
serious problem is that such experience- 
dependent interpretation is progressively 
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In the chemical and petroleum indus- 
tries, it is widely recognized that invest- 
ments in on-line process analysis provide 
very high rates of return. As a result, in a 
single modern petroleum refinery, for 
example, there may be more than $100 
million worth of process control instru- 
mentation. Moreover, increasing com- 
petitiveness in world markets, a steady 

stream valued at $500,000 an hour and 
concerned about its possible safety im- 
plications for a $500-million plant. Typi- 
cally, more than 99 percent reliability is 
required in environments that have ex- 
treme and rapidly varying temperatures, 
high levels of noise and vibration, sub- 
stantial chemical exposures, and "dirty" 
samples. Furthermore, instruments are 

Summary, Improvements in process control, which determine production efficiency 
and product quality, are critically dependent upon on-line process analysis. The 
technology of the required instrumentation will be substantially expanded by ad- 
vances in sensing devices. In the future, the hardware will consist of sensor arrays 
and miniaturized instruments fabricated by microlithography and silicon micromachin- 
ing. Chemometrics will be extensively used in software to provide error detection, self- 
calibration, and correction as well as multivariate data analysis for the determination 
of anticipated and unanticipated species. A number of examples of monolithically 
fabricated sensors now exist and more will be forthcoming as the new paradigms and 
new tools are widely adopted. A trend toward not only on-line but even in-product 
sensors is becoming discernible. 

decline of traditional feedstocks, and 
growing pressures to improve product 
quality and operating efficiency will 
combine to ensure that demands for 
more sophisticated and versatile process 
analysis and control instrumentation do 
not diminish (1). 

Considering obvious needs for chemi- 
cal analysis in a chemical processing 
plant, a scientist not familiar with this 
industry might at first be surprised to 
learn that the vast majority of on-line 
measurements are made by pressure, 
temperature, density, and refractive in- 
dex transducers and that the sophisticat- 
ed chemical instrumentation which has 
revolutionized scientific research in so 
many disciplines is largely confined to a 
central laboratory. In fact, very few 
chemical processing lines employ so- 
phisticated chemical sensors on line be- 
cause the techn,,logical constraints im- 
posed by the extreme reliability require- 
ments and the hostile nature of the plant 
environment are forbidding. Even infre- 
quent instrumentation failures are intol- 
erable when one is dealing with a process 

expected to remain accurate over pro- 
longed periods, without calibration or 
even frequent inspection and mainte- 
nance. In current practice, industrial 
process control meets these require- 
ments through highly conservative de- 
sign. Thus, simple physical sensors are 
overwhelmingly favored. 

Nevertheless, it is possible to obtain 
data on chemical composition from 
physical sensors. Such information is 
gleaned by inference, as years of (costly) 
experience in small-scale pilot plants 
have taught process engineers the corre- 
lation between process stream composi- 
tions and pressure, temperature, and 
other physical measurements at various 
points. Severe problems arise from the 
economic limitation on the number of 
points sampled, and are dealt with in the 
same way. 

While this practice has certainly by- 
passed some of the difficulties of design- 
ing process analytical instruments, there 
are some unpleasant side effects. The 
cost and delay of the pilot plant learning 
process are the least of these. A more 

less reliable the farther a plant process 
deviates from normal conditions. In the 
limit, analysis will fail completely when 
it is most needed. Interpreting the behav- 
ior of a plant that is out of control then 
becomes a guessing game with high 
stakes; an example is Three Mile Island. 

Thus, in many cases process engineers 
have been forced to put more sophisti- 
cated instrumentation on line to provide 
chemical information in detail. For the 
most part, because of the well-founded 
attitude of conservatism discussed 
above, they have favored techniques 
that are simple or that have been in 
general use for a long time. This is evi- 
dent from Table l ,  where types of instru- 
mental analysis are listed under wide- 
spread, occasional, or potential utiliza- 
tion in process control. A comparison of 
this current list with one representing the 
laboratory instrumentation state of the 
art of 30 years ago would show a striking 
resemblance. 

Furthermore, the power of many of 
the process instruments is less than that 
of their laboratory counterparts, as quite 
different design principles are used to 
make the instruments robust, stable, and 
affordable. Figure 1 shows the differ- 
ences between a laboratory infrared 
spectrometer, based on the Fourier 
transform technique, and a process con- 
trol infrared photometer, based on a mi- 
crophonic gas cell detector combining 
the functions of spectral separation and 
signal transduction (2, 3). In the process 
sensor, the analytical power of scanning 
a complete spectrum has been forfeited 
in favor of ruggedness and reliability. 

Clearly, then, there is a need for pro- 
cess analysis that is well beyond the 
current state of the art. This has led to 
the establishment of a new subdiscipline 
in academic analytical chemistry: pro- 
cess analytical chemistry, which can be 
defined as the use of sophisticated ana- 
lytical procedures and instrumentation 
on line as an integrated part of an auto- 
mated chemical process. In order to 
make progress in this field, a systems 
approach must be taken. Interdisciplin- 
ary interaction between process engi- 
neers, analytical chemists, instrumenta- 
tion designers, and computer scientists 
will be required. Although the major 
emphasis in this article will be on instru- 
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mentation and chemometrics, the re- 
maining areas of sampling and use of 
chemical data in optimization and con- 
trol are of equal importance to  this disci- 
pline. 

Rationale for Chemical Sensors in 

Process Analysis 

Analytical instrumentation, including 
its process control variants, is increas- 
ingly dominated by the products of the 
microelectronic revolution. As electron- 
ics exerts an ever larger influence on 
instrument technology, it has also come 
to account for most of the hardware 
content. This trend is growing as  built-in 
microcomputers become the rule rather 
than the exception. This not only adds to  
the electronic content of the system, but 
allows the remainder of the system to be 
simplified as  machine intelligence and 
processing power are substituted for in- 
trinsic sophistication in the detection and 
transduction front end (4). 

In process control itself, distributed 
digital control systems now define the 
state of the art in industrial control tech- 
nology. The system begins with a widely 
distributed set of dedicated, programma- 
ble controllers at the lower level of a 
hierarchy. Here, considerable fault de- 
tection and redundancy are built in. 
Work performed at this level of the hier- 
archy is then coordinated by a set of 
successively higher level computers, 
connected by an extensive communica- 
tions network. Finally, this network is 
integrated into the management informa- 
tion system of the corporation. 

The overwhelming economics of scale 
of microcircuitry, which has promoted 
this proliferation, also forces consider- 
able standardization on electronic sub- 
systems. The overall trend is toward 
generalized instruments containing one 
or several sensors that transduce the 
quantity to  be measured to an electronic 
output (directly or through an intermedi- 
ate optical or mechanical interaction), 
and a fairly standardized electronics- 
computer system that provides the de- 
sired output (5 ) ,  as seen in Fig. 2. 

In this context, progress in instrumen- 
tation can be achieved through the evo- 
lution of newer and better sensors and 
more and more universal electronics 
support systems. At the same time, the 
sensors themselves will become simpler 
as  more sophisticated and "expert" al- 
gorithms become available. Eventually, 
the sensors will become a component 
rather than a subsystem. Economically, 
this is advantageous as commonality in 
electronics brings not only economics of 
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Fig. 1. Comparison of infrared instruments opti- 
mized to carry out different functions. (a) Fourier 
transform infrared spectrophotometer for use in a 

Sample centralized analytical laboratory. The moving 
mirror of the Michelson interferometer is mount- 

ed on air bearings and its position is controlled and sensed to better than 1 km. (b) 
Nondispersive filter infrared spectrophotometer optimized for process control. There is no 
mechanical scanning or delicate optical alignment in this device. 

scale in production but also economics 
of use, as  many sensors may share one 
electronic system. There is even a poten- 
tial for positive feedback, as  reductions 
in the cost of sensors and electronics 
allow an increased number of monitoring 
points and further economics of scale in 
the sensor itself. 

Clearly, the reliability of modern elec- 
tronics is adequate even for the require- 
ments of process control instrumenta- 
tion. Also, automatic recalibration and 
self-verification routines are possible 
and provide the answer to the stability 
requirements of such an instrument. The 
bottleneck lies in the design of the sensor 
itself, and here a number of shortcuts are 
possible. When an instrument is a combi- 
nation of electronics and a sensor, it is 
desirable to design as many functions as 
possible out of the sensor and into the 
data processing. We no longer require 
linearity in a sensor, but merely a mono- 
tonic response. We may use internal 
standardization in lieu of reproducibility, 
redundancy in lieu of the very difficult 
last increment of reliability, correction 
based on internal or external information 
in lieu of insensitivity to  perturbation, 

and so  on. In the limit, a merely fair 
performance is enough if it is repeatable, 
well understood, and coupled with a high 
enough signal-to-noise ratio to  allow the 
data-processing algorithms to proceed 
with a reasonable chance of success (6). 

Existing Types of Process 

Chemical Sensors 

The evolution of analytical instru- 
ments toward a combination of low-cost 
sensor front ends on a microcomputer is 
still far from complete. In reviewing cur- 
rent sensor technology we will therefore 
exclude many techniques whose use re- 
quires a full-scale laboratory instrument, 
such as  a gas chromatograph-mass spec- 
trometer (GC-MS), which would be of 
limited adaptability for on-line process- 
ing. 

Chemical sensors can be based on 
physical, chemical, or transport proper- 
ties of the sample. Among physical sen- 
sors, optical detectors have a long his- 
tory of use, but have been limited by cost 
and reliability to  such relatively simple 
forms as  filter absorption photometers in 

Table 1. On-line instrument utilization in process control. 

Widespread Occasional Potential 

Temperature 
Pressure 
Flow 
Density 
Refractive index 
Ultraviolet-visible col 

metry 
Infrared absorption 

(filter) 
Gas chromatography 
Indicator tags 
pH electrodes 
Acoustic velocity 
Amperometry 

Wet-chemical processor 
Chemical tape systems 
Specific-ion electrodes 
Fluorometry 
Infrared absorption 

on- (scanning) 
Mass spectrometers 
~ltraviblet spectrometry 
Gamma-ray absorption 
~ ie lec t romet r~  
Magnetometry 
Particle counters 
Viscosity 
Liquid chromatography 

Chemiluminscence 
Microwave absorption 
Optical emission 
X-ray fluorescence 
Raman 
Infrared emission 
Nuclear magnetic resonance 
Near-infrared reflectance 
Acoustic emission 
Chemresistor 
Piezobalances 
Acoustic attenuation 
Turbulent flow 
Array chromatography 
Electrophoresis 



the ultraviolet-visible region (7) and gas 
correlation instruments such as those 
shown in Fig. 1 (3). Advanced devices 
include circular variable filter spectrom- 
eters (8) and correlation spectrometers 
which have vibrating masks in the focal 
plane of a grating (9) or correlate the 
outputs of a limited number of arbitrary 
bandpasses (10) or random (11) filters. 
Extremely simple instruments of this 
type can give a very large fraction of the 
capabilities of fully equipped, costly lab- 
oratory spectrometers. Other develop- 
ments in this area include a "planar" 
integrated spectrometer, which may 
eventually provide the functions of a 
laboratory spectrophotometer in a single 
microsensor (12). 

Absorption measurements are pre- 
dominantly made in the ultraviolet and 
visible optical regions, where they are 
heavily dependent on colorimetric re- 
agents, and the mid-infrared, where they 
are limited by current sampling problems 
to mainly gaseous streams. However, 
near-infrared spectroscopy, which com- 
bines the universality of infrared with the 
more permissive sampling characteris- 
tics of the visible region (13), has benefit- 
ed from advanced computer methods 
and has become a major contender in 
this area (14). 

Ionizing radiation has been used in the 
factory as an absorption sensor for mate- 
rial thickness measurements (15) and, 
less frequently, as an x-ray fluorescence 
sensor for selected elements (16). Here 
new possibilities include two-channel 
sensors using different radiation energies 
to give some compositional selectivity, 
and abridged compound-specific x-ray 
diffractometers of potentially adequate 
simplicity. 

Use of electromagnetic sensors has 
been dominated by various forms of di- 
electrometers, which give data on the 
dielectric constant and dielectric losses 
over increasingly wide frequency ranges 
(17). Here, the strong frequency depen- 
dence of microwave dielectrometry can 
greatly improve discrimination (18). The 
spatial averaging and mapping ability of 
microwave dielectrometry will eventual- 
ly prove of value for solid-bed analysis 
(19). Microwave spectroscopy, on the 
other hand, is a superior procedure for 
specific analysis of polar gases and, 
through advances in microwave integrat- 
ed circuits, can now be implemented 
with a simple sensor device (20). 

Acoustic measurements have a partic- 
ularly long history as process sensors. 
One of the first on-line sensors, which 
was built in the 1910's to measure the 
H/N ratio in NH3 synthesis process 
streams, used frequency comparisons 
between an organ pipe carrying the pro- 
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Fig. 2 .  Idealized process instruments based 
on microsensors and standardized electronics 
and computer system. (a) System based on an 
array of microelectronic sensors, each of 
which requires signal conditioning. (b) Sys- 
tem based on an array of optical sensors with 
excitation and detection functions remotely 
located. 

cess stream and a tuning fork. Acoustic 
velocity (21) and attenuation (22) mea- 
surements are commonly used, and 
acoustic emission, which is now em- 
ployed to spot-check critical machinery, 
could eventually be used for routine sur- 
veillance. 

Most physical property sensors are 
based on measurements of temperature, 
pressure, density, level, or flow. Less 
commonly, measurements are made of 
viscosity, turbulence (represented by the 
variance of a local flow measurement), 
or thermal diffusivity [an adaptation of 
the common gas chromatographic ther- 
mal conductivity detector for gas moni- 
toring or scale buildup measurements 
(23)l. Other possibilities include on-line 
sensing of mechanical effects of sample 
stream composition and direct real-time 
measurements of various types of sur- 
face effects. 

Recently, chemical sensors, particu- 
larly electrochemical devices, have re- 
ceived a major share of the attention in 
sensor development. This is because of 
the inherent simplicity of obtaining a 
direct electrical readout and the opportu- 
nities for using integrated circuit technol- 
ogy for sensor (or sensor array) manu- 
facture (24). The most obvious approach 
here is to scale down pH or specific-ion 
electrode technology, which has already 
made inroads into process control (25), 
into the microcircuit domain, and to 
overcome the problems of small signals 
by integrating the electrode into the gate 
of a field-effect transistor (26) (Fig. 3a). 
Such essentially potentiometric sensors 
can be built for the gas phase as well 
(29,  and their use for specific gas detec- 

tion is quite common. Related microelec- 
tronic sensors use the impedance varia- 
tion of a p-n junction-metal oxide semi- 
conductor capacitor when the gate sur- 
face interacts with the solution ions (28), 
or the changes in reverse bias voltage of 
a Schottky diode when its metal layer 
absorbs a vapor that affects its work 
function. 

Conductometric sensors are another 
broad family of electrochemical devices, 
ranging from simple conductivity meters 
for inorganic dissolved solids in water 
to gas sensors based on conductivity 
changes of an exposed heated semicon- 
ductive oxide (29) (Fig. 3b). A more 
advanced system, the chemresistor (30), 
detects resistivity changes in a thin-film 
organic semiconductor due to vapor ab- 
sorption. 

The selectivity of all of the sensors 
discussed above leaves much to be de- 
sired, but can be greatly enhanced by 
chemometric computations on data from 
arrays of detectors with different partial 
selectivities (31). In many situations, 
only modest selectivity is required in the 
first place (for instance, combustible gas 
monitoring or organic chloride vapor de- 
tection). In these cases the selectivity of 
the available detectors is quite adequate, 
and often even less selective ones, such 
as the flame ionization or electron cap- 
ture sensors familiar from gas chroma- 
tography (GC) technology, can be used. 

Selective chemical transformation is 
often an intermediate step on the way to 
an optical or electrochemical readout, 
and is usuallv achieved with an immobi- 
lized, preferably reversible, chemical 
reagent (32). Freestanding chemical sen- 
sors are the sole components of many 
dosimeter tags and usually involve irre- 
versible color-forming reactions (33). 
These latter have been widely used for 
personal protection, but deserve equal 
consideration as equipment monitors, lo- 
cal leak detectors, reactor bed exhaus- 
tion detectors, and so on. Complex 
chemical processes can take place in 
multilayer films, as first shown in Polar- 
oid film, and the application of such films 
in clinical chemistry has been impres- 
sively successful (34). This technology 
can be directly transferred to process 
control, often without developing addi- 
tional sensor types, as the side reactions 
and interferences of sensors originally 
developed for clinical use can be exploit- 
ed (35). 

A special category of chemical analyz- 
ers, sequential processing systems in- 
volving complex wet-chemical reactions 
followed by physical sensors, have be- 
come very popular in clinical analysis 
(36). These do not seem to be likely 
candidates for reduction to low-cost sen- 



sors. However, a variant of this technol- 
ogy, flow injection analysis (37), benefits 
from favorable scaling laws that allow 
instrumentation to be shrunk to the di- 
mensions of a printed circuit board (38). 

Biological sensors can be described as 
an extension of chemical ones, using 
reagents of exquisite selectivity (and, 
unfortunately, delicacy). For the ulti- 
mate in selective chemistry, immuno- 
chemistry, sensors based on optical (39) 
or electrical (40) readout are being devel- 
oped. Enzymatic reagents, however, are 
more generally usable with the smaller 
molecules common in process chemis- 
try, and their lower sensitivity and selec- 
tivity is rarely a disadvantage for process 
control applications (41), where again 
they are normally coupled to an optical 
or electrical readout. Ingenious but 
somewhat fragile sensors have even 
been developed which use immobilized 
bacteria or their organelles as chemical 
reagents coupled to a potentiometric 
electrode (42). 

The fact that real samples are fre- 
quently mixtures of many components 
strongly suggests using chromatographic 
sensors with their built-in separating 
ability. The complexity of such devices 
has limited their use somewhat, and only 
GC is employed on line with some fre- 
quency (43). The technological tour de 
force of miniaturizing and integrating a 
gas chromatograph into a silicon chip is a 
dramatic example of the technique's po- 
tential for further development (44). In 
such chromatographic sensors, howev- 
er, the increase in separating power is 
coupled with a loss of recognition reli- 
ability, as the identification of peaks by 
retention time only is somewhat risky 
(45). Clearly, a hyphenated system such 
as a low cost GC-MS sensor would pro- 
vide nearly the ultimate performance (in 
fact, such a miniature GC-MS, but not a 
cheap one, now sits on Mars with Vi- 
king). More down-to-earth, multicolumn 
micro gas chromatographs have become 
available (46) and greatly alleviate the 
problem of selectivity. Liquid chroma- 
tography (LC) is making its way into 
process analysis, which will benefit from 
the growing popularity of micro-LC (47). 
Electrophoresis seems even farther from 
the factory floor, but help may come 
from the new technology of capillary 
column electrophoresis (48). 

The techniques of GC, LC, capillary 
electrophoresis, and flow injection anal- 
ysis are undergoing a convergent evolu- 
tion in design, so that it is possible to 
begin to conceptualize a universal chem- 
ical analysis microlaboratory in which 
the functions of sample acquisition, 
processing, reaction, separation, detec- 
tion and analysis are combined in a mod- 
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Fig. 3.  Electrochemical microsensors fabricated by microlithography. (a) Chemically sensitive 
field-effect transistor. (b) Thin-film oxide gas sensor. 

ule no larger than a shoe box. Such a 
system, with a modular design and inter- 
changeable components, could be used 
in a variety of situations for a variety of 
analyses. 

A particularly simple chemical sensor 
is the piezobalance, a vibrating quartz 
crystal coated with a selectively absorb- 
ing thin layer whose absorption changes 
the crystal's oscillating frequency (49). 
Since frequency can be measured very 
accurately, subnanogram quantities of 
chemicals can be detected with very 
simple equipment. The lack of selectivity 
of these sensors has recently been cir- 
cumvented by multicrystal sensors with 
an array of layers, whose response pat- 
tern, as seen in Fig. 4, is characteristic 
although that of an individual layer is not 
(31). Surface acoustic wave sensors, a 
closely related technology, may provide 
similar behavior with even higher sensi- 
tivity (50). 

Mass spectrometers, which have al- 
ready been used in the factory, will 
evolve toward a sensor-type technology 
and with widespread use as the potential- 
ly less expensive technology of ion traps 
(51) matures. An offshoot of MS, plasma 
spectroscopy (52), may be easier to 
adapt to the process environment, as it is 
not dependent on high-vacuum tech- 
niques. 

Diffusion and extraction have general- 
ly been used as sample preparation steps 
for sensors, and advances in membrane 
technology may greatly increase the po- 
tential of existing sensors. 

Sensor Limitations: The Lessons of 

Chemometrics 

At this point, the reader might be 
tempted to conclude that in the near 
future the task of a process chemist will 
be simply to devise a list of analytes to 
be monitored and then choose a set of 
highly selective sensors, each optimized 

to detect the target substance free of 
interference from all others. However, 
this straightforward and relatively simple 
strategy has a major drawback: when the 
process line fails because of the presence 
or inadvertent production of unanticipat- 
ed chemicals, the array of preselected 
detectors may tell us very little. At the 
same time, despite enormous efforts to 
achieve selectivity by use of membrane 
technology and selective chemical reac- 
tants and absorptive surfaces, it remains 
true that these sensors are highly prone 
to interferences. In fact, the number of 
publications introducing new laboratory 
sensors is far exceeded by the number of 
publications describing analytical inter- 
ferences and what to do about them. 

Yet this very susceptibility to interfer- 
ence can be exploited to increase the 
selectivity of the system. Chemometrics 
(53, 54), the science of chemical data 
analysis, tells us that with a perfectly 
selective single-parameter detector, only 
quantitation of the specific component is 
possible. However, with an array of sen- 
sors, each of which can respond differen- 
tially to at least two of the components in 
a mixture, far more analytical informa- 
tion can be obtained. In the first place, if 
the components are linearly additive and 
are all known, that is, calibration data 
are available, for them, then they can all 
be quantitatively determined simulta- 
neously (55). Even if a variable number 
of unknowns are present, the quantity of 
each of the known components can be 
expressed as an upper limit (55). For 
qualitative analysis, the differentiating 
power of multiple arrays of sensors in- 
creases rapidly as the number of sensors 
and the number of output levels of each 
sensor grow (45). Therefore, a relatively 
nonselective sensor is desirable, provid- 
ed it is a member of an array of nonselec- 
tive sensors, each of which exhibits a 
different response to each of the different 
types of molecules to be detected and 
quantitated. 
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Fig. 4. Response of correlation piezobalance 
microsensor. Each chemical vapor has a dif- 
ferent affinity for each of the various sensing 
layers; the response profile over the layers 
constitute a unique fingerprint for each chemi- 
cal entity. 

But according to chemometrics it is 
possible to extract even more informa- 
tion from multiple measurements by us- 
ing pattern recognition strategies and 
learning algorithms (56). An excellent 
example of this is the use of near-infra- 
red reflectance spectroscopy to perform 
compositional analysis of agricultural 
products (57). Optical absorptions in the 
near-infrared (from 0.7 to 2.5 1J.m in 
wavelength) arise mainly from overtone 
and combination vibrations of OH, NH, 
and CH groups. The measurements may 
often be made directly on granular or 
powder samples. The data for each sam- 
ple consist of a series of precise diffuse 
reflectance intensity values at a number 
of arbitrary or near-arbitrary wave- 
lengths. Calibration is carried out by 
multiple regression analysis, using a 
learning set of at least 30 and preferably 
more known samples which have been 
independently chemically analyzed. De- 
spite a high degree of spectral overlap, 
weak transitions, and a marked degree of 
background variation, excellent quanti- 
tation and good reproducibility are ob- 
tained. The method has been extensively 
studied in the wheat-growing industry 
and has almost totally supplanted the 
more classical, time-consuming chemical 
methods for determination of starch, 
protein, and water (58). 

Near-infrared spectroscopy is also 
commonly used to determine compo- 
nents, such as ash, which do not have 
transitions in this spectral range. Appar- 
ently, the presence of these components 
alters the spectra of the detectable com- 
ponents in a reproducible fashion. In 
addition, the techniques can be used to 
measure properties of a sample which 
cannot be directly determined by chemi- 
cal analysis. For example, animal feeds 
have been quantitated for "in vitro meta- 
bolizable energy" and "digestibility" 

(59), and endosperm "texture" and 
"resistance to grinding" have been de- 
termined (60) by using near-infrared 
spectroscopy and suitable training sets. 

Chemometrics also shows the benefit 
of instrumentation that produces multidi- 
mensional data which can be represented 
in the form of a tensor product of vec- 
tors, where each vector represents a 
response to a specific variable (45). Two 
examples of this type of data are fluores- 
cence intensity measurements as a func- 
tion of both excitation and emission 
wavelengths (61) and GC-MS data (62). 
For such data sets extremely powerful 
data reduction strategies are possible: (i) 
where all of the components are known, 
quantitation is obviously possible (55); 
(ii) where none of the components are 
known, it is nevertheless possible to 
obtain a lower bound for the number of 
components present, and in favorable 
cases, where the number is low, to ob- 
tain the spectra of each (63, 64); and (iii) 
it is also feasible to quantitate the known 
components in the presence of a variable 
background of unknowns by the tech- 
nique of rank annihilation (65). 

Trends in Process Control Sensors 

The same technologies and economic 
driving forces that were the basis for the 
microelectronics revolution are provid- 
ing the impetus for a similar revolution in 
chemical sensor design. The key to this 
development is the adaptation of micro- 
lithography and chemical etching to pro- 
duce two- and three-dimensional entities 
that can serve as the components of 
chemical sensors. This includes not only 
electronic and signal-conditioning ele- 
ments but also transducers (thermistors, 
photodiodes, and so on), electro-optics 
(light-emitting diodes, light guides, inter- 
ference filters), and mechanical devices 
(valves, nozzles, diaphragms). The tech- 
niques used to form the necessary struc- 
tures collectively form the basis of "sili- 
con micromachining." Some 20 years 
ago, a classical lecture by R. P. Feynman 
entitled "There is plenty of room at the 
bottom" pointed out the possibility of 
microscale engineering (66). In such mi- 
croengineered devices, scaling laws al- 
low new levels of ruggedness, shock and 
acceleration resistance, thermal uni- 
formity, and response speed. In addi- 
tion, there are cost savings in manufac- 
turing as well as reductions in weight, 
volume, and power consumption. Thus, 
such micromachining provides new 
trade-offs between complexity, cost, and 
reliability which will allow increased so- 
phistication in the instrument. Finally, 
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Fig. 5. Readout instrument for remote spec- 
trometric analysis over optical fibers. 

scaling laws dramatically change the rel- 
ative importance of different physio- 
chemical interactions in microdevices, 
allowing novel design principles, mea- 
surement methods, and capabilities. 

Nature is also a source of inspiration 
for advances in sensor design, having 
evolved some sophisticated "low-cost" 
microsensors during the past billion 
years. The simpler sensors of the insect 
world (67) are already well enough un- 
derstood to provide design suggestions 
for sensor development research. An ex- 
ample is the antenna of the gypsy moth, 
which is capable of detecting individual 
molecules of the female's pheromone 
against a background 15 to 20 orders of 
magnitude greater. This is achieved by a 
combination of diffusive sampling, two- 
dimensional chromatography, and recep- 
tor sites. Many advances in sensor tech- 
nology may eventually begin with de- 
tailed studies of insect physiology. 

A different direction in improving 
process control analysis technology is to 
make the sensor physically separate 
from the readout system. In such a re- 
mote measurement system, the sensor is 
the major system component installed in 
the factory, with a single common read- 
out and data system installed back at the 
control panel. Since the time constant of 
most sensors is typically of the order of a 
second, while the time interval between 
measurement updates at the factory is 
typically at least a few minutes (limited 
by the production process time con- 
stants), hundreds of points can be moni- 
tored from one central location. 

This not only achieves savings in the 
overall cost, by limiting the per-station 
cost to that of a small, simply installed 
sensor with minimal support, the con- 
nections, and a small share of the read- 
out, it also places most of the system out 
of the aggressive factory environment, in 
a location where instrument adjustment, 
servicing, maintenance, and replacement 
can be accomplished at low cost. Fur- 
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thermore, with affordable redundancy 
these can be achieved without significant 
downtime. In this case, it is important to 
minimize the fraction of the system at 
the distal end, by making the sensor 
simple, and putting as much of its sup- 
port as possible back at the control pan- 
el. 

To reduce the distal portion of the 
system, electro-optical technology has 
distinct advantages for sensor develop- 
ment (68). Inexpensive, low-loss minia- 
ture fiber-optic light guides allow the 
construction of a sensor that has no 
electrical components at the sensing end. 
Instead, the probe light is generated re- 
motely and conveyed to the sensor end 
by a light guide, where it interacts with a 
chemical probe by absorption, scatter- 
ing, or fluorescence. The light, which is 
now encoded with chemical information, 
is then returned by the same or a second 
light guide to an optoelectronic transduc- 
er, which creates the desired electrical 
signal (Fig. 5). 

Today's optical "conductors" (long- 
range communications fiber optics) are 
equivalent in performance not to an elec- 
trical conductor but to an electrical su- 
perconductor. This allows long-distance 
connections over very small cables, 
which can often be installed in existing 
facilities without exorbitant conduit 
costs. Since insulation against ambient 
noise in optical systems is nearly perfect, 
the system does not even require a distal 
preamplifier or electrical power supply 
(69). Figure 2b shows such an optical 
sensor for multipoint sensing from a cen- 
tral readout. 

In practice, this technology is usually 
combined with the use of specific immo- 
bilized reagents in the sample interface 
or "optrode" to ensure the desired sen- 
sitivity and specificity (68, 70). More 
than 15 types of such optrodes have been 
developed by immobilizing different 
types of reagents at the fiber tip, includ- 
ing ones for temperature, pH, Clz, IZ, 
~ e ~ + ,  U022+, Pu, HCHO, NH3, 02 ,  and 
CHCI3; many more are possible and are 
under development. Current optrodes 
use mainly ultraviolet and visible absorp- 
tion and fluorescence, but near-infrared 
optrodes are promising for many applica- 
tions (71, 72). 

Once the restraints on sensor prolif- 
eration set by reliability and cost have 
been weakened, new criteria arise for 
choosing what to measure. Clearly, large 
amounts of data are now optimal. We 
want not only measurements that are 
complete enough to reduce inferential 
interpretation and reduce the pilot plant 
effort, but also overdetermination to en- 
sure reliability against both sensor fail- 
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Fig. 6. Temperature history microsensor. 
This device passively records the entire ther- 
mal history (temperature-time curve) of a 
device or location for readout on demand. 

ure and unexpected variations in the 
process, as well as some flexibility in the 
operating behavior of the plant. At this 
point, chemical sensor networks are not 
only a way to improve plant process 
control analysis and reduce its cost, but 
also a powerful way to increase the effi- 
ciency, quality, and versatility of the 
production process itself. 

Beyond Process Control 

Thus far, we have only considered the 
processing of raw materials into chemi- 
cals. We need to realize that these chem- 
icals will, in many cases, be further 
processed into various kinds of manufac- 
tured items. These two- or three-dimen- 
sional entities, varying in size from com- 
puter microcircuits to large commercial 
aircraft, must in many cases be manufac- 
tured to exacting chemical standards, 
with means provided for chemically 
monitoring their production and for final 
inspection and quality assurance in a 
chemical sense. In this endeavor we 
wish to know not only the chemical 
composition of an entity, but the spatial 
relations of the chemically distinct com- 
ponents. Ideally, the results of such an 
analysis would be displayed as a "chemi- 
cal image" on a computer graphics ter- 
minal with each analyte encoded as a 
different color and the amount of each as 
a different intensity. 

In the ultraviolet-visible optical re- 
gion, analysis is greatly facilitated by 
high-speed laser scanners and optical 
imaging devices. Their use for analytical 
chemistry with spatial resolution has 
been reviewed (73). Unfortunately, the 

ultraviolet-visible region of the spectrum 
is seldom suitable for inspection of the 
interior of an object, and the ultraviolet 
region is limited for solid-state analysis 
of industrial products. X-ray and nuclear 
magnetic resonance devices, employing 
the tomographic principle, have recently 
been used for this purpose with great 
success (74). Optical imaging technolo- 
gies are readily adapted to x-ray viewing 
with scintillators or image converters 
(75). Simplified, high-speed tomographic 
techniques can be employed for on-line 
inspection of regular objects, as only a 
few cameras would be sufficient to de- 
fine the object's geometry. On-line nu- 
clear magnetic resonance tomography 
seems much farther in the future. 

Another aspect of process analytical 
chemistry that is ripe for development is 
in-product sensors. Technical require- 
ments and user preference have forced 
the automotive industry to manufacture 
automobiles with a multitude of built-in 
sensors, reporting to either the human 
operator or to internal control loops in 
the system. Surprisingly, the vast major- 
ity of industrial products of comparable 
value are devoid of even the most ele- 
mentary internal sensing capability. 
There are two reasons for this. One is 
technological inertia, but the main one is 
economic. Until recently, in-product 
sensors were possible only within the 
economies of scale of the automobile 
industry. The proliferation of microsen- 
sors will soon change this, and in the 
process will change quality control from 
a statistical assurance by the manufac- 
turers to a "here and now" verification 
by the user. 

Examples of this trend already exist. 
In-product sensors that are becoming 
available range from simple thermolumi- 
nescent radiation dosimeter tags (76) to 
color indicator tags for chemical expo- 
sure (77), jolt sensors for transport of 
delicate items, paints indicating maxi- 
mum temperature (78), and steadily 
more sophisticated indicators of appro- 
priate refrigeration temperatures for per- 
ishable goods (79). 

Growth is evident in the sophistication 
and capability of these devices. The tem- 
perature microsensor, shown in Fig. 6, 
which measures (retroactively) the com- 
plete time-temperature history of a part 
with a passive, unattended sensor (31), 
and the microdryer, a microdevice that 
both removes humidity from an enclo- 
sure and indicates its residual level, are 
examples of this trend. Many of the 
sensors described above for process use 
are simple, rugged, and inexpensive 
enough to merit use as installed indica- 
tors in a product. 
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Conclusions 

Microengineering, remote measure- 
ment techniques, and chemometrics to- 
gether provide the tools with which to 
engineer a new generation of chemical 
sensors that will be ideally suited for 
process analytical chemistry. We look 
forward to a movement of analytical 
chemistry from the laboratory onto the 
factory floor. In addition, we foresee the 
extension of these concepts to the analy- 
sis of manufactured products and the use 
of in-place sensors. 

These developments may benefit the 
laboratory scientist as well. As the arti- 
cles in this issue attest, laboratory ana- 
lytical instruments are generally large, 
complex pieces of equipment. Over the 
past 10 years there has been a tendency 
in large scientific institutions to establish 
a centralized analytical facility where 
sophisticated instrumentation is main- 
tained at  the state of the art,  the econom- 
ics and efficiency of time-sharing use are 
attained, and an expert staff is available 
for consultation. Thus, the situation for 
analytical instrumentation resembles 
that of computing a decade ago, when 
computer centers offered the only cost- 
effective access to computing for scien- 
tists. Just as  personal computers revolu- 
tionized computing, in situ instruments 
have the same potential to broaden the 
scope of analytical chemistry. In analy- 
sis, as  in computation, there is a trend 
toward distributed power, and this will 
ultimately return to  the end user the 
oversight of product quality and per- 
formance. 

References and Notes 

1. P. N. Cheremisnioff and H .  J .  Perlis, Analytical 
Measurements and Instrumentation for Process 
Control (Ann Arbor Science, Ann Arbor, 1981). 

2. A. L. Smith, Applied Iqfrared Spectroscopy 
(Wiley-Interscience, New York, 1979). 

3. D. W. Hill and T. Powell, Nondispersive Infra- 
red Gas Analysis in Science, Medicine, and 
Industry (Hilger, London, 1968). 

4. S .  Borman, Anal. Chem. 54, 1394 (1982). 
5. T. Seiyama, K. Fueki, J. Shiokawa, S. Susuki, 

in Proceedings, International Meeting on 
Chemical Sensors (Kodansha, Tokyo, 1983). 

6. T ,  Hirschfeld, in Fourier Transform Infrared 
Spectroscopy, A. Ferraro, Ed. (Academic 
Press, New York, 1979), vol. 2, p. 193. 

R. Briggs, Process Eng. (May 19811, p. 45. 
W. B. Telfair, A. C. Gilby, R.  J .  Syjala,  P. A. 
Wilks, A m .  Lab. 8,  91 (1976). 
R. H. Wiens and H. H. Zwick, in Infrared, 
Correlation, and Fourier Transform Spectrosco- 
py,  J .  S. Mattson, H. B. Mark, Jr. ,  H. C. 
MacDonald, Jr. ,  Eds. (Dekker, New York, 
19771, p. 119. 
D. E.  Honigs, J. M. Freelin, G. M. Hieftje, T. 
Hirschfeld, Appl. Spectrosc. 37, 491 (1983). 
T. Hirschfeld, J .  Sweedler, J .  Freelin, paper 
presented at the meeting of the Federation of 
Analytical Chemistry and Spectroscopy Societ- 
ies, Philadelphia, September 1983. 
J .  C. Pfeffer, B. D. Skoropinski, J. B. Callis, 
Anal. Chem., in press. 
M. S.  Dav and F. R. B. Fearn. Lab. Pract. 31. 
328 (1982j. 
T. Hirschfeld and E. Stark, in FoodAnalysis, G. 
Charambolous, Ed. (Academic Press. New 
York, 1984), p. 505. 
M. Whitfield, Process Eng. (Oct. 19811, p. 61. 
P. Hoffman, K. H. Lieser, T. Hoffman, R. 
Sommer, X-ray Specfrom. 25, 63 (1982). 
S. D. Senturia, N.  F. Sheppard, S .  Y. Poh, H. 
R. Appleman, Poll'm. Eng. Sci. 21, 113 (1981). 
J .  Delmonte, J .  Appl. Poll'm. Sci .  2, 108 (1965). 
H. Hoberg and A. Klein, Glueckauf 113 (No. 
171, 859 (1980). 
R. Varma and L.  W. Hrubesh. in Chemical 
Analysis by Microwave Rotational Spectrosco- 
py (Wiley, New York, 19791, p. 154. 
L.  C. Lynnworth, IEEE Ultrasonics Symp. 
(1974), p. 678. 
G. H. Halsey, Mater. Eval. 26, 137 (1968). 
N. A. Anderson, Instrumentation for Process 
Measurement and Control (Chilton, Radnor, 
Pa., ed. 2, 1972). 
H .  Wohltjen, Anal. Chem. 56, 87A (1984). 
F. G. Shinskey, pH and PION Control in Pro- 
cess and Waste Streams (Wiley, New York, 
197'3) 
j :  janata and R. J .  Huber, in Ion Selective 
Electrodes in Analytical Chemistry (Plenum, 
New York, 19801, vol. 2, chapter 3. 
G. Velasico. J .  Ph. Schnell. M. Croset. Sensors 
Actuators 2, 371 (1982). 
J. N. Zemel, ibid. 1, 31 (1981). 
S. R. Morrison, ibid. 2. 329 (1982): H. E.  Haeer. 
J .  A. Belko, E. S. Dodd, ~ l e c t r o c h e m .  got: 
Extended Abstr. 83. 469 (1983). 
F. Gutman and L.  E. ~ g o n s , ' i n  Organic Semi- 
conductors (Wiley, New York, 1967). 
T. Hirschfeld, Energy Technol. Rev.  (Lawrence 
Livermore Natl .  Lab.)  (February 19841, pp. 16- 
23. 
A. R. Malstrorn and T. Hirschfeld, in Analytical 
Spectroscopy, W. S. Lyon, Ed. (Elsevier, Am- 
sterdam. 19841. v .  25. 
C. S. ~ c ~ a m m d n ,  W. E. Crouse, H. B. Carroll, 
A m .  Ind. Hyg. Assoc. J .  43, 18 (1982). 
B. Walter. Anal. Chem. 55. 498A (1983). 
T. ~ i r sch fe ld ,  ~n~ublished'results:  
J .  Smith, D. Sveryak, J .  Turrel, D. Vlastelica, 
Clin. Chem. 28, 1867 (1982). 
J .  Ruz~cka and E. H .H.  Hansen, Flow Injection 
Analysis (Wiley, New York, 1981). 
J. Ruzicka, Anal. Chem. 55, 1040A (1983). 
T. Hirschfeld and M. Block, paper presented at 
the meeting of the Federation of Analytical 
Chemistry and Spectroscopy Societies, Phila- 
delphia, September 1984. 
S. Collins and J .  Janata, Anal. C h ~ m .  Acta 136, 
93 11982). 
G. R: C-hooer. CRC Crit. Rev.  Clin. Lab. Sci. 4 .  
101 ( ~ u g u s t  1973). 
M. E.  Meyerhoff and G. A. Rechnitz, Anal. 
Lett .  12, ,1339 (1979). 
C. L.  Guillemin, J .  Chromatog. 249, 167 (1982). 
S .  C. Terry, J. H. Jerman, J .  B. Angell, IEEE 
Trans. Electron Devices ED-26, 1880 (1979). 

T. Hirschfeld, Anal. Chem. 52, 297A (1980). 
S. C. Terry, paper presented at the meeting of 
the Federation of Analytical Chemistry and 
Spectroscopy Society, Philadelphia, September 
1984 
C.P: M. Sluitjes, E. A. Vermeer, J. A. Rijks, C. 
A. Cramers, J .  Chromatog. 253, 1 (1982). 
J .  W. Jorgenson and K. D. Lukacs, Anal. Chem. 
53, 1928 (1981). 
J .  Hlavay and G. G. Guilbault, ibid., p. 1928. 
H. Wohltjen and R. E .  Dessy, ibid. 51, 1458 
(I 070) ,.,,,,. 
J .  F. J. Todd, G. Lawson, R. F. Bonner, in 
Quadrupole Mass Spectrometry and Its Appli- 
cations, P. H. Dawson, Ed. (Elsevier, Amster- 
dam, 19761, pp. 181-222. 
M. A. Baim and H. H. Hill, Anal. Chem. 54, 38 
(19R?) \ . , - - , . 
I. E. Frank and B. R. Kowalski, ibid., p. 232R. 
M. F. Delaney, ibid. 55. 261R (1984). 
I. M. Warner, E. R. Davidson, G. D. Christian, 
ibid. 49. 2155 (1977). 
K. Varmuza, ~ a t t e k n  Recognition in Chemistry 
(Springer-Verlag, New York, 1980). 
W. R. Hrushka and K. H. Norris, Appl. Spec- 
trosc. 36, 261 (1982). 
K.  H. Norris, NATO Adv. Study Inst. Ser.  A 46, 
471 (1983). 
I. Murry and P. A. Hall, Anal. Proc, (London) 
20, 75 (1983). 
S.  Star, D. B. Smith, J. A. Blackman, A. Gill, 
[bid., p. 72. 
G. D. Christian, J. B. Callis, E.  R. Davidson, in 
Modern Fluorescence Spectroscopy, E. L.  
Wehrv. Ed. (Plenum. New York. 1981). vol. 4. , ,, 

pp. iii-165. ' 
B. J. Gudzinowicz, M. J .  Gudzinowicz, H .  F. 
Martin. Fundamentals o f  Inteerated GC-MS 
(Dekker, New York, 19771, 1 to 3. 
I. M. Warner, G. D.  Christian, E. R. Davidson, 
J. B. Callis, Anal. Chem. 49, 564 (1977). 
M. A. Sharaf and B. R. Kowalski, ibid. 53, 518 
(1982): ibid. 54. 1291 (19821. 
C-N.'HO, G. D: ~hr is t ian ,  E. R. Davidson, ibid. 
50, 1108 (1978); ibid. 52, 1071 (1980); ibid. 53,92 
(10Q1\ , . , " . I .  

R. P. Feynman, Eng. Sci .  23 (February 1960). 
V. B. Wigglesworth, The Prirtciples of Insect 
Physiology (Chapman & Hall, London, 1972). 
T. Hirschfeld, T. Deaton, F. Milanovich, S. 
Klainer. Oat. Ene.  22. 27 (1983). 
T. ~ i r sch f i ld ,  ~ i e r g y  ~ e c h n o l . ' ~ e v .  (Lawrence 
Livermore National Laboratory) (July 1980), 
pp. 17-21. 
F. Milanovich and T. Hirschfeld, paper present- 
ed at the International ISA (Instrumentation 
Societv of America) Conference. Houston. Tex- 
as, 0ciober 1983. 
H. Inaba, K.  Chan, H. Ito, paper presented at 
the International Conference on Quantum Elec- 
tronics, Anaheim, Calif., June 1984. 
T. Hirschfeld, paper presented at the meeting of 
the Federation of Analytical Chemistry and 
Spectroscopy Societies, Philadephia, Septem- 
her IQRA --. .,- ,. 
J .  B. Callis and A. P. Bruckner, ACS Symp.  Ser. 
236. 233 (1983). 
G. T. Hermann, Image Reconstructions from 
Projections (Academic Press, San Francisco, 
1980). 
R. R. Price and A. E. Jumes, in Digital Radiog- 
raahv. R. R. Price et al.. Eds. (Grune & Strat- 
toh, k e w  York, 1982). 
H. Franco~s, E .  D. Gupton, R. Maushart, E.  
Piesch, S. Sourasundaram, Z. Spurry, IAEA 
Tech. Rep. I09 (1970). 
C. S. McCammon, W. E.  Crouse, H .  B. Carroll, 
A m ,  Ind. Hyg. Assoc. J .  43, 18 (1982). 
E. Kimmel, Chem. Eng. 90, 135 (5 September 
1983). 
Chem. Week 132, 36 (4 May 1983). 

SCIENCE, VOL. 226 




