon tetrachloride in air. The interaction of
the plasma with the sample cavses malecular dissociation and atomic excitation of the
chiorine. The optical emissions are transmitted over optical fibers to a silicon
detector. Concentrations of 5 ppm are estimated as the lower detection limit.

. 5. M. Angel and M. N. Ridley, Dual-Wavelength Absorption Optrode for Trace-Level
Measurements of Trckhloroethylene and Chioroform. | Absorption / 11 References.

Trace levels of trichlareethylene and chloroform are detected using a liquid indicator
that chanpes color in the presence of the analyle, absorbing strongly at 5330 nm. The
tatio of absorption at a reference wavelength of 610 nm {rot absorbed by the
indicator) to that a1 530 nm pravides a measure of analyte concentration. The
indicator reapents are different for the two analytes. Detenmnntmns of either znalyte
to less than 10 ppb are expected,

W. Chudyk, K. Pohlig. L. Woll, and R. Fordiani, Field Determination of Ground-Water
Contamination Using Laser Fluorescerice and Fiber Optics. { Fluorescence [ 9
References.

Laser-induced fluorescence in contaminated groundwater is used for detection of
arcmatic solvents and several fractions of pasoline. A short {15-ns) laser pulse at 256
nm is used as the excitation, the resulting fluorescence being returned to a
photomultiplier tube for detection and identification. The system has been beld
tested in more than 100 wells.

R. Niessner, W. Robers, and A. Krupp, Fiber Optical Sensor System Using a Tunable
Laser for Detection of PAHs on Particles and in Water. | Fluorescence f 26
References.

Laser-induced fluorescence is used for detection of polycyclic aromatic hydrocarbons
{(PAHE) that are bound on particles resulting from combustion processes. Results are
shown for solid-state PAHs, PAHs in water, monadisperse PAH-aevosols, and
monodisperse NaCl particles with PAH coatings. A PAH detection limit of 1 ng/mL
is staled.




k. A Mohebati and T. A. King, Fiber Optic Remote Gas Sensor with Diode-Laser FM
Spectroscopy. [ Spectrometry / 4 References.

Frequency modulation of a diode Jaser i used as input to an absorption cell
containing atmospheric pollutant gases. Theory of operation, experimental setup, and
results with methane are shown. Absorption measurements in the range of 0.001%
are quoted.

I. R.J. Berman and L. W, Burgess, Renewalle Recpent Fiber-Optic-Based Ammaonia
Sensor. | Absorption / 2 References.

A fiber optic sensor for ammonia using a renewable reagent is described. Lower
detection limit of 10 ppb it quoted.

m. K. Goswami, J. A Kennedy, D. K. Dandge, and 8. M. Klainer, Fiber Optic Chemical
Sensor for Carbon Dioxide Dissolved in Sea Water. { Fluorescence / 7 References,

A [iber optical chemical sensor (FOCS) for detection of carbon dioxide dissolved in
sea waler is reported, using a cell at the distal end of the fiber, a carbon dioxide
permeable membrane, and a suitable reagent in the cell. Carbon dioxide in the
reapent changes the emission intensity of the reagent, yielding a measure of CO,.
The authors state this type of sensor may be used over a dynamic range of 0 to 600
ppm of dissolved carbon dioxide.

n. J. Polster, W. Hobel, A. Papperger, and H. Schmidt, Furdamentals of Enzyme
Subsirate Determinations by Fiber Optics Spectroscopy. | Reflectance f 12 References.

A discussion of the theory of enzyme substrales as detactors of specific materials is
given, followed by a description of the use of enzyme coatings on the end of optical
fibers for the detection of urea and penicillin-G.

Intrinsic Fiber Optic Sensors

o. D. A Christensen, 3. D. Andrade, I, Wang, J. T. Ives, and D. E. Yoshida,
Evanescent-Wave Coupling of Fluorescence into Guided Modes: FDTD Analysis, |
Fluorescence [/ 4 References.

This is a theoretical paper that describes the solution of Maxwell’s equalions to
predict the amount of fluorescent signal coupled back into an excitation signal from a
specific coating on an optical fiber. The fluorescence is produced by the action of the
exciting wavelength svancscent wave on the fiber coating.

p. F. Kvasnik and A. D. McGrath, Distributed Chemical Sensing Utilizing
Evanescent-Wave Interactions. [ Scattering [ 10 References.

Selective coatings at distributed places on long optical fibers, coupled with optical
time domain reflectometry, are used not only to detect specific analytes via evanescent
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wave interactions, but also 1o determine the position along the fiber where the
interaction occurs.

. V. Ruddy, B. D. MacCraith, and J. A. Murphy, Speciroscopy of Fiuids Using
Evanescent-Wave Absorption on Multimode Fiber. [ Absorption / 11 References.

A short paper investigating absorbance of methylene blue as a function of the length
of fiber exposed to the reagent, using evanescent wave spectroscopy as the analytical
method. .

J. L. Oxenford, 5. M. Klainer, T. M. Salinas, L. Todechiney, J. A. Kennedy, D. K.
Dandge, and K. Goswami, Development of a Fiber Optic Chemical Sensor for the
Monitoring of Trichlorvethylene in Drinking Water. | Refractive Index / 3 References.

The development and laboratory testing of a reversible FOCS for specific detection of
trichlorocthylene (TCE) is reported. The detection method is based on the refractive
index change of the fiber due to 2 coating on the un-clad fiber, the coating having
affinity 0 TCE. Data are shown for TCE concentrations in water of 0, 100, 20, and
300 ppm.

D. K. Dandge, T. M. Salinas, 8. M. Klainer, K Goswami, and M. Butlet, Fiber Optic
Chemical Sensor for Jef Fuel, f Refractive Index / 3 References,

The paper describes a reversible optical fiber sensor sperific to determination of jex
fuel as vapor, liquid, or in a water emulsion. .A portion of un-clad fiber is coated with
a {proprietary) coating that has an index of refraction close to that of jet fuel
Exposure of the fiber to jet fuel will result in a boss of signal in the [iber, the loss
being proportionat to the jet fuel concentration. Experimental resulis are given.

Q. Zhow and G. H. Sigel, Jr., Porois Polymer Optical Fiber for Carbon Monoxide
Detection. { Colorimetric / 11 References.

A porous polymer containing a carbon moroxide tensing reagent is formed into an
optical fiber that is then coupled to a commercially available optical fiber. The sensor
was tested for response 1o other gases and was found to be inscnsitive to hydrogen
and gasoline vapor, but it reacted with hydropen sulfide. It is nonreversible, and it
could he used as a leve] monitor.

. H. X. Hui, 8. Divers, T. I. Lumsden, T. G. Wallner, and §. Weir, Accurate, Low-Cost,
Easily Manufacturable Oxygen Sersor. / Technique, Fluorescence | 7 References.

The sensor described, which monitors oxygen partial pressure, is part of a blood
monitoring system. An oxygen-semsitive fluorescent dye is applied to a pottion of
unclad fiber, the mapgnitude of the return fluorescent signal giving 8 measurement of
blood oxygen levels.
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v. G. Boisde, B. Biatry, B. Magny, B. Durcavli, F. Blanc, and B. Sebille, Comparisons
Between Two Dye-Immolilization Technigues on Opirodes for the pH Measurement by
Absorption and Reflectance, { Absorption, Reflectance / 19 References.

The paper describes two methods for immobilization of dye on an optical fiber. Both
methods use coatings on the fiber.  Ooe method depends on sbsorbance of the
coating at the distal end of the fiber, the other on reflectance from the fiber end,
maodified by the coating on the core material.

w. 8. H. Alabbas, D. C. Ashworth, and R. Narayanaswamy, Desipn and Charcterization
Parameters of an Optical Fiber pH Sensor. | Design / 11 References.

In this experimental study on the reproducibility of optical fiber sensors with the
reagent placed on the fiter end, hempherical and cylindrical end shapes were
investigated, with the former exhibiting better reproducibility.

x. T. Vo-Dinh, T. G. Nelan, and Y. F. Cheng, Fiber Optic Antibody-Antigen-Based
Biosensor with Tine-Resolved Detection. | Fluorescence [ 10 References.

The fluorescence response from a fiber optic antibody-antigen-based biosensor is
phase-resolved to differentiate between two elements of benzo(a)pyrenc, one of which
i a carcinopen. Limit of detection is in the range of 10" moles.

5. Chewmical, Biochemical and Environmental Fiber Sensors IIT, SPIE, Vol. 1587, R.AL
Licberman, ed., September 1991,

Extrinsic Fiber Optic Sensoys

a. U. Panne apd R. Niessner, Fiber Opyical Sensor Based on Time-Resolved
Laser-Tnduced Flugrescence for Detection of Polynuclear Aromatic Hwdrocarbons. |
Flucrescenee f 4 References.

The time decays of 10 PAH materials and expected detection limits for 13 are piven.
Excitation was at 337 um, flvorsscence observed through a monochromator onio a
photomultiplier. Detection {imits ranged from 0.006 10 0,338 mg/L.

b, J. M. Andrews and S. H. Licberman, Use of a Newral Network for the Analysiz of
Fluorescence Specira from Miaures of Polveyelic Aromatic Hydrocarboris. |
Fluorescence / 10 References.

‘The paper discusses the utility of neural networks for analysis of fluorescence spectra
from multicomponent mixtures of PAHs. The network was trained on 104 spectra
and then used to analyze both imtensity vs emission and time resolved spectra Erom
mixteres of PAHs that have similar spectra.

¢. J M. Henshaw and L. W, Burgess, Evaliation of @ Membrane Sampling Element for
Use in Remote Oprical Multivariare Chemical Analysis. [ Absorbance / 7 References.
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The time required for different anzlytes to permeate a membrane and w develop a
spectrum is examiped as a possible way of differentiating analytes with similar spectra.
Permeation rates ¢an be controlled through membrane thickness and composition.
Spectra of richloroethylen, trichloroethane, and chleoroform were taken.

. Q. 8. Woltbeis and H. Li, LED-Compatible Fluorosensor for Ammonium Ion and its
Application to Biosensing. [ Fluorescence / 18 References.

Ammonium-sensitive material and dye contained in 2 PVYC membrane is discussed.
Ammonium ion detection is accomplished through selective don extraction into the
nembrane, proton release from the dye to the sample, and a resulting color change in
the dye that is detected via fuorescence intensity change., The pH of the sample must
be kept constant for reliable results. The sensor is reversible and has detection Limits
in the range 0.03 to 10 mM at aear neutral pH, with about 1-min response time for a
2-mm membrane thickness.

M. D. DeGirandpre, Renewable-Reagent Fiber Optic Sensor for Ocean pCO, |/
Colorimetric / 12 References.

Color change in a renewable colorimetric pH indicator due to CO, diffusion across a
gas-permeable membrane is used to detect gaseous CO, in ocean water. Sensitivities
in the range from 300 to 800 ppm were measurad, witk sensitivity dependent on type
of dye, dye concentration, and mass-transter.

F. Baldini, M. Bacci. F. Cosi, A, Del Bianco, and A. Schegpi, Transition Metal
Complexes as Indicators for a Fiber Optic Ouygen Sensor. { Absorption f 11
References.

Four organo-metallic compounds were tested for optimum oxygen detection, the
compounds being contained in a Celpard membrane. Tested were Vaska's complex,
Co{salen), Co{Hi)2, and several Mn compounds. The Co(Hix)2 was selected on the
basis of ease of synthesis, good sensitivity {no values given), stability, and reversibility.

M. E. Sulten and M. 1. O'Rourke, Lens-Type Refractometer far On-Line Chemical
Analpsis. f Refractive Index f 10 Raferences.

An optically clear cylindrical tube through which a fluid sample flows & used as a lens
refractometer, with light input/output via optical fibers, Change in the focal length of
the lens is a measure of the refractive index of the sample. Results from
methanol/gasoline mixtures arc given.

5. M. Angel, T. M. Vess, and M. L. Mytick, Simuitaneows Multipowt Fiber Opiic
Raman Sampling for Chemical Process Comtrol Using Diode Lasers and a CCD
Detector, { Raman Spectroscopy from Laser Backscatter / 13 References.
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A diode-laser-based portable Raman spectrometer with a charge-coupied device as
deiecior is used for simultanecus detection, using optical multiptexing, of several
processes, including mixed waste monitorng.

. W, Chudyk, C. Botieron, and K Pohlig, Vapor Phase Analysis of Aromaric Organic
Compounds Using Laser-Induced Fluorescence and Fiber Optics. [ Fluorescence [ 7
References.

A NA:YAG laser, twice doubled in frequency, optical fibers, and a photomultiplier are
used for detection of fluorescence from aromatic organics in the vapor phase. Phenol,
toluene, and xylene have been tested, with phenol concentrations below 10 mg/L
being detectable. For toluene and xylene, concentrations of sbout 1 mg/L are
detectable,

j- R C. Edwards and 1. P. Dakin, Measurements of Cross-Sensithaly to Contarmnant
Gases Using @ Highly Selective, Optical-Fiber-Remoted Methane Sensor Based on
Correlation Spectroscapy. [ Absorption / 5 References.

Correlation techniques are used to detect methane in the presence of other gases
using two cells, one a sample cell containing the gas mixture and a reference, the
other a pressure modulated cell of methane, the cells connected by optical fibers.
Methane sensitivity of 30 ppm is reported.

%¥. P F. Daley, B. W. Colstan, Ir,, S, B. Brown, K. Langry, end F. P. Milanovich, Fiber
Optic Sensor for Continuous Montitoring of Chlorinated Solvenis in the Vodose Zone
and in Groundwater: Field Test Results. § Colorimetric / 4 References.

A chemical sensor for detection of TCE in groundwater uses pyridine with a small
additive as a colorimetric device. The sensor is irreversible, but the design allows the
reagent to be replaced. TCE sensitivity in the range of 50 ppb is reporied. A depree
of sensor selectivity to different contaminants can be cbtained through changes in the
teagent components and concentrations,

. P.T. Varineau, R. W, Duesing, Jr, and L. E Wangen, Application of Time-Resolved
Luminescence Speciroscopy to a Remote Uranyl Sensor. [ Luminescence / 17
References.

Detection of UO,%* in an agueous samplke i5 dane wsing laser-induced, time-resolved
luminescence spectroscopy. A flow-through cell containing phosphoric acid admits the
uranyl fons through a Nafion membrane. The green luminescence is quantifiable;
concentrations of uranyl ion in the range from 10* 10 10°°M can be measured. Time
resolution improves sensitivity,

Intrinsic Fiber Oplic Sensors
m. 5. M. Anrel, B. L. Anderson, and K. Langry, Simple Reversibie Fiber Optic Chemical

Serwsors Lising Solvatockromic Dyes. f Fluorescence f 11 References.
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A solvatochromic dye, Nile Red, is used as the fluorescing coating on either the end
of a clad optical Bber or on the side of an un-clad fiber for rapid, sensitive detection
of analyte vapors. This paper reporis on resulis from xylene and dichloromethane,
Selectivity is not of prime importance in this sensor type. The side-coated fiber
{evanescent wave detection) is one order of mapnitude faster in response time than
the end-coated fiber.

- R. E. Kunz, Toially Integrated Opiical Measuring Sensars. | Methodology / 28
References.

This paper discusses total optical systems, not just the sensor part. Modules
incorporating every part of a total system (e.g., sensor, power supply, and tranduction
device} are proposed.  Applications to wavelength, amplitude, phasze, and frequency
measurements are givem.

. A A Beiarski, B. W. Ridgway, J. R. Busch, G. Turhan-Sayan, and L. 5. Miller,
Integrated Optic Bigsensor for Environmental Monitoring. | Interferomelry / 10
References.

A Mach-Zehnder interfcrometer is constructed on the surface of a planar waveguide
with oue atm of the interferometer being exposed o the pollutant and the other
protecied from the polliant. Changes in the relraciive index of the exposed arm due
1o interaction with the pollutant cause 2 phase difference batween the laser light in
the two arms, the phase difference being 8 measure of the pollutant concentration
and identity. Sensitivilies to concenlrations as low as 20 1o ) ppm for toluene,
benzene, and glycerin are passible with uncoated sensor arms.  'With mora
sophisticated signal processing, 1 to 10 ppm could be possible. Coating the exposed
arm with a hydrephobic coating may increase the sensitivity to 1 to 10 ppb.

. 8. L. Choguette and M. L. Walker, Radiation Dosimetry Using Planar Waveguide
Sensors. [ Colorimetry / 14 Referances.

Three planar wavepuides of different materials were fabricated on fused silica
substrates and cxposed to X-rays in the 25 to 100 kV range. The waveguides were
interrogated by a He-Ne Jaser 1o determine the change in transmission due to the
radiation.

. E. M. Bowman and L. W. Burpess, Oprical and Piezoelectric Analysis of Polymer Films
Jor Chemical Sensor Charocterzation. | A compariton between optical fiber and
piezoelectric sensors using the same coating, Optical fiber - Refractive Index
Measurement; Piezoclectric sensor « Frequency Shift / 15 References.

A polymer is vsed as a film on a subsirate to form a waveguide sensor, the polymer
acling as both the waveguide and an interactive element with the sample. The same
polymer is coated onto a Lamb wave device, providing the iateraction with the
sample. Response (o the sample is an angle shill in the waveguide sensor and a
frequency shift in the Lamb wave device,

)




1. M. A. Dy, P. ], Glatkowsk, and W. A, Stevenson, Evanescent-Wave Fiber Opiic
Remote Fourier Transform Infrared Spectroscopy. { Evanescent-Wave Detection, IR
Speciroscopy, IR Optical Fiber Information / 8 References.

The spectra of urea at three different concentrations in human plasma are cbtained
using evapescent wave sensors with IR optical fibers and an FTIR specirometer.

$. 5. Fischer, E. F. Carome, V. E. Kubulins, and L. W. Burgess, Fiber Oplic
Hydrocarbon Sensor System. | Transmittance / 0 References.

A simple optical fiber sensor for hydrocarbon detection is described, and resulis are
shown for exposure to toluene and gasoline vapors. The sensor could serve as a total
hydrocarbon sensor becavse the selectivity appears o be low, Absolute sensitivities
are not green.

t. M. B, Tabacce, Q. Zhou, and B. N. Nelson, Chemical Sensors for Environmenial
Monitoring, [ Evanescent-Wave Absorption / 12 References.

This paper gives an abbreviated discussion of sensors that have been or are being
developed for environmental monitoring and describes an optical source and detecior
board wsed For evaluating optical fiber sansors.

u. B. D. MacCraith, V. Ruddy, and S. McCabe, Suiability of Single-Mode Fluoride Fibers
Jor Evanescent-Wave Sensing. { Evanescent-Wave Absorption f 12 References.

The use of fluoride oplical fibers for sensing fluid {isopropanol) concentration by
evanescent wave absorption in the 3.3-pm region is reporied. Improved sensor design
is needed to achieve desired sensitivity.

v. G Melz, W. W. Morey, and J. R. Dunphy, Fiber Brage Gruting Chemical Sensor. }
Fluorescence / 11 References.

Describes Eormation of a Bragp grating in germanium-doped silica fibers and the use
of the grating for the exxitation and collection of Auorescence. Multiple gratings can
provide sensor capability for mixtures, optical time domain reflectometey providing
signal separation.

323 Bouks of Particular Interest

1. Fiber Optic Chemical Sensors and Biosensors, Vois. [ and I, O, 8. Wollbeis, ed., CRC
Press, Boca Raton, 1991,

In these two volumes, Wolfbes has chosen both peneral and specific reviews on the use
of fiber optics as chemical sensors. Volume 1 incledes some historical items on the use of
optical fibers as sensors, optical fibers as extrinsic and intrinsic parts of a data acgrisition
sysiem, electromagnetic theoty as applied 1o optical fibers, instrumentation assnciated with
fiber optic sensors, and some specific applications of fiber optics to chemical sensing
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problems. Volume I is more specific, covering particular applications of fiber optics to
sensing schemes in peneral. Not all of the articles directly address environmental issues,
aithough most of them could have direct application.

In Volume 1, Wolfbeis provides the introductory paper, discussing optical sensots in
general, as a dominant part of analytical science. The introduction of fiber optics, with
their tremendous band width, immunity to electrical noise, and adaptation to
spectrometry, openad up an entirely new field in optical sensing. The paper gives a short
discussion of electromagnetic ¢nergy transmission, both ray tracing and modal, and defines
fiber optic use as "extrinsic,” where the fiber acts only as a light pipe, transmitling an
optical signal to and from 2 sensing region, or "intrinsic,” where the fiber is an integral
part of the sensor. Finally, different fields of applications are discussed, including
groundwater monitoting, pollution monitoring, process control, biomedical applications,
biotechnology, titrimetry, and defense. {51 References).

Chapter 2 of Vol, 1, also by Wolfbeis, describes the different spectroscopic techniques
used in conjunction wilh fiber optics, Detection schemes depending on absorption,
reflection, and luminescence are followed by sections on different spectrometric methods:
infrared, Raman, evanescent wave (which involves not only the fiber core but also the
cladding), sutface phenomena, refractometry, interferometry, and photo-acoustic
spectrometry. Discussions of other miscellanecus techniques conclude the article, (140
References).

Fiber optic sensing schemes, intrinsic and extrinsic, are the topics described by Wollbeis in
Chapier 3. Intrinsic schemes are further categorized as 10 plain fibers, whose optical

properties are changed due to interaction with the sample (analyte), or to
“indicator-mediated sensors,” where the fiber is treated in some way such that an analyte
interacting with the treatment process produces an opticsl signal that may be
characteristic of the analyte. Examples of extrinsic fiber optic sensing are given, such as
absorbance, fluorescence, and reflactance, each of which changes some charactenstic of
the optical signal, the fber optic providing only the path for the interrogation and return
or transmitted sipnal. Wollbeis distinguishes between a "sensor” and a “probe,” the former
having the capability to "continuously and reversibly” indicate a desired diagnostic of the
analyte. A probe is defined as a single-shot device that must be replaced once it has
served its purpose as a detector of some analyic or process. This chapter also includes a
section on biosensing, some patts of which have direct applicability to environmental
issues, (134 References).

Chapter 4, by Oliver Parriaux, covers waveguide theory, wave propagation in different
waveguide peometries, propagating modes in optical fibers, and how waveguides function
in th¢ trznsmiszion of light and in optical processing and data acquisition. The author has
provided an excellent basis for the understanding and potential use of optical tibers as
chemical sensors. (117 References).

Intrinsic fiber optic sensors are discussed in Chapter 5, by R.A. Lieberman. These
include a sensor whose refractive index is modified due ta interaction with the sample
under investigation, essentially a core effect; sensors whose cladding characteristics are
modified by the sample, changing the evancscent wave behavior at the core-cladding
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interface, the change being detectable spectroscopically; sensors with coatings designed 1o
modify the optical charscienstics of the fiber in a detectable way, the coating often
desigmesd to respond to a particular analyte; and sensors that depend on a sample
interaction directly with the fiber optic core, termed "core-based intrinsic sensors.”
Incleded are discussions on transducers, sensor sensitivity and selectivity (sperificity}, and
the effects of fiber geometrical shape and lenpth on signal. {149 References).

Chapter & of Vol. I, by D.N, Modlin and F.P. Milanovich, is not devoted to sensors bat o
the topic of instrumentation for FOCS. They give a short description of fiber optic
sensors, including types and opetating principles, followed by the main body of the paper
on instrumentation. Modeling of fiber optics sensor-based systems addresses light sources,
detectors, noise generation, 5/N ratios, total optical systems, and performance. That
section is followed by 2 section on system components - light sources (lasers and lamps),
optical elements, and detectors — lisiing what is available for different applications. The
authors state that this chapter should provide the reader with "enough basic tools and
information to embark on the analysis and successful development of fiber optic chemical
sensor instrumentation.” {66 References).

Chapter 7, "Sensor Chemistry,” by E. Koller and O. Wollbeis, covers the chemical
procedures and materials often used in the fabrication of FOCSs. The chapter does not
address FOCSs as tools For detection of certain analytes. Rather, it addresses the
chemistry and materials used for pH, metals, and redox indicators, for potential-scnsitive
dyes, and for fluorescence applications. How these indicators are attached to the fiber
and immabilized in place is followed by labeling techniques and protocols. This chapter,
like Chapter 6 on instrumentation, is useful because it covers one more aspect of the
design of a total FOCS system. (226 References).

Volume I concludes with Chapter 8, "Fiber Optic pH Sensors,” by M.J.P. Leiner and O.
Wolbeis. It covers the fundamentals of pH determination, in particular as related to Gber
optical sensors, and discusses the effects of sample parameters on pH measurements.
Immobilization of the sensor reagent, vesponse times, stabitity, and reversibility of the
sensor are all covered.  Finally, different pH sensor designs, based on absorbance,
reflectivity, fluorascence, and energy transfer, are discussed. (70 References).

Volume II continuves in Chapters 2, 10, and 11, with the subject matter of Chapter B,
describing the use of optical fiber sensors for specific detection schemes. Chapter 9,
“Optical Ion Sensing," by W. Seitz, covers cation and anion sensing methods, (38
Eelerences). Chapter 10, "Oxygen Sensors,” by O. Wolfbeis, describes the general aspects
of optical fibers with indicators as oxygen detectors and sensors that exhibit fluorescence,
phosphorescence, or other characteristics in the presence of oxygen. (78 References).
Chapter 11, "Gas Sensors,” by O. Wolbbeis, reviews current work in the use of optical
fibers for detection of many of the common gases. The gases covered are hydrogen,
methane and related gases, carbon monoxide, carbon dicxdde, ammonia, nitrogen oxides,
hydrogen sulfide, sulfur dioxide, solvent vapors, humidity detection, and some
miscellanecus gases. (97 References),

Chapiers 12, 13, and 14 are application oriented, describing the use of fiber sensors in
particular fietds. Chapter 12, "Environmental Monitoring Applications of Fiber Optic
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Chemical Sensors (FOCS)," by 8. Klainer et al., discusses techniques for intrinsic fibet
optic detector design, configuration, membranes and materials, calibration, and test. The
chapter concludes with descriptions of several probes and sensers for detection of
chloroform, hydrocarbons, gasoline, pH, CO,, O, and others. {105 References). Chapter
13, "Opticat Fibers in Titrimetry,” by O. Wolfbeis, describes the use of optical fibers in
several titrimetry methods: acid-base, argentomeitry, and complexometry. In one use, the
fiber acts only as a light pipe, transporting a source signal 1o the sample solution and from
the sample to a detector. In the other use, an indicatar of some type is placed on the
distal tip of the fiber, which is then dipped into (he sample during titration. Color change
or fluorescence from the indicator are two of the possible detection schemes. (21
References). Chapter 14, "Fiber Optic Chemical Sensors in Nuclear Plants,” by G. Boisde
et al., is of some interest in environmental applications because it gives some applications
of optical fibers (a) in severe radiation environments, such as nuclear reactors, nuclear
waste repositories, and control of processes involving radioactive materiaks and (b) in
radiation monitoring in 2oils and waters, in peneral. (63 References).

The use of optical fibers in temperature measurement is covered in Chapter 15, “Fiber
Optic Techniques for Temperature Sensing,” by K. Grattan. Although not usually
considered as the province of chemical sensors, thermometry is often a necessary part of
analysis. The chapier covers hoth extrinsic and intrinsic devices as well as techniques and
temperature ranges. (100 References).

Chapler 16, "Transducer-Based and Iatrinsic Biosensors,” by M. Arnold and J. Wangsa,
and Chapter 17, "Fiberoptics Immunosensors,” by T. Vo-Dinh et al., describe the use of
biofogical materials on optical fibers. Transducer-based sensors use a biological material
on the fiker 1hat interacts with the analyte, producing some type of signal that is
transported by the fiber 10 a detector of some kind. Intrinsic biosensors have a biological
material on the fiber that, when it interacts with the analyte, alters some optical
characteristic of the fiber. Several specific sensors are described for each sensor type.
{61 References). Immunosensors (Chapter 17) are generally very sensitive and highly
specific as a result of the antibody design of the biological coating on the fiber, Such an
antibody will bind to very specific antigens ip the analyte, giving these sensors their high
degree of sensitivity and selectivity. Descriptions of antibody preparation,
antibody-antigen interaction, and different types of antibodies and their preparation are
followed by a section on different types of immunosensors {(e.g., fluorescence, internal
reflection, amd evanescent figld). {68 References).

Chapter 18, "Crigin, Construction, and Performance of an In Vivo Oxygen Sensor,” by J.
Peterson and E. Stefansson, describes briefly the development of an oxygen sensor based
on aptical {ibers. Chaprer 19, "Biomedical Applications of Fiber Optic Chemical Sensors,"
by 0. Wolfbeis, deseribes the use of optical fiber sensors to measure, monitor, and survey
matenals interior to a living body. Detectors for pH, pQ;,, pCO,, and blood gas are
described. (B2 References).

Chapter 20, “Chemituminescence ard Bioluminescance Based Optical Probes,” by L. Blumn
and P. Coulet, continues the discussion on the use of biological materials on optical
fibers, those that generate a type of luminescence when in contact with a specific znalyte.
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Tables listing the use of immobilized materials for chemi- and bio-luminescence and the
supporting references are included. (55 Relerences).

Volume II concludes with Chapter 21, "Fiber Optic Chemoreception,” by U, Krull es al.
The chapter discusses in some detail biolopical receptor systems {e.g., enzyme-substrate,
antibody-antigen, lectin-saccharide, and molecular receptor-ligand} and their use and
application with optical fibers. (79 References).

Optical Fiber Sensors, Ed by AN, Chester, 5. Martellucei, and A M. Verga-Schepgi;
NATO Advanced Study Institute Senes E: Applied Science, Vol. 132, 1986; Marlinus
Nijhoff Publishers, Boston, 1987,

A general 1ext on optical fiber sensors. Ore chapter, "Guided Wave Chemical Sensors,”
by A L. Harmer, has short, descriptive sections on spectrometers; absorption
measurements, including gas monitors, remote absorption, and reffectance measurements;
fluoreseence, including Raman spectrascopy; oximetry (hacmoglobin measurement) in
vivi; scattering; refractive index and liguid bevel; pH sensing; fluorescent quenching
techniques; immunological assay; evanescent wave spectroscopy; surface reaction
reasurements; surface plasmon resonance;, and chemical sensing by physical
measurement. None of the entries are in-depth, but they do provide an indication of
what was of interest around 1986.

. Fiber Optic Sensors, Fundamentals and Applicadions, D. A. Krohn, Inst. Soc. of America,
Research Triangle Park, 1988.

This text reviews fundamentais of fiber optics and discusses specific applications in its 12
thapters, one of which is on chemical analysis. Short, elemeniary descriptions are given
on flucreseence, absorption, scattering, refractive index change, and interferometry.




4, PIEZOELECTRIC SENSORS

41 INTRODUCTION

According to Alder and MeCallum (1), Coulomb was the first to conjecture the possible
production of electricity by the application of pressure ¢n a suitable tnaterial. However,

*The credit of being first to observe the phenomenon of piezoelectricity falls to the
Curie brothers, Pierre and Jacques, in 1880. They showed that when some crystals were
compressed in particular directions an eleciric potential was produced between the
deformed surfaces, this potential being proportional to the applied pressure. The
converse effect, unforeseen by the Curies, was predicted by Lippmann. By the end of
18381, the Curies had verified the effect and showed that the piezoelectric cocfficient of
quartz had the same value for the direct and convesse effects.

"The piezoelectric effect arises when pressure on a dielectric material deforms the crystal
Jaitice and causes a separzation of the centres of gravity of oppositely charged species,
which gives rise to a dipole moment in ¢ach molecule, . . . If ¢lectrodes are applied to
the faces of a thin slab or rod of this material and an external current sensing circuit is
connected, a current will be scen to flow through the external circuit when stress is
applied o the crystal. Releasing the stress causes a transient curcent flow in the
opposite direction. If the converse effect is used and an alternating potential difference
is applied, mechanical oscillations occur within the crystal lattice. Stable osciflations only
accut at the natural resonant frequency of the crystal and at that frequency the cystal
presents a low impedance to the exciting voltape. IF the crystal & incorporated into the
feedback loop of an oscillating circuit, it becomes the frequency determining clement of
the circuit, as its Q {quality factor) is very high, typically several thousand."

Piezoelectric crystals have no center of symmelry = there are 21 such classes (2). 'Well-known
exampies, those that show strong piezoelectric effect, are quartz, lithium niobate, zinc oxide,
tellurivm oxide, and lithium tantalate; but quartz has been used most often in piezoelactric
devices because of its low temperature coefficients.

1t has been known since the early 1900s that changing the mass of the crystal changed its resonant
frequency; the higher the mass, the lower the frequency. Theoretical work leading 1o the use of a
quartz crysial as a quantitative measure of mass can be traced 1o Lord Rayleigh (3). But il was
Saunerbrey (4 and 5) who [irst used this concept to show that a sensitive microbalance could be
constructed. Sauerbrey’s work included development of an expression relating the change in
frequency to the mass added to the ¢rnystal surface. In particulat, for an AT-cut guartz crysial
vibrating in the thickness-shear mode,

3F = -2.3x 10 FA(smy/A), (1)
where 8F is the frequency change in Hz, F is the quartz crystal resonant frequency in MHz, m is

the added mass in grams, and A is the coated area in cm? This implies that to measure mass to
within + 0.3 ngfem?, the frequency shift need be measured to about 10 at a Erequency near 7
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MHz, with +1°C temperature control. This can easily be done with a frequency counter that
counts for 10 sec,

Sauerbrey's work is valid only when the zdded mass is "small.” For larger mass changes, the
acoustic impedances of the quartz and the added mass must be taken into account. As shown by
Lu (6), an aceurate expression is given by

M = tan[Z tan nF)ixZ{1 - F), (2)

where M = p1/p,t, is the normalized arcal density, the subscript ¢ referring w the added
"coating” and the subscript q relerring to the guarlz, p is density, t is thickness, F = (f, - £)/1, s
the normalized frequency shift, and Z = Z /Z, is the acoustic impedance ratio, in which Z, =
(ppg)* and Z, = (p.p)*, where p is shear modulus.

Lu {6) shows that Equation 2 is accurate for values of M in the range from 0 to 0.7 apd for
values of F from 0 to 0.5, which covers the range of interest.

The work of Sauerbrey (4,5), Lu {6), and others who have worked on the theory (7, 8, 9 and 10)
serves as the fowndation of the so-called bulk acoustic wave (BAW) sensor. But it is also possible
to construct other types of devices that vse piezoelectric transduction, depending on the details of
the acoustic wave generation. Besides the BAW, the other principal type is called the surface
acoustic wave (SAW) sensor because the waves are generaled and 1ravel in a thin film deposited
on the surface of a piezoelectric substrate. However, other types of sensors have been and are
being developed, notably the flexural plate-wave or Lamb-wave sensor (11), and the shear
horizomal acoustic plaie mode (SH APM) sensor (12).

The following sections describe work done with BAWs, SAWs, and the other types of sensozs.

4.2 BAW SENSORS

King (13) was the pioneer in the applications of BAW sensors to detection of chemicals. His
work led to the development of a commercial water vapor deteetor with good selectivity, The
King BAW sensor operated at 9 MHz and had a sensitivity of about 500 Hz/pg. King’s work also
included applications as a gas chromatagraphy detector as well as the study of sensitivities of
severa) coatings to a vaniety of gases, including hydrocarbon derivatives, several polar molecules,
and hydrogen suiphide.

A later development by Scheide and Taylor (14) was a BAW sensor for detection of mercury in
air. The sensor operated at 9 MHz and used a gold coating. Linear response was obtained at
Mmercury ¥apor concentrations as low as 0.1 ppb. When approximately 0.5ug of mercury bad been
"rollected,” corresponding to a frequency chanpe of about 50 Hz, it was necessaty to reactivate
the surface using a heating-desorption cycle. The sensor showed good selectivity; of the seven
chemicals tested, only water vapor at 100% relative humidity was a significant interference, and
this could be removed by drying the sample beiore expasure to the sensor.

One of the sarliest reviews of analytical chemistry applications of BAW sensors is that by
Guilbault (15). This review summarizes uses of BAWs as detectors for gas chromatography as
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well 25 for detection of water vapor, sulphur dioxide, ammonia, hydrogen sulphide, hydrogen
chloride (gas), various organophesphorous compounds - including chemical warfare agents acd
pesticikles, aromatic and aliphatic hydrocarbons, toluene, mercary in air, mononitrotoluene (vapor
from many explosives), and carbon monoxide. There i very [ittle information on selectivity.

Illustrative of Engtish work on sensor development, the first of two reviews by Alder and
MeCallum (1) summatizes work on BAWs up to about 1983. The review includes many topics:

the theory of BAW sensors;

the pamcu[ar applmatmn called the quartz crysial microbalance (widely used 10 MOnitor
coating thickness in metals and multilayer coating industries);
adsorption, desorption, and decomposition research;
detaction of aerosols and suspended particles;

applications in electrogravimetric rasearch;

use of BAWs as detectors for gas chromatopraphy;

the detection of various gases;

bacterial and Tungal growth;

solution property measurement in organic solvents;

trace metal studies; and

thermal anafysis,

*

a4 88038 &b

There are 113 references given.

Papers by Kanazawa and Gordon (16 and 17) were among the first 1o report research on the
theory and use of a BAW sensor in contact with a liquid. The principal result was to show that
-the density and viscosity of the liquid were important factors in determining the frequency shift.

Other reports of research on BAWSs in liquids include 1986, 1991 (review with 92 references),
1992 papers by Thompson et al. {18 and 19) and a 1992 paper by Duncan-Hewitt and Thompson
(20). The bulk of the papers is devoted to summaries of theoretical work, but there are reports
of successful applications to liquid chiromatography deteclion, determination of certain inorganic
ions in aqueous sclutions, and development of binsensors, especially in immunoassays. Quaoting
Thompson et al. (19),

"It is evident from the progress reviewed in this article that the frequency response of
the TSM (editorial note: TSM stands for thickness shear-mode, another name for
BAW) device in liquids is governed by 2 number of factors. . . . Among these
parameters, significant but hitherio unrecognized for the TSM sensor, is the role played
by mclecular slip and viscosity at the sensor-liquid interface.”

And quoting Duncan-Hewitt and Thompson,

“The practical implications of this result are (1) the TSM sensor response in liquids is a
complicated function of both bulk and surface properties which may be difficult a priori
to predict, that is, without extensive knowledge of (he liquid and interfacial structures,
and (2) TSM sensors, used judiciovsly in carefully prepared interfacial systems, may be
sensitive probes of interfacial energetics. Until now these energetics have been
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characierized primarily by wettability tests such as contact angle measurements which are
difficult to interpret fundamentalty.”

The use of BAWs for chemical analyses ace reviewed by Guilbault and Jordan (3) in a 1988
review. This paper includes 129 references along with summaries of work on:

« peneral expenmental apparatus

sorplion deicctars

watler vapor Jetectors

gas and liquid chromatography detectors

quartz crystal microbatances

pobymer research

particulate mass concentration

trace metal analysis {(electrogravimetric assay of solutions)

gas detection of acetoin, ammonia, aromalic hydrocarbons, carbon dioxide, carbon

monoxide, formaldehyde, hydrocarhons and halogenated hydrocarhons, hydrogen, hydrogea

chloride, hydrogen sulphide, mercury in air, trimethylamine, mononitrotoluene, nitrogen

dioxdde, organophosphorous compounds, azone, phosgene, propylene glycol dinitrate,

sulphur dioxide, tolvene diisocyanate, and viny chloride

# solution measurements, including ammonia, cyanide ion, bacteria and Fungal growth,
density and viscosity, sibver ion, iodide jon, and immunosssay in solution

# commercially available instrumentation, which includes instruments from DuPont
Instruments, Wilmington, Delaware; Universal Sensors, Ine., New Qrleans, 1.a; and others
described in references cited in the review.

LR B BN BN BE NN

The most recent British review paper is an update (with 137 references) by McCallum (21} of the
eartier review paper by Alder and McCallum (1). This review is almost entirely devoted to work
with BAW:, but thers is mention of SAWSs under the title "Alteraative Crystal Designs.® An
extensive summary of work done on liquids and solutions is included. One new topic of special
importance is the use of sensor arrays along with newly developed computer analysis techniques
using statistical methods such as varimax rotation, pattem recognition, cluster analysis, and factor
analysis. Commercially available systems described include those from:

« DuPont, Wilmington, Delaware

® Unijversal Sensors, Inc., Metairie, Louisiana

& Edwards High Vacuum, Crawley, United Kingdom
# Microsensor Systems, Fairfax, Virginia

Quoting from the paper's Conclusions section,

"The limitations of piezoelectric crystals are well known and some work has appesred
indikeating ways o maximize the recovery of information from any sensor device, €.g., the
use of sensor arrays together with chemometrics. The need for high selectivities using
this approach appears to be a hindrance instead of a benefit as onc & examining the
patiern of sorption over the array and, hence, in addition to concentration data it may be
possible o identify (ceriainly to class of compound and in some instances to a few
materials) some of the species present. (Editorial note: this seems to be a puzzle;
meaning unclear.)
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"Muost of the papers continue te report wotk cartied o around ambicnt laboratory
conditions (20 o 25C) with some optimized at a fixed temperature for the chemical
system. It would be interesting to find a report of a sensor that has reasonable response
characteristics over a range of 20C, for example, around ambient; but it is likely that at
the lower temperatures problems could arise from the kinetics of the interaction between
the coating and the ‘atmospheric’ contaminant. Certainly there are papers where a
temperature program is used to maximize the response and minimize the time required
for recovery. Indications of the reproducibility of both the coating method and the
results obtained from the coated crystal(s) are now appearing in the literature.

“What of the future of piezoelectric devices (crystals and SAW sensors)? Certainly the
potential is there. However, a practical device requires the careful spacification of the
sensor and the emvironment in which it will be used to allow it to be tailored to a
particular need. |,

Two papers on the use of BAWSs in environmental pollution problems are noteworthy. The first,
by Mierzwinski and Witkiewicz (from the Instituie of Chemistry, Military Technical Academy,
Warsaw, Poland), {22) cites 89 references and summarizes a bit of practical work on the
applications of piezoeleciric detectors to environmental pelhation,

Quating the authors, "Attempts to apply piezoelectric detectors to measure environmental
pollutants have been made for over 20 years. However, despite their many advantages these
detectors have not found wide application. This is due to their faults and disadventages. In the
present survey both the advantages and disadvantages of piezoelectric detectors are discussed, so
that the reader will gain a knowledge of their real vatue.”

Quoting selectively,

"The weak dynamic characteristics, i.e,, difficulties with recovery of piczoelectric
detectors, seriously limit their practical applications. ... The proper selection of the
coating material is the most difficult problem to solve. Research has been undertaken 1o
determine the usefulness of various substances for coating the resonators. The resulis
are not unique, however. The coating material should be practically non-volatile, its
properties should not change with time, it should be easy to apply to the resonator
surface, and in the case of selective detectors, shoulld interact only with the compound to
be detected. Besides, the detector should be easily renovated, ie., the vibration
frequency of the resonator should return to its initial valoe after removing the canse of
the change of [requency (i.e., the substance to be determined). It is very ditficult and
probably impossible to meet all these requirements. . .. This survey of the literalure
shows thal among the numerous publications on the practical possibifities of utilizing
piezoelaciric detectors only a few are concerned with the design and testing of devices
intended for a given purpose. This may seem astonishing, especially if we consider the
data summarized . . . which show that the detectability shown by piezoelectric detectors
is better than those obtained by other analytical methods. Other reasons exist, however,
that limit the range of applications of these detectors. One is their low dynamics. The
usually observed long responses and even longer recovery times of piezoelectric detectors
hinder their use as measuring devices in cases where rapid information about the
occurring hazards is crucial. There is a particulady pronounced inconsistency between
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the requitements regarding the selectivity and those regarding the dynamics of a detector
that will fulfill both these requirements simultaneously, although, if attention is paid to
only one of them, good results were obtained. . .. The presented review of applications
and properties of the piezoelectric detectors allows us to cherish the hope that the
disadvantages of these detectors will be minimized 1o a level that will allow their wide
application in analytical chemistry and especially in the testing of atmospheric air
poliution.”

The other paper on piczoclectric and electiochemical sensing in envirenmental ¢hemistry {23)
devotes only a little space to piezoeleciric sensors, wost of the paper is about electrochemical
techbiques.

43 SAW SENSORS

Waves that ocour on the surface of a solid were first described by Lord Rayleigh in 1385 (24).
The work of White and Volttmer (25} in developing the interdipital transducer made the
generation of surface waves in piezoelectnic solids relatively simple, This development led 1o the
pioneering work by Wohltjen and Dessy (26) and the first report of a2 SAW device for sensing
chemical vapors. Wohlijen used both quartz and lithivm niobate crystals, comparing their
performance as a gas chromatograph detector when the crystal surface was coated with a
sensitizing organic film. Eatly work by Bryant et al. (27) showed that a sulphur dicade sensor
could be made to detect less than 100 ppb, an order of magnitude greater sensitivity than
achieved with a BAW sensor for sulphur dioxide.

There are several types of surface acoustic waves. However, for best parformance of SAW
sensors, experience has shown that it is essentiai to use the pure mode Rayleigh waves, which
have the mechanical and electrical components in one plane, the so-called sagittal plane, which is
normal to the subsirate surface. SAW sensors also can be implemented in layered substrates, os
noted below.

Quoting from the paper by Venema et al. {28) on the design of SAWSs,

“In homogeneous substrates the phase velocity and the amplitude of a SAW are
determined by the elastic, piezoelectric, dielectrie, conductive properties and the mass of
the substrates. If one of these material parameters can be properly modulated by the
quantity to be measured, the efect of sensing is created. In layered substrates the
physical properties per layer and the thicknesses of the layers determine the phase
velocity and amplitude of the SAW, The modulation can be performed in the transducer
and/or transmission region of 2 delay line or resonator.

"Two types of SAW devices in the configuration of a SAW ascillator have been shown to
be useful for sensor applications: (a) The delay line [29]. This device . . . consists of two
{uniform) interdigital wransducers, one acting as an emitter of surface acoustic waves and
the other a5 a detector of the waves. Since the transducers are Jocated at some distance
from each other, the device operates as a delay line. This device operates with travelling
waves. (b) The resonator [29). A SAW-emitting transducer i tocated between two
acoustically reflecting mirrors (planar cavity). The distance between the mirrors allows
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the constructive interference of successive reflections to occur between them (standing
waves)., The resulting storage of energy is maximal for one frequency. The mirmors are
made of an array of metal strips on, or grooves in, the substrate surface. Another
transducer can be added to the cavity for the detection of the SAW signal.

*The interdigital transducer is a planar interweaved metal electrode structure whose
adjacent electrodes are given equal but opposite potentials and which relies on the
piezoelectric effect to couple directly electrical and mechanical energy.

“The spatially periodic electric interdigital field ultimately produces a corresponding
periodic mechanical strain pattern, which gives rise to the surface acoustic wave,
provided the surface is stress free. .. .*

Four papers containing significant information on the design of SAWs are the one by Venema et
al. (29), an earlier one by Wohlijen (30), one by Niewwenhuizen and Barendsz (31), and a recent
one by D'Amico and Verona (32).

The D'Amizo and Verona paper {32) also summarizes the different types of SAW sensors that
have been developed during the last decade (up o 1989), The examples include sulphur dioxide,
nitrogen dioxide, hydregen sulphide, ammonia, carbon monoxide, water vapor, methane, hydrogen,
and various orgenic vapors not specified. The piczoelectric materials used included quartz,
lithium niobate, and a layered zinc oxidesilicon siructure (zine oxide is piezoelectoc).

A review paper by Fox and Alder (33) concentrates on the use of SAWSs for atmospheric gas
monitoring, but also includes some discussion of BAWs. The paper summarizes developments in
SAW technology (including work on piezoclectric materials not previously used for sensors,
namely, lithium tantalate, tellurium oxide, and the molecule Bi ;Ge0yy), the design of new
structures, including those usclul for liquids, work on the interactions involved in chemical
selectivity, and new developments in theory. A large section is devoted 0 a summary of reported
applications of SAWSs to gas sensing. These include vse of both lithium niobate and quariz to
sense pitrogen dioxide, ammonia, carbon dioxide, carbon monoxide, oxygen, sulphur dioxide, water
vapor, methane, toluene vapor, hydrogen sulphide, hydrogen, ethanol vapor, nitromethane,
methanol, propanol, benzene, tetrachloromethane, 1,2-dichloroethane, iso-octans, and other
OLgAnic vapors.

An important parnt of the paper is the discussion of the analysis techniques being studied for
analysis of mixtures. Quoting from the review paper,

"These workers [editorial note: see Reference 34] set out to test the classification ability
of multiple tensors coated with different materials by pattern recognition techaoiques
using the discriminant generated in the earlier work [editorial note: see Reference 35]
by employing those data as a prediction set. They also wished to lnvestigate the
clustering of sensor responses in a data set including both single vapours and mixtures.
The experiments were carried out at 35 1 2 C, and SAWs were tested in arrays of four
connected 1o the vapour stream in series, . . . Each array was exposed {0 nine single
vapours, each at four concenteations in quadruplicate.  Binary mixtures in air were
generated at a single combination of concentrations and the responses were measured in
quadruplicate, ...
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"A large amount of data was collected and subjerted to pattem recognition routines
included in an ADAPT software system. Using as few as four sensors, these routines
were readily able to distinguish between the target and interferent vapours when the
SAWs were exposed to single vapours. When 1wo component mixiures were included in
the data set, eight sensors were required to obtain the best classification. Using the data
ag collected, all but three of the binary mixtures could be classified; however, all could be
classified when correction factors were applied to the data. The workers concluded by
predicting that SAW coatings, the responses of which are more consistent, reproducible
and sensitive 10 target species, and ones that can form a set with more widely varying
responses to key vapours, will enhance the information quality obtained. Temperature
sensing apd control would be advantageous for the improvement of performance and an
inert reference on the SAWs desirable. . .. This study highlights the state of the art
with chemical SAWs technology and also indicates the weak link in the sensing process.
Selectivity of the coatings, coating reproducibility, temperature and synergistic effects are
the limiting fealures . . ."

A final section compares SAWs and BAWS3, noting that while SAWs were intrinsically more
sensitive to mass changes than BAWSs because they can be operated at 10 to 30 times higher
frequencies, this advantage is not achieved because system noise and drift limit the sensitivity
improvement to about an order of magnitude, A final poini stressed is, "Humidity is one of the
biggest problems Facitg most sensing devices. Water will absorb on almost any surface up to
relatively high temperature and over a wide range of pressures and it is imperative that some
compensation be made for water sorption.”

More recent papers on SAWSs include reports of further studies in the search for selective
coatings for a variety of vapors (36 — a review paper with 95 references, 37, amd 38) and a new
high frequency SAW sensor for nitrogen dioxide (39).

44 OTHER TYPES

Four papers describe two other 1ypes of acoustic wave piczoelkectric sensors: the plate-mode or
Lamb-wave oscillator sensor, a2nd the shear-horizontal acoustic plaie-mode sensor (SH APM) for
liquids. The Lamb-wave sensor is discussed in two papers, one by White et al (40) and the other
by Wenzel and White (11}. The SH APM zensor work is in papers by Martin t al. (12) and
Andle et al. (41).

The reader is referred 1o the papers for a detailed explanation of the mechanisms that gencraie
Lamb-waves. For our purposes, it is useful to summarize the expected advantages of Lamb-wave
sensors over their SAW counterparts. Quoting from White et al. (40),

"1) With a plate, acoustic enerpy it typically present at both surfaces. Thus one can
enclose one side of the sensor (o protect it from environmental attack while allowing
wave interaction at the other surface. This is particularly aitractive in vapor, chemical,
and biological sensors, where sorption from a surrounding gas or fuid is evaluated from
the velocity change [editorial note: or frequency shift] it produces [editorial note: see
References 30 and 42}. 2} One should be able to launch and receive plate modes with
electrode transducers on piezoelectric substrates (or on non-piezoelectric substrates
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having on them piezoelectric films), as with SAWs. One might expect ihat this
transduction would be more efficient with ptate modes than with SAWs because of the
absence of underlying material to be moved by the transducers. 3) Similarly, because its
thickness and mass per upit area are small compared with those of the BAW substrate,
one might expect a thin plate-mode sensor to respond o compatable stimuli more
sensitively than a SAW sensor operating at the same wavelength. 4) It is well-known
that the phase velocity of the lowest order antisymmetric plate mode (AQ) approaches
zero as the plate thickness decreases. Consequently, an oscillator sensor employing this
AD nnade could be made to operate, for a given wavelength, at a considerably lower
frequency than a corresponding SAW or symmetric-mode oscillator sensar, The practical
advaniage here is 10 ease lithographic problems in making the transducers, and the
difficulty of realizing the electronic amplifier. 5) Becavse the AQ mode may have 3 low
velogity, AO-mode sensors may operate well while immersed in liquids. From Huygen’s
principle, if the velocity in the immersed plate is lower than the compressional wave
velocity in the liquid, energy will oot radiate from the plate into the liquid, and so
attenuation should not be materially increased by the presence of the liguid. This could
permit plate-mode devices to be used for detecting certain chemicals in solution or
certain biological substances in serum {editorial note: see Reference 43). 6) Because
their phase velocities depend cn plate thickness, plate modes are dispersive; whercas a
SAW in » homogeneous semi-infinite medium iz not. . .. this can be used to some
advantage, though it also means that plate-mode sensors will be more affected than
SAW sensors by variations in fabrication procedures. 7) Sensors employing thin plates
may be particulerly well adapted for applications where one wishes 1o heat the substrate
electrically = for example, 1o promote desorption of sorbed species or to generate plate
waves thermoelastically = because the plates may have a small heat capacity per unit
area and may be thermally isolated [rom surrounding heat sinks. 8) Techniques for
fabricating very thin silicon plates by etching are well developed [editorial note; see
Reterence 44]. The resultant plates may be somewhat fragile and difficult to handle
during manufacture and use, Sensors employing thin plates may also be more affected
than SAW sensors by changes of ambient pressure and by airborne sound, . . "

‘The paper by Wenzel and White {11) describes more recent work from White's laboratory on a
multisensor [mulii ~ in the sense of multiple measurands, (e.g., force, pressure, mass, density, and
thermal), Lamb-wave oscillator). The work includes both theoretical modeling and confirming
experiments. The confirming experiments were conducted using a layered sensor constructed
from a silicon water on which are depasited layers of silicon nitride, aluminum, and zine oxide.
Quoting from the paper,

*The device i suited to use as a tool or testbed for studying ceriain chemical processes,
such as eiching of films deposited on the membrane, or exothermic or endothermic
reactions in liquids that contact the sensor, Becauwse the elastic interactions between a
liquid and a low-velocity A0 mode can be purcly reactive, only an evanescent disturbance
s excited in the liquid. Accordingly, it appears that only very simall liquid volumes need
be used. We believe that many inexpensive quasi-digital sensors can be based on this
simple structore. With it one could rcealize an accelerometer, barometer, thermometer,
vapor of gas sensor, and so on. With the addition of suitable electrodes or a
ferromagnetic Blm, it could zense elecitic and magnetic fields as wall. Because of its
sensitivity to many different measurands, for selective response it will be necessary to
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design the device properly for a given application, ¢r to use one or more active and
reference sensors together. [kt appears that information obtained from the different
responses of the several propagating modes and operating wavelenpths of the device can
be used to obtain precise information about individueal measurands.”

Continuing to quote, "A Lamb-wave sensor shares with other acoustic sénsors the problem of
providing selective response, Conventional means For achieving selectivity with SAW sensors
(such as a reference device and solubility-parameter matching in vapor sensors) could also be used
with the Lamb-wave sensor. Moreover, some additional methods are available with these sensors.

Research on the SH APM sencor for measurements in liquids ted Martin et al. (12) to conclude,

"SH acoustic plate mode devices have been found to function efficiently in contact with
liquids, praviding a sensitive means to monitor conditions at the solidliquid interface.
The device can be instrumented as a sensor gither in an oscillator circuit or by
monitoring changes in APM amplitude and phase delay between input and cutput. A
number of interactions occur between plate modes and solutions, including mass loading,
viscous entrainment and acoustoelectric effects. By controlling other interactions, the
mass sensitivity of the device enables it to function as a microbalance in a number of
sensor applications.  Specific chemical sensors can be constructed by dervatizing
[editorial note: meaning chemically modifying] the device surface wath ligands capable of
binding species from solution.”

The work of Andle et al. (41) on the SH AFM sensor is devoted to sensing particular
deoxyribonucleic acid (DNA) sequences. Quoting some of their conclusions, "The experiments
clzarly show that the APM biosensor is capable of detecting napopram quantities of the specific
DNA sequence, while ignoring larger quantities of another nonspecific DNA sequence. This level
of sensitivity is at least competitive with the current technolopy without using radicisotopes,
fluorescent labels, or enzyme amplification technigues.”
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Books that Contain Significant Information about Piezoelectric Sensors

1. Applications of Piezocleciric Quartz Crystal Microbalances, C. Lu and AW, Czandema, eds.,
Volume 7 of Methods and Phenomena, Their Applications in Science and Technology, AW,
Crzanderna, ed., Elsevier, New York, 1934,

Chapter 1, Introduction, Histary, Overview of Applications of Piezeeleciric Quarz Crystal
Microbalances (QCM); 46 references.

Chapter 2, Theory and Practice of the Quariz Crysial Microbalance, by €, 1.1;, discusses the
detailed theory of the QCM, compares theory and experiment over a wide range of added
masses and a wide range of operating frequencies; includes 46 references.

Chapter 8, Applications of Quartz Crystal Microbalances in Analytical Chemistry, by G.G.
Guilbault, deseribes the uses of QUMs {also called BAW sensots) as detectors for a)
sorption of a variety of gases, b} water vapor, ¢} gas and liquid chromatography, d) air
pollutants, and e} compounds in water, Other applications include microweighing,
measurement of particulates in gases, electrogravimetric procedures for trace metal
analysic, and film thickness and deposition rates. The final saction discusses instruments
that were commercially available in 1983/1984. There are 71 references cited

2. Sensors, A Comprehensive Survey, W, GOpel, I. Hesse, and JN. Zemel, eds.; Volumne 2,
Chemical and Biochemical Sensors, Pan I, W. Gopel, T.A. Jones, M. Kleitz, J. Lundstrim,
and T. Seiyama, eds.; VCH Verlaggesellschaft mbh, New York, 1985,

The Table of Contents of this Volume is:

1. Definitions and Typical Examples, W. Gipel, K. D. Schierbaum, pp. 1-28

2. Historical Remarks, W. Gopel, T. A. Jones, T. Scivama, J. N. Zemel, pp. 29-60

3. Chemical Sensor Technologies: Empirical Art and Systematic Research, W. Gopel, pp.
61-118

4. Specific Molecular Interactions and Detection Principles, W. Gitpel, K. D.
Schierbaovm, pp. 119-158

5. Specific Features of Electrochemical Sensors, H. D. Wiemhofer, K. Cammann, pp.

159-1%)

Multicomponent Analysis in Chemical Sensing, 8. Vaihinper, W. Gdpel, pp. 191-238

Liquid Electrolyte Sensors: Potentiometry, Amperometry, and Conductometry, F.

Ochme, pp. 239-340

8. Solid State Electrochemical Sensors, M. Kleitz, E Siebert, P. Fabry, J. Fouletier, pp.
341.428

9. Electronic Conductance and Capacitance-Sensors, W. Gopel, K.-D. Schierbavm, pp.
429-466

10. Ficld Effect Chemical Sensors (pp. 467-528); Device Principles, L Lundstrom; Ton-
Sensitive FETs, A. van den Berg, B. H. van der Schoot, H. H. van den Viekkert; Field
Effect Gas Sensors, M. Armgarth, C.J. Nytander

11. Calorimetyic Chemical Sensors, T. A Jones, P. Walsh, pp. 529-572

11. Optochemical Sensors, O, Wolbbeis, G. E. Boizde, G. Gauglitz, pp. 573-646

~ o
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13. Mass-Sensitive Devices, M. 5. Nieuwenhuizen, A. Venema, pp. 647-680; including 273
references

Clearly, it is section 13 that is of interest in piezoelectric sensors studies.

(Edijtorial aote: Volume 3, Chemical and Biochemical Sensors, Part I1, is advertised as including
sections on biosensors, instrumentation, calibration of gas sensorz, optochemical sensor
applicaticns te environmental problems, humidity control, bicsensors for pesticides in water,
respitation ges analysis, medical applications, solid-state electrochemica) potentiometric sensors,
and high-temperature sensor applications in glass melts. We have not yet found a copy of
Volume 3. Some ads suggest it could have been published in 1991, but other information has the

publication date as later = perhaps even 1993.)
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5. RADIOCHEMICAL SENSORS

The application of radicactivity 10 chemical analysis has been an apalytical method from the time
that unigue half-lives for various isotopes were recognized. The identification of the decay
schemes for the naturally occurring radioactive heavy elements prepared the way for the use of
decay lechniques in chemical analysis. Tracer analysis followed with the discovery of induced
radioaciivity, as did the discovery and identification of isotopes of known elements and Esotopes of
elemenis new to the periodic table {c.g, plutonium). Furthermore, the identification and
explanation of the fission process was accomplished thraugh the work of radiochemists and
physicisis. In each of these, a combination of chemistry and applied techniques was used; this
combination is now identified as radiochemistry.

Radiochemical sensors can be defined as devices that use the detection of atomis or nuclear
reactions to identify chemical processes or constituents.  As such, they do not differ from any
sensor of radioactivity, only the application, perhaps, being different. In this section of the report,
sensors of importance in chemical analysis are described, not the techniques used in
radiochemistry. These sensors are wsed for sensing a radioactive decay product and generating a
signal that provides information about some process of interest to the experimenter. With
identical decay producis, the sensor dogs not care how the product is generated, for example, as a
result of a reaction in an accelerator or in the aclivation of a receptor in a chemical sample to be
analyzed. Thus, the description of sensors will be nonspecific to 2oy scientific ficld, but will
concenirate on Lypes, their operation or function, their sensitivities, and their roles as part of any
overall detection sysiem. For example, in neutron activation analysis, where the reaction product
is a gamma ray (i.c., the (n,y) reaction), the gamma-ray detector is an essential part

It is believed that more than 20% of nuclear activation analyses are done wsing newiron activation
of the target nucleus and analyzing the resultant gamma ray(s). Other types of activation analysis
use photons or charged particles as the initiating event, but these will not be discussed further in
ihis report. Reference is made to texts on the subject of nuclear activation analysis, such as the
treatise by Elving et al. (1), for descriptions of counting techniques, detectors, and various
activation processes.

Neutrens are preferred for activation because they do not carry an electnc charge; thus, they can
more easiby interact with a given target nuclevws. A variely of neulion sources are available, a
nuclear reactor being the most commonly used because of the high neutron Auxes available and
the generally easy access to irradiation ports. Accelerators are another source of neutrons, but
they have generally given way to nuclear reactors. Examples are (a) *Be(d,n)"*Be, using
deuterons as the accelerated patticle and yielding neutrons of sbout 5 MeV and (b) *H{d,n)e
using tritium as tha target, producing neutrons of about 14 MeV, Typical neutron yields are
perhaps 10° to 10" neutrons/se¢/pA. Smali, portable sources, using the (2,n) reaction, are used
where high flux values are not needed or where portability is important. For example, alpha
particles from the decay of 7Po are used in the reaction *Be{e.,n)'?C, yielding about 106
reutrons/sec/Ci of polonium. Alphas from **'Am, with Be as the target, will give neutiron yields
perhaps twice that from polonium. Finaily, neutrons from spontaneously fissioning nuclides,
generally trans-plutonium, are used to obtain yiekds several orders of magnitude greater than
those from {&,n) reactions, per Curie of radicactive matenisl, The most common of these sourees
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is D2Cf, which is primarily an alpha emitter, with fission accounting for about 3% of total decays,
Neutron yield, per Curie of CI, is about 4 x 10° per secorul.

Gamma rays emitted from a neutran-irradiated sample are detected by the gamma ray intcracting
with some material that emits a pulse of light (e.g., a scintiilator), the light in tomn being detected
by a devica such as a photomultiplier, which converts the light signal into an electrical signal.
Detectors of importance in gamma-ray spectrometry are inorganic crystals, such as Nal, and solid
state detectors, such as those fabricated from Si or Ge, Historically, Nal with trace amounts of
thallium [Na(Tl), "thallium drifted™], has been the detector of choice. It can be fabricated in large
sizes, has better lght emission efficiency pet gamma ray than any of the other solid detectors, and
has linear response over & large energy range. A disadvantage is its high affinity to water
absorption, which requires that the crystals be encapsulated. Energy resolution is not as good as
that of the newer solid state detectors by one to two orders of magnitude. Of the solid state
detectors, germanium has been the material of choice, with some silicon detectors also beinp used.
Germanium doped with lithium [Ge(Li), "lithium drifted”] was the first widely used solid state
detector. These detectors have excellent energy resolution, but they must be operated and
maintained at liquid nitrogen temperature so as to reduce the thermal noise and prevent the
lithivm from drifting out of trapped sites, which occurs at toom temperatures. With the advent of
very pure Ge, intringic Ge detectors have largely replaced the Ge(Li) ones. Stil) operated at
Liguid nitrogen temperatures, the Ge devices can be stored at room temperatures without damage.
What one gains in resolution using solid state detectors is somewhat offset by the necessity for
cooling and by the decreased light efficiency to only about one-third that of Na{Tl), Other
materials that have been used and show promise are crystalling bismuth germanate, Bi,Ge, Oy,
and solid-state galliom arsenide {GaAs), cadmium telluride (CdTe), and metcuric iodide (Hpl,).

To identify specific gamma rays, hence materal, from neuteon irradiated samples, detectors must
have adequate resolution (ie., ability to separate gamma-rays with nearly the same energies). In
addition, data reduction technigues must be able to identify, if necessary, the type of interaction
the gamma ray had with the detector (¢.g., photoelectric, Compton scattering, or pair production).
The source (sample), detector, and associated electvonics, together with an interactive computer
system, constitutes an cffective gamma ray spectrometer. Gamma rays of different energies are
sorted by pulse height, which is determined by the magnitude of the light signal or current signal
produced in the detecior. A multichanne] anglyzer converts an analog signal {rom the detecior
into a digital signal {A/D converter) and slores it in one of the many energy channels available.
Analyzers with 1024 channek are commonplace and units are available with greater than 16,000
channels, With resolution of the order of 1 keV or betier (for gamma ray energies from about
100 keV to several MeV) and the use of an extensive library of gamma rays in memory, a large
number of elements can be uniquely identified.

The treatise by Etving et al. (1) i& recommended for an extended treatment of nuclear activation
techniques in analytical chemistry.

References and Beview Notes for Radiochemical Sensors

1. Treatise on Anaiytical Chemistry, Pan [, Theory and Practice, Vol 14, Section K, Mucleor
Activation end Radioisotopic Methods of Analysis, P.J. Elving, V. Krivan, and LM, Koilthoff,
eds., with 18 Contributing Editors, 2nd Editior, Interscience/Tohn Wiley & Sons, New York,
1984,




This text of cight chapters, each chapier having a different auther is a good reference for
radiochemical sensing; it includes (a) 2 good imroduction to radioactivity and analysis, (b}
detection of different types of radiation, (c) radiotracer experiments with determination
techniques, (d) radicimmunoassay, (&) trace element anatysis with radiotracers, and (f)
techniques of nuclear activation analysis, including nat only neutron activation, bat also
photon, charged-particle, and radionuclide activation. The last chapter on applications of
activation analysis, with seven sections, describes techniques and analysis in biological
materiak, pecchemistry and cosmochemistry, art and aschacclogy, and environmental samples,
and there is one section on charged particle activalion analysis. Unfortunately, the section on
environmental analysis is short (less than 20 pages) and has only one piage that mentions
waste analysis, other samples being atmospheric acrosols, coal, fly ash, other fuel types, and
water samples. Nevertheless, the text is a valuable reference, for it describes the many types
of sensors in use a5 of the mid-1980s as well as those that were coming on the market, It
also discusses the applicability and fimitations of activation techniques, valvable to those
whose interests are in isotopic identification of black-box material,

Radioactivity in chemical analysis is, without question, the most sensitive of any technique,
having the sensitivity (in principle} to detect a single decay event. In practice, this is usvally
not the case because of background events and the half-life of the material being counted.
For a half-life of 1 sec, 14 atoms of a material will give a decay rate of 10/sec, an adequate
sitmal for present detectors. Longer lived isotopes require larger numbers of atoms.

Neutron activation analysis, in particular, {n,¥) i3 the mast commonly used analytical method.
The text discusses the various neutron sources available, the spectrum from each, a2nd their
yields and uses. Gamma-ray detectors, from Nal through liquid scintillators and solid-state
devices, are all covered. Multichanne] analyzers, as pamma-ray spectrometers, are described.
This is a mature field, with some new and potentially very useful pew detectors being
developexd, particularly detectors that have good resolution and small size and operate at
normal lemperatures.  Application to environmental chemical analysis will be mastly a matter
of technique rather than availability of adequate sensors and support electronics.

. E. Bujdoso, J. Radicanal Nucl. Chem., Articles, 97 381.398 (1986)

This article includes a broad coverage bibliography o analysis by absorption and scattering of
tadiation and contains more than 150 references, most with a brief absteact. Radiation types
inciuded are X-ray, neutron, alpha particle, electrons, protons, and even muons, with X-ray
iechniques dominating. Many of the references are to papers in langusges other than
English.

. K Masumoto and M. Yagi, L Radioanal. Nucl. Chem., Acticles, 100 287-301 {1986)
Electron-beam-generated gamma-rays were used 1o produce gamma-ray-emitting isotopes
from she {y.n) reaction. Determinations were made of 13 elements in three environmentally

interesting sediments.

. R. Pietra, E. Sabbioni, M. Gallorini, and E. Orvini, J. Radioanal, Nucl Chen., Articles, 102
60-98 {1986)




10.

11.

Radiochemical sepazation procedures to identify trace metals vsing neutron activation analysis
on eavironmental and biological samples are descnibed.

N. L. Truglio and V. P. Guinn, J. Radicanal. Nucl Chem., Articles, 110 41-45 (1987).

A computer-based analysis of 13 biclogical and 8 envitonmental reference materials with
short-lived induced activities is included.

W. D. James and J. A. Oyedele, L Radicanal Nud, Chem., Articles, 110 33-40 (1987).

This article describes the reactor pulse generation systei and the sample wransfer system used
at the Texas A&M TRIGA reactor to produce 10 ms 10 50 ms intense neutron pulses that
are used in the identification of isotopes with short {e.g., < 1 sec} half-lives,

J. E. Milley and A. Chatt, J Radioanal. Nucl Chem., Articles, 11 345-363 (1987).

This work discusses multiclement determination in acid rain using neution activation analysis
techniques.

E. Sabbioni, R. Pietra, J. Edel, and L. Goetz, 1. Rodioanal. Nucl. Chem., Articles, 112 109-
117 (1987).

Research arsas in neutron activation analysis are examined to show how this technique and
ihe wse of radioiracers can assist in solving trace meital toxicology problems in the
Envitonment.

W. D James, J. Radioanal. Nucl Chem., Articles, 112 361-373 (1987).

Short, 10~ to 50-ms pukes of neutrons from the Texas A&M TRIGA reactor were used to
irradiate a variety of samples. A rabbit transicr system to a gamma-tray spectrometer
permitted data taking within 0.5 sec after irradiation. The method was tested to evaluate jts
ability to identify isotopes with short halflives.

1. §. Petler, M. C. Underwood, and K. Randle, J. Radioanal Nucl Chem., Articles, 113 383-
390 (1987).

This work discusses the use of gamma-rays coming from 14 MeV neutron interaction with
coal- and fluid-satwrated rock to determine the major elements in coal and the lithology,
porosity, oil, and water saturation in oil wetl logging,

E. Bujdoso, J. Radioanal. Nucl. Chem., Articles, 15§ 215-238 (1992).

This work is stated to be a current bibliography on environmental radiochemistry and
radioactivity, with most of the papers addressing some aspect of the Chernobyl nuclear
accident. Many of the referenced papers were presented in a language ather than English,
However, the abstracts are penerally given in both languages.




V. P. Guinn, J. Radioanal. Nucl Chem., Articles, 160 9-19 (1992).

This article includes a history of neutron activation anakysis from the Arst application in 1936
{0 1991, with discussion of the periods 1936 to 1944, 1944 to 1950, 1930 t¢ 1964, 1960 to
1970, and 1970 10 1991.

. M. De Bruin, /. Radioanal, Nucl. Chem., Arnticles, 160 31-40 (1992).

A comparison of instrumental and radiochemical nevtron activation analysis (NAA) with
other spectrometric methods is incleded. Both NAA methods rated high in accuracy and
sensitivity, but did not fare well in terms of turnaround time, accessibility, and cost.

. H. Nitsche, R. C. Gatti, and 5h. C. Lee, J. Radioanal Nucl Chem., Articles, 161 401411
{1992).

This article discusses detection of Z*Pu to 10-'® M in aqueous samples, using L X-rays from U
following alpha decay of the plutonium. Gamma-ray speciroscopy was used 1o correct for
possible contributions [rom othez radionuclides.

. M. Pimpl, B. Yoo, and 1. Yordanova, . Radioanal Nucl Chem., Articles, 161 437-44] (1992).

A radiochemical procedure for the extraction of wranium from nuclear facilities (or
environmental samples) is described. After separation from the matrix, nranium is plated
onto stainless steel discs and its activity measured by alpha spectrometry vsing surface barrier
detectors. For 1000 minutes counting, the detection limit is stated to be 2 mBq per sample
and nuclide of U, 1), ang Z¥J,

. G L. Hollas, D. A. Close, and C. E. Moss, Nucl Inst. and Meih., B24/25 503-505 (1987).

This work investigates the gamma.ray spectra from the fission products of photofission to
determine if photofission can kientify shielded fissionable material. The probing gamma rays
were produced by 10 MeV electrons. Tsotopes investigated were Z*Th, “*U, ®*U, and “*Pu
through 70 cm lead, using a high-resolution Ge detector.

. K. Randle, Nucl Inst. and Meth., B24/25 1010-1013 (1937).

Fast neviron {14 MeV and 3 MeV) activation analysis is used to determine the major
elements of coal and various gil- or water-bearing matrices. Irradiation, followed by sample
removal and ¢ounting, and prompt gamma-ray analysis techniques are described.

G. F. Knoll, Nucl. Inst. and Meth., B24/25 1021-1027 (1987).

A paper describes developments in charged-particle and gamma-ray detectors, circa 1987
Descriptiors are given for bismuth germanate, bariutm fluoride, and cesium fluoride
gamma-ray detectors; the use of photadiodas in place of photomultipliers; and passivated
silicon detectors. A cyrogenic microcalonimeter is described, operating below 1 K, which can
detect the temperature rse caused by the absorption of one photon.
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19.

21

22,

W. D. Ehmann and D. E. Vance, Crit. Rev. Anal. Chem., 20 405 {1989).

A review of advances in neutron activation analysis is included, and sensitivities reported (0.1
to 107 pgfe) for much of the pericdic table and recent applications of different neutron
activation analysis are reviewed.

B. Salbu, Analyst, 117 243-249 (1992),

This article is a lecture on nuckear analytical techniques in environmental research,
particularly neutron activation analysis, radiotracers, and measurements of environmental
radipactivity. Detection limits for elements in the entire periodic table, using NAA with
separation techniques where necessary, are given for stated conditions of neutron flux and
irradiation time. These range from 0.001 te 20 ng for radicchemical NAA.

5. A, E. Johansson, Arnalyse, 117 259-265 {1992).

State-of-the-art particke-induced X-ray emission techniques using protons and alpha particles
for determination of trace elements in biology, medicine, peology, air pollution, and
archaenlogy are reviewed. Detection limits of .1 to 1 ppm are quoted.

Nuclear Environmenta! Chemical Analysis, ¥, Tolgyessy and E.H. Klehr, Ellis Horwood Ltd.,
Chichtester, West Sussex, England, 1987,

This text of nine chapters covers, in less than 200 pages, a very representative survey of
nuclear chemical techniques applied to environmental sample analysis. The authors define
nuclear analytical chemistry as "those analytical methods that use the nuclear characteristics
of appropriate nuclides to gain qualitative and quantitative information about various
substances and about cur environment.” Furthermore, "the common feature of all such
methods is the detection and measurement of nuclear radiation and/or charactenstic X.pays,"
The book is more devoted o measurement echniques than to sensors and instrumentation,
but it is a good reference text for sample gathering, preparation, and analysis. Sensors and
instrumentation are not discussed in detatl, possibly due to the nature of the book and the
fact that both sensors and instrumentation for radiation measurements are quite mature
industries.

The first chapter of the book discusses the various kinds of chemical analysis available to the
experimenter, including nuclear snalytical wechniques, and compares the several methods as to
sensitivity, required analyte size, and data analysis. Chapter 2, on environmental sampling,
concentrates on methods for taking and preserving samples in the atmosphers, water, and
soils. Next, ihe authors tell how these samples should be prepared. Chapters 4 through 8
are devoled 10 analysis techniques, beginning with radioactive samples, natural and
man-made; isotope dilution analysis; radio-reagent methods; activation analysis (the mast
commonly wsed technique); and nonactivation interaction analysis. Sensors, specifically, and
instrumentation, in general, are not described in any detail. Mention & made of various
detectors, such as Nal crystaks, germanium, and silicon solid state devices, None of the newer
solid state sensors, which reportedly can operate at room temperature with good resolution,
are mentioned. Reference is made to the use of multichannel analyzers for identification of
gamma rays in gamia-ray specirometry. The last chapter (Chapter 9) is a listing of sources
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for the information given in the other chapters, Each chapter has an extensive listing of
references.

Useful tables include allowable concentrations in water, detection limits of various analytical
methods, comparison of instrumental analytical methods {e.g., various specttometry methods,
activation analysis, X-ray fluorescence), and a moderately complete listing of radionuctides
abtained in (n,y) reactions.

This is an easy bock to read that contains a lot of wseful information and is well presentad.
It would have been nice to have a chapter or two on sensors amd associated analytical
instrumentation.

. Data for Radioactive Waste Management and Nuclear Applications, D. C. Stewart, John Wiley
and Sons, New York, 1985.

This is truly a book of data and not applications. The book contains five pans: Part 1,
Phwsical Data, whick inclwdes information on light and heavy nuclides, transuranic elements,
radiometric properties. and neutron sources; Part 2, Chemical Data, listing clements,
oxidation potentials, solubility, process chemicals; and Part 3, Radioactive Wastes, defining
high-level liguid wastes, non-high-leve] wastes, packaged wastes, and repository data. Part 4,
Data for Operaticns, very briefly covers shiclding, health physics, radiation damage, criticality,
and decontamination. Par1 5, Miscellaneous Data, has information on radiocactive decay,
neutron activation, and conversions. This is possibly a wseful reference for those needing
numbers for Held operations, but probably not for one working in the sensor area.
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6. JOURNAL ARTICLE REVIEWS AND REFERENCES - GENERAL

6.1 REVIEWS

1.

R. E. Clement, M. L. Langhorst, and G. A. Eiceman, Anal Chem., 63, 270R-292R, (1991).

A rccent review entitled "Environmental Analysis,” covering "developments in analytical
chemistry as applied to environmental analysis for 1989-1990." The paper includes penerat
reviews, applications to analysis of air, water, soils and sedimenis, biological samples, and
miscellaneous topics. This is the first of what will probably be a periodic review of
environmental analysis such as is done, for example, in radiochemistry and other specialized
topics. The list of references, which is quite up to date, is grrapged in the same manper as
the subject headings. Although chemical sensors are not addressed as a separate topic, the
review should be useful because of its broad coverage of environmental issues.

C. Nylaader, £ Phys. E: Sci. Inseum., 18 736-749 {19835).

This review paper gives shozt descriptions, with some applications, of types of chemicat
sensors (pas, semiconductor, electrochemical, field effect, piezoelectric, optical, and others)
and a short discussicn on the wtility of multisensars to obtain more information than from
single sensors. A section on biological sensors discusses the human pervous system and how
sensors attempt to model that system.

1. O. W. Norris, Analyst, 114 1359-1372 (1989).

This article reviews the status and prospects for use of aptical fiber in chemical analysis, late
1980s time [rame. Norrks lists advantages, disadvantages, and principles of fiber optics as
sensots and describes some extrinsic and intrinsic sensor types and their applications. Fora
short review, he does a credible job in describing the use of optical fibers in many
applications. The paper is useful as background material.

O. 5. Wolfbeis, Fresenius J. Anal. Chem., 337 522.527 (1990).

In about five pages, Wollbeis gives a survey of chemical sensors and suggests possible trends.
Two pages list advantages and disadvantages of chemical sensors. The rest of the paperis a
general review of electrachemical, opticat, and biosensors, and some applications. He
predicis that the largest field of application will be in the biomedical scienoes, but he also
inchudes groundwater monitoring, process control, and biotechnology.

J. M. Van Emon and V. Lopez-Avila, Anal Chem., 64 JOA-BBA (1992).

The authors define immunoassays as "immunochemical detection methods based on a reaction
between a target analyte and a specific antibedy.” Reference to applications and a listing of
reported methods for environmental analysis are followed by sections on (a) antibodies and
immunoassays for environmental analysis, (b) evaluation, (¢} immunoaffinity techniques, (d)
use in laboratones, and (e} future work.
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6. D. R. Walt, Chemisiry & Industry, 20 January 1992, 58-61.

10.

11.

12,

13.

A short paper discussing chemical sensors in general and their categorization mto
electrochemical, optical, thermal, or mass sensors, aleng with examples of applications.

J. W. Grate and M. H. Abraham, Sensors Acuarors, B3 85-111 (1991).

A review paper on solubility interactions and the implications for design of chmmcally
sebective coatings for sensors,

J. Janata and A. Bezegh, Anal Chern, 60 62R-T4R (1988), 1. Janata, Anal Chem., 62 33R-
44R (1990), and I. Janata, Aiel Chem., 64 196R-219R (1992).

These articles are bi-annual reviews of chemical sensors.  Each article includes books,
reviews, joutnals, and proceedings entries. Larpe listings of references are included in each
[EVIeW,

W. D. Ehmann and S. W, Yates, Anal Chem., 6} 42R-62R (1988), W, D. Ebmaon, J. D.
Robertson, and 8. W. Yates, Anal Chem., 62 S0R-70R (1990), and W. D. Ehmann, J. D.
Robertson, and 8. W. Yates, dngl Chen., 84 1R-22R (1992).

These articles are bi-annual reviews of nuclear and radiochemical analysis. Each article
includes books, reviews, journals, and proceedings entries = lots of references.

R. Brina and A. G. Miller, Anal. Cher., 64 1413-1418 (1992)

This paper covers the direct detection of trace levels of uranium by what the authots call
laser-induced kinetic phosphorimetry. The claimed detection limit for wranyl ions in squeous
solution i5 1 ng/L. Response is said to be linear up to concentralions of 5 mg/L.
Pretreatment of bio-samples is needed only for measurements near the detection limit,

E. Zanzotiera, Crit. Rev. Anal. Chem., 21 279-319 (1990)

This article is an excellent review of lidar applications to determination of atmospheric
pollutants and includes a detailed exposition of source properties, lidar transmission, signal
strength, absorption, cic.

P. 8. Vukusic, G. P. Bryan-Brown, and J. R. Sambles, Sensors Acuaiors, B8, 155-160 (1992)

This paper reporis the use of a novel technique for sensing gases. The technique described &
called "measurement of a resonance maximum on a weak background signal by means of
surface plasmon resonance on gratings.” Gases used in the experiments included propan-2-ol,
monoethylene glycol, pentancl, and water vapor. The grating was formed on a 100 nm-thick

Ag film.
C. A Wade and 1. Bennion, Int'l. L. Opieelecironics, 6 197-216 (1991)




This article provides a theoretical study of 2-band differential absorption for sensing of CH,,
00, CO,, O,, NO,, SO,, IS, C,H,, C;H,, and others. The sensor design uses fibar aptics
and a scanning comb filter whose spacing matches the rotational lines in the absorption
specirum of the gas being sensed. Results piven include sensitivities of 0.002% for methane,
{.005% for hydrogen sulfide, 0.02% for ethylene, 0.06% for acetylene, and 3.75% for carbon
dioxide {measured for methane, calculated for others).

. B. C. H. Turton, A. Mohebati, and T. A, King, Int?. J. Optoelectronics, § 217-226 (1991).
Standard telecommunications laser diodes (emitting at 1.33 pm) and fiber optics cables were
wsed in the development of two techniques for frequency scanning the laser diode. The two
techniques, called direct and harmonic detection, have been applied to the detection of
methane. The paper includes a discussion of the two scanning technigues zlong with analysis
algorithms and calibration procedures used for methane.

. 1. Waison, Sensors Actuators, B8 173-177 (1992).

An interesting paper on electrical characterization of solid-state gas sensors; it includes a
discussion of the comparative value of resistance and conductance characterization, as well as
ratios of electrical characleristics, and the best ways to define sensitivity.

. W. Gipel, Sensors Actuatars, 16 167-193 {1989}

The article discusses Solid State Chemical Sensors and Atomistic Models and Research
Trends. It would be useful for those just tackling the development of new pas sensors.

6.2 CHEMILUMINESCENCE BIBLIOGRAPHY

The listings in this section were obtaiped ftom the Perkin-Elmer Corp. They are inclwded in this
report for general reference; they have little to do with the four main types of sensors addressed
in the bulk of the report.

Author(s) Title Citation

W. Adam, JL.C, Liu An alpha-peroxylacione synthesis  J Am Chem Soc 1972; 94:
2894.2895

F. I Alvarez, N. I. Multiple intermediates generate J Am Chem Soc 1986; 108:
Parekh, B. Matuszewski, fluorphores derived light in the 6435-6437

E. 5. Givens, T. oxalate/peroxide chemiluminescent

Higuchi, R. L. Schowen  system

N. 5. Bayliss The effect of the electrostatis J Chem Phys 1950; 18; 292-
polarization of the solvent on 29
electronic absorption specira it
solution




Author(s)
J. W. Birks, ed.

E. R. Branchini, J. D.
Hermes, F. G. Salituro,
N. L. Past, G. Claeson

T. G. Burdo, W. R.
Seitz

1. L. Burguera, A.
Teownshend

J. L. Burpusra, M.
Burguera, A
Taownshend

J. L. Burpuera, A
Townshend, S.
Greenfield

A K Campbell, A. B.
Hallelt

C. L. R. Catherall, ]. .
Palmer, R. B. Cundall

E. A. Chandross

M. M. Chang, T. Saji,
AT Bard

Title

Chemiluminescence and
photochemical reaction detection
in chromatography

Sensitive etcyme assays based on
the production of
chemiluminescence leaving groups

Mechanism of cobalt catalysis of
lominol chemituminescence

Determination of ng/mL levels of
sulphide by a chemiluminescence
reaction

Determination of zinc and
cadmivm by flow injection analysis

Flow injection analysis for
monitoring chemiluminescent
reactions

Measurement of nitrate,
intracellular calcium kons, and
oxygen radicals in
polymorphonuclear leucocyte
erythrocyte host hybrids

Chemiluminescence from
reactions of
bis)pentachlorophenyl} oxalate,
hydrogen peroxide, and
fluorescent compounds

A new chemiluminescent system

Elecirogenerated
chemiluminescence 30;
electrochemical oxidation of jons
in the presence of Juminescers in
ACW soluticns

Citabon

VCH Publishers, New York,
1989 13, 36

Anal Biochem 1981; 111: 37-
05

Anal Chem 1975; 47: 1639-

16843
Talanta 1980; 27: 39-314

Anal Chim Acta 1981; 127:
199-201

Anal Chim Acta 1980; 114;
209-214

1 Physiol London 1983; 338:
537-550

Chem Soc Faraday Trans II
1984; 80: 823-836, 837-849

Tet. Lett, 1963; 761-765

J Am Chem Soc 1977, 99
5399-5403




Aulhor(s) Title Citation

H. P. Chokshi, M. Oxalate/hydrogen peroxide Biomed. Chrom. 199(; 4: 96.99
Barbuth, chemiluminescence reaction.

E. G. Carbon, S. R. AF-NMR prebe of the reaction

Givens, T. Kuwana, R.  mechanism

L. Schowen

R.D. Cox Determination of nitrate and Anal Chem 1980; 52: 332
nitrite at the parts per billion level
by chemiluminescence

G. 1. deong, N, Cptimization of peroxyoxalate Chromatographia 1984, 18;
Lammers, F. J. Spruit, chemiluminescence detection 129-133
U. A Th. Brinkman, R.  sysiem for the liquid
W, Frei chromatographic determination of
Ouorescent compounds

G. 1. deJong, N. Low dispersion chemiluminescence Anal Chem 1987; 59: 1458
Lammers, F. J. Spruit, detection for packed capillary
C. Dewaeie, M, Verzele  liquid chromatography

R. Delumya, A. V. Metal catalysis of the luminol Anal Chem 1976; 48: 1402
Hartkopf reaction in chromatographic
solvent systems

C. A. Dorschel, T. L. LC detectors Anal Chem 1989; 61: 951A.
Ekmanis, H. E. QERA
Oberholizer, F. V.
Warren Jr, B. A.
Bidlingmeyer
T. M. Freeman, W. R.  Oxygen probe based on tetrakis Anal Chem 1981; 53: 98-102
Seitz (alkytamino) ethylene
chemiluminescence

W. Frei, H. Tangew, 1. Post column ceaction detectors for  Anal Chem 1985 57: 15294
A. Th, Brinkman high performance liquid
chromatography

LI, Fritsche Chemiluminescence method for Anal Chim Acta 1980; 118:
the detarmination of nanogtam 179-183
amounts of highly toxic
alkylphosphates

Chemiluminescence and WCH FPublishers Inc., New
photochemical reaction detection  York: 1989
ity chromatography
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M. L. Grayeski, I. K.
DeVasto

N. Hanacka, R. 5
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T. Kuwana

K. Honda, K. K.
Miiyaguchi

K. Honda, K
Miyaguchi, H. Nishino,
H. Tanaka, T. Yao, K.
Imai

K Honda, 1. Sekino, KL
Inai

K. Imai, Y. Matsunga,
Y. Tsukamoto

K. Imai, K. Miyaguchi,
K. Honda

K. Imai, A Nishitani, Y.
Tsvkamote

Ttk

Coumarin derivalizing agents for
carbaxylic acid detection using
peroxyoxalate chemiluminescence
with liquid chromatography

Stopped flow determination of the
parameters affecting the
application of petoxyoxalate
chemiluminescence to high
performance liquid chromato-
graphic detection

Evaluation of aryl oxides for
chemiluminescence detection in
high performance liquid
chromatography

High performance liquid
chromatography followed by
peroxycxalate chemituminescence
detection of acetylcholine and
cheline wsing immobilized enzymes

Bis {2,4-dinitrophenyl) oxalate as a
chemiluminescence reagent in
determination of fluorescent
compounds by flow inpection
analysis

Application of bis{4-nitro-2-3,6,9
irioxe-decyloxycarbanyl)-phenyl}
oxalate o post column chemi-
luminescence detection in high
performance liquid
chromatography

High performance liquid
chrotatography
chemiluminescence reaction
detection system of fuorescent
compounds using
bis(2,3,6-trichlorophenyl) oxalate
(TCPO) and hydrogen peroxide
Prediction of the detection ranges
for high perfarmance liguid

chromatography peroxyoxalate
chemiluminescent detection system

of fluprescent compounds

i3

Citation
Anal Chem 1987 59: 1203

Anal Chem 1988; 60 2193-
2197

Anal Chim Acta 198%5; 177
111-120

Anal Biochem 1986; 153; 50-53

Amnal Chem 1983; 55: 940-943

J Chrom 1987 400: 169-176

Biolurinescence and
Chemilumin-escence
Instruments and Applications,
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K. Imai, R. Weinberger

N. Imaizumi, K.
Hayakawa, M.
Muyazakumin, K. Imai

R. N. Jannings, T.
Capomacia

H. Kaiser

H. Xawasaki, K. Sato, 1.

Ogawa, Y. Hasegawa,
H. Yuki

L. L. Klopf, T. A.
Nieman

8. Kobayashi, K. Imai

T. Koziol, M. L.
Grayeski, R. W,
Weinbergar

P. Lechtken, N. I
Turro

E- M. Lilius, S. A,
Laakso

F. McCapra

F. McCapra, 1.
Beheshti, L. Burford, R.
A. Hann, A. Zaklika

Title

Aryl oxalate chemiluminescence
detection for high performance
higuid chromatopraphy

Stability of bis{2,4,6-tri-
chlorophenyl)oxalate in high
performance liquid
chromatography for
chemiluminescence detection

Solution kinetics of the
degradation of the
chemiluminescent reagent bis(2,4-
dinitrophenyl)oxalate in
wiaterfacetronittile

Quantitation in clemental analysis

Determination of inorganic
phosphate by How injection
method with immobilized enzymes
and chemilurpinescence detection

Use of surfactanis 1o improve
analytical performance of lucigenin
chemiluminescence

Determination of Auorescent
compounds by high performance
liquid chromatography with
chemmiluminescence detection

Evaluation of fluorescent

compounds for peroxyoxalate
chemiluminescence

Peroxyoxalate chemiluminescence
chemiexcitation of high-energy
excited states in acceptor
molecutes

A sensitive lipoxygenase assay
based on chemiluminescence

Allernative mechanismes for
dioxetane decomposition

Singlet excited states from
dioxetane decompaosition

Citation
Trends in anal. chem. 1985; 4:
170-175

Analyst 1989, 114 161-164

Anal Chim Acta 1988; 205;
2A07-213

Anal Chem 1970; 42: 24A

Anal Biochem. 1989; 182: 366-
370

Anal Chem 1984; 56: 1539-
1541

Anal Chem. 1980; 52: 424427

J Chromatogr 1984; 317: 355
365

Mol. Photochem. 1974; 6: 95-
95

Anal Brochem 1982; 119: 135-
141

J Chem Soc Commun. 1977;
24: 945948

J Chem Sac Commun. 1977,
24 944-246




Author(s)

T. Nakagama, M.
Yamada, S. Suzuki

8. Nakchara, M.
Yamada, 5. Suzuki

M. Orlovii, B L.
Schowen, R. 8. Givens,
F. Alvarez, B.
Matuszewski, N. Parekh

D Pilosof, T. A
Nicmzan

J. R. Poulzen, J. W,
Birkz, G. Gubitg, P.
VenZoonen, C.
Gooljer, N, H.
Betlthorst, . W. Frei

M. M. Rauhut

M. M. Rauhut, M. J.
Cormier, [3. M.
Hercules, 1. Lee, ed.

M. M. Ravhut, L. J.
Ballyky, B. G. Roberts,
M. Loy, R. H.
Whitman, A. V.

Iznnota, A. M. Samsel,
A L. Clarke

L. Rubinsein, C. B.
Martin, A. J. Bard

Tile

Screening of chemiluminescent
systems for the determination of
some biolopically impottant
organic compounds

Chemiluminescence for the
determination of traces of cobalt
1I by continuous flow and Fow
injecticn methods

A simplified model for the
dynamics of chemiluminescence in
the oxalate-hydrogen peroxide
system: toward a reaction
mechanism

Microporous membrane fow cell
with nonimmoaobilized enzyme for
chemiluminescent determination
of glucose

Solid state peroxyoxylate
chemiluminescence of hydrogen
peroxide generated in a post
column reaction

Chemiluminescence from
concentrated perodde
decomposition reacions

Chemiluminescence and
bioluminescence

Chemiluminescence from reaction
of electronegatively substituted
aryl oxalates with hydrogen
peraxide and fluorescing
compaounds

Electrogenerated
chemiluminescence determination
of oxalate

58

Cltation

Anal Chim Acta 1989; 217:
371376

Anat Chim Acta 1982; 141; 255

J Org Chem 1989; 54: 3606-
3610

Anal Chem 1982; 54; 1658-
1701

J Chromatogr 1986; 360: 371-
38

Ace, Chem. Res 1969: 2: 80-87

Plenum Press, New Yaork,
1973: 451.460

J Am Chem Soc 1962; 89:
6515-6522

Anal Chem 1983; 55: 1580-
1582




W. R. Seitz, M. P.
Neary, eds.

P. A. Sherman, J.
Holzbecker, . E. Ryan

K W. Sigvardson, 1. W,
Birks

K. W. Sigvardson, J. W.
Birks

L. R. Snyder, J. L.
Glajch

L. E. Smyder, J. L.
Cilajch, 1. J. Kitkland

L. R. Snyder, J. L
Kirkland

J. Teckentrup, D.
Klockkow

5. 8. Tsent, A. G.
Mohan, L. G. Haines,
L. 5. Vizcarra, M. M.
Ravhut

N. I. Turra

P. V. VanZoonen, H.
Bock, C. Goojier, N. H.
Velthorst, R, W, Fral

Titde

A novel hybrid detection system
based on
electrochemiluminescence in
electrolyte free solutions

Contemporary topics in analytical
chemistry

Analytical application of
peroxyoxalate chemilumitiescence

Detection of nitro-polycyclic
aromatic hydrocarbons in liguid
chromatography by zine reduction

and peroxyoxalaic
chemiluminescence

Peroxyoxalate chemiluminescence
detection of polycyclic aromatic
hydrocarbons in ligquid
chromatography

Practical HPLC method
development

Practical HPLC method
development

An introduction to madern liquid
chromatography

Investigation and analytical
application of the sulphide-
hypobromite chemiluminescence
reaction

Efficient peroxyoxalate chemi-
luminescence from reactions of
N(triflvoromethylsulfonyl)
oxamides with hydrogen peroxide
and fAuorescers

Molecular photochemistry

Quenched peraxyoxalate
chemiluminescence detection in
aqueous liquid chromatographic
separations

Citation

J Electroanal Chem 1981 129:
335.342

Plenum Press, New York, Yol
I, 1977 49

Anal Chim Acta 1978, 97: 21-
27

J Chromatogr. 1984; 316: 507-
518

Amnal Chem 1983; 55: 432436

John Wiley & Sons, New
Yoik, 1988: 27

John Wiley & Sons, New
York, 1988: 126

Wiley-Interscience, New York,
1979: Chap.15 2nd. Ed.

Talanta 1981; 2B: 653-663

J Org Chem 1979; 44: 4113
4116

W.A. Benjamin Inc., Reading,
1965; 18

Anal Chim Acta 1987, 200: 131




Author(s)

P. V. VanZoonen, D.
A Kamminga, C.
Goojier, N. H.
Velthorst, R. W. Frei,
G. Gubitz

R. L. Veazey, T. A
Nieman

R. Weinberper, C. A
Mannan, M. Cherchio,
M. L. Grayeski

R. Weinberger

E. H. White, D. F.
Roaswell

H. H. Witlard, L. L.
Meritt, J. A Dean Ir.

M. Yamada, T.
Kamatsuw, 5. Nakahara,
5. Suzuld

M. Yamada, T. Nakada,
5. Suzuki

M. Yamada, 5 Suzuki

M. Yamada, 5. Suzuki

Title

Quenched peroxycxalate
chemiluminescence as a new
detection principle in flow
injection analysis and liquid
chromatography
Chemiluminescence high
performance liquid
chromatography detector applied
to ascorcbic acid datertminations

Noise and background in
late chemiluminescence
for liquid chromatography

Solvent and pH effects on
peroxyoxalate chemiluminescence
detection for liquid
chromatography.

Clinical and biochemical

analysis 16

Instrumental methods of analysis

Improved chemiluminescence
determination of traces of cobalt
(II) by continucus femy and flow
injection methads

The determination of sulfite in a
Aoww injection system with
chemiluminescent detection

Micellulat anhanced
chemiluminescence of 1-10
phenanthrolene for the
determination of ultratraces of
copper (II} by flow injection
method

Chemiluminescence determination
of traces of copper (II) by Oow
injection method

Citation

Ansl Chem 1986: 58; 1245
1248

T Chromatogr 1980; 206: 153-
162

J Chromatogr 1984; 288: 445

J Chromatopr 1984; 314: 155-
1635

Mareel Dekker, New York,
1685: 215

Wadsworth, Belmont, 1988:
197, 527, Tth Ed.

Anal Chim Acta, 1983; 155;
259-262

Anal Chim Acta 1983; 147

401-404

Anal Lett, 1984; 17: 251-263

Chem. Lett. 1982: 1747-1748




7. PROCEEDINGS - GENERAL

. PROCEEDINGS OF EUROSENSORS IV, PARTS I and IT, Sensors Actuators, B4, 1990, KH.
Hardt! (guest ed.).

Proceedings of an annual conference on sensors and actuators.  Contains papers, almost
exclusively from outside the United States, on a broad spectrum of sensors and sensor-related
topics. In the proceedings, topics covercd are chemical sensors, sensor membranes, gas
sensors, ISFETs and related sensors, thick-film sensors, humidity sensors, and biosensors.  The
coverage is across the entire field of chemical sensors, with a number of papers having
application to envircnmental vse of chemicat sensors.  Papers on each of the types of sensors
considered in this report can be found at some place in these yearly proceedings.

. PROCEEDINGS OF EUROSENSORS V, PARTS I and If, Sensors Actuators, B6 and B7,
1991, A. D*'Amico {(guest ed.).

Part I contains sections on chemical, bio-, gas, physical, and ion sensors, plus sections on
applications and ion sensor technology. Part II includes sections on biomedical, enzyme,
Langmuir-Blodgen, plant-based, humidity, opto-chemical, solid state, ISFET, acouttic and
ultrasonic, chloring, hydrogen, and Sp0, sensors, as well as sections on techtology of
bicsensors, environmental applications, test and characterization, and technology of gas
sensors. A considerable number of the papers have application 1o environmental concerns,
but the section on environmental applications contains only four papers. Most of the papers
are from authors owtside the United States.

. PROCEEDINGS OF THE THIRD INTERNATIONAL MEETING ON CHEMICAL
SENSORS, Sensors Actuators, BS, 1990, C.-C. Liu and W.H. Ko {guest eds.).

Approximately 50 papers, many of them having application to environmentzl monitoring.
Inclwded are papers on optical fibers, semiconductor devices for gas sansing, thin.film sensors,
SAW devices, FETs, erc.

. SYMPOSITUM B, NEW MATERIALS, PHYSICS, AND TECHNOLOGIES for MICRONIC
INTEGRATED SENSORS, EUROPEAN MATERIALS RESEARCH SOCIETY, 1991 Spring
meeting, Strasbourg, May 27-31, 1991, Sensors Actuators, B8, Ne. 3, 1992,

One paper of possible interest is Molecular materials for the rrunsduction of chemical
information by CHEMFET?, by I.R. Haak, P.D. van der Waal, and D.N. Reinhoudt; also
inchodes a discussion of ISFETs.

. EAST-WEST WORKSHOP on MICROELECTRONIC SENSORS, Sozopol, Bulgeria, May 7-9,
1991, Sensors Acrugiors, B3, No. | (1992).

Oné paper may be of interest: Integraied opto-chemical sensors, by P.V. Lambeck: pgs. 103-
116.
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8 BOOK REVIEWS - GENERAL

1. Fundamentals and Applications of Chemical Sensors, ACS Symposium Series 309, D. Schuetzle
and R. Hammerle, eds., American Chemical Society, Washington, D.C. 1934,

‘The book is divided into three major sections: gas sensors, environmental sensors, and
biosensors. The papers in the pas sensor section are mostly directed toward the commercial
and manufacturing areas, covering semiconducior devices (silicon based), solid electrolytes,
and humidity sensors. Some of the techniques could apply to environmental problems, which
are the subject of the [our papers summarized below.

a. I Stetter, Electrochemical Sensors, Sensor Arvays, and Compurer Algorithms for Detection
and [dentification of Airborme Chemicals.

-Discusses electvochemicat sensors and arrays, suggesting that arrays of sensors with
tailored responses, together with the use of computer algonthms, can increase the
sencitivity and selectivity over what can be done with an individual sensor.

- N. Jarvis, 1. Lint, A. Stone, and H. Wohlijen, Amidavime-Functionalized Coatings for
Surface Acoustic Wave Detection of Simulant Vapors.,

Diiscusses prepacation and use of coatings for a surface acoustic wave sensor that woukd
have chemical specificity and sensitivity for a particular agent. Results were not
encouraging.

J. Giuliani, N. Jarvis, and A. Snow, Sefective Response of Polymeric-Film-Coated Optical
Waveguide Devices to Water and Toxic Volatile Compounds.

Includes investigation of polymeric coatings on a glass capillary tube optical waveguide for
detection of specific vapors.

1. Karube, Microbia! Sensors for Process and Environmental Control,

Covers use of microbial sensor in combination with electrochemistry for detection of toxic
materials in waste waters. The section on bicsensors is on techniques related to drug and
medical issues.

Most of the reports in this book were carly cfforts in the expanding field of chemical sensors
and, as such, are useful for a developmental history, There bave been consiklerable advances
in every area covered in the environmental section during the past several years.

. Opioelectronics for Environmental Science, 3. Martellueci and A N. Chester, eds., Proceedings
of the 14th Course of the International Schonl of Quantum Electronics on Optoelectronics
for Environmental Science, September 1989, Erice, [taly; Plenum Press, New York, 1991,




This compendium of papers from the abave school is divided into two major sections: in site
measurements and laboratory analytical technigues. The first section has 13 papets, 11 of
which are on the use of lasers for detection of pollutants in the atmosphere 0t ocean or for
maonitoring atmospheric ozone. Thus, the papers are on techniques, rather than sensors. The
remaining two papers on optical fiber use give only superficial discussions of types and their
use as sensors.  The section on laboratory analytical techniques, with 11 papers, s heavily
weighted toward laser-based techniques. Nine of the papers are on laser spectrometry of
some type or on the use of lasers in sample preparation. Ome paper is on interferometry and
one is on adaptive optics. The papers address detection methods and techniques, not
chemical sensors.  Not a useful reference for chemical sensors.

. Mosnitoring Methods for Taxics in the Aimosphere, W, L. Sielinski, Jr. and W. D. Dorko, eds.;
Papers presented at the Conference on Recent Developmenis in Moniloring Methods for
"Foxics in the Atmosphere, American Society for Testing and Materials, STP 1052, 1990,

A general coverage of atmospheric monitoring, including programs for specific sites in Denver
and California, with sections on monitoring volatile organics, acid gases, and products from
waste incincration. Coverage of sensors & minimal. One chapter on neutron activation
analysis of particulates from incineration has some interest. Not a useful reference for
chemical sensors.

. Detection and Measurement of Hazardous Gases, C, F. Cullis and 1. G. Firth, eds, Heinemann
Educational Books, Inc., Exeter, 1981, R
This collection of seven papers is devated to gases and their potential effect on humans and

" their environment. There are chapters on "History and Law,” Hammable gases and vapours,
~ lack of oxygen, personnel monitoring, and sampling strategies. None of the chapters cover
their subject in-depth, and none have more than a superficial coverage of sentors. The
chapter on "Monitaring Toxic Gases in the Work Place” is good general reading. Not a
useful chemical sensor reference.

. Chemical Sensing with Solid State Devices, M. Madou and 3. R. Morison, Academic Press,
San Diego, 1989

Three classes of solid sensors are emphasized: “Semiconductor sensors, where the species o
be detected is adsorbed or absorbed and changes the electronic conductivity of the
semiconductor; solid electrolyte devices for use in gas or liquid, where the species to be
detected affects the Nernst potential or changes the ionic cument through the solid; and
ChemFETs, where the species 10 be detected affects the potential at the gate of a feld-effect
transistor.” This book of 13 chapiers provides & good background on the theory of solid-state
devices used as sensors and discusses their wse in gases and liquids. There are chapters on
the vses of catalysis and membranes and on biosensors and their use with solid-state devices.
A chapter on field effect transistors as chemical sensors is followed by chapters on silicon
devices used in potentiometric and ampesometric measorements. Thin-film gas sensors, solid
clectrolytes, semiconductor pawders, and applications of solid-state sensors conclude the text.
This book & recommended for pood coverage of solid-state devices, both in understanding
how they work and their vses in environmental areas.
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6. Instrumeniation for Environmental Monitoring Volume 2, Water, Second Edition.  Principal
Authors: M. 5. Quinby-Hunt, R. D. McLaughlin, and A. T. Quintanilha, Lawrence Berkeley
Laboratory Environmental Instrumentation Survey; John Wiley and Sons, New York, 1986,

The entire volume is devoted to the environmenta! aspects of materials in watet and the
methods of measuring zame, Part 1 is about jnorganics - salinity, metallic trace elements,
nutrients, dissolved pases, inorganic disinfectants, and pH, acidity, and alkalinity. Part IT,
organics, covers carbon, synthetic organics, pesticides, halogenated hydrocarbons, phenclics
and polynuclear aromatic hydrocarbons, and oit and greases. Part 111, on biotogical
comstituents, includes biomass, coliform bacteria, and other microorganisms. Pant IV deals
with the physical characteristics of water, such as temperature, turbidity, color, tasie, and
odor, and residues such as asbestos and radiation sources. Each chapter describes the
characteristics of the particular materials, their sources, controls, methods of measurement,
and instrumentation. Short reviews of chemical sensor technigues used for detection and
monitoring are giver. The book covers a lot of material and is vselu) for a general survey of
sensors and instrumentation. Two companion volumes (not available from the reference
libraries we searched) address radiation and air.

. Principles of Chemical Sensors, J. Janata, Plenum Press, New York, 1989,

Janata’s book places chemical sensors in four categories: thermat, mass, electrochemical, and
optical. Following a general chapter on selectivity and a systems approach to measurement,
there are four chapters on the categories just listed. Each chapter develops the theory of the

- senzor and presents specific applications, References are incluwded at the end of cach
chapter.

Thermal sensots = thermistors, pyroelectric devices, catalytic pas sensors = all depend on
some transfer of heat as the measurement medium. Piezoelectric devices are mentioned in
the section on pyroelectric sensors. In peneral, a coating respongive to heat provides the
input to the sensing device,

Piezoelectric and SAW sensors are covered in the mass sensor chapler. Coatings receptive to
mass changes provide the input to the piezoelectric erystal, the measured response penertally
being a change in frequency of crystal ascillation. SAW sensors also are based on
piezoelectric crystals with the addition of a surface transmitterfreceiver set. An elecirical
input to the transmitter penerates an acoustic wave that propagates along the crystal surface
to the receijver, which iransforms the acoustic signal back inlo an electrical signal. Coatings
on the surface along which the acoustic wave propagaies interact with the analyte, changing
the propagation characteristics, hence the final electrical response. Janata discusses selective
coatings in the last part of this chapter.

In the seclion on electrochemical sensors, Janala discuszes general theory and application
with reasonably elaborate equations and graphs. These sensots are categorized as
potentiometric, amperognetric, and conductimetoc, Within these major catepories ane
subcategories based on types of interfaces, membranes, and electrodes.

Theory and operation are presented in the form of equations and graphs representing
performance parameters, physical processes, and applications. Topics covered under the
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category of potentiometric sensors include nonpolarized interface, ion-sejective membrane,
electrachemical cell, enzyme electrodes and enzyme transistors, and gas sensors. Topics
covered under amperometric sensors include microelecirodes and gas electrodes.
Conductimetrlc sensors are discussed under the subheadings of chemiresistors, s2miconducting
oxide sen30ms, conductimetric gas~membrane sensors, and diclectrometers.

Because electrochemical sensoes are the largest and oldest group of chemical sensors, Janata
has devoted about half (158 pages) of the four sensor chapters to ihe discussion of these

devices.

The optical sensor chapter has a brief survey of optical spectroscopy, followed by a
i, description of the operstion of optical fibers and waveguides. The use of optical fibers as
extrinsic Or intrinsic sensors andd as part of total detection systems goncludes the chapter.

This is not an easy text to read. The development of the theory of operation of these sensors -
} s often unclear because of incomplete explanation of equation elements, use of the same
4' symbols for diflerent parameters in the same development, and parameters wsed without

definition. To one unfamiliar with the technology, this would be a difficult text from which 1o

learn the principles of chemical sensors. However, even with the shoricomings, the text is

valuable because of its broad coverage and general applications. References follow cach

chapter, and there are several appendices amplifying clements in the body of the book.

8 Sensors —a Comprehensive Survey: Vol. 2, Fort I, Chemical and Biochemical Sensors and
- Volume 3, Part I, Chemical and Biochemical Sensors; W, Gopel, . Hesse, J. N, Zemel (2ds.
" For complete Survey). W. Gopel, T. A. Jones, M. Kleitz, J. LundsttOm, and T. Seiyama (eds.
= for Vols. 2 and 3); VCH Press, New York, 1991,

This impressive survey devates two entire volumes to chemical and biochemical sepsors.
Definitions, examples, and historical information precedes in-depth coverage of a broad class
of sensors and applications. Each of the sensor types addressed in this report are included in
the survey. Of particular interest are chapters on electrochenical sensors and applications;
solid-state electrochemiczl sensors; field effect (FET) sensors; fiber optic sensors;
piczoclectric {mass sensitive) devices; a chapier devoted to environmental control; and a
chapter on multicomponent analysis in chemical sensing. Volumes 2 and 3 comprise 26
chapters and more than & thousand papes. Recommended for its comprehensive coverage
and recent date of publication.

9. Chemical Sensors and Micrvinstrumentation, R. Mumay, R. Dessy, W. Heineman, J. Janata,
and W, R. Seitz, (eds.) Amer. Chem. Soc. Symp. Series, American Chermical Saciety,
Washington, D.C,, 1988

This is a review text covering electrochemical sensors (seven chapters), mass and thermal
microsensors (seven chapters), and fiber optic chemical sensors (nine chapters). The
opening chapter gives a good overview of electrochemical sensors, piezoclectric materials,
icluwding mass sensitive devices, quartz microbalances, surface acoustic wave devices, and
optical fiber sensors. Other sensors mentioned are thermal and lipid bilayerz. The
electrochemical section includes potentiometric and voltammetric applications, thin Hlm
applications, microclectrodes, and fiber optic electrodes. The section on mass and thermal
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10.

"1l

applications has papers on the use of optical fibers for biosensors, surface acoustic wave
devices, and quartz microbalances (piczoelectric applications). The nine chapters on optical
fikers cover some technigues in fabricating such sensors, pH measurements, multidimensional
sensors, antibody-based sensors, fluorescence, absorption, and biosensors.

Chemical Sensor Technology, Volume 1, T. Seiyama, ed., Kodansha Lid., Tokyo and Elsevier,
MNew Youk, 1988,

The leading chapter on the current state and future outlook of chemical sensars discusses
current and expected future applications of sensors to detection processes. Passing reference
is made to environmental applications. A briefl description is given of a multidimensional
sensor system and the use of pattern recognition to recover identification of, and quantitative
information about, specific analytes. There i one chapler on optical chemical sensors (K.
Nishizawa) thal has abbreviated descriptions on optical fibets in general, guided-wave sensors,
evanescent wave, and surface plasma applications. Though short, the descriptions are good.

Chemical Sensor Technology, Volurre 2, T. Seiyama, ed,, Flsevier, New York, 1989,

The second in what is promised to be an annually issued series (Vol. 1 reviewed just abowe).
The first 12 chapters have o do with various types of gas sensors (e.g., a Pd-gate H, sensor, a
thin-film semi-conductor sensor for hydrogen and CO in air, ozone detection by In,O, thin
film sensors); chapters 13 and 14 describe a new glucose sensor and an optical immunosensor;

. and the ast two chapters {16 and 17} are about binsensors. Chapter 15, The Molecular

12,

13,

" Recognition Component of Chemical Sensor Selectivity, by M. Thompson et al, is perhaps

the most interesting in the book.
Current Advances in Sensors, B. E. Jones, ed., Adam Hilger, Philadelphia, 1937,

A multi-chapter, multi-author compilation about sensors in the late 1980s. The first two
chapters on advances in sensor technology and technolagies of the future are of general
interest. Only one chapter, Chemical and Biological Sensors, by C. Nylander, addresses
sensors with direct application 1o environmental issves. The chapter is short (16 pages) but
includes descriptive material or a aumber of differert sensor types, some with applications.
Some of the other chapters are of interest in their discussion of sensor design and
applications, such as microelectronic sensor technology, sensor systems, optical fiber sensors
for industry, optical fibre interferometers, acoustic techniques, and gas sensors.  None of the
chapters are long nor do they discuss their subjects in great detail, but they do give a good,
broad description of the sensor field

Solid Stote Gas Sensors, P. T, Moseley apd B. C. Tofield, eds., Adam Hilger, Philadeiphia,
1987

A book with 10 chapters and an interesting appendix on hazardous concentrations of various
gases in air mixtutes. The preface describes pas sensing equipment, old and new,

Chapter 1, by R.M.A. Kocache, i on applications of oxygen-ion-conducting solid electrolytes,
The next chapter, by E. Jones, is 2 rare discussion of the pellistor catalytic gas detector, in
which Jones may be THE world’s expert. Tilles and authors of the next several chapters are:
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# Chapier 3, The Theory of Poisoning of Catalytic Flammable Gas Sensing Elements, by S.J.
Gentry and P.T, Walsh

# Chapter 4, Characterization of Semiconductor Gas Sensors, by T-A. Jones

& Chapter 5, Conduction and Gas Response of Semiconductor Gas Sensors, by D.E. Williams
& Chapter 6, The Role of Precious Metal Catalysts, by J.O.W. Norris

¢ Chapter 7, Non-Nemnstian Potential-generating Gas Sensots, by P.T. Museléy

@« Chapter 8, Oxide Surfaces: The Basic Processes of Sensor Behavior, by AM. Stoneham

# Chapter 9, Surface Analysis of Gas Sensor Materials, by 1.C. Rivigre

‘The final chapter has the interesting title "State of the Art and Future Prospecis for Solid
State (Gas Sensors.”

14. Flasma Chromatography, T. W. Cemr, ed., Plenum Press, New York, 1984

This intriguing title caught the attention of one of the report’s authors in a visit to the
Stanford University Chennistry Library, and that led 0 an interesting fingering of enough
pagss to see that the subject is not particularly germane to the DOE's problems.

By way of explanation, plasma chromatography is also called ton-mobility spectroscopy. As
explained in this book, the operation of & plasma chromatograph (or ion-mobility
spectrometer) can be described as follows:

A sample — which is usvally a gas containing otganic compounds - is contacted with fons
to convert each organic molecule o a very stable on-molecule. These ion-molecules are
then separated by a process of injection into a tube filied with a pon-reactive gas through
which the ions are drified by means of a strong electric field. The ion-molecules arrive at
a collector as ion peaks at times characueristic of their structure, Subsequently, the jon
stream can be introduced into a mess specirometer to determine ion masses,

Books Reviewed; Tille Supgested Relevance, but Review Showed Irrclevance

1. Aguatic Chemisiry Conceps, J. F. Pankow, Lewis Publishing, 1991. Nothing about
sensors; all theory and modeling of chemisiry of water.

2. Chenticals in the Environment, W. B. Neely, M. Dekker, New York, 1980}. Mostly about
air pollution, nothing about sensors.

3. Chemodynamics; Envirorenental Movement of Chemicals in Atr, Water, and Soil, L. ],
Thibodeaux, John Wiley & Sons, New York, 1979, Models of diffusion of chemicals,
rothing about sensors.

4. The Handbook of Environmenta! Chemistry, O, Hutzinger, Springer Veslag, New York,
1980. Nothing about sensors.

5. Pollution Evaluation; the Quantitative Aspects, W. F. Pickering, M. Dekker, New York,
1977. Models, nothing about sepsors.
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10.

11,

12,

13.

14.

15.

16.

17.

8.

Analyses of Hazardous Substancer in Air, Volume 1, A Kettrup, ed., VCH
Verlagsgesellschaft mbH, Weinheim, Germany, 1991, Work of the Federal Republic of
Germany’s “Working Group "Analytical Chemistry’ of the FRG Commission of the
Deutsche Forschungsgemeinschafl for the Investigation of Health Hazards of Chemical
Compounds in the Work Area.” Purely analytical chemistry; nothing about sensors.
Environmental Inorganic Chemistry: Properties, Processes and Estimation Methods, L
Bodek, W. 1. Lyman, W, F. Reehl, and D. H. Rosenblatt, eds., Perpamon Press, New
York, 1988. Nothing about sensors: compilation of information on physicochemical
properties of environmentally important inorganic chemicals. Estimation in the litle
refers to ways of estimating the properties of inorganic chemicals - not to determinations
of concentrations or t0 approximate analyses.

The Wiley Series Advances in Environmental Science and Technology, J. O. Nriagn and J.
B. Sprague, eds., John Wiley & Sons, New York. Velume 19 - Cadmium in the Aquatie
Environment, 1987 - 10 chapters; last one — Methods of Cadmium Detection {pgs. 231-
263) - only one of possible interest; discusses methods of analysis, not sensors for wse in
analysis. Volume 20 = Chromium in the Natural and Human Eovironments, 19858; no
menticn of sznsors or analysis or determination or anything related to those terms.
Volume 17 = Toxic Metals in the Atmosphere, 1986 - mentions general methods of
analysis only; nothing about sensors.  Volume 24 - Gaseous Pollutants: Characterization
and Cycling, 1992; 11 chapters, last one is Evaluation of Pollutants Relevant to
Phetochemical Smog; discusses analysis methods, but nothing on sensors.

Environmental Radivenalysis, by H. A. Das, A, Faanhof, and H. A. van der Sloot,
Elsevier, New York, 1983, Volume 22 of the series Studies in Environmental Science.
About activation analysis and radiotracer studies applied to smog; no other applications
discussed.

Detection in Analytical Chemistry: Importance, Theory and Practice; Amer Chem Sac
Sympos Series # 361, Amer Chem Soe, Wash DC, 1987, Nothing about sensors.
Compilation of EPA’s Sampling and Analysis Methods, L. H. Keith, W. Mueller, and D.
L. Smith, Lewis Publishing, Boca Raton, 1991.

Environmental sampling and analysis; a practical guide, L. H. Keith, Lewis Publishing,
Cheksea, Michigan, 1992.  All about planning sampling, validity of results, reporting
results, etc: nothing about senzors.

Handbook of Environmental sotope Geochemiiziy, P. Fritz and J. Ch. Fontes, Elsevier,
New York, 1980.

Principles af Environmental Sampling, L. H. Keith, Amer Chem Soc, Washington, D.C,,
1988,

Analytical Technigues in Environmental Chemistry 20 Proceedings of the 2nd International
Congress, Barcelona, 1981, J. Albaiges, Pergamon, New York, 1982  Papers on specific
analytical procedures, nothing about sensors.

Chemicals in the Environment: Proceedings of the Intemational Conference of 1-3 July
1986, Lisbon, J. N. Lester, R. Perry, and R. M. Steeritt, Sclper Ltd., Lonooa, 1984,
Environmental Applications of Chemometrics, 1. 1. Breen and P. E. Robinson, Amer
Chem Soc, Washington, D.C,, 1985. Applications of pattern recopgnition, cluster analysis,
and factor analysis to analytical chemistry; not about sensors.

Photochemisiry of Envirommental Aquatic Systems, W, J, Cooper and R. G, Zika, Amer
Chem Soc, Washington, D.C., 1987,




19. Immunochemical Methods for Environmental Analysis, J. M. van Emon and R. O.
Mumma, eds., Amer Chem Soc, Washington, D.C., 1990. Devoled almost entirely to
pesticide analyses; nothing about sensors,

20. Fate of Chemicals in the Environment, R. L. Swann and A. Eschenroeder, eds., Amer
Chem Soc, Washington, D.C., 1983.

21. Immunoassays for Trace Chemical Analysis, M. Vanderlaan, L. H._ Stanker, B. E. Watkins,
and D. W. Roberts, eds., Amer Chem Soc, Washington, D.C,, 1991. Environmental
monitoring for regulated compounds, food mopitoring for pesticides and myeotoxin
residues, et sim; nothing about sensors.

22. Chromaiographic Analysis of the Environment, R, L. Grob, ed., M. Dek'.'km New York,
1983, Methods for wuse of gas, liquid, thin layer, and paper chromatography to analyze air,
waler, soil, and waste: not about sensors used in the anabyses.

23, Wilson & Wilson's Comprehiensive Analytical Chernistry, G. Svehla, ed,, Volume 13,
Analysis of Complex Hydrocarbon Mixtures, Part A - Separation Methods; Part B -
Group Analysis and Detailed Analysiz, Elsevier, New York, 1982. Nothing about
sensors used in analyses.

24. Speciation of Fission and Activation Producis i the Environment, R, A- Bulman and 1. R.
Cooper, eds., Elsevier, Appl Sci Publishing, New York, 1985. Methods for studying
speciation (complete molecular specification of all chemical compounds present), but
nothing about sensors used in studies.

25. Electrochemical Detectors, Fundomental Aspects and Analytical Applications, T. H. Ryan,
ed., Plenum Press, New York, 1984; Proceedings of a Sympasium Sponsored by the
Analytical and Faraday Division of the Royal Society of Chemistry, September 15-16,
1981, Loadon. Not about sensors; almost entirely epplications of electrochemical
detectors for biological and medical problems, especially as used in high-performance
liquid chromatography.




9. REFERENCES FROM CHEMICAL ABSTRACTS/STN

The STN International Scientific and Technical Information Newwork® was used to search for
references pertinent to this review. This search, which encompassed a 20-year period, focused on
the Chemical Abstracts {CA) Database of STN. Using an array of linked keywords associated with
chemical sensors, detectors, analysis, environmental, and waste, there were 950 answers.

These abstracts were sorted and provided as input te the PC data base program called Q&A {v.
4.0). The Q&A structure includes the Chemical Abstracts accession number (the column headed
CA No.), the author (2nd column), the titke of the reference {Col. 3), an extensive list of
keywords (Col. 4), the journa! or report or book cited (Col. 5), the sensor type - either as
mentioned in the reference or deduced by this report’s authors {Col. 6), and other information for
identifying the cited reference.

Seven different types of sensors were selected for use in Col. 6; these are the four types that are
the principal focus of this report {electrochemical, fiber optics, piezoglectric, and radiochemical),
plus three others = chromatography, spectrometry, and "gpeneral.” The general category was
adopted to denote less specific types of sensors.

STN International, 254¢ Olentangy River Road, P.C. Box 3012, Columbus, OH 43210-0012
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10. LIST OF MANUFACTURERS, VENDORS, AND RESEARCH ORGANIZATIONS

This section contains & list of (1} companies that manufacture or sell several different types of
devices used for analyzing, detecting, monitoring, or sénsing of chemicals; and (2) organizations
known to be doing research aimed at development of various types of chemical sensors. The list
includes devices other than chemical sensors because the vse of the term "chemical sensor” is still
not widespread, especially in manufactoring Hterature. The list was compiled from three sources:
(1) the 1993 LabGuide Edition of Analytical Chemistry (August 15, 1992); (2) the Thomas Register
of American Manufacturers, Thomas Publithing Company, New York, 1992; and (3) a report 10
the DOE/Office of Environmental Restoration and Waste Management obtained from S.J. Mech
of Westinghouse Hanford Compaay {(WHC-SP-0718, 25 November 1991). A few entries were
obtained from lists of attepdees at DOE meetings in which one of the authors participated. As
pointed owt in preceding sections, the authors do pot claim this information to be comprehensive,
but it is believed o be representative.

The ieft column of the list gives the organization or company name and address along with the
voice telephone and FAX numbers, where known (i FAX is not shown before a mumber, the
entry is a voice number). The right column gives one or more index numbers that are keys to the
types of devices made or being developed. The legead for these index numbers follows.

Device Type Legend
1. Aerasol Analyzer 14. CO Detector 26, Hydrocarbon Analyzer
2. Air Monitor, oxygen 15. Colotmetric Detectar 21. Ton Analyzer
3. Air Sampling & Analysis | 16. Electrochemical Detector | 28. Mercury Vapor Detecior
4. Aldehyde Analyzer 17. Methane Detector 29. NO, Monitor
5. NH; Analyzer i8. Photoacoustic Detector 30. NO, Analyzer
6. Cd Analyzer 19, Pyroekectric Detector 31. Chemical Sensor
7. Ca Analyzer 20. not used 32. Specific Ton Meter
& CHN Analysis 21. Ton-Selective Electrode 33. Surface Analysis
9. CO, Analyzer 22. Microelectrode Equipment
19, QO Analyzer 3. Specific Ion Electrode 3. Towie Gas Detector
11. Y lon Analyzer 24, Fiber Oplic Detector 35, Water Analyzer
12, Cu Analyzer 23, Gas Analysis Apparatus 3. Vapor Detector
13, CO, Detector 37. Organic Solvents
ORGANLZATION/COMPANY NAME DEVICE TYPE(S)
Assistor Technology Inc. 16
P.O. Box 51160
Seattle, WA 98115
206-368-9110

159




Advanced Chemical Sensors Company
350 Oaks Lane

Pompano Beach, FL 33069
305-976.0058: FAX 305-338.5737

Aesarflobnson Matthey

P.O. Box 8247

Ward Hill, MA 01835
508-521-6300; FAX 800-322-4757

ORGANIZATION/OOMPANY NAME

A LM. USA

12919 5'W. Freeway, #170
Stafford, TX 77477
T13-240-5020: FAX 800-275-4245

Air Products & Chemicals Ine.
7201 Hamilton Eid.
Allentown, PA 18195

FAX B00-752.1597

AMrich Chemical Company, Inc.
1001 W, St.Paul Ave.
Mitwauvkes, W1 53233
B00-558-0160

AlfafJobnson Matthey

30 Bond Street

Ward Hill, MA 01835
508-521-6300; FAX 800-322-4757

Alko Diapnostic Corporation

ALKQ Indositial Park, 333 Fiske S
Holliston, MA 01746

J06-429-4600; FAX 800-828-2556

Alliech Associales
2051 Waukegan Rd.
Deerfield, 1L 63015
TOR3-948-86{00

Alphagaz Div/Liquid Air Corporation
2121 N. Californéa Bivd., Suiled30
Walnut Creek, Ca 94596
S109776506; FAX 800-248-1427

Alpha-M Cotporation
11518 Reeder Rd., No. 113
Dallas, TX 75229
2144060424

160
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DEVICE TYPE(S)
14, 17

3,15

23513, 1428 4




Alpha Resources, Inc.

2080 Johnson Rd.

Stevensville, MI 49127
616-465-3559, FAX SD0-833-3043

Allamira Instruments Inc.
2050 Witliam Piit Way
Piusburgh, PA 15234
FaX 412-826-30581




ORGANTZATION/OOMPANY NAME

American GGas & Chemical Company., Lid.
220 Pagasus Ave.

Northvale, NI 07647

201-767-7300; FAX B00-288-3647

American Scientific Instrumentation
107 Hawihorne Ave.

Park Ridge, NJ 07656

FAX 10i-391-6804

Ames Laboratory, Eowa State University
Office of Research & Techpology Application
11¢ O&L Bldp.

Ames, LA 50011-302{

515-294-2635

Amelsk

P.O. Box 4239, Grand Central Sta.
Mew York, NY 10163

FAX 215-295-3412

Ametek/Dycor

150 Freeport Rd.
Pitsburgh, PA 15238
FAX 412-826-03990

Amenek Inc/Mansfieki £ Green Division
8600 Somerset Dr.

Largo, FL 34643

FAX 813-539-5382

Ametek, Inc, Process & Analylical Instr Division
150 Freeport R4

Pietsburgh, PA 15238

FAX 412-826-0399

Anacon Corporation
117 Soparth St
Hopkinton, MA 01748
FAX 508-435-6881

Analabs

140 Water S0
Nopwalk, COT 06854
H3-288-8403

162

DEVICE TYPE(S)
14,17, 34

11, 24, 36, 31

25

2910, 13, 14, 17, 25,29, 30

2,13, 14, 16, 17




Anatytical Measurements, Tn<. 21
31 Willow 51

Chatham, NJ 07528

FAX 908-273-7502
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S)

Analytical Products, Inc. 13
3320 Arden R,

Hayward, CA 94545

510-732-5400; FAX 800-227-973%

Andersen Instruments Inc. 1LLE 25
4801 Fulvon Industrial Blwd.

Atlanta, GA 30336

404-691-1910; FAX E0)-241-6808

Applied Aviomation/Hartmann & Braun 9 10
F780 CQuincy St

Willowbrook, IL 60521

F03-586-1090: FAX 300-888-3247

Applied Science Corporztion 14, 17
111 Bullard Plwy., Suite 208

‘Tampa, FL 33687

213.988-%181; FAX 813.98%-2%]4

Arizona Instrument Corpotation 3,25 28, M
P.O. Boyx 1930

Tempe, AZ 85280

a802-T31-3400r, FAX 800-528-T411

Arnel Tnc. 3, 25, 15
3145 Bordentown Ave.

Parlin, NJ 08359

FaX 908-721-430)

Astte Inemationa]l Corporation S 17, 25
100 Park Ave.

League City, TX T?573

FAX T13-354-6795

Babrock & Wilcox Compaty 24, 31
Applied Measarement Technologies Growp

1562 Beeson St

Alliance, OH 44601

216-829-7271

Bacharach Inc. 2,3, 7 13, 14,25, 30, 34
625 Alpha Dr.

Piusburgh, PA 15238

412-953-2107; FAX 412-963-2091
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Bailey Controls Company
29801 Euclid Ave.

Wickliffe, OH 44002
216-585-8500




ORGANIZATION/OOMPANY NAME DEVICE TYPE(S)

Balzers 3.8 25 33
E Sagamaore Park Rd.

Hud=son, NH 03051

FAX 603-889-8573

Baxters Scientific Products Division 2,11, 21,23, 27
1430 Waukegan Rd.

McGaw Park, IL 60085

708-632.8410

Beckman Tnstrumems Inc. 22,27
2500 Harbor Blwd.

Fullerton, Ca 92634

Ti4-871-4848; FAX S00-742-2345

Belov Tech. Company, Inc. 19, 24
345 Sandiord 5t

New Brunswick, N (8901

FAX 908-247-5396

EG] [nc, 3
58 Guinan St.

Waltham, MA 02154

FAX 617-891-8151

Bioanalytical Systems Inc, 16, 22
2101 Kent Ave., Purdoe Rescarch Park

W, Lafayette, IN 47906

FAX 317-497-1102

Bio-Rad Labs, Digilab Division 35
237 Pulpam Ave,

Cambridge, MA (12130

617-858-4330; FAX 800-225-1248

Bio-Rad Laboratories, Life Science Group 16
3300 Begarta Bhwd.

Richmond, CA 94804

510-741-1000; FAX 800-850-4246

Bioscience Inc. 35
1530 Vatley Center Pkwy., Suite 1)

Bethilaheim, PA 13017

215-974-060%; FAX 8D0-527-3060

Bomem/Hartmann & Braun 13,14, 24, 31
450 Ave. 5t. Jean-Bapiiste

Ouebec City, Quebee G2E 555 Canada

418-877-2944

166




ORGANIZATION/COMPANY NAME

Bomewm Inc.

130 Wood Dale, Solie B

Wood Dale, 1L 60191
TOR-AS0-0550; FAX 800-888-3847

Bran & Luebbe, Inc.
1025 Busch Pkwy.
Bulfalo Grove, 1L 60089
EAX 708-520-0855

Brinkmann Insiruments, Inc.
One Cantiague Rd.

Wesibury, NY 11590-0207
516-334-7500, FAX 800-645-3050

Brooklyn Thermometer Company, Inc.
oA Verdl Su.

Fatiingdale, NY 11735

FAX 516-694-6329

Buchler Instrutments

£E11 Frospact

Kanzas City, MO 64132
$16-333-3811; FAX S00-732-06031

Buck Sciantific Inc.

58 Fort Point 51,

Eas1 Norwatk, CT 0685%5-1097
203-833-944; FAX 80(-562-5566

Burrell Corporation
2223 Fifth Ave.
Pitisburgh, PA 15219
FaX 412.391-4231

Cahn Instruments 1nc.

16207 Carmenila Rd.

Cerritos, CA 90701
310-926-3378; FAX B00-423-6641

Calibrated Instromenis Inc,
200 Saw Mill River Rd.
Hawthorne, NY 10532
FAX 914-741-511

Califorpia Measurements Inc.
150 E. Momecito Ave.
Sierra Madre, CA 91024
FAX R18-355-5320

55711, 27

56, 11,12, 2, 22, 23, 2%, 32, 35

3,5,910,13, 14, 16, 25, 26




ORGANIZATION/QOMPANY NAME

Capital Controls Company Inc.,
P.O. Box 211

Colmar, PA 18915

215-822-2901; FAX 800-523-2553

CCI Controls

5052 Cecelia St.

South Gate, CA 90280-3511
213-560-6060, FAX 213-560-1136

CDS Anatytical
2000 Limestone Ré.

Oxford, PA 19363-0277
215-932.3636; FAX 800-541-6593

CEA Instruments Inc
I6 Chestput St,
Emerson, NJF 07630
FAX 201-957-8450

Charles Evans & Associates
301 Chesapeake Dr.
Redwood City, CA 94063
415-358-4567

CHEMetrics Inc.

Route 28

Caberion, VA 22016
TD3-785-0025: FAX B00-355-2072

Chestec Corporatien

21 Yennicock Ave.

Port Washington, NY 11050
516-883-1700; FAX 800-548-0904

Chrompack Inc.

113) Hwy. 202 South

Raritan, NT DESAD

003-722-8930; FAX 800.526-3687

Cincinnati Electronics Corporation
7500 Innovation Way

Masan, OH 45040

FAX 513-573.6290

Clean Air Engineering

500 West Wod St

Palatine, Il 60067

F8-091.3300; FAX 800-627-0033
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DEVICE TYPE(S)
3, 5, 34

3, 36

z. 3‘, 4-. 5.. g, lﬂl 13,, 14’.

17, 25, 26, 29, 30, M

57,911,122, 13

14,17

3, 26,35

19

1,2, 3,5, 9,10, 25, 26, 29, 30



ORGANIZATION/COMPANY NAME

Climatronics Corparation
140 Wilbur Place
Bohemia, NY 11716
516-567-1300

Climet Instruments Company
1320 W. Colton Ave.
Redlands, CA 92373

FAX 714-793-1738

Columbus Instruments

950 N. Hapue Ave,

Columbus, OH 43204
614-276-0861; FAX 80056695011

Computer Chemistry Corporation
3 Haverstock Rd.

Franklin, MA 02038

FAX 308-520-3766

Conax Buwifalo Corporation

2300 Walden Ave,

Buffslo, NY 14225

T6-684-4500; FAX 800-223-2380

Control Instruments Corporation
25 Law Dr.

Fairfield, NJ G004
201-575-9114; FaX 201-575-0013

Corning Inc.

Science Products Division, HP-AB-03-08
Corning, NY 14831

FAX 607-974-7919

Cuda Products Corpotation

6000 Powers Ave,

Jacksonville, FL 32217
904-737.7611; FAX 904-733-4832

Custom Sensors & Technology
753 Watson Rd.

St. Louis, MO 63119
314-562-455%

Cypress Sysiems Inc.
P.0O. Box 3931
Lawrance, K58 o506
FAX 913-842.01327




ORGANIZATION/COMPANY NAME

Davis Instroment Manufacturing Company Inc.
4701 My Hope Drive

Baltimore, MDD 21215

410-358-3900; FAX 800-368-2516

Dl Mar Scientific

4145 Billy Mitchall
Addison, TX 75244
EAYX 214-49G-5243

Delphian Corporation

220 Pegasus Ave.

Northvale, NI (7647
201-767-7300; FAX 800-283-3647

Diamend General Corporation
3810 Varsity Dr.

Ann Arber, MI 42108
313-973-7166: FAX 800-673-9856

Diopex Corparation

1223 Tian Way

Sunnyvale, CA 9486
408-737-0700; FAX 80-346-6390

DuPont Company

1007 Market St

Wilminpion, DE 19898
30Z-7T74-2421: FAX 300-441.7515

Du Pomt

Clinical & Instrument Systems Division
Wilmington, DE 19598

327725488

Drayer Insteuments Inc.
192 Highway 212
Michigan City, IN 46360
FAX 2190-872-9057

Dynamation Inc.

3724 Plaza Dr.

Ann Arbor, MI 48108
313-769-0573; FAX 313-769-1838

Eberbach Corporation

505 8. Maple Rd.

Ann Arbor, M 48106
313-663-8877, FAX 800-422-2558

17

DEVICE TYPE(S)
2,313 14,1517, 25, 9

315

14, 17, 34

11, 12, 16, Z7

5,25, 30

25

3, 1425, 4

12,28



ORGANIZATION/COMPANY NAME

Eberline Instrument Corporation
P.O. Box 2108, Airport Rd.
Santa Fe, NM 57301
505-471-3232; FAX 800-675-7088

Edjewise Sensor Produ¢is Inc
3450 Green Rd., Suite 201
Cleveland, OH 44122
216-397-4621

Edmund Sdentific Company
10t E. Gloucester Pike
Barrington, NJ 08007

FAX 609-573-6205

Eda Corpormion/Barnes Enginesring Division

88 Long Hill Crossroads
Shelion, CT 06454
FAX 203-926-1030

Edwards High Vaceum Inc.

3279 Grand Island EhAl

Grand Island, NY 14072
T16-T13-7552; FAX BDO-828-3854

EEYV Inc.

4 Westchester Plaza

Elmsiord, NY 10523
954-502-6051; FAX B00-342-3338

EG&G Gamma Scientific
3777 Ruflin R4,

Ban Diegn, CA 92123
619-279.8034

EG&G Orte/EGEG Berthald
100 Midland Rd.

Osk Ridge, TN 37831
615-482-4411; FAX 500-251-9750

EG&G Princeton Applied Ressarch
CN 5206

Frinceton, NJ (8340

FAX 609.383.7259

Eleciric Power Research Institute
3412 Hiliview Ave,

Paic Alla, CA 943M
415-855-2331

DEVICE TYPE(S)

I

19

31,33

4.6 11,14 16

513,14, 24, 31,35




ORGANLZATION/ACOMPANY NAME

Electrosynthesis Company, The
PO Box 430

E. Amherst, NY 14051

FAX 716-684-0511

Enmet Corporation
34

680 Fairfield Cr.
Ann Arbor, M1 48106
FAX 313-761-3220

Entech

950 Enchanted Way, Suite 101
Simi Valley, CaA 53065

FAX B05-527-5687

Envirochem Inc.

Rt §96, Box 180
Kemblesville, PA 19347
FAX 215-2550673

Ernvironmental Technologies Group Inc,
1400 Taylor Ave.

Baltimore, MD» 21284-9540
301-339-3146; FAX 800-635-4558

Epitaxx Iot.

Infrared Aerospace & Defense Group
2121 Avenue of the Stars, 6th Floor
Los Angeles, CA 90067

213-551-6507

Eppendorf North America Inc
545 Science Dr.

Madison, WI 53711
608-231-1188; FAX 800-421-9988

Erd¢o Engineering Corporation
P.O. Box 6318

Evanzton, 1L 40202
800-353-0550; FAX 708-328-3535

ES Indusiries

71 Somk Rte, 73

Berlin, NJ 05009

609-753-5400; FAX 800-156-6140

172

DEVICE TYPE(S)

22

2,3,5,13, 14, 16, 17, 26,29, 31,

4,5 25

17,24, 37

5, 7.9 11, 1% 16, 23, 27

25, 26

3,35




ESA Ine. 3, 1516
45 Wiggins Ave,

Bedford, MA 01730

FAX 617.275-5529

173




ORGANTZATIONACOMPANY NAME

Exiech Instrumenis
335 Bear Hill B4.
Waltham, MA 02154
FAX &617-890- 78564

FEI Microwave

£15 Stewart Dr.

Sunnyvale, CA 94086
408-732.0880; FAX 800-822-53564

Femtometric

1M1 W. 171h Sc, #7

Cos1a Mesa, CA 92627-4512
714-722-6239

Fenwal Electric Inc.
450 Fortone Blvd.
Milford, MA (M757
FAX 508-4735-6035

Fiberchem Inc.

3135 Regal Oak Drive
Hendarson, NV 85014
TO2-435-1524

Figaro USA Inc.

1000 Skokie Bivd.

Wilmette, 1L 60021
TO8-256-31046; FAX ME-256-3884

Fisher Scientific Company

711 Forbes Ave.

Piusburgh, PA 15219
4]2-562-3300; FAX 800-76607000

Fisons Instruments

24911 Stanford Ave.

Vakencia, CA 91355
B00-351-8741; FAX SD0-531-6841

Florida State University
Diept. of Chemistry
Tallahasse, FL 32306-3006
D04-544-300]

Foxboro
Bristol Park B521B

Foxbore, MA 02035
S08-543-8750; FAX 800-521-D451

174

DEVICE TYPE{S)
3

31

5, 13, 14, 24, 31, 37

5. 14, 26, 34

11,21, 8,35, 32

24, 31, 37

34,5 8 910,13 14, 17,
23, 25, 16, 29, 30, 33, 34, 35




ORGANIZATION/COMPANY NAME

Galileo Electim-Optics Corporation
PO, Box §30

Sturbridge, MA 01366
506-347-191; FAX 800-648-1800

Gastech Inc.

8445 Ceniral Ave,

Mewark, €A 94500

S10-T945200; FAX 510-T54-6210

GE Company

Business Information Center
Cme Winners Circle - L
Albany, NY 12205
BU0-626-2004d

Celman Sciences

600 5, Wagner Rd.

Ann Arbor, MI 48106-1448
313-665-0651; FAX 800-521-1520

General Fiber Optlics
98 Commerce Rd.
Cedar Grove, NJ (F7009
FAS( 201-239-4258

Geo-Centers Inc., Sensor Systems Group
7 Wells Ave.

Newicn Centre, MA 02159
617-964-7070

Gilion Medical Electronics Inc.
3000 W. Beltline Hay.
Middleton, WL 53562
608-836-1551; FAX B00-445-7661

Gow-Marc Instrument Comgpany
P.O. Box 32

Eoend Brook, NY 08805

FAX 90%-271-2T82

Great Lakes Instroments Inc.
BE55 N, 55th 5t Depn. LGIE
Milwaukse, W] 53223

FAX 414-355-8346

5,13, 14, 24,29, 3%, 37




Hach Company 5,7 12, 21, 2%, 32
F.X). Box 389

Loveland, CO 805339

303-669-3050; FAX 800-227-4224

176




ORGANIZATION/COMPANY NAME

Hamamatss Corporation

360 Foothill Rd.

Bridgewater, NJ 03807
505-231-0060, FAX 200-524.0504

Harvard Apparaius

22 Pleasant 51.

5 Natick, MA 01760
508.655-TODD, FAX S0)-272-2775

Hewlew-Fackard Company
3495 Deer Creek Red.
Palo Alto, CA 94304

Hiac/Royco

2411 Linden Lane

Silver Spring, MD 20910
301-495-7000; FAX 800-538-279

Hin. £ ¥Yernon Inc.

940 Adams St., Suite G
Benecia, CA 94510-2950
FAX 707 747-153%

HIQ Environmental Froducts Company
7386 Trade 5t

San Diego, CA 92121

FAX 619-549-9657

HNU Sysiems Inc.

150 Charlemont St

Newton Highlands, MA 02161
617-964-6500r, FAX 800-962-5032

Horpeywell, Inc

Honeywell Plaza

Minneapolis, MN 55408
512-870-5200; FAX 800-328-5111

Horiba Instruments Ine.
1021 Durvea Ave,
Irvine, CA 92714
714-250-4811

Houston Atlas
2441 Baythorne Dr.
Heuston, TX 77041
FAX 713-262-1831

177

DEVICE TYPE(S)

19

15

3,5, 721,23, 26,32, 4

314




Idaha National Engineering Laboratory 24, 37
P.O. Box 1625, M5 1LS-W3
Idaha Falls, ID 83415

178




DRGANIZATION/COMPANY NAME

Itinods Instruments Inc
5302 W. Elm St
McHenry, IL 60050
FAX 815-344-5332

Infometriz Inc,

200 Sixth St., NMo. 533
Seattle, WA 98121
FAX 26-341-084)

Infrared Anpalysis Inc.
1424 M. Central Park Awve.
Anahsitn, CA 92802

FAX 714-535-5046

Infrared Fiber Systems Inc. 13, 14, 24, 31
2301-A Broad Birch Dr.

Silver Spring, MD 20504

301-622-9546

Ingold Electrodes inc. 9,21, 22, 23, 24, 27, 30
261 Ballardvale St.

Wilmingion, MA 01887

508-658-7615; FAX 800-352-8763

Innovative Sensors Inc. 21,8
4745 E. Bryson Sc

Anaheim, CA 92807

FAX 714-779-9315

Institute of Organic Chemistry 3,24
Analytical Division

Karl Franzens University

A-BO1Q Graz, Austris

Instruments SA Inc. i3
6 Olscn Ave.

Edison, NJ 08820

YWE-499-8660 FAX B00-433.T739

Intemational Crysial Laboratories 25,35
11 Erie St

Garfield, NJ 07026

Fax 1.478.4201

Inernational Sensor ‘Fechnolopy 25. 3
1771 Fitch 5L

Irvine, CA 92714

714-863.9500

179




ORGANIZATION/COMPANY NAME DEVICE TYPE(S)

Interscan Corporation 3 1), 14, 16, 25, 29, 30
P.O. Box 2496

Chasworth, CA

813-832-2331; FAX 800-458-6153

Jgnics Inc., Instrument Division f, 12, 16
65 Orove St

Watertown, MA 02172

617-226-2500; FAX S00-446-6427

I-STAT Corporation el
436 Hazeldean Rd.

Kanata, ONTARIO K21, 1T9, Canada

613-831-2725; FAX 513-836-4383

JASCO 7.8 16
8649 Commerce Dr.

Easton, MD 21601

410-822- 1220, FAX 800-333-5172

Johason Matthey, Catalytic Systems Division 25
456 Devor Park Dr.

Wayne, PA 19087

FAX 215-293-1284

Kahl Sclentific Instrument Company k) |
F.O. Box 1166

El Cajan, CA 92072

FAX 619-844-F07

Komes 3 28
Spiruce St.

Vineland, NJ 08360

609.652-8500, FAX 800-223.7150

Koslow Scientiflc Company 16, 22
75 Gorge Rd,

Edgewater, NI 07020

201-941-4484; FAX 800-556-T56%

KUB/Analect 3
17819 Gillets Ave.

Irvine, CA 92714

T14-660-8801; FAX 800-326-2328

Kyoto Electromics Mfg. USA, Inc. X
2 Edison Place

Springfield, NJ 07051

201-379-9631; FAX 800-455-3168

180




ORGANIZATIONACOMPANY NAME

Lachat Instiuments

6545 W. Mill Rd.

Milwaukee, WI 53218
414-358-4200, FAX 800-247-7613

La Motee Company

Boute 213 NMorth

Chestertonm, MD 21620
410-778-3100; FAX §00-344-3100

Lawtance Livarmore National Laboratory
P.O. Box 808

Livermore, CA 94550

510-422-3521

Lazar Research Labs Inc.

520 N. Formosa Ave,

Los Anpeles, CA 90046
213-384-6195; FAX 300.824-2066

Leeds & Nonkrup

351 Sumneytown Fike

North Wales, PA 19454
115-699-2000, FAX 803-533.3726

Leeman Labs Ioc.

&3 Technology Dr.
Loweli, Ma, 01851
FAX 508-4352-1429

Kurt J. Lesker Company

1515 Worthington Ave.

Clairton, PA 15025
412-233-4200; FAX 800-245-1656

Leybeld Inficon Inc
Two Technology Place
East Syracuse, NY 13157
FAX 315-437-3803

Li-Cor Inc.

4421 Superior St

Lincotn, NE 63504
AR2-467-3576; FAX 800-447-3576

Lightsense Corpozation
1513 18th 51

Sama Monica, CA 20404
213-828-1045

131

DEVICE TYPE(S)
5,6,11, 12,27

5,13, 14, 24,29, 30,
31, 34, 36, 37

13, 21,22, 23

£9,10 11, 12,13, 21,

23, 25, 26, 31, 32

6, 8, 12, 28

513, 24,31




ORGANIZATION/COMPANY RAME

Lockwood and McLorie Ine
POy, Box 113

Horsham, PA 19044

FAX 215-659-0902

Los Alamos Mational Laboratory
Group P-14

P.O. Box 1663

Los Alamos, NM 87545
S05-867-2470

L.T. Industrizs Inc.
6110 Exemntive Bhvi.
Rockville, MDD 20852
FAX 301-458-223)

Lumidor Safety Products

3364 NW. 167th 51,

Miami, F1. 33014

305.625-6511; FAX BD0-825-1811

Malvern Instruments Inc.
10 Southville Rd.
Somhborongh, ba 01772
FAX 508-460-9692

Martin Maristta Energy Systern Inc.
B31 Tri-County Blvd.

Silver Springs, TN

615-435-3426

Matheson Gas Prod
30 Seaview Dr.
Secaucus, NJ {109
FAX 201-867-4572

MeCrone Accessories & Compohents
330 Pasquinelli Dr.

Westmont, IL 6(55%

H08-487.7100

McMeill International Inc.

37914 Euclid Ave.

Willoughby, OH 44094
300-6026-3455; FAX 2169531933

182

DEVICE TYPE(S)

4, 3

14, 17

2,3,13,14, 17,29, 31, 4

14, 29,31




MePherson

530 Main 5t

Acion, MA 01720

S08-263-T113; FAX B00-255-1055




ORGANTZATION/COMPANY NAME

MDA Scientific Inc.

405 Barclay Blvd.

Lincolnshire, 11 60069
F0E-634-2800, FAX 800-344-4632

M G Industries

2460 Bivd. of The Generals
Valley Forpge, PA 19482
215-630-5400 FAX 300-638-6360

Measarement & Analysis Systems Inc.
1155 Zion Rd.

Bellafonie, PA 16823

FaAX 814-353-0605

Meeco Inc.

250 Titus Ave,

Warrington, PA 18976
215-M3-6600; FAX 800-641-6478

Melles Grior Inc

1770.Keutering St.

Irvine, CA 92714

714-261-3600; FAX 300-533-2626

Mer One Ing.

481 Califomia Ave.
Grants Pass, QR 971526
FAX 503-479-3057

Micreelectrodes Ine.
298 Fockingham Rd.
Londonderry, NH 03053
FAX a03-.668-7028

Microsensor Systetns Inc.

120 S, Union Ave,

Havre De Graoe, MD 21073
410-935-1089; FAX 410-939-1168

Widac Corporation

1599 Superior Ave,, Suile B3
Costa Mesa, CA 92627

FAX 714-543-8459

MIE Inc

1 Federal 5t., Suite 2
Billerica, MA 01821-3504
FAX 508-663-4390

184

DEVICE TYPE(S)
3, 5, 10, 14, 16, 25, 34

34

3,825

24

21,22, 23

7

3,25

1,325



ORGANIZATION/COMPANY NAME

Millipore Corporation

80 Ashby Rad.

Bediord, MA 01730
H17-275-9200; FAX 300-225-1330

Minarad Scientific Inc.
1525 Kings Hwy. East
Faitrflald, CT (85430
FAX 203-3680246

Mine Safety Appliances Company 3, 4,10, 14, 25, 30, 34
P.O. Box 426

Pitisburgh, FA 15230

800-672-2222

Miniwool [ne

I334-F Dell Ave

Campbell, CA 95008
d08-374-1557; FAX 408-374-291%

Minntech Corparation

14905 281h Ave. North
Minneapolis, MN 35447
612-553-3300k, FAX BOO-328-3340

3M Company, Analytic Systems
3M Cenier, Bldg. 53-3

S1. Paul, MN 5511
612-778-4012

Moisture Systems Corporation
117 Sowih Su

Hopkinton, MA. 01748

FaX 508-435-6677

Mosaic Indusiries Inc 14, 17, 25
5437 Ceniral Ave., Suite 1

Newark, CA 945680

FAX 510-790-0915

MTEC Photoacoustics Inc.
111 Lynn Awve.

Ames, 1A 5010

FAX 515-292.712%

MTI Analyuical Instruments/Microsensor Techoology 2,13, 14, 17
41762 Christy St

Fremont, CA 94538

FAX 510-651-2498




ORGANLCZATION/COMPANY NAME

Munhall Company, The

5655 N. High 5t

Worthington, OH 33085
614-B88-7700; FAX B00-247.6629

Naticnal Draeger Inc.

101 Technolagy Di.

Pitsburgh, PA 152300120
412-787-3389, FAX 412-787.2207

National Elecirostatics Corporation
Box 310, Graber Rd.

Middleton, W1 53562

FAX 608-236-4103

New Brunswick Sciemtific Company Inc.
44 Talmadge Rd.

Edizson, N1 Ng218-4005

908-287.1200, FAX 800-631-5417

NGS5 Division, MKS Instruments
24 Walpole Park Scuth

Walpole, Ma 02081
S08-660-1770. FAX 800-282.1770

Nicolet Instrument Corporation
5225 Verona Rd.

Madison, W1 53711
603-271-3323; FAX B00-354-8083

MNova Analytical/Biomedical

200 Prospect St

Waltham, Ma 02164
617-824-0800; FAX 617-899-0417

Nuclear Associates
100 Voice Rd.

Carle Place, NY 11514
FAX 515-741-5414

Nutech Corpotation

4022 Stirrup Creek Dr., Suite 325
Durkam, NC 27703
019-544-8535; FAX 00-637.6312

Ouk Ridge National Laboratory
Bldg. 40058, MS 6101

Ouk Ridge, TN 37831-6101
615-574-6249

186

DEVICE TYPE(S)

16

2,3,913, 14, 29 30, 31

[

25,33

3,23, 26, 34

5,11, 16, 21, 23, 30, 31

K

334

11, 17,24, 31, 37




ORGANIZATION/OOMPANY NAME

0.1 Analytical

Grabam Rd. at Wellborn R4,
College Station, TX 77841
FAN 409-650-0440

Omega Engineering

P.O. Box 4047

Stamford, CT 06907
203-359-1660; FAX 800-826-6342

Optics for Research Inc.
P.O. Box 82

Caldwell, NJ 07006
FAX 201-228-0915

Opreonic Laboratories Inc.
4470 35th St.

Orlando, FL 32811

FAX 407-548-5412

Orbeco Analylical Sysiems Inc.
185 Marine St.

Farmingdate, NY 11735
516-293-4110; FAX ED0-922.5742

Fatific Narthwest Laboratory
F.0. Box 999

Richland, WA 99352
504-375-20581

Panametrics Inc.

221 Crescent St

Waltham, MA 02254
G17-899-27119, FAX 800-833-9348

Particle Measaring Systems Inc.
1855 8. 5hh Court
Boulder, CO 80301
FAX 303-449-6870

PCF Inc.

2155 Indian Rd.

W. Palm Beach, FL. 33409-3287
JO07.683-0507,; FAX BO637-5307

Pen Kem Inc.

341 Adams St

Eedford Hills, NY 10567
FAX 914-241-4842

187

DEVICE TYPE(S)

3,11, 12, 19, 21, 23, 31, 32, 33

19

56,911, 12, 32

5,13, 14,17, 24,25, 29, 30,
31, 34, 35, 36, 37

L33

3,4,5 11,25 29,30,31, 34

33




ORGANIZATION/COMPANY NAME

Perkin Eliner Physical Elecironics Division
6509 Flying Cloud Dr.

Eden Prairie, MN 55344

612-828-6100, FAX 800-237-3603

Perkin-Elmer Corporation, The
761 Main Ave,

Norwalk, CT 06859

203-T62- 1000, FAX 800-762-4000

PGC Scientifics Corporation
9161 Indusirial Couart
Gaithersburg, MD 20877
301-840-1111; FAX 800-424-3300

Fhoenix Elecirode Company
6103 Sleamont

Houstan, TX 77081

T13- 1726666, FAX 800-522-7920

Photovac Interpationa) Ing.
25-B Jelryn Blvd West
Deer Park, NY 11729
FAX 516-254-4284

Photovolt Corporation

1200 Madison Ave.

Indianapolis, IN 46225
217-266-2024; FAX 800-222-5711

Phrasar Scientific Inc.
1536 Highland Ave.
Duarte, CA 91010
FAX B18-357-3003

Physical Optics Corporation
20500 Gramercy Place
Torrance, CA 90501
213-320-3088

Poretics Corporation

H1 Lindbergh Ave,

Livermore, CA 94550
510.373.0500; FAX 800-922-6050

Princo Instruments Inc.

1020 Industrial Hwy,
Sowthampton, PA 18966-4005
FAX 215-355-7766
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3, 8,9, 10, 13, 14, 16, 17, 18,

25, 26, 28, 33, 34

21,15

21,8

3, M

15,385

27

13, 14, 17, 24, 25, 20, 30, 31, 37

3




ORGANIZATION/COMPANY NAME

Quantachrome Corporation
5 Aerial Way

Svosset, NY 11791

FAX 316-222-0569

racal Health & Safety Inc.

TM5 Executive Way

Frederick, ME 25701
301-595-8200; FAX 800-682-9500

Radian Cotporation

P.O. Box 201088

Auvstin, TX T8720-1088
S12-454-4797; FAX 512-454-8807

Rainin Instryment Company Inc.
Mack Rd.

Wabuin, MA 01801
S17-535-3050; EAX 300-472-4546

Rame-Hart Ine.

43 Bloomfield Ave.
Mountain Lakes, NY 07T0ds
201-335-0582

RDF Corporation

23 Elm Ave.

Hudson, NH 03051-0490
SO3-582-5195; FAX B00-445-8367

Research International
18706 142nd Ave. N.E.
Woodinville, WA 95072
206-386-7331

Richird Scientific Inc.

250 Bel Marin Keys Blwd,, D3
Novalo, CA 94948

FAX 415.382.1922

RMC-Cryosystems
4400 S. Santa Rita Ave.

Tuocson, AZ B5T14
FAX 602.741.25K

Rosemount Anglytical/Dohrmann
3240 Scout Bhvl.

Santa Clara, CA 95054
403-727-6000; FAX 800-538-7708
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DEVICE TYFE(S)
33

10

i

16, 23

31

5,13, 14,24, 29 31, 37

31

2,911 15, 26,35




ORGANIZATION/COMPANY NAME LREVICE TYPE(S)

Rascmount Analytical/Uniloc Division 3
2400 Barranca Plwy.

Irvine, CA 92714

FAX 714-474-7250

Rupprecht & Pataschnick Company Inc L3
& Corporaie Circle
Albany, NY 12203
FAX 518-452-0067

Rutgers University 5, 13, 14, 17, 24, 31, 37
Fiber Optics Materials Research Program

Piscataway, NJ 08855

ONR-932-4T20

Saes Pure Gas [nc 8 % 14, 25, 26
4175 Sapma Fe Rd.

San Luis Obispo, CA 93401

FAX 805-541.9309

Samla Corporation 4,5 6,8 11,12, 27, 32, 33
4005 Gypsy Lane

Phitadelphia, PA 19144

215-849-8100; FAX 8(M)-599-7r09%

Sandia Nationzal Labocatdry 24, 37
P.O. Box 5800

Albuguerque, NM 7185

505-844-0576

Sartorius Cotpotation 3

140 Wilbur Place
Bohemla, NY11716
516-363-5120; FAX 8({-3658-7178

Scientific Insirumenis 5, 1L 27, 35
200 Saw Mill Kiver Rad.

Hawihome, NY 10532

H14-T69-57080; FAX 800-431-1956

Scout Aviasion 14, 14, 17
225 Prie St.

Lancaster, NY 14085

FaX 716-631-1089

Scou Speclalty Gases Inc, 25
6141 Easton Rd.

Plumsteadville, PA 18M%-6310

FAX 215-766-0320
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ORGANIZATION/COMPANY NAME

Sepsa Dyne Instrumentavion Division
7925 N. Port Washington Rd.
Milwaukee, WI 53217

FAX 414-352-8872

Sensidyne Inc. 2358910, 13 14, 16,
16333 Bay Vista Dr, 17, 25, 26, 29, 31,
Clearvatet, FL 34620 :
313-530-3602: FAM 8500-451-9444

Sensor Solid State Services 5, 24 131, 35
Penn Center Plaza

Quakenown, PA 1895]

215-536-1990

Sentex Systems Ine. 3,13, 14,17, 35
553 Broad Ave,

Ridgefield, NJ 07657

FAX 201-24196064

Bervomex Company 2.9 10, 13,14, 17, 25,26, 79, 30
9} Kerry Place

Norwood, MA 02062

617-169-7710; FAX E00-862-0200

Shimadzu Scientific Instrumenis Inc o 16, 26, 35
T102 Riverwood Dr.

Columbia, MD 21046

410-381-1227, FAX 800-477-1227

Siemens Industrial Automation
Depariment 13, 100 Technology Dr.
Alpharetta, GA MR0Z
d0-740-3944

Sierra Monitor Corporation

1991 Tarob Court

Milpitas, CA 95035
40B-262-6611; FAX 408-262-9042

Sievers Instrumenis Inc.
1530 Centrel Ave., Suite C
Boulder, CO 80302

FAX 303-444-9543

Sigma Chemical Company

3050 Spruce St.

51 Louis, MO 63103
314-771-5765; FAX 300-315-5052




DRGANIZATION/COMPANY NAME

Skalar USA Inc.

500 Qakbrook Pkwy, Suite 130
Norcress, GaA 30093
404-416-6717; FAX B00-782.4994

Solder Absorbing Technology Inc.
144 Oakland 5i.

Springfield, Ma 01108
413-788-6191; FAX 800-628-8862

Solomat Neotronics
652 Glenbrook R4,
Stamford, CT 06506
203-348-9700; FAX 800-932.4500

Soltec Corporation

12977 Arroyo St

San Femando, CA 31340
818-365-0300; FAX 800-423-2344

Sanoxco o

430 Ferguson Dr., Bldg, 3
Mountain View, €4 94043
415-960-3007, FAX 415-060:0127

Specira Gases Inc,

27T Coic 51,

Irvington, NJ 07111
201-372-2060; FAX 800-932-0624

SPI Supplies DivisionfStiructure Probe Inc.
569 E. Gay 5u

West Chesier, PA 193310656
215-436-5400; FAX 800-242-4774

Standard Instrumentation
147 T1lth Ave.

South Charleston, WY 25303
FAX, 304-744-4319

Staplex Company, The

777 Filth Ave,

Brooklyn, NY 11232-1895
T18-762-3333; FAX E0K)-221-0822

Supelco Inc.

Sopelco Park

Bellefonte, PA 16323
800-359.3041; FAX 800-247-6628

192

DEVICE TYPE(S)
5,6, 11,27, 79, 30

3l

911,13, 21, 13,32

9, 14, 13, 14, 31, 34, 36

12, 14

33

38




ORGANIZATION/COMFANY NAME DEVICE TYPE(S)

Burface/Taterface Inr. 3
110 Pionesr Way, Suite H

Mountain View, CA 94041

FAX 415.965-8207

Sutter Instrument Company 22
40 Leveroni Court
Movato, CA 4940
FAX 415-383-0572

Technfeon Industrial Systems 4,5 11,12, 16, 23
511 Bepedict Ave.

Tarrytown, NY 10591

914-531-8000

Tekmar Company 3
7143 E. Kemper Bd.

Cincinnail, OH 45249

513-247-7000; FAJ 800-543-4461

Teknekron Sensor Development Corporation ”
1080 March B4,

Menfo Park, CA Q4025

415-322-6200; FAX 415-322-6337

Tekironix Tne. 24, 31
P.O. Box S00; 76260

Beavertcu, OB 7077

503-627-7111: FAX 2300-335-3433

Teledyne Analylical Insiruments 23,45 8910 13 14, 16,
16830 Chestout St. 1

City of Industry, CA 91749

FAX 818-961-2538

Temp-Fro Inc. 3
200 Indusirial Di.

Northamptan, MA 01060

FAX 413.586-3625

Thermedatec nc. k)
470 Wildwood St

Wobuarn, MA 01888

FAX 617.933-0651

Therme Environmental Insiruments Inc. L%
8 West Forge Pkwy.

Franklin, MA 02038

508.520-0430; FAX 508-520-1460
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ORGANLZATION/COMI'ANY NAME

Thermomettics Inc,
808 U.S. Hwy. 1
Edizon, NJ 08217
FAX 008-287-3847

Thorton Associates

1432 Main St

Waltham, MA 02154
617-890-3359; FANX £00-542-4418

Tintometer Company, The
309-A McLaws Circle
Williamsburg, VA 23185
FAX 804-229-0472

T M Analytic Inc.

574 Supreme Dr.

Bensenville, 1L £1106
TOE-BA0-9122; FAX E00-323-5405

TN Technologies [nc.

P.O. Box 800

Round Rock, TX 73680
512-382.9100; FAX 800-736.0801

Trace Analytical Inc.
3517 A Edison Way
Menke Fark, CA 94625
FAX 415-364 6897

Transducer Research Inc
MNaperville, IL
708-357-1055

TSI Inc.

500 Cardigan Rd.
St Paul, M 55154
651 2-483-0900)

UIC Inc.

1235 Channahon Rd.

Joliet, IL S04

SL5-T2T-5431; FAX 800-342-5837

Ulwra Scientific Inc.

250 Smith 5t. North

Kingstoran, RI 02852
401-294-2400; FAX 800-338-1754
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DEVICE TYPE(S)
31

k3|

16,21

12

10, 14, 17, 25, 26

"

1.3

8915




ORGANIZATION/COMPANY NAME

UniFET

11021 via Fronlera, Suite 200
San Diego, CA 92127
619-673-1851; FAX 800-441-3515

United Electric Controls Company
180 Dexter Ave.

Watertoom, MA 02172

FAX 517-926-2658

Universal Sensors Inc,

3258 Vererans Biwd, Spjle D
Metairie, LA 0006

FAX 504-885-8443

University of Washingion, Chemisiry Depariment
Seattle, WA 98105
206-343-0579

UTI Instruments Company

457 5. Hillview Dr,

Milpitas, CA 95135
408-945-1935; FAX 800-346-0100

Vatian Associales

3075 Hansen Way, K-306
Palo Alto, Ca, 94304.1025
#15-424-5235

Veeco/Stoan Technology Division
662 E. Moniecito St

Santa Barhara, CA 93103

FAX 805.965-0522

VG Fisons Insimaments

32 Commerce Center, Cherry Hill Dr.
Danvers, MA 1922

FAX 508-777-0678

VIC] Metronics

2991 Corvin Dr
Santa Clara, TA 93051
FAX, 4051370046

Wallace Fisher Instrument Company
3M Pleasant Sc

Pawtucker, R 02860

FaX 401-1:1-480n

DEVICE TYPE(S)
16,21, 22, 13

k)|

3, 16,25, 34

5,13, 24,31, 37
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DRGANIZATION/COMPANY NAME

Waters Chromatography

34 Maple St.

Milford, MA G1757
508-478-2000. FAX 800-252-4752

Wheaton

1501 N. 10ih St

Millville, NJ 08332
603-825-1100; FAX 609-825.1368

XonTech Inc.,

6862 Hayvenhurst Ave.
Wan Muys, CA 51406
FAX 818-785-4273

Y51 Incorporated

1715 Brannum Lane

Yellow Springs, OH 45337
S313-767-7241; FAX 300-765-4974
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