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ABSTRACT

The energy consumed in distillation processes in the United States represents nearly
three percent of the total national energy consumption. If effective control of distillation
columns can be accomplished, it has been estimated that it would result in a reduction in the
national energy consumption of 0.3%(1). Real-time control based on mixture composition
could achieve these savings. However, the major distillation processes represent diverse
applications and at present there does not exist a proven on-line chemical composition sensor
technology which can be used to control these diverse processes in real-time.

This report presents a summary of the findings of the second phase of a three phase elfort
undertaken to develop an on-line real-time measurement and control system utilizing Raman
spectroscopy. A prototype instrument system has been constructed utilizing a Perkin Elmer
1700 Spectrometer, a diode pumped YAG laser, two three axis positioning systems. a process
sample cell and a personal computer. This system has been successfully tested using
iridustrially supplied process samples to establish its performance. Also, continued
application development was undertaken duﬁng this Phase of the program using both the
spontaneous Raman and Surface-enhanced Raman modes of operation.

The study was performed for the U.S. Department of Energy, Office of Industrial
Technologies, whose mission is to conduct cost-shared R&D for new high-risk, high-payoff
industrial energy conservation technologies. Although this document contains references to
individual manufacturers and their products, the opinions expressed on the products reported

do not necessarily reflect the position of the Department of Energy.



EXECUTIVE SUMMARY

Direct on-line measurement of chemical composition is important for optimal control of
distillation columns which consume 3% of the energy used in the United States.

During Phase I of this effort it was shown that Rmnén spectroscopy could identify a group
of chemical compounds which were important to the chemical processing industry. Also
during this earlier phase candidate measurement system configurations were identified and
measurement system accuracy and the time required to make an accurate measurement were
established.

During the Phase II effort of the project a multiple point measurement system was
constructed and tested. This was accomplished by routing the excitation light from a diode
pumped YAG laser to the measurement po‘ints with optical fibers and returning the Raman
scattered light to the spectrometer with optical fibers., An optical multiplexer was designed to
time-share the light in both paths. The excitation light wavelength was in the near infrared
range, thereby reducing the possible fluorescence of the samples to be analyzed.

The spectrum of the Raman-scattered light was measured by use of an interferometer-
based spectrometer (Perkin-Elmer 1700). The entire system is controlled by an IBM
compatible computer. The computer initiates a scan of the spectrum of the chemical stream,
gathers the spectral data from the spectrometer and estimates the composition of the
constituents. The calibration of the system is done by a l"trainmg" process in which multiple
samples with different typical concentrations of the constituents of the chemical stream are
analyzed and their spectra stored. Next, the unique set of orthogonal functions making up the
experimental data are found. Finally an empirical mathematical model of the relation
between spectral features and composition is formed based on multiple linear regression of the
weights of the orthogonal functions against the known concentrations of the constituents. The

accuracy goal of the project was a measurement of composition of each constituent of a process
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chemical stream within 3 minutes with a root-mean-square {rms) uncertainty of less than 2%,
(This is an absolute error. That is, if the actual concentration is 10% the reading may lie
within 8% and 12% with a probability of 0.68, plus or minus one standard deviation on a
Gaussian distribution. If the actual concentration is 50% the estimate of concentration would
lie between 48% and 52% with the same probability.) The final system achieved an error of
about 1% rms in 3 minutes for the constituents composing the chemical stream in the first

field trial test site, Tennessee Eastman Corporation of Kingsport, Tennessee.
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I. INTRODUCTION

Distillation is one Qf the most imporcant unit operations found in the chemical and the
petrochemical industries today. It is the priméry means used to separate mixtures of
chemicals into useful components. Distillation columns are extremely energy intensive and
notoriously difficult to control in the complex and ever changing environment in which they
typically operate, The successful operation and control of these systems are quite often
fundamental to the overall economics, product quality and to the productivity of a plant or a
refinery. The limiting factor on how well this can be done depénds on accurate and rapid
measurement of composition at key points in the column. Off-line laboratory measurements
have been used extensively in the past. These are accurate and reliable, but they are generally
far too slow to be used effectively in the minute by minute control of a column. Process
chromatographs have been used on-line for many years, but they also tend to be very slow. At
present process control systems utilize on-line indirect éomposition measurement estimated
from temperature and pressure, These measurements are inexpensive and fast, but they tend to
perform poorly in most industrial situations and often lead to incorrect control actions.

Some laboratory optical spectroscopic techniques are being developed for industrial
process control., The most populdr of these is probably near infrared absorption spectroscopy.
It is a good general-purpose technique but can have problems in aqueous solutions because of
the strong absorption of light by water in the near infrared. Generally speaking, laboratory
analytical instrumentation is very accurate and versatile but also expensive and delicate.
Therefore, if it is to be applied industrially the cost per measurement must be minimized and
the instrument must be either ruggedized or otherwise protected from any harsh operating
conditions. One way to bring down the cost per measurement is to share the cost of the
instrumentation among several measurements. Since the measurement points may be at some
considerable distance {rom each other this means either bringing chemical sample streams to
the instrument with the attendant installation costs, time delay and maintenance problems or
somehow physically extending the instrument capabilities to the measurement locations,

Optical analytical methods lend themselves to extension of the instrument to the

1



measurement points because of the availabllity of low-loss optical fibers, Anolher advantage
of this technique is that the expensive, delicate instrumentation can be located in a relatively
benign environment (such as a control room) and only the optical fibers and some relatively
simple sampling equipment need to be at the measurement point. There are installation costs
for the fiber but they should be lower than costs for piping the process streams to the
instrument and the maintenance cost should be significantly lower. Since light propagation
through the fibers is practically instantaneous there is no transport lag to slow the system
response, except in any local sampling system at the measurement point.

Of the three common optical spectroscopic methods in use today, fluorescence
spectros;copy. absorption spectroscopy, and Raman spectroscdpy. we chose Raman because ol

its narrow, distinct spectral features and relative insensitivity to the presence of water in the

sample.



[I. BACKGROUND

The control of industrial distillation columns has recelved much attention (n recent
years. The high cost of energy and new integrated plant designs have resulted in mdustry
reconsidering the approach of column over-design and operation at high steam and reflux
rates. It has been estimated that distillation processes consume three percent of the cnergy
produced in the United States. This large energy usage has been attributed in large part to
inefficiencies of currently used process control methods.

Optimal control of the energy usage in a distillation column can be eITécted by
monitoring composition at several points in the column. An appropriate composition
controller must be able to determine concentrations of multiple components at levels of 3% to
99% with accuracy + 2% of true value, The required reproducibilily or precisiont must be better
than 2%. The componeﬁts present must be correctly identified by the composition controller
and the composition measurements must be appropriately manipulated to provide a "real-
time" signal for the controller in order that it be able to control the process.

An essential characteristic of an appropriate composition controller is its suitability to
the industrial environment in general, and the column probe durability in the chemically
hostile environment of the column. Temperatures of up to 600 degrees F and pressure of 0.5 to
600 psia must not damage the composition probe or force the probe to generate incorrect
information.

Various composition analysis methods have been considered, in the past, for use in
column process control. Many of these have been utilized with varying degrees of ‘success due to
inherent limitations in these techniques. A critical concern in determining potential energy
savings utilizing composition control is the universality of the on-line analyzer, Raman
spectroscopy was chosen for this development effort as the most appropriate for the control of
a broad range of distillation separations.

The development of an advanced sensor system based on Raman spectroscopy for on-

line, real-time data acquisition for distillation control has been divided into three phases.
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The firét phase eflort was funded by the Department of Energy (DOE) in March, 1988 under
contract DE-FC0O7-88ID12691. ‘This effort consisted of a feasibilily study to determine if
Raman spectroscopy had broad application potential to distillation control and the selection
of the best detection system for its application to sensing and control.

This report summarizes the results of the second Phase Prototype On-Line Sensor
Development effort. Following the successful completion of this effort the third Phase On-Line
Field Trial and Demonstration of Column Control will be undertaken at the Ternessee

Eastman plant in Kingsport, Tennessee.

lIl. PHASE I CONCEPT DEVELOPMENT
During the first phase of this contract experimental‘studies were successfully carrled out
demonstrating the feasibility of using Ramén spectroscopy to analyze the chemical
components within a distillation column (2). Experiments performed also established that a
variety of instrument systems, i.e. FT or Diode/CCD Arrays, could be constructed for column
‘sensing and control. Also, the signal averaging time required for the necessary composition
determinations was established for each detection system using test mixtures of appropriate
chemicals prepared in-house or acquired from several industrial companies with an interest
in the application of the technique to their processes. The time required for data acquisition
and chemometric analysis was compared with the closed-loop cycle time required for control
of typical industrial chemical processes. The important conclusions from Phase I are
summarized below:
1.  Raman spectroscopy is a good choice for analysis of important industrial
chemicals.
2, Fiber optic probes can be used to multiplex the excitation and Raman scattered
light.
3.  The excitation wavelength should be between about 750 nm and 1.064 um,
4, A spectroscopic resolution of about 2 cm! is required to resolve Lthe spectral

features of the three chosen chemical mixtures.
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5. An mterfe;'onueter~based analysis system with 1.064 um excitation provides
sufficient rahge. resolution and signal-to-noise ratio to make estimates of cherluicall
component concentrations accurate to within about 2% in threé minutes. Also, Lhis -
performance is adequate for control of the chemical processes chosen for field
trials.

Following a series of meetings with industrial chemical manufacturers and instrument
suppliers, two distillation applications were selected for in-depth study during the Phase I
effort and as candidates for sensor system design and testing d{mng the Phase II and Phase III
eforts of this project. The applications chosen were based on: (1) their industrial importance
and total national energy consumption represented by these and related processes, and (2) thelr

avalilability as industrial test sites during the Phase III effort.
IV. MAJOR TASKS INCLUDED IN THE PHASE II PROTOTYPE CHEMICAL
COMPOSITION DESIGN, CONSTRUCTION, AND TEST EFFORT

The results of the major tasks undertaken as part of the Phase II effort can be found in

the sections of this report given below:

1. Sample-cell design and fabrication - SectionV
2.  Optical system development - Section V
3. Software development - SectionV
4.  System Assembly and checkout ' - SectionV
5.  Prototype testing - Section VI
6. Continued application development - Section VIHI
7.  Commercial system design - Section X
8.  Economic analysis of industrial use of the sensor system - Section VII
9. Documentation and technology transfer - Section XI
10. . Project reviews - Section XII

11.  Surface Enhanced Raman evaluation (added during Phase I} - Section IX

"t



V. SYSTEM DESIGN AND OPERATICON )
System Design ‘

In October of 1989 a design review meeting was held at the University of Tenuessee with
representatives of DOE, Tennessee Eastman Corporation (TEC) and other interested parties.

The basic structure of the proposed system design was presented at that time and approved by
those present.

A diagram of the multi-point chemical composition measurement system is shown in Fig. 1.

On-Line Chemical Composition
Measurement System

to Process
Control
B2
IBM PC Motor Controlle)
| : ‘ Interferometer
Compatible MsorConuolle
AD
==
( - \‘s /I
Solenoid Write N/
Positioner ———ju- Hn o
Beam Microscope 3-Axis - .
Dump -....@D# Objective ’Y’ositioner/ Y _, 6-Fiber
‘ Single Fiber {1/
T aser g j »V’v Bundle
\

[ JPhotodicde

Figure 1. Block diagram of the multi-point chemical composition measurement system
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The system is controlled by an IBM compatible computer which sequences the operations
and also doés the chemometric estimates based on the acquired spectra. The excitation light is
generated by a Neodymium-doped Yttrium-Aluminum-Garnet (YAG) laser whose free-space
wavelength is 1.064 um. This excitation light source was chosen because for all but a few
chemical mixtures there is no significant fluorescence with that excitation wavelength and
YAG lasers are available at power levels of hundreds of milliWatts to several watts. The laser
light is focused by a microscope objective onto the core of an excitation fiber wiich carries the
excitation light to the chemical sample. Any of seve... excitation fibers leading to different
sample cells can be used and the one used is chosen by a 3-axis positioner which acts as the
input multiplexer. During the time of switching between excitation fibers, the beam dump is
interposed between the laser and the input multiplexer to avoid damage to the excitation fiber
connectors or other structures by the excitation light.

The excitation light exits the excitation fiber in the sample cell. There it sprqads ina
conical pattern causing the Raman scattering effect as the light passes througlg the liquid. The
cone is defined by the numerical aperture of the excitation fiber. At any point in this cone the
excitation light is both Rayleigh and Raman scattered uniformly in all directions. Arrayed

around the excitation fiber in the sample cell are six (6) collection fibers (Figure 2).



Figure 2. Arrangernent of excitation and collection fibers in the fiber optic probe. (E
for excitation and C for collection)

These fibers view the cone of excitation light, each from its own perspective, and collect
any light Rayleigh or Raman scattered within the excitation cone which strikes the ends of the
collection fibers at an angle within each fiber's numerical aperture, The bundle < excitation
and collection fibers entering the sample cell is referred to as the "fiber optic probe". Basically,
the amount of light collected depends on the amount of overlap between the excitation cone and
each of the "reception cones" of the collection fibers. The power of the collected light depends
on both the volume of overlap and the intensity of the excitation light in that volume. It has
been shown both theoretically and expertmentally that the collection efficiency of the probe
can be optimized by setting the collection fibers at a small angle with respect to the excitation
fiber (3).

The sample cell is designed to optimize the collection efficiency of the fiber optic probe

(Figure 3).



Optical Probe (1" OD)

Vent Tube "t: / l

Temperature Sensor

316 Stainless Steel

Glass\
>90 mm
Standpipe

‘ Baffl
316 Stainless Stee1< v ©

__— Inlet

Figure 3. Sample cell construction.

It was shown In Phase I that the depth of field should be at least 90 mm to gather
practically all of the available light. Therefore the cell is more than 90 mm deep and wide

enough to accommodate the entire excitation cone to a 90 mm depth without obstruction. The
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chemical to be analyzed enters the sample cell at the bottom through a baffle which promotes
mixing through turbulence. The chemical exits the sample cell through a standpipé which sets
the upper level of the liquid in the sample cell. Obviously this level should be above the end of
the probe. The fiber optic probe is inside a quartz "sheath" which prevents direct contact

- between the chemical sample and the end of the probe. This Is necessary because in Phase | it
was discovered that the TEC chemical stream will attack the epoxy which holds the {ibers in
place, allowing them to move, and seriously degrading their collection efficiency. The quartz
sheath is itsell Inside a protective stainless steel tube which is fastened in place by a one (1)
Inch Swagelock fitting. In the top of the sample cell there are also Swagelock {lttings to hold a
thermocouple and a vent tube. There is also a drain in the bottom of the sample cell to emply it
for cleaning.

The collected Rayleigh- and Raman-scattered light travels back to the spectrometer
through the collection fibers. The light exiting the collection fibers is coupled to the
spectrometer by a lens arrangement which maximizes the amountyof light which ultimately
strikes the detector in the spectrometer (4). This is very important because signal-to-noise
ratio is of critical impoftance in this measurement, After passing through the input lenses the
light is filtered by a Rayleigh-rejection filter which partially removes that part of the
excitation light which was Rayleigh scattered into the collection fibers (or directly reflected
from the sample cell or Mie scattered from any particulates in the chemical). This is
important because the Rayleigh-scattered light can be several orders of mégmtude more
powerful than the Raman scattered and could saturate the detector and/or cause excess shot
noise if it is not removed. Next the light traverses the interferometer which generates the
interferogram.

Upon exiting the interferometer the light is again filtered by a Rayleigh-rejection filter t‘o
further réduce the power at the excitation wavelength. Then the remaining light s focused
onto an Indium-Galllum-Arsenide (InGaAs) photodiode and its power is converted to electrical

current, The electrical current from the pholodiode is converted to voltage and is sampled at
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evenly spaced intervals of interferometer mirror position and stored in computer memory,
This data sequence of voltages forms the interferogram. Multiple interferograms are taken
and averaged and stored in memory. The Fourier transform of the averaged interferogram is
calculated by the spectrometer's computer, forming the power‘spectmm of the collecped light,
and that spectrum is then available for acquisition by the system's control computer.

The sequence of events is controlled by the system control computer. It initiates the
taking of data by sending a command to the spectrometer. The system computer then
continuously polls the spectrometer computer, checking to see whether it is ready with the
spectral data. When the spectrometer s ready the control computer commzmds‘it to transer
the data over the IEEE-488 data bus. When the transfer is complete the control computer
analyzes the acquired spectrum and estimates the chemical composition of the contents of the
sample cell.

Chemometric Modeling

The estimation of chemical composition is based on an empirical model. The model is
formed during a calibration process. The calibration consists of a training phase and a
verification phase. In the training phase multiplé chemnical mixtures representative of the
range of chemical compositions expected in the actual process are introduced into the sample
cell one at a time, A spectrum is taken of each one and stored. After all spectra have been
acquired most of them are used in the training process but a few are reserved f{or the
verification phase. The training spectra are analyzed along with the known concentrations of
each constituent of the training chemical mixtures. The analysis consists of finding the so-
called "eigenspectra” of the training spectra. Tﬁe eigenspectra afe the orthogonal
eigenfunctions of the set of training spectra and therefore any of the individual training
spectra (and any other spectrum of the same length) could be formed by a weighted sum of the
eljgenspectra. The model is a multiple linear regression of each of the chemical concentrations
against the weights on the eigenspectra used to form each training spectrum. A new spectrum

can be broken down into its sum of weighted eigenspectra and its weights can be used to
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estimate the concentrations of its components. After thé model Is formed it is used to compure
the estimates of concentrations of components in the verification samples with the actual
concentrations as a {inal check on t‘he validity of the model. The rms erTor between the actual
and estimated concentrations of the verification samples is the estimated measurement error
of the instrument, for that range of concentrations, and for those components,

New Model for Chemometric Estimates of Concentrations

A concern in the process of estimation of concentrations from spectra is the effect of vart-
ations of the net excitation power delivered to the sample. The laser power itsell can, and does,
fluctuate by a small percentage on a short term basis (over hours) and will gradually decay on a
longer term basis (over weeks). The coupling into the excitation fiber or between f{ibers at
connectors can change over time or with maintenance. The window which protectls the probe
from the sample can change optical characteristics due to a build-up of contaminants over
time. The effective power to a mixture can be affected by particula‘es in the mixture. Any of
these effects, if not measured and known accurately can strongly affect the accuracy of
chemometric estimates. During the summer of 1991 various techniques were tested to
compensate for possible changes in eﬂ”ectivé excitation power, resulting in the development of
a model which uses ratios of spectral peak areas for estimation purposes. Since all spectral
peak areas are affected by the same factor when the effective excitation power changes, the
ratios of spectral peak areas are not affected. All tests of the model were performed using the
acld-solvent water (ASW) mixture present in the Phase III field trial column.

The model is based on the following observations. There are three signilicant peaks
in the spectrum of ASW mixtures. The area of the {irst peak varies most strongly with acid
concentration although it is slightly affected by the solvent concentration. This one
will be referred to as the acid peak. The area of the next peak is due entirely to solvent concen-
tration and will be referred to as the solvent peak. The third one is in another region of the
spectrum known as the "CH stretching” region, referred to as the CH peak. [ts area is allected by

both actd and solvent.  In addition, all the peaks are alfected in another way by all three
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components, The Raman-scattered light on i's way back to the reception fibers is attenuated by
the components., The atienuations are strong functions of wavelength so each peak is alfected
differently by the different components, The effect of attenuation is described by Beer's law in
which th w.ount of light transniitted is a negative exponential function of the concéntration
of the component { as well as its attenuation cross section and the path length). Based on these

observations the following model was developed:

¢, -a,C

Cae~ a,

8 w
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where
Ay Is the area of the acid peak
Ag is the area of the solvent peak
Agh is the area of the CH peak
P, is the effective excitation power
C, Is the concentration of acid
Cs is the concentration of solvent
Cy Is the concentration of water
Saa s the effective Raman cross section for acid at the acid peak location
Sga is the effective Raman cross section for solvent at the acid peak location
Sgs Is the effective Raman cross section for solvent at the solvent peak location
Sach Is the effective Raman cross section for acid at the CH peak location
Sgch 18 the effective Raman cross section for solvent at the CH peak location
ayq Is a coefficient for absorption of acid at the actd peak location
agy Is a coeflicient for absorption of solvent at the acid peak location
awgq Is a coefficient for absorption of water at the acid peak location
agg is a coefficient for absorption of acid at the solvent peak location
agg Is a coefficient for absorption of solvent at the solvent peak location
aws Is a coeflicient for absorption of water at the solvent peak location
agch 1s a coeflicient for absorption of acid at the CH peak location
agch 1s a coefficient for absorption of solvent at the CH peak location
awchls a coefficient for absorption of water at the CH peak location

Only area ratios area used in the calibration and estimation processes. The area ratios used
are




Calibration spectral data are used to find the best values of these parameters Lo minlmize
the errof between estimates of concentrations and actual concentrations, Then the model is
frozen-and is used to estimate concentrations from new spectral data, The model is non-linear,
Therefore an iterative technique has been developed to search for the best concentration
estimates based on a minimization of the rms error between the area ratios computed by model
and the actual area ratios. With this model the rms e“stlmation errors are about 0.8% [or
solvent, 1.7 % for acld and 1.3% for water.

Temperature Effects on Measurement of Acid, Solvent and Water Concentrations

Several systematic tests were conducted to determine whether temperature has a
significant effect on the estimates of concentrations in ASW mixtures. The tests consisted ol
placing a known sample in a large test tube which was thermostated and controlled at a
constant temperature and gathering spectral data for 15 mixtures at 4 temperatures each. The
mixtures ranged from 100% acid to 100% solvent to 100% water with most of the mixtures
being in the normal range of concentrations expected in operation of the Tennessee Eastman
distillation column. The four temperatures were 30°C, 40°C, 50°C and 60°C. The spectral data
were reduced by the chemometric estimation algorithm. Models were built for the four
| temperature cases. The models were different, but only slightly. At a single temperature the
estimates of concentration scatter arourid the actual concentrations because of system nolse.
This inherent uncertainty with an rms error between 0.8% and 1.8% was significantly greater
than the errors due to the small differences in the models. Therefore it is not statislically
possible to conclude whether there are actual differences due to temperature, but it is possible
to conclude that, if there are differences, their effects are insignificant compared to the
uncertainty due to system noise.

Effects of Suspended Particulates on Measurement of Acid, Solvent and Water Concentrations

Two tests were conducted to determine the effects of suspended particulates on

concentrations in ASW mixtures. In each test a sample of 100% acid was contaminated with
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successively higher concent.ra’s}fgns of particulates. Two types of particulates were used; talcum
powder and iron oxide particles.

In the talcum powder tests the effects on the spectrum were almost unmeasurable unlil
the concentration Was s; ]rfigh the suspension was milky white and completely opaque. We
belleve this test to be much wvorsc_: than anything we could expect in actual operation at
Tennessee Eastiman and therefore"conclude that particles of this size shduld not be a problem.

In the fron oxide tests the effects on the spectrum were much more significant, Again we
tested to concentrations much higher than we expect at Tennessee Eastman. We found that two
major effects occurred: 1) the baseline of the spectrum rose and 2) the peaks above the baseline
got smaller. The rising of the baseline might be due to Raman scattering [rom the particles or,
more likely, backscattering of the Raman of the optical fiber itself. The peaks due to acid and
solvent were diminished because of the masking effect of the iron oxide particles making the
mixture murky. In these tests, the cherﬁometric estimates were greatly affected by the iron
oxide particles. Therefore although we do .10t anticipate particles at anywhere near the
concentrations we used, we have recommended to Tennessee Eastman that the input sample

stream be filtered to reduce the concentration of particles of this size to near zero.

VI. SYSTEM TESTING

In August of 1990 the system components were all on hand and the system was assembled.
During and after the system assembly a series of tests of increasing complexity was performed
to check all aspects of system operation. A test plan for these tests was submitted to DOE [or
approval. The tests were grouped into four types:

1. Single-cell, static-sample tests.

2. Multiple-cell, static-sample tests.

3. Single-cell and multiple-cell flowing-sample tests.

4, Time response tests,

In the first three types of tests runs were done over a 3-day perlod taking data and

estimating concentrations continuously over that time,

15

W R g gy poneonoan R T R R TU R IR TR I 'R CI T wegye g



The first single-cell, static-sample tests revealed sonie problems, The probe design had a
protective quartz window covering the probe end to avold chernical attack on the epoxy holding
the fibers. The quartz window was hela in place by an arrangement ol a metal retaining ring
and O-rings to seal out the chemical. First, because the window was not flush against the fiber
ends, there was some reflection of the light from the excitation flber into the collection fibers
before the excitation light entered the chemical sample. This reflection caused some excitation
light to be collected. This was not a major problem since the Rayleigh-rejection filters
effectively removed that light.

The more serious problem was due to the following effect: While traversing the fiber path
from ;he laser to the sample cell the excitation light caused Raman scattering in the excitation
fiber. This scattering went in all directions including down the fiber toward the sample cell.
When it exited the excitation fiber it, along with the light at the excitation wavelength, was
partially reflected into the collection fibers. Even though Raman scattering in the silica {iber
is a relatively weak effect the long path provided a Raman signal of significant power
compared to the Raman scattering from the chemical sample. This formed a rather broad

interfering background on the desired Raman spectrum rom the chemical sample (Figure 4),
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Figure 4. Isopropanol Raman spectrum with silica Raman interference

If this background had been a constant in all samples regardless of their concentration it
could have been removed by direct subtraction or simply in the chemometric model-forming
process. Unfortunately it was not constant because the slightest mechanical disturbance or
‘thermal change caused the spacing between the protective window and the fiber ends to change,
thereby changing the intensity of this "silica Raman",

Another problem with this probe design was that the O-ring seals intended to keep the
chemical out did not. Both problems were solved by changing the probe design. An all quartz
sheath extending up and out of the chemical sample was designed. The probe fits into the

sheath and flush against the flat end of the sheath which serves as a window (Figure 5),
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Figure 5. Close view of end of fiber probe inside quartz sheath

To ensure that reflections do not occur, index matching gel is placed between the window
an- the fiber ends. This new probe design effectively elimirated the leakage and silica Raman
proble.ns (Figure 5). The spectrum in Figure 6 was taken with the new detector and laser as well
as the new probe design. Notice the improved signal-to-noise ratio and the extra feature in the

absolute waveriumber range from 6350 to 6600,
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Figure 6, Isopropanol spectrum with new probe-in-sheath design showing
almost no silica Raman interference

Another major problem revealed in the first single-cell, static-sample tests was poor
signal-to-noise ratio. Based cn Phase I work it was clear that t};e addition of long extension
fibers with couplers would reduce both the excitation power at the sample and the returned
Raman power and that to achieve the accuracy goal more laser power or less detector noise or a
combination of both would be needed. More powerful YAG lasers were available but were very
expensive and unreliable and required high electrical power and water cooling. None of these
attributes was appropriate for an industrial application where economy and reliability are
pafamount The development of diode-pumped YAG lasers was about to bring them to market
at the power levels required and the market in diode-pumped YAG lasers was maturing, In
September a diode-pumped YAG was ordered with the stipulation that it was to be delivered by
the end of October in a condition that met specifications of up te 2W of output power, Alter
some delays the laser finally arrived in late November. A field engineer came with it and
aligned it. Its maximum power capability at that time was about 1.1W. The vendor prumised to

furnish new pump diodes in the near future that would allow it to meet the specifications.
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During about a month of experimentation with the new diode-pumped YAG its power gradually
diminished. After consultations with the vendor it was decided that the new diodes would not
be forthcoming in the foreseeable future. The laser was returned and ancther laser from
another vendor was ordered. This cne arrived in early March and met specifications. During
this time of receiving and testing diode-pumped YAG lasers many of the tests were run with
poor signal-to-noise ratio exercising the system and illustrating problems but never achieving
the desired accuracy.

In the two-cell, static-sample tests the multiplexer was added to the system and during the
3-day tests two excitation fibers were constantly moved in and out of the laser beam. The 3-
axis translational stages performed very reliably during the three days, once they were started
right. On some occaslions at start-up one of the positioners would go to the wrong position and
the test would have to be restarted. Once the two positions were successfully found, however,
the positioner never failed to find them for three days without error.

The third set of tests involved flowing samples. A cart was bulilt with tanks and a pump to
allow pumping a chemical sample in a continuous loop to observe any possible flow effects on
the measurement. In the first tests of the flowing sample copious bubble formation was
observed. These bubbles weuld then flow around the loop and appear in the sarnple cell. This
caused a considerable loss in sensitivity of the measurement because of the scattering of the
excitation light by the bubbles. It was discovered that this bubble formation was caused by the
sucking of air into the standpipe. When all the liquid in the sample cell above the standpipe
was pumped out the pump pulled air in. The problem was solved by lowering the standpipe
slightly to allow a greater flow of liquid into the standpipe. Occasionally some bubbles from
various sources, especially on start-up, would enter the cell but by adjusting the flow rate and
allowing some pressure relief at the top of the sample cell it was possible to establish a steady
flow with no bubbles.

An imoortant question {s "If the input flow suddenly changes from one composition to

ancther, how long is it before the cell contents reflect this nsw composition?" Obviously Lhe
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changeover time involves the flow rate and the cell size. The cell size is about one quart and the
flow rates were approximately one gallon per milnute (1 gpm). If all the old sample were pushed
out in simple transpoft by the new compositicn the changeover would take place in about 15
seconds, well within the effective time between measurements of about 3 minutes. However the
changeover involves mixing and the old composition will not simply be pushed out by the new.
To determine this time two tests were done:
1.  Water with red food coloring was put into one tank and clear water into another. Flow
was established with the clear water and the flow was switched suddenly to the red water.

The transition aﬁd the changeover seemed to take place in about 30 seconds. Upon

switching back, however, to the clear water, the transition seemed to take much longer,

on the order of 2 minutes. This is apparently due to an optical illusion. When red water
mixes with clear water the color change to red seems to happen quickly and when clear
water is mixed with red the water seems to stay "red" for a long time, The human eye and
brain seem to interpret almost any red color at all as being completely "red" and cannot
distinguish very well between slightly "red" and very "red".

2. Pure isopropanol was put into one tank and a mixture of 70% isopropanol and 30% water
in another. Flow was established with pure isopropanol and then suddenly switched to

the mixture. Since there is no visual indication of the changeover, spectra were taken at 3

minute intervals before, during and after the switchover. From the estimates of

concentration it appeared that the changeover occurred completely within one 3 minute
interval.

The conclusion from these tests is that the instrument measurement time of 3 minutes is
the dominant time constant in the system and the changeover time in the cell does not cause
any significant additional delay in the measurement.

In early 1991 it was decided to get a thermoelectrically-cooled detector to use in the

industrial prototype instead of the liquid nitrogen (LN9) cooled detector that had been used up

until that time. The noise level was expected to be somewhat higher because the thermoelectric
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cooling can only take the detector down to about 233 K as opposed to the 77 K of the LN¢ cooling

but it was considered important for an industrial instrument not to use LNy, Surpriélrxgly. the

new detector, even at room temperature, had much lower noise than the old detector. The
vendor attributes this improvernent in performance to the great improvements in the process .
of making InGaAs diodes in the past year. The new detector m‘combmation with the new, more
powerful laser greatly increased the signal-to-noise raﬂo. In late March a new calibration of
isopropanol-water mixtures was done with the new detector and laser. Even with the losses in
the extension fibers end couplers the rms measurement uncertainty in the verification
samples was about 1.1%. This compares very favorably with the rms error of about 10% with

the old detector and laser.,

VII. ECONOMIC ANALYSIS OF INDUSTRIAL USE OF THE SENSOR
SYSTEM

Introduction

During Phase I, a preliminary study estimated the energy savings potential of an
analyzer based, column control system. The study used a computer simulatton of the column
selected for the Phase III field test of the Raman analyzer. The column is a Tennessee Eastman
Company azeotropic distillation column (TEC azeo column) that uses a solvent mixture to
break the heterogeneous azeotrope formed between water and acetic acid. It is the final unit
operation in a plant that recovers commercial grade anhydrous acetic acid from a weak
mixture of acetic acid and water.

Description of the Column

The column {s shown in Figure 7. It is a 52 stage column with a reboiler, condenser, and
decanter. Energy is supplied to the column at the reboiler and removed at the condenser. The
boiling liquid in the reboiler (mostly acetic acid) provides vapor flow for the tray section of the
column, In the condenser, vapors in the overhead (mostly solvent and water) are condensed
and fed to the decanter. The decanter removes the water and pumps the solvent back to the

column as liquld reflux for the tray section. The tray section is a series of contacting units in
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which the more volatile components move up and the less voiﬁtile components move down.
The composition profile which develops from tray-to-tray is one in which the low volatile(s)
or components collect in the bottom of the tower and the more highly volatile components
collect in the top. Figure 8 shows the composition profile that devélops during the normal base

'

case operation of the azeo column,
Energy Efficiency and Utilization in Distillation

Before presenting the economic analysis of the proposed composition based control of
the TEC azeo column, a more general discussion of the energy efficiency and utilization In
distillation processes would be helpful. Distillation processes are very common in virtually
all manufacturing operations that produce or use liquid matertals. It is the most general and
in many cases, the only unit operation available for separating homogeneous liquid mixtures
into their components. Because it requires the vaporization of large quantities of liquid,
distillation is extremely energy intensive. The energy requirement depends on: (1) the
relative volatility of each component, (2) the number of trays in the column, (3) the desired
purity of the separation, and (4) the variation in the operating environment of the column.

Relgtive volatility The relative volatility (as well as other physical properties) of a

glven mixture is thermodynamically fixed; however, it can be modified by adding other
components. In Tennessee Eastman's case, the relative volatilittes of acetic acid and water are
the same at the azeotrope composition. This phenomena makes it impossible to separate the
two components without the addition of a solvent, The selection of solvent mﬂue‘nces the
energy usage or demand and thus, the solvent identity is typically held in close proprietary
confidence.

Number of trays The number and efficiency of the trays also influences the energy
required for a separation. In general, the more trays present and/or the greater tray efficiency,
the less energy required for the separation. There is, however, a point of diminishing return.

In the column design, the cost of capital equipment is typlcally balanced against the cost of

operafions.
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- Product purity The relationship between product purity and energy is a consideration
in understanding energy efficlency and ulilization in distillation processes, A general
relationship between ‘product purity and energy costs is shown in Figure 9. Note that the
amount of energy required increases expdnentially as the desired product purity increases. In
general, high purity separations require large amounts of energy, whereas low purily
separations are less energy intensive. |

Variation in the operating environment For a column operating in a typical industrial
environment, the relationship between product purity and energy (as shown in Figure 9) only
tells part of the story. Typlcally most distillation columns suffer disturbances in the energy
and material balances that cause changes In the operation of the column. These changes can
propagate to the product as variations in the composition and purity. Figure 10 shows the
effect of that variation on energy utilization. If the variation in product purity is high, the
column must be adjusted to a higher energy level to insure that the minimum purity
specification (set by the customer) is always met.

In addition to increasing the energy requirements, variation can also reduce
substantially the production capacity of the column. Figure 11 illustrates the magnitude of
lost production as a function of variation. For production constrained plants, this can be a
greater practical concern than the extra cost of energy. If the variation in the product purity is
smaller, the column can be operated closer to the minimum energy requirement without
risking production of off-spec products.

Energy Curve for TEC Azeo Column

As part of the economic analysis of the TEC azeo column, an energy vs purity curve was
determined using a column simulation. The curve is shown in Figure 12. The simulation
program used was developed both at the Tennessee Eastman Company and the University of
Tennessee. This program represents the state-of-the-art in distillation simulation. It is a

detailed, dyna:!tc tray-to-tray simulation that includes proprietary Tennessee Eastman

Company data.
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A distillation control system reduces energy consuription by minimizing the effect of
variation on the product purity, As can be seen In Figures 9 & 10, If the varlatlon in the product
purily can be reduced substantially, improvernents in both energy consumplion and
produclion capaclty can be realized, A column control system attempts to recduce the varlation
by changing the material and energy balances of the column based on process measuremernts,

Figure 13 Ulustrates the control system currehtly used on the Phase [l azeo column, IL
conslsts of two temperature measurements and two controllers. One controller adjusts the
| reflux to maintain the temperature on tray 42; the other adjusts the steam flow to maintain the
lemperature on tray 12,

Figures 14 {llustrates a proposed control system that uses composilion measurement
Instead of temperature, Both control schemes manlpulate the rellux and the steam rates, The
difference between the schemes Is the sensor type and location, The current system (Figure 13)
uses temperatures to indirectly measure composition. These temperature sensors were most
probably located by simple rules-of-thurnb, In the proposed system (14), the sensors will be
replaced by the Raman based composition analyzer and have been carefully located (o
minlmize interaction and maximize sensitivity,

For the TEC azeo column, the primary disturbances are: (1) changes in tfw feed rate, (2)
changes in the feed composition, and (3) changes in the column pressure. When one or more ol
these events occur, the control systems react by changing both the reflux and the steam, In
terms of energy efficlency, the basic concern is how each control system performs with respect
to the varfation in product purity. Again, low varlation in product purity allows the column o
be operated much closer to the minimum energy without the risk of making product at a lower

purlty than the customer specifies,
Comparison of Control Strategies
For this preliminary ertergy analysis, four control systems and one source ol column

disturbance were considercd. The four control systems considered were the two dual ended
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control systems shown in Figures 13 & 14, as well as a single ended variation of these two in
which the top controller was turmed off. Because it was identifled by the engineers at TEC as
the disturbance with the most serious effect on the control system only the feed composition
disturbance was considered.

The results of this study are presented in terms of variation in product purity, Figures
15 a & b, and in terms of energy reduction, Figure 16. The results indicate that variation in
feed composition will propagate to the product purity for all control systems. However, the
propagation is considerably less for the two composition based control systems, For the two
temperature based control systems, it is interesting to note that the simpler single ended
control systern actually performs better than the dual ended scheme. There is very little
difference between the two proposed composition control systems, Both perform much belter
than the current temperature based systems.

Figure 16 shows the result of the study in terms of the anticipated energy savings
relative to both the dual and the single ended temperature control schemes. Note that the
leverage offered by composition control depends on the magnitude of the variation in the feed
composition. Relative to current operation and practice, the potential energy savings that
could be realized by a composition based control could well be an improvement of 5% or
greater for large feed composition disturbances.

It is important to note that this preliminary study did not consider the increase in
productivity which would be possible with tighter control over the product purity. Hydraulic
data on the actual column will have to be obtained before such estimates can be made.
Location and Resolution of Composition Measurement

One important aspect of composition based control systems is the relationship between
the composition measurement location and the required measurement resolution. One
feature of the Raman based composition analyzer is that it can be used to measure
compositions in the tray section of the column. (Conventional process analyzers are typically

applied to only product streams). This offers several advantages for addressing the control and
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~energy reduction problems. The first advantage s demonstrated in Figures 17a, b, and ¢ where

the sensitivity of the composition profiles to changes in the reflux and steam are plotted for
each tray location. Note that product ends (where conventional analyzers are applled, {f
applied at all) have very little sensitivity, The leverage in controlling composition is orders of
magnitﬁde greater {f the measurement is made inside the columg This is a characteristic of
the TEC azeo column, but it is also a general characteristic of most distillation processes. [
composition information is to be used in controlling a column, it needs to be well selected
internal composition and not product compositions,

Locating the composition sensors inside the column has another advantage that can be
seen in Figure 18. Measuring and controlling composition at a sensitive tray in the column
requires mu.h less rcsolﬁtion of the composition analyzer. Figure 18 shows how variation in
composition of acetic acid at the control tray propagates to the production composition. Nole
that a 4.5% variation in the composition at the control tray results in a variation in the
product of 0.04%. In terms of process control, this means that If the composition on tray 9 is
maintained between .575 and .62 (6 standard deviations of 0.045) this translatles to a variation
in the product between 9982 and .9986 (6 standard deviations of 0.0004). The less stringent
need [or resolution implies that the analyzer can be made to respond faster and much less
expensively.

Summary of Economic Analysis

The Phase Il economic analysls quantified the improvements in the TEC a.zeo column
control that would be possible {f the control system were based on composition mcasurcvmenl.s
Instead of temnperature as at present. This preliminary study was conducted on a simulation of
the proposed Phase Il field test column and included two relatively simple composition
control strategies (others will be considered in Phase 1II), The results of the study Indicate that
there is a clear advantage to composition based control. Both composition control schemes

significantly reduced the variation in the product composition. Reducing variation saves
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Acetic Acid Composition Sensitivity vs. Tray Location
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dX3/dV = the change in solvent composition with respect
to the change in the vapor rate

dX3/dL = the change in solvent composition with respect
to the change in the liquid rate

Figure 17 ¢
Solvent Composition Sensitivity vs. Tray Location
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energy by allowing operation of the column much closer {o the minimum energy requirement
without jeopardizing the product specification.

Not specifically addressed in this economic analysis Is the cosi ol the analyzer vs, (he
antlcipated energy savings. The general feeling Is that the cost of the components in the Phase
11 prptotYpe system does riot accurately reflect the price tag which would be on an
industrlalized, commercial unit, However, this study demonstrateé that the high resolution
and mechanical sampling requirements placed on present industrial analyzers are notl
necessary. High resolution and sampling both contribute to the capital as well as the
malntenance costs of current process analyzers, A commerclal Raman based analyzer should
compete quite favorably with these existing technologies in both price and malntenance, Also,
it should yleld much higher control performance. The control performance advantage ollered
by the Raman based analyzer is that it can be applied with relatively little diilicully to

determine the internal composition of the column,

VIII. CONTINUED APPLICATIONS DEVELOPMENT

The FT-Raman composition sensor appears to have significant utility beyond the
distillation application studied extensively in Phase I, During Phase II we have Investigaled a
number of samples obtained from industry and/or laboratory simulations of industrial
mixtures. Some of this work has been with representatives of companies who are members or
potential members of the center. Much of the work has direct significance to the reductlon of
energy use in manufacturing processes.

Animal feeds are often analyzed for protein content by Kjeldahl analyses, a wet chemlcal
method involving mixing of the feed with chemicals and a lengthy high-temperalure cooling
procedure. A modern optical analysis method for protein content would be attractive to feed
manulacturers because of the time and cost reduction, and energy saving would be significant,
The analyses were performed In conjunction with the Department of Agriculture of the Slate of

Georgla. At this time, it appears that normal Raman is not sulficlently sensitive [or (his

analysis,
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Analysls ol ferlllizer for varlous Inorganle components was also of futerest to the
Georgla Department of Agrlcultm'e.k The same norganic components are also of interest to
environmental analyses, such as munitoring wells, These analyses had some anulylcal
utility In the range of Interest, and we plan further tnvestigation,

A number of products from 3-M were investligated for chemical composition, These
necluced sol-gel, packing tape, coated paper, transfer adhesives and epoxy resin, The curing ol
the epoxy was observed spectroscopleally, but we will require a shorter analysls time to
observe the curing process kinetles, These studles all relale to monitoring manulacturing
processes for waste reduction, The company ig studyling the data procuced,

A great ceal of emphasis has been placed on analyses relaled to peltroleum i)t‘ocluuts.
Consumer products such as lHghter fluld, Coleman [uel, kerosene, gasoline, Liquld Wrench,
brake cleaner, and WD40 have been analyzed, These all ylelded dlssimilar spectra, showling
possibilities for analyses of these type producls, A set of samples contalning aromatle and
aliphatic hydrocarbons related to fuel oclane measurements was obtained {from a petroleun
company. We have studied these samples extensively, {ncluding chemometriC analysls Lo
determine predictive abllity, The results of the study were not quite as good as results oblalned
at the petroleum company using near inlrared spectroscopy, but showed great promise for
eventual applicability of the Raman technique {o petroleum process. control,

We are working with another faculty member at the Unlversity to apply advanced
mathematical techniques to the data analysis. A report on the current stolus of the data
analysis program is included in Appendix A, This reporl concerns an allernative analysis of
the data generatea with the Raman system using neural networks, This study s funded by the
National Sclence Foundatlon as a Joint project between the Measurement and Control
Engineering Center and the Center for Process Analytical Chemistry, The goal of this projecl
Is to determine the most suitable mathematical method to obtain the maximum nformation
from spectral data, Selectlon of appropriate chemometrics can lead to a wider applicabtlity of

on-line spectroscoplc methods,
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Bused on high energy usage In the paper Industry, we have been investignting a number of
paper related mixtures [or three coﬁrparﬂes: Weslvaco, Bowaler and Champlon, Raman speetra
of black lcquor, pulp samples and brown stock have been oblalned, but signilicant [luorescence
nterference was noted, We also atLempth excltallon at other wavelengths, bul have not been
success{ul in the application of Raman Lo these mixtures,

Lactle aeld Is of Interest to Nablsco and other food manufacturers, The specllic need ty lor
a sensor in dough to monitor fermentations, The Initial experlment n the Raman laboratory
was Lo determine the minimum detectable concentration of lactic acid, Water solutions were
employed as a sample matrix. The spectrum of high concentration lactic acld, 85%, ls shown
i Pgure 19, As the concentration was reduced to levels such as those {ound in doughs, Lhe
intensity of the spectral features was too low to be useful, This type of sample is clearly
(nappropriate to our current fiber Raman spectrometer, This sample may be re-investigated
using SERS later this year,

Many industrial manufacturing processes involve a change in Lthe degree of saturation of
a fat or resin, Currently, many of these processes are not well controlled due to the utllization
of off line analysls miethods, Samples of resins with varlous degrees of saturation were
provided by Hercules for this study, Degree of saturation s also of Interest in the study of lats
and other food products, IFigure 20 shows the spectra of a serles of resinsg with differing extent
of hydrogenation, The samples extend from highly unsaturated to fully hydrogenated, There
are substantial spectral differences which should lead to a highly sensitive analytical method,

A polentially significant application of Raman spectroscopy s In the analysls of
petroleum products durlng pipeline transport. Reflned fuels are transporled In large pipelines
following distillation. Different grades, such as regular and premium, as well as different
brands travel the same pipellnes, Measurement methods currently employed to delermine Lhe
point where the stream changes from one materlal to the next are inaccurate, resulting in some
mixing at the slorage tanks. Products can become so contaminated that they must be sold as a

lower grade or reprocessed. We recefved samples of gasolines from Lascr Atlanta, an

45



6L

0ecor

0==% 0OS7 0S/%

ik

s

—tsT I

e e i o bt

goce

—

epedyd yoe3 ‘OIJY JI1JY1 XG8

00SE
go°o

4 &7°9

_!| DE'C

19

46

Fig,

c3°d




1 WWMJ&AM YN
RN

A

Fully lHydrogenated

Mo

IHlghly Unsaturated

1

—AM,MJMMLJ\} L-'W"Jum
— 1 J L 1

3000

2600

2000 {760 1600 {200 1000 780 500
cm —{ ‘

Figure 20. Spectra of a Series of Resins
with Differing Extent of Hydrogenation

47



I
Ih

instrument manufacturer based in Atlanta, Georgla. Spectra of two gasolines are shown in
Figures 21 and 22. These were acquired in thirty seconds and show clear differences between
the materials. Based on our preliminary work with Laser Atlanta, Colonial Pipeline has
expressed interest in a the development of a Raman instrument for determination of refined

petroleum products in pipelines. We are continuing discussions with both companies.

IX. SURFACE-ENHANCED RAMAN SPECTROSCOPY | '
Project Objectives

Surface-enhanced Raman spectroscopy (SERS) was considered during the DOE project
Phase Il as a technique for the detection and characterization of industrially important
solutions. This project was concurrent with the on-line Raman analyzer project. A graduate
student, David Bailey, was chosen to perform this work. David had SERS experience {rom
Master's degree studies in Physics. The initial task was to perform a literature search of SERS
techniques that employ FT-Raman instrumentationi. It has been completed and is included in
Appendix B,
Experimental Fo

The primary equipment used for this project consisted of the Perkin-Elmer FT-Raman
interferometer, a CVI flashlamp pumped Nd:YAG laser, an IBM-compatible personal
computer, and an electrochemical plating apparatus. Laser excitation at 1.064 pm was used Lo

minimize fluorescence. With one exception, measurements were made with the enhancing

‘surfaces in-situ. All SERS substrates consisted of metallic gold with surface roughness

featurc on the submicron scale. A variety of surface-roughening methods were investigated.

Initial SEFS Measurements

The literature review indicated that a good first surface to test was electrochemically
roughened, pure gold metal. It works well in the near IR and is resistant to chemical attack.
Gold and platinum wires (1 mm dlameter) were purchased to use as electrochemical cell

electrodes. A BAS CV-27 cyclic voltameter was employed in initial experiments.
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The surfaces were prepared according to a recipe published by Fleischmann et al. (5) A 1 mm
diameter gold wire was polished with three successively smaller sizes of alumina grit: 15 um, 1
um, and 0.01 um. The wire was then cleaned with distilled water, Successive oxldation and
reduction cycles were performed in 200 mi of 0.1 molar KCl. The gold wire served as the
working electrode and a platinum wire as the auxiliary electrode, as illustrated in Figure 23,
Potentials were referenced to a saturated calomel electrode. Fifty redox cycles were used to
roughen the gold electrode. Each cycle began at -0.3 v, scanned to +1.2 v at a rate of 0.5 v/s,
paused for 4 s, scanned to -0.3 v at a rate of 0.5 v/s, and then paused for 20 s before repeating.
The surface was then lightly rinsed in distilled water,

During the data acquisition process, a gold wire was positioned at the center of a 5 ml tes!-
tube which contained the liquid sample. The test-tube was positioned inside the
interferometer sample chamber. Laser light was incident normal to the surface. A lens
positioned before the prism mounted on the first interferometer collection lens was used to
focus the light onto the sample. No potential was applied to the gold wire during data
acquisition, The arrangement for data acquisition is illustrated in Figure 24,

Initially, spectra were taken with a variety of analytes. Encouraging results were
obtained with 100 ppm pyridine and toluene. Refer to Figure 25 for the Raman spectrum of neat
pyridine and Figure 26 for the SERS spectrum of aqueous pyridine. A distinct pyridine Raman
band at 1000 cm™! can be seen. Other analytes such as benzene, acetic acid, and
benzoylecgonine did not yield such impressive results, Benzoylecgonine was tested because of
its significance as a blood metabolyte of cocaine hydrochloride. Later testing with other redox

parameters allowed measurements of benzene to be made,

The SERS effectiveness of vapor deposited gold was also investigated. The surface
roughening agents consisted of submicron-sized particles spin coated onto microscope slides.
Vacuum vapor deposition of the gold over the particles was then performed to generate the

rough surfaces. Three types of particles were tested: 0.01 um size alumina polishing grit, 0.261
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um diameter polystyrene spheres, and fumed silica. The {fumed silica consisted of a
distribution of submicron particle sizes.

Preparation of the three particle suspensions prior to their application to a glasé surface
was done by 'mechanical agitation. Each type of particle was mixed with distilled water and
placed in an ultrasonic cleaner until no particle clumps could be detected (approximately 1
min.). The concentration of each mixture was as follows: the polystyrene sphere-water
mixture contained 3% solids-by-weight; the fumed silica-water and alumina-water mixtures
were at their respective points of saturation. Once a suspension was made, a few drops of the
mixture were applied to a clean 25 mm x 25 mm x 1 mm microscope slide and spin-coated at
3400 rpm for 20s. This was done for each of the mixtures, Vacuum vapor deposition of the gold
metal took place In a diffusion-pumped vacuum evaporator equipped with an electron beam
source. The microscope slides were attached to a rotating platform directly above the e-beam
source at a distance of 18 cm, The platform was tilted so that the axis of rotation was at an
angle of 20 degrees with respect to a vertical line passing through the e~beam source. The
platform was rotated at 60 rpm during the depositions. The baseline pressure was 3 x 1076 (orr,
and the evaporation pressure was 2 x 10-5 torr. The evaporation rafe was 0.5 nm/s, The
evaporation thickness as measured next to the stage perpendicular to the direction of the metal
vapor was 10 nm, Refer to Figure 27 for a diagram of the apparatus.

After the deposition process, the samples were cut into rectangular pieces small enough (o
(it Into the 10 mm opening of the solution cell test tubes. Attempts were made to collect SERS
si)ectra from each surface. Spectra obtained with each surface tmmersed in a 100 ppm solution
of aqueous pyridine were not encouraging. No pyridine Raman bands were detected for any of
the three surfaces. Several factors could have caused the problems. (1) The surface roughness
features were not of suitable size; (2) The gold layer was too thick or thin, or (3) contamination
of the metal. Contamination by carbon from the electron beam crucible or chromium [rom

prior evaporations were likely candidates. However, ESCA measurements of the surface of one
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sample ruled oul those sources, Surfaces prepared in thls manner for future study should
probably employ larger particle slzes,

The SERS effectiveness of colloldal gold was also tested, The collolds were made
according to the I'ollowihg recipe. A 4% by Welg,l'lt solutlon of aqueous AuClg was made, The
solution, when the AuClg s fully dissolved, Is a thick Ucuid that x‘e&én‘xblcs recdish-brown
motor oll, Distilled water was used. A 1% by welght solution of trisodium clirate tn distilled
waler was also prepared, Twenly milliliters of distilled water was brought to boll on a hot
plate. A bolling L‘hlp was not used. A B ml quantily of the trisodium citrate solution was added
lo the bolling water. A 1/2 ml quantlly of the AuClg was added to the bolling water, The
mixture was allowed to boll for flve minutes, After the mixture had bolled lor about 16
seconds, It turned black, The solution then turned a raspberry red [ aboul another 15 seconds,
It continually became more reddish as it bolled, but il did not change to another color, Aller
filve minutes the beaker was removed from the hot plate and allowed to cool. The color
remained constant, Very pure millipore water was used lo make the solutions, A first attempt
with regular distilled waler [alled, probably due to Impurlties,

The gold colloids were extracted from the solution by filtering with a 0.02 pum pore size
filter pack., Approximately 1/2 ml of the solutlon was drawn through the filter pack Into the
syringe. The filter was removed and allowed to dry, This technique produces collolds thal
range (n slze from 50-150 nm. Three drops of 100 ppm pyridine in 2-propanol were placed on
the colloid-covered side of the fliter and allowed o dry. The Raman spectrum of pyridine was
not evident in the flat background, Another sample was made and Lhe experiment was
repeated. Again, no Raman bands were detected, In a last attempt, several drops of the liquid
were placed on the filter and allowed to dry. The dull, reddish-brown color of this filler was
considerably darker than the previous fillers. Three drops of the pyridine solution were placed

on the colloid-coated side. The spectrum of this surface dicd reveal the characleristic broad



background typleal of metallle gold, Mowever, the low Intensily indleated that there wasg
probably not much gold present,

Severnl attempls were made with this type of surface but none was successful, The
dilflculty of the colloidal preparation recipe also was a drawback,

Concentration Dependence Measurements

A study was petformed In order to measure the SERS signal Interisily ag a function of
analyte concentration, The surface used ﬁl thls study was the electrochemilcally roughened
gold wire, Two analytes were used for this study! aqueous pyridine and benzene dissolved in 2-
propanol, An improved set of electroplating pararneters allowed the detectlon of benzene
during these tests, The electroplating parameters were: 0,638 v starting point, 0.5 v/s Increase
to 0.96 v, 4 second pause, 0.5 v/s decrease back to -0.638 v, and a 20 second pause before
repeating, Flfty redox cycles were performed per sample, Potentlals were referenced to the
platinum auxiliary electrode, No calomel electrode was used, In addition, the gold wire was
flattened to accommodate the size of the laser beam during the spectra acquisitions, Analyte
concentrations ranged from 0.001% to 60% by weight, The spectra werg acquired In the sample
compartment of the interferometer,

The intensities of the 1000 cm-! pyridine band above the background were analyzed as a
function of concentration, The data show that a concentration cross-over point exists for the
signal intensity of the 1000 cm"1 band. For pyridine concentrations below 5% the Intensity of
the 1000 em-! band was greater for the enhanced case than the same band in the unenhanced
case, For concentrations above 5% the Intensity of the 1000 em™! band in the unenhanced case
was greater than that of the same band in the enhanced case. Refer to Figure 28, For benzene,
the cross-over polnt for th. 1000 cm*! band was between 1% and B% concentratlon, Refer to

Flgure 29, The SERS spectrum for benzene i{s noticeably weaker than that of pyridine for

identical test conditions,
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Based on the hehavior of these chemicals, it Is evident that any particular chemical of
interest will most likely have a concentration cross-over point beyond which it is not practicul
to employ SERS. Analyte surface saturation is certainly a limiting factor when issues of signal
linearity are addressed. Likewise, self-absorption in the liquid due to high analyte
concentration and poor reflectivity from the roughened surface could pe major coniributions

to losses of signal-strength.

Development of a Low Cost Surface Fabrication System

Equipment cost is a major concern when addressing instrumentation requirements [or
routine analytical testing of chemicals. The Bio Analytical Systems, Inc. model CV-27 cyclic
voltameter used in our electroplating process, and other similar models, retall for thousands
of dollars. We chose to address that {ssue by developing a low cost electroplating system for usc
with our measurements. The system consists of an American Reliance, Inc. model PPS-2322,
dual channel, programmable power supply, an IBM-PC clone, and the usual electrochemical
cell components, Refer to Figure 30. The power supply is controlled by the IBM compatible
computer via a National Instruments, Inc. General Purpose Interface Bus (GPIB). Custom
control software was written in Microsoft Quick C version 2.2 in order to make the power
supr'y mimic some of the functions of a cyclic voltameter. Testing of the system has revealed
that its operation sufficiently corresponds to that of a cyclic voltameter so that SERS surfaces
can be made routinely. Also, due to the high current capacity of the power supply (2 amps max.
per channel), large numbers of samples can be made simultaneously thereby reducing the cost
per sample,

Reproducibility Measuremernts

Measurement reproducibilny was also studied for the electrochemically prepared gold
surface. The computer-controlled, electroplating system was uséd to generate surfaces {or
testing. Again, an electrochemically roughened gold wire served as the SERS surface and
aqueous pyridine as the analyte. The electroplating parameters were: starting point -1.0 v

increasing to 2.5 v at a rate of 0.5 v/s, pausing for 4 seconds, dropping back to -1.0 v at a rate ol
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0.5 v/s, pausing for 20 seconds, and then repeating. Ten redox cycles were used to fabricate each
surfuace. The electrolyte solution consisted of 0.1 molar KCl. Measurements of 5 ppm aqueous
pyridine on five separately prepared gold surfaces revealed qualitative reproductbility. Refer
to Figure 31. All of the experiments were performed with the roughened wire in-situ. The
average peak intensity above background of the 1000 cm-1 band was 1,75 arbitrary units with a
standard deviation of 0.53. It is possible to achieve greater reproducibility for higher analyte
concentrations, However, this is due to an increase in the unenhanced Raman received from
the liquid. Further work would be necessary in order to achieve a satisfactory level of

reproducibility for on-line analytical applications.

X. COMMERCIAL SYSTEM DESIGN

The instrument that has been developed is based on excitatlor;, by a YAG laser and
spectrum measurement by an interferometer with a single detector. The YAG laser was chosen
to avoid problems with fluorescence and because relatively high power YAG lasers are
avallable. An interferometer was chosen in order to simultaneously have the range and
resolution required for a general range of analytes. The limiting system accuracy is
determined by the signal-to-noiée ratio of the optical detector. With YAG excitation the Raman
spectrum is in the near infrared (1.064 to 1.5 pm) and 11;1 that region the best detector is an
InGaAs photodiode. The signal-to-noise ratio of the diode in combmatibn with the
preamplifier determines the limiting system accuracy.

In the early stages of Phase II, basing the system on a shorter wavelength laser and a
dispersive (grating-based) spectrometer with a charge-coupled device (CCD) array detector was
considered. This combination was not chosen because reliable lasers with sufficient power at
these wavelengths were not available and in a dispersive spectrometer there is an inherent
trade-off between range and resolution. If range is increased, resolution is decreased, and vice
versa,

Since that time big improvements have been made in both InGaAs photodiodes and array

detectors which have reduced their noise significantly. The latest InGaAs detector is better by a
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factor of at least § than previous models. CCD array detectors have become é.o good that the
systems are essentially noise limited by the inherent shot noise of the signal itself,
Performance this good is said to be at the "quantum limit" and cannot be any better. In recent
months a system with a Krypton laser, a dispersive spectrometer and a CCD array detector has
been developed by a company which is a Center member. The system signal-to-noise ratlo is
extremely good, such that other problems (calibration inaccuracies, laser power fluctuation,
thermal effects, etc.) will probably determine the ultimate accuracy of thé instrument. Krypton
lasers are not appropriate for lqng term operation in an industrial environment, but laser
diodes at a wavelength appropriate for dispersive spectrometers have been improved. Diode
lasers are now available with 100 mW of power with a power spectrum narrow enough for
spectroscopy. They are inherently much more reliable and rugged than nypton lasers or even
YAG lasers.

After three years of testing, the problems inherent in a system based on a YAG laser,
interferometer and InGaAs detector are obvious. It has been pushed to its maximum
performance and been found adequate for process control in a distillation column but without
a large margin for error. The system based on a diode laser, dispersive spectrometer and CCD
array detector will surely have its own unique problems but has great promise because of its
extremely good signal-to-noise ratio.

The estimated future cosfs of the two systems are comparable. The major components of

each type of system are illustrated in Table 1 below:

Interferometer-Based System ive System
Diode-pumped YAG laser $15k ~ Diode laser $5k
Interferometer with detector >$20k Single-stage spectrograph <$10k
CCD array detector $25k

Table 1. Estimated cost of Interferometer and Dispersive Based Systems
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During Phases [ and II there have been contacts with several companies having an
Interest in process control with Raman spectroscopy, The most significant of these has been
with Perkin-Elmer Corp. of Norwalk, Connecticut, |

Pérldr1~Elmer loaned us their model 1700 interferometric spectrometer {or evaluation
and we have used it extensively in our experimental development and will use :i‘t‘m the field
trials, It was developed for laboratory measurements but has proven rellable and adaptable for
industrial use if it is kept in a benign environment as it will be in the fleld trials, Perkin-
Elmer has explored the possibilities of developing an instrument for real-time process control
measurements with varlous prospective users. To date there ié no known commitment [rom

Perkin-Elmer to develop such an instrument.

XI. DOCUMENTATION AND TECHNOLOGY TRANSFER PRESENTATIONS
Documentation

There are several elements to the documentation of the work in Phase II. The three main
categories of documentation are 1) quarterly reports to DOE, 2) conference and journal articles
and 3) Steve Kercel's Master's thesis,

The quarterly reports gave updates on the projects progress and have been received by

DOE.

Conference and journal articles were published at several times during Phase Il and a list

follows.
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CONFERENCE AND JOURNAL ARTICLES

M, J. Roberts, A. A. Garrison, S, W. Kercel, D, S, Trimble, C. F. Moore and E. C. Muly,
"Development and Application of a Raman Spectlroscopy Based Instrument for Mulli-Point
Composition Analysis and Control of a Distillation Column,” ISA 90, New Orleans, LA, pp,
463-468, October 1990.

A. A. Garrison, E, C. Muly, M. J. Roberts, D, S. Trimble and C, F. Moore, "Raman
Spectroscopy for On-Line Distillation Process Control," ISA 89, Philadelphia, PA, pp. 357-363,
Qctober 1989,

A, A. Garrison, D. S, Trimble, E. C, Muly, M. J. Roberts and S, W. Kercel, "On-Line A
Chemical Analysis Applied to Distillation Control - A Status Report," American Labomlory.
pp. 19-27, February 1990,

S. W. Kercel, M. J, Roberts, A. A. Garrison, and D, S. Trimble, "Development of a Fiber-
Optic Based Instrument for On-Line Ramar: Analysis of Process Chemical Composition,"
SENSORS EXPO WEST, March, 1990,

M. J. Roberts, S. W, Kercel and A. A, Garrison, "Recent Advances in the Development ol o
Fiber-Optic Based Instrument for On-Line Raman Analysis," SPIE, San Dlego, CA, July 1990,

S. W. Kercel, "A Sensor Usmg Raman Spectroscopy for On-Line Composition Moniloring
of Distillation Mixtures in Real Time", Master's Thesis, August 1990, Unliversily of Tennessee,
Knoxville, Tennessee,

A.A. Garrlson, "Flber-Optic based FT-Raman Spectroscopy for Process Control," FACSS,
Anaheim, CA, October 1991.

AA. Garrison, D.L, Bailey, M.J, Roberts, C.F. Moore, "Vibrational Spectroscopy for On-
Line (‘hemical Composition Measurement", FACSS, Anaheim, CA, October 1991,

M.J. Roberts, A.A. Garrison, S.W. Kercel and E.C. Muly, "Raman Spectroscopy {or On-
Line, Real-Time, Multi-Point Industrial Chemical Analysis", Process Control and Quality,
accepted for publication,

Steve Kercel's thesis Is a very good coordinated and detailed account of the progress of
Phase II up until August of 1990 including hardware and software design, experimentalion and

analysls.
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Technology Transfer Presentations

During the course of the Phase II effort regular meetings were held with Measuremenl and
‘Control Center members interested in the application of on-line chemical composition
analysis to their processes and with other potential users of this technology. Table Il is a
listing of of those meetings. During each meeting company representatives were briefed on the

results the developments to date and the future plans for this effort.

Meeting ‘ Date Participants
MCEC Information Meeting August 14-16, 1989 | Non Member Industrial
Representatives
Fall Industrial Advisory Board Sept. 18-20,1989 MCEC Indusirial Representatives
Meeting .
Lignin Determination in Black Nov, 20-21, 1989 Non Member Paper Company
Liquor Representatives

Spring Industrial Advisory Board JApril 9-11, 1990 MCEC Industrial Representatives
Meeting

Fall Industrial Advisory Board Sept. 10-12 ,1990 MCEC Industrial Representatives

Meeting

MCEC Information Meeting Nov. 19-21, 1990 Non Member Industrial
Representatives

Spring Industrial Advisory Board JApril 8-10, 1991 MCEC Industrial Representatives

Meeting

Table 2. List of Technology Transfer Presentations

XII. PROJECT REVIEW MEETINGS

Two project review meetings were held with DOE representatives during Phase II. The
{irst meeting was held in Knoxville on October 9, 1989 to review the preliminary sensor system
design. At this meeting the DOE represéntatives were joined by representatives from Perkin
Elmer, MIDAC, Instruments SA, and Guided Wave. The second meeting was held at DOE
headquarters in Washington, DC on March 1, 1991 to reviéw the over all status of the project

and discuss plans for the follow-on Phase 111 effort,
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X1, CONCLUSIONS AND FUTURE WORK

A chemical analysis system based on Raman spectroscopy with a diode-pumped NdiYAG
laser excltation source, optical {Ibers to transmi{ both excitation and scattered Hght und an
Interferometer-based spectrometer has been shown to be leasible for on-lne, real-tme process
control measurements of chemical stream composltion with an rms uncertainly of less than
2% and a measurement system response time of 3 minutes.

During the course of Phases I and II other avenues of development were considered bul nol
pursued because of time and money restrictions, ’[‘}yl‘e more important ones were:

1. The use of a dlode laser as an excitation source.

2. The use of a grating and a charge-coupled device (CCD) array for spectrum detection,

3. Alternate fiber optic probe designs.

4. A lower nolse pfeamplif’ier for the InGaAs photodiode deteclor,

Each of these areas could lead to an improvement In the signal-to-noise ratic of the
measurement.

Diode lasers have greatly improved during Phase II. It {s now poésible Lo gel a diode laser
at 830 nm with a narrow-band output of 100 mW. Even though this is a lower power than is
available from a Nd:YAG laser at this shorter wavelength the Raman scattering elficiency is
improved by a factor of about 2.7 and most of the Raman scattering lies within {he range of a
sllicon detector. Silicon detectors have inherently lower dark current than InGaAs deleclors
and should be able to achieve lower system nolse and therefore belter signal-to-nolse ratio (or
the same optical power. The main advantage ol a diode laser is its ruggedness and long lile
compared to any other laser Including the dlode-pumped Nd:YAG.

CCD arrays have also greatly improved during the course of Phase I and systems based
on them have been shown to have very high signal-to-nolse ratios. Since they spread the light
spectrum with a grating there is a tradeofl between resolution and‘spcc{ral range. Ifone is
increased the other must decrease. For many industrial applications the capability of a

grating-based instrument (s entirely adequale,
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The present probe design is stmple and relalively rugged but it can be shown that other
designs. at least in theory, have a greater light gut’hering capabliity, These other designs
nvolve the usé of lenses or mirrors to collimate, filler and refocus the excitallon light and to
gather and image the scattered light onto a {lber, Every surface causes a loss of light but with
careful design and alignment th‘ese designs could probably gather more light overall than our

present probe design, They also can gather the light into a single small [iber rather than into
several large ones, This could greatly reduce the fiber costs which are a significant
conisideration in the overall system cost,

The signal-to-nolse ratio of the present system was greatly improved by the use of a new,
lower noise InGaAs photodiode. Its noise is now low enough that other noise soufces have
become significant, The next most significant nolse source in an optimized preamplifier (s
presently the noise of its input devices, silicon junction {ield-effect transistors (FET's). By the
use of very low nolse FET's the overall preamplifier noise can be significantly reduced
compared to present commercial designs. The University of Tennessee's Measurement and

Control Engineering Center Is exploring this path under separate funding,
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HXHCUTIVE SUMMARY

The results of performance analysils of neural networks
with application to chemometric data analysis are summarized
in thils repotrt. Two important conslderations for effactive
implementation of neural networks are the optimizatidn of
network architecture and their robustness and sensitivity to
signal-to-noise ratio. For each study the results are
averaged over one hundred test runs. Raman spectra of samples
with five components are used in this study. The following
are the results related to the performance of the network for

estimating chemical composition using spectral signatures.

1. The number of processing elements (PEs) in the
intermediate layer that provides minimum estimation
error 1s found to be equal to the number of patterns
used in network training.

2. The estimation error can be reduced by using an
ensemble of networks with same architecture.

3. The network with two hidden layers has a smaller
prediction error compared to that with only one hidden
layer.

4. The standard deviation of parameter estimation is less
than 2 percent for spectral additive noise of up to

about 3% signal~-to-noise ratio.



5. Chemical components can be assoclated with specific
spectral reglons, This is studied by (a) selectively
adding.noise, (b) excluding all regioné except the one
of interest, and (c) excluding only the reglon of
interest from the spectrum. All these experiments
provide consistent results in assoclating sensitivity
of spectral ahéﬁges to a given component.

6. The connection weights from intermediate layer to the

output layer converge to constant values.

The analysis uses a chemical sample with five components.
Both éingla and‘multiple networks are used. Multiple networks
(one for each component), in general, have higher fidelity
compared to a single network used to estimate all components.
Also combining two of the components with similar properties
is found to be more effective than using a parameter vectoxr of

all components simultaneously.
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J. INTRODUCTION

A general architecture consisting of a first-stage
Kohonen network and a second stage multi-layer 'perceptron is
developed for application to large pattern sets. When the
number of training sets is large, the network training time
and accuracy will be affected | to various degrees.
Preprocessiné of training patterns is one way to overcome this
problem. The purpose of data processing is to reduce the size
of training set. To accomplish this, a pattern classification
is performed to organize the patterns into different classes.
Probabilistic neural networks [1] or Kohonen networks [2] may
be used for classification. Figure 1 shows a two-stage
architecture using a Kohonen layer and a multi-layer

perceptron (MLP).

The back propagation network (BPN) algorithm is currently
the most widely used neural network paradigm and has been
applied to many pattern-mapping problems. Typically, a multi-
layer perceptron has three or more layers. Since the number
of hidden units play an important role in the network léarning
phase, one critical problem is the optimization of network
architecture by selecting the number of hidden units. Another
factor that may affect network learning is error .n input

patterns. Thus the study of the effect of noise on the
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network performance is an important issue in actual

applications.

This report summarizes four sub-tasks thah‘ﬁave been

completed.
1. Selection of the number of hidden 'units and
modification of the network architecture.

2. Network performance to changing signal-to-noise

ratio.

3. Analysis of the sensitivity of the network output to

input patterns.

4. Study of behavior of network connection weights.

A-6



MLP MLP MLP MLP
1 2 3 ¢ m

A

CLASS 2\ CLASS 3 e

>

CLASS 1 CLASS m

KOHONEN
NETWORK

CHEMOMETRIC DATA

Figure 1. A combination of Kohonen layer

and multi-layer perceptron (MLP)



2. METHODOLOGY
2.1. Optimal Structure of Neural Networks

In the back-propagation network learning phase, the
computational complexity is significantly dependent on the
number of hidden units. These "re-representation units" must
be large enough to form a decision region that is as complex
as 1s required by a given problem. However, training an
excessively large number of ‘synaptic weights may be
computationally costly, and it becomes difficult to estimate
the output feature reliably from the training data. Therefore,
the choice of an optimal number of hidden units is highly
desirable for effective learning. = There is no established
rule to make a prior estimation from irregular training
patterns, but this number is closely related to the size of
training sets [3]. In this study, the number of hidden units
is determined from experimental results. The Raman
spectroscopic data consists of 30 patterns, 22 of which are
selected for network training, and the other serve as the test
set. During the experiment, the number of hidden units is
varied from 15 to 25 while the number of input and output
units are fixed at 190 and 5, respectively. Each training
case is repeated 10 times. The absolute error are obtained

for each case and the minimum absolute error is then used to
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determine the optimal number of hidden units.

Secondly, three different configurations of the target
outputs have been tested for training the network. One
consists of five output components (n-hexane, iso-octane,
toluene, p—xylene,‘and decane) . Another has four output
components (iso-octane, toluene, p—xylehe, and the combination
cf n-hexane and decane). The third configuration models each
component separately; thus five (or four)‘independent networks
are required. As expected, the last configuration gives more
reliable estimates of the composition for this problem.
Figure 2 presents a typical three-layer feedforward network

architecture for this application.

Finally, the performance of the network with different
number of hidden layers is‘étudied. Chester [4] has proved
that the number of neurons in a network with one hidden layer
might grow without bound to improve accuracy. This dramatic
increase of hidden units will result in an extremely high
computational cost. However, by using a network with two
hidden layers, we can achieve a high degree of accuracy in
network estimation. This may be because the neurons in the
first layer partition the input space into small regions, thus
the neurons in the second layer can compute the desired

function within that region.
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2.2. Network Ensembles

In section 2.1, we stated the importance of hidden units
and hidden layers in network learning phase. We also notice
that the residual error will persist even after optimizing all
availablevnétwbﬁﬁ'characteristics. In order to further reduce
the estimaﬁiéﬁvérror, a method of " network ensembles" is
invoked. Instead of a single network, we establish a set of
networks which are trained using the same learning samples,
but different initial conditions. During the recall phase,
all the networks are used for estimation, and an average is
obtained from the ensembles. From a statistical point of
view, the average estimate is more reliable and accurate than

the result from a single network.
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2.3. Effect of Measurement Nolse on Network Recall

To study the effect of network output to noise
environment, two different types of tests have been performed.
A FORTRAN program is used to generate 100 sets of random
Gausslan noilse patterns with standard deviations from 0.5 to
5% of average amplitude of input spectral patterns. This
noise is then added to the original signal and the resultant
signal is used to test the network. The second test uses
random noise with standard deviation 0.5 - 5% of individual
spectral amplitudes. This noise 1is then added to the input
spectrum to test the network performance in estimating
composition values. The overall standard deviation of network
prediction errors for 100 sets of data (statistical average)
is calculated for each case. The performance of the network
to recall parameters under noise corruption is compared with

results for the noise-free case.
2.4. The Sensitivity Analysis

A detailed study has been made to determinel the
relationship between a given component(fracticn) and spectral
range(s). Three methods are used for this study : (1) adding
randem noise to one of the peaks in the input spectrum; (2)

removing all but one peak from the input spectrum;

10
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(3) removing only one peak from the spectrum. The spectra
that have been modified in this manner are then used to test
the network. fhe purpose of this study is to determine if one
of the components in the sample is related to one (or more)
of the peaks in the input spectrum. This can be used to
verify that the network can learn the inhefent relationships

for the given data.
2.5. Effect of Phase Shifted Pattern

One other important study 1is to test the response of
network output to phase shifted patterns which may be caused
by instrumentation errors. To demonstrate the output
behavior, we shifted the whole spectrum to the right and then
predicted the output using the previously trained network for
this new pattérn. The results show that the network is
sensitive to spectrél position. Furthermore, the network is
more sensitive to the shift than to the addition of random

noise.
2.6. Performance of Network Connection Weights
The study of the behavior of connection weights is made

for the weights between the hidden layer and the cutput layer

in a three-layer network. The observation is made by plotting



the magnitude of each connection weight for each iteration.

12
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3. BXPHRIMENTAL RESULTS
3.1. Selection of Network Structure for This Application

Each network with a given number of nidden units was
trained using the BPN algorithm. The overall performance for |
each network was.taken over 10 trials (different starting
values). The results of these experiments are plotted in
Figure 3. The best average performance was achieved by the
network with 22 units in the hidden layer. We also notice

that this number is equal to the number of training'patterns,

Figure 4 shows the network performance with different
configurations. It clearly indicates that the network with

single output unit provides the smallest estimation errors.

We also studied a network with two hidden layers (8 and
5 nodes :respectively) and used this new network to perform
training and prediction with the same chemometric data. The
comparison of results indicated (in Figure 5) that the average
prediction error using two hidden layers is 0.0195, while with

one hidden layer the network error is 0.03017.
our argument for using network ensembles is strongly
supported by the experimental results. Figure 6 shows the

13
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concentration estimation using the average of 10 networks vs.

" the results with single network.

3.2. Dffect of Noise

As described above, two types of random noise were used
for this study. Tables 1 and 2 summarize the experimental
results. A bar plot is made in Figure 7 for the first type of

noise. The standard deviation fox each network output reported

in the table was obtained over 100 trials of the random noise

testing. The network prediction error increases almost
linearly as a function of percent input noise. The prediction

error is approximately 2% for an input noise of 3%.

14
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Tabie 1. Network performance for
signal noise

Random nonise Standard deviation of sample components(%)
( %) NO.1 NO.2 NO.3 NO.4
0.5 0.5 0.3 0.65 0.3
1 1 0.5 1 0.67
2 1.8 1 2.2 1.04
3 2.7 1.6 3.2 1.5
4 3.85 2.15 4.8 2.4
5 5.2 2.7 5.8 2.9
17



Table 2. Network performance for
signal dependent noise

Random noise standard deviation of sample components (%)
( %) NO.1 NO.2 NO.3 NO. 4
0.5 0.6 0.2 0.48 0.417
1l 1.28 0.57 1.16 0.75
2 2.38 1.03 1.9 1.47
3 4.19 1.5 3.55 2.5
4 5.3 1.78 3.89 3.16
5 7.2 2.6 5.56 4.8
18
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3.3 The Sensitivity Study

Figure 8 shows the Raman spectral pattern used to relate
a portion of the sbectrum with one or more components in the
sample. As an iliustration of this study, approximately 5%
bias error is added to the spectrum in the indicated portion
in the figure. The resulting fractional components as
estimated by the network and the error are shown in the Figure
9. This clearly indicates that the estimation of n-

hexane+decane fraction is most sensitive to the bias error.

Further study of this sensitivity is made by selectively
excluding the indicated region from the spectrum, and by
excluding all the spectral features except the portion of
interest. 1In both cases this perturbation has maximum effect
on the prediction of n-hexane+decane concentration. Thus, the
current analysis has been able to associate Raman speztral

region(s) with specific fractional component(s).

22
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3.4. Study of Phase Shifted Spectrum

Figure 10 shows the original and phase shifted (to the
right) spectral patterns. We used both of these to test a
trained network. Table 3 demonstrates the response of the
network to these two patterns. The use of shifted spectrum

produces large errors in concentration estimation.
3.5. Study of Network Connection Weights

Figure 11 shows the behavior of a typical connection
weight as a function of iteration. The connection weight
converges to a certain value with increasing iteration number.

No fluctuations are noticed.
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Table 3. Effect of phase shifted pattern

Network Target Estimated value / abs. error
output  output value  Before shift  After shift
NO.1 0.276 0.273 / 0.0027 0.162 / 0.113
NO.2 0.340 0.323 / 0.0166 0.375 / 0.036
NO.3 0.189 0.192 / 0.0034 0.133 / 0.052
NO. 4 0.496 0.504 / 0.0078 0.660 / 0.164

The results indicate that spectral shifts can cause large
errors in composition estimation. It 1is necessary to
preprocess the data to ensure that proper spectral pattern

matching is accomplished.
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4. CONCLUSIONS

The number‘of hidden units necessary to obtain the best
estimate for the‘network output has been determined for this
composition identification problem. Multiple networks, each
with single output unit, perform better than one network

estimating all the parameters simultaneously.

The estimation errors can be reduced by using two hidden

layers and an ensemble of networks.

The trained network using the Raman spectrum is robust to
signal ncise. This is 4illustrated by ‘a small standard
deviation of error in the estimated concentration, generally
less than 2% when the standard deviation of noise is less than
3%. The corfespondences between spectral features and
component fractions have been demonstrated using independent
sensitivity analysis of the neural network. Shifts in the
measured épectra cause large errors in estimating chemical
composition. This problem may be avoided by spectral
preprocessing and matching its features with significant

features of known spectra.
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INTRODUCTION

There are many techniques available to the scientist for
identification of molecules. Since the advent of lasers in
the 1960’s and the development of sensitive, low noise,
semiconductor-based light detectors, Raman scattering has
emerged as one of those analytical techniques. For the
purpose of molecular identification, the Raman spectrum of the
molecule in question is essentially its fingerprint. Clearly,
such information can be quite valuable.

Unfortunately, there is a drawback to this technique.
Raman scattering is a weak process. Only about one in a
million of the molecules excited by intense light will
actually be induced to emit Raman light. This limitation
usually necessitates that there be a large number of molecules
present that exhibit a reasonable propensity for Raman
scattering. If these conditions are not met, then a
detectable spectrum may not be successfully obtained.

There is a technique that is useful in some cases for the
detection of the Raman signal emitted from molecules present
in low concentrations. This technique is called surface-
enhanced Raman scattering (SERS). The phenomenon was first
reported by Milton Fleischmann et. al. in 1974. Since that
discovery, much research has been performed which indicates
that SERS may be useful as the foundation of a Raman
scattering measurement process. In particular, we believe
that our Raman-scattering-based process monitoring technique
is a good candidate for implementation of SERS.

The basic instrumentation used for our SERS measurements
is the same as that used for the conventional Raman
measurements enhancing surface placed in the solution
containing the analytes. Our initial research goal was to
draw upon the current literature of near infrared based,
Fourier transform SERS to guide us in the choice of the test
surface. Although the supply of literature was not replete
with NIR FT-SERS experiment and theory, enough evidence was
found to indicate that an electrochemically roughened gold
surface 1is the best choice for our tests. The benefits
attained with this surface are ease of preparation, the
capacity for generating large enhancements of the Raman
signal, and the inherent nonreactive nature of the metallic
gold. These qualities also indicate that this surface may be
ideal for other industrial applications in which we may become
interested.

Contained in the following pages are the papers that
constitute the literature search that is the first requirement
of the Department of Energy grant that funds this research.
The collection is preceded by a list of those papers that
includes the authors names, the article titles, and the
journals in which they were published.
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Raman Spectroscopy for On-Line, Real-Time, Multi-Point
Industrial Chemical Analysis

M. J. Roberts, A. A. Garrison, S. W. Kercel and E. C. Muly
Measurement and Control Engineering Center, University of Tennessee, Knoxville, TN 37996-2000

Abstract

The applicability of Raman spectroscopy to real-time industrial chemical analysis is assessed.

It is compared with absorption and fluorescence spectroscopy. Major factors in the agsessment are

the type, number and concentration of analytes, the number of measurement points, accuracy and

time response. Also different instrurnent types are considered; prmupally the choice between a

grating instrument and an interferometric instrument and the excitation wavelength to be used. The

use of fiber optics to multiplex the instrument capabiliiies to multiple measurement points is also
explored. An instrumcat design developed at the University of Tennessee is presented.

Keywords: Raman, spectroscopy, process, analysis, fiber optics, multiplexing, chemometrics,
laser, grating, interferometer

INTRODUCTION

T) & solution to any measurement problem begins with a clear statement of the problem. The
type of analytical method best suited to an on- line, multi-point chemical composition measurement
in a process environment depends on several factors,

the chemicals to be analyzed (the composition of the analyte),

the number of components in the process stream,

the concentrations of the components,

the number of locations at which composition information is desired,

the accuracy required,

the time response required,

the environment in the local area of a measurement point; i.e., temperature, humidity,
vibration, etc...,

the safety requirements in the local area of a measurement

oo ~NONn BN

and probably other factors in specific situations. All these factors interact with the economics of
the system design.

Generally speaking, laboratory analytical instrumentation is very accurate and versatile but
also expensive and delicate. Therefore if it is to be applied industrially the cost per measurement
must be minimized and the instrument must be either ruggedized or otherwise protected from any
harsh operating conditions [1,2,3,4]. One way to bring down the cost per measurement is to share
the cost of the instrumentation among several measurements, Since the measurement points may
be at some considerable distance from each other this means either bringing chemical sample
streams to the instrument with the attendant installation costs, time delay and maintenance problems
or somehow physically extending the instrument capabilities to the measurement locations. Optical
analytical methods lend themselves to extension of the instrument to the measurement points
because of the dleldblllty of low-loss optical fibers. Another advantage of this technique is that
the expensive, delicate instrumentation can be located in a relatively benign environment (such as a
control room) and only the optical fibers and some relatively simple sampling equipment need to be
at the measurement point. There are installation costs for the fiber but they should be lower than
costs for piping the process chemicals to the instrument and the maintenance cost should be



significantly lower. Since light propagation through the fibers is practically instantaneous there is
no transport lag to slow the system response, except in any local sempling system at the
measurement point.

Once the decision is made to use an optical method the next question is which one to use.
There are three common optical analytical methods in use today,

1.  fluorescence spectroscopy,

2. absorption spectroscopy,
and 3. Raman spectroscopy.
Each of these methods requires a well-characterized excitation light source and an apparatus to
analyze the spectrum of the light after its interaction with the analyte.

In fluorescence spectroscopy [5] the excitation light source is usually an intense lamp or
laser of appropriate wavelength to cause fluorescence in the analyte. The shape of the spectrum of
_ the fluorescence is characteristic of the chemical composition of the analyte and occurs in a range of
wavelengths longer than that of the excitation light. In absorption spectroscopy the excitation light
source is usually a broadband thermal source. It is passed through the sample and certain
wavelengths are attenuated more than others forming the absorption spectrum. Since the
measurement is usually change in strength of the transmitted excitation light with wavelength and
not of scattered light, the signal is relatively powerful and the signal-to-noise ratio is therefore
typically good although detescting small concentrations can be difficult since that involves detecting
a small change in a strong signal. The range of wavelengths of the source can be from the
ultraviolet to the infrared. In any absorption method control of the path length for the light is
critical to the accuracy of the method since the amount of absorption is a direct function of path -
length and path length changes cannot be distinguished from changes in intrinsic absorption. In
Rarnan spectroscopy [6,7,8,9] the excitation light is almost always a laser. Its wavelength may be
anywhere from the ultraviolet to the near infrared. The measurement is of the Raman-scattered
light from the analyte. Raman scattering is the phenomenon of some very small percentage of the
excitation light being slightly changed in wavelength through its interaction with the analyte.
Rayleigh scattering also occurs and the power in the Rayleigh scattered light is much greater than
that of the Raman scattered light (typically several orders of magnitude). The Raman spectrum of
scattered light occurs on both sides of the excitation wavelength and at the same wavepymber (not
wavelength) offset from the excitation light regardless of the excitation wavelength. The Raman-
scattered light on the longer wavelength side of the excitation is called the Stokes spectrum and the
Raman-scattered light on the shorter wavelength side is called the anti-Stokes spectrum. At all but
extremely high temperatures the Stokes spectrum is much stronger than the anti-Stokes spectrum
and is usually the onc used for analysis.



Below are summarized the major advantages and disadvantages of these three methods of

spectroscopy.
Advantages Disadvantages
Fluorescence Strong signal. Broad, overlapping
Compatible with silica spectral features,
fibers. Some analytes don't
fluoresce.
Absorption:

Mid- Infrared (5-10 pm)

Near Infrared (0.8-2j1m)

Visible (400-700 nm)

Raman

made.

Features are fundamental
and distinct.

- Generally good signal-

to-noise ratio.

Compatible with silica
fibers.

Generally good signal-
to-noise ratio.

Compatible with silica
fibers.

Generally good signal-
to-noise ratio.

Sharp, distinct spectral
features.

Any wavelength can be
used for excitation (unless

fluorescence is a problem).

Presence of water poses
no difficulty.

SYSTEM DESIGN CONSIDERATIONS

Once the decision is made to use Raman spectroscopy as an analysis technique some

Incompatible with
silica fibers.

Requires exotic optical
elements.

Broad, overlapping
spectral features.

A high water
concentration can obscure
other species in the

spectrum,

Many analytes are clear
colorless liquids and have
no absorption spectrum.
Broad, overlapping
spectral features.

Signal-to-noise ratio can
can be poor for low
concentrations.
Fluorescence can cover
up features.

These factors should be seriously considered before the choice of an analytical method is

fundamental decisions must be made which control the system design. They are

excitation wavelength,

analytical instrument type,

and
spectrometer,

and of course these all interact,

1

2.

3.  optical multiplexing method,
4.  optical coupling from laser to excitation fiber and from collection fiber(s) to
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.The choice of excitation wavelength depends mostly on three factors,

1. whether or not it causes significant fluorescence in the analyte,
2. the attenuation of the light in the optical fibers at the excitation wavelength and
3.  the type of detector used to measure the spectrum.

Generally speaking the best excitation wavelength [10] is the shortest one that does not cause
significant fluorescence. A shorter excitation wavelength is desirable because the Raman scattering
efficiency is directly proportional to the fourth power of the excitation frequency and therefore
inversely proportional to the fourth power of the wavelength.

The wavelength of minimum attenuation in silica fibers is typically in the range from 1.3 to
1.5 um (Fig. 1) [11]. Because of practical considerations associated with available laser
wavelengths and sensitivities of detector systems, the excitation wevelength must generally be less
than 1.3 um. Therefore there is a trade-off between the increased Raman scattering efficiency and
decreased Raman-scattered light power due to increased fiber ~ttenuation as the excitation
wavelength is shortened. Since the total attenuation in the fiber depends on the wavelength and the

fibelr lgngth, for short fibers the attenuation may not be a problem, whereas for longer fibers it
could be,

100

OH Absorption
- Peak

10
Infrared
Absorption
Attenuation
(dBkm) 1 Total
Rayleigh
Scattering
0.1

r-Ultraviolct
Absorption e

0.01 ! !

Wavelength (um)

Fig. 1 Attenuation in silica fibers as a function of wavelength
Some commonly used excitation wavelengths are:

514 nm Argon laser line:
High power available (several watts optical), good scattering efficiency,
strong probability of fluorescence, expensive laser not reliable enough for

most industrial applications, not best match with silica fibers but
acceptable in some applications

c-5



'

ol

632.8 nm Helium-Neon laser line:
Low power available (tens of mW), low cost luser, moderate scattering
efficiency, relatively reliable, some probability of fluorescence, fairly good
match with silica fibers

676 nm Krypton laser line:
Moderate power available, moderate scattering efficiency, some probubility
of fluorescence, laser not reliable enough for industrial applications, fairly
good match with silica fibers

725-830 nm Diode laser lines:
Low-to-mcderate power in a single longitudinal mode (up to 100 mW),
moderate scattering efficiency, low probability of fluorescence, good match
with silica fibers, very reliable compared to other lasers

1.064 um Nd:YAG laser line:
High power available (several watts optical), low scattering efficiency, very
low probability of fluorescence, laser fairly reliable, excellent match with
silica fibers

There are three commonly-used types of detectors; photomultipliers, photodiodes and charge-
coupled devices (CCD's) [12].

Photomultipliers convert light to electrical current through the photoelectric etfect. They have
been used extensively for laboratory spectroscopy because of their high sensitivity, They are
vacuum tubes, therefore delicate and require high voltage power supplies. Their usable
sensitivities generally extend to wavelengths no higher than 1.1 um, For best signal-to-noise ratio
they must be cooled to reduce their dark current. For all but a few special laboratory measurements
photornultipliers are being supplanted by photodiodes and charge-coupled devices (CCD's).

Photodiodes are solid-state devices which convert photons to separated electrons and holes
which are accelerated in opposite directions and contribute to current flow. They do not require
high voltage bias (unless they are avalanche photodiodes and even then the voltage is not as high as
that required for photomultipliers), and some have usable sensitivity beyond 1.1 um. The most
common types of photodiodes used in optical spectroscopy are silicon (Si), germanium (Ge) and
indium gallium arsenide (InGaAs). Silicon detectors are useful up to wavelengths of about 1.1
1m, germanium and InGaAs up to about 4 um. Photodiodes may be used as single detectors in
interferometric systems and traditional monochromators with rotating gratings or as linear arrays in
so-called "polychromators" with fixed gratings. For maximum system sensitivity the photodiode
should be cooled to reduce its dark current, In many cases thermoelectric cooling may be adequate;
in others where the signal is especially weak, liquid nitrogen cooling (77 K) may be necessary.

CCD's are also solid-state devices, usually silicon, and the basic mechanism of conversion
from light to electrical charge is the same [13]. The electrons are collected for some finite time in o
potential well under the gate electrode and then are swept out and measured later to determine the
total light energy that illuminated on the CCD during that time, CCD's are usually made in arrays
and must be cooled 10 minimize dark current. They are also available in two-dimensional arrays so
that multiple measurements of spectra can be made simultaneously, each spectrum being imaged
onto one row of the array. Their wavelength range is essentially the same as for silicon
photodiodes; that is, up to about 1.1 jtm,
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The choice of analysis instrument type depends on several factors,

1. wavenumber range required,

2.  wavenumber resolution required,
3. signal strength

4.  instrument throughput

5.  signal-to-noise ratio.

There are two basic types of spectral analysis instruments; dispersive and interferometric.
Dispersive instruments form the spectrum of the light by using a grating (Fig. 2) [14,15,16,17].
The grating spreads the spectrum of the light in space and it can be detected by either a rotating
grating and 4 single detector or a fixed giuting and an array of detectors. Interferometric
instruments use a Michelson interferometer to form an interferogram by the movement of one
mirror and the light intensity is detected by one detector as the mirror moves (Fig. 3). The power
spectrum of the light is then found by taking the Fourier transform of the interferogram
[18,19,20,21,22,23,24,25,26,27).

Fiber Imaging Lens Input Slit
— /

Image Locadons
for 3 Different
Wavelengths

N CCD Array
Fig. 2 Simplified diagram of a grating spectrometer

Detector

Imaging

Collimating Lens

Lens

Fiber L

Moving Mirror

Beam —t—i

Fixed Mirror

Fig. 3 Simplified diagram of an interferometric spectrometer

Each type of instrument has advantages and disadvantages as summarized in the following tuble:
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Gratinz Instrument Interferometric Instrument

Mechanically simple and low-cost. Mechanically complex and expensive.
High light throughput requires low High light throughput and high resolution
resolution, simultaneously.

Wide spectral range requires low Wide spectral range and high resolution
resolution. simultaneously.

Diode laser can be used for excitation YAG laser required for excitation

(at the present time).

Either type of instrument has been shown to be usable in Raman spectroscopy and the best choice
depends on the details of the application. If the range of wavenumbers required for analysis is
small or the resolution required is low, a grating instrument is probably the better choice. If a wide
range and high resolution are required simultaneously an interferometric instrument will be needed.

Optical multiplexing is needed to share the laser and the spectrometer among several analysis
points. There are two basic approaches that can be taken (Fig. 4). The laser light can be
simultaneously shared among several excitation fibers with each fiber carrying a fraction of the
laser light all the time (space multiplexing). Or the laser light can be moved from one fiber to
another in turn so the excitation fibers time-share the laser light (time multiplexing). In either case
the average power transmitted by any single fiber to the analyte over a long period of time is the
same (assuming no loss of the excitation light in either method). Space multiplexing lends itself
naturally to the use of a grating spectrometer because the CCD array used as a detector can be two-
dimensional and the return fibers from the process carrying the Raman-scattered light can (at least
in principle) be simultaneously imaged each onto a separate row of the CCD array. Time
multiplexing is more appropriate for an interferometric spectrometer since a single detector is used.
The advantage of space multiplexing is that there is no movement of the fibers once the system has
been alighed. The disadvantage is that the initial alignment process is critical and must be
maintained for a long period of time in industrial applications. The advantage of time multiplexing
is that alignment is not so critical. The disadvantage is that some fiber movement is needed at least
on the spectrometer end and probably on both ends to put the appropriate fiber in the position to be
imaged onto the detector at the right time.
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Fig. 4 Space and time multiplexing at the excitation fiber end

Time Multiplexing

Since Raman spectroscopy is an inefficient scattering phenomenon and light gathering
efficiency is at a premium it is important to carefully consider the coupling of light from the laser
into the excitation fibers and especially from the light-gathering fibers into the spectrometer
[28,29]. In both cases an important optical principle must be observed; conservation of "etendue”.
Etendue is the product of area and solid angle of emission for a light source and is the product of
area and solid angle of collection for a light detection system. If all the light from the excitation
source is to be coupled into the excitation fibers or all the Raman-scattered light is to be coupled
into the spectrometer the etendue of the excitation fibers must exceed that of the the excitation
source and the etendue of the spectrometer must exceed that of the fiber or fibers which transmit
the Raman-scattered light [30]. ‘

At the excitation end the coupling is relatively simple. The input light source is a laser. If it
is any laser except a diode laser, its light output is almost perfectly collimated. Being collimated
the solid angle of emission of light is essentially zero and therefore so is its etendue [31]. This
guarantees that (at least in principle) all the laser light can be coupled into the excitation fiber. A
microscope objective can be used to focus the light to a diffraction-limited spot and the excitation
fiber core is centered on this sput. With a good quality translation stage the fiber positioning is
relatively easy for large core fibers (200 pm and up). It becomes more tedious for smaller diameter
fibers (below 200 um) but is still feasible. The output beam from a diode laser has significant
divergence and is generally astigmatic (elliptical cross section) but diode lasers can be purchased
with correction optics to circularize the cross section and "collimate” the beam making the coupling
considerations effectively the same as for any other laser. (The beam cannot be truly collimated
since the laser diode is not a point source but since the diode laser output aperture is very small the
divergence angle of the "collimated" beam is small.) A practical problem that has been observed
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with diode laser coupling to fibers is that the retro-reflection from the polished fiber end back to the
laser tends to spoil the diode laser's cavity resonance and reduce its output power. This can be
eliminated by interposing a directional coupler to stop the back reflection or, more simply, by
tilting the incident angle so that the retro-reflection cannot re-enter the laser diode cavity. Because
there are multiple glass-to-air interfaces in the coupling path, 100% efficiency cannot be achieved.
But coupling efficiencies close to 90% have been achieved experimentally without taking any
heroic measures. If the surfaces are all anti-reflection coated at the laser wavelength the efficiency
can rise into the high 90's.

At the spectrometer end, efficiently coupling the returned Raman light is a more complicated
problem. The coupling method depends on several factors. First if the spectrometer is dispersive
the light enters it through a slit. The return fiber or fibers must be imaged onto that slit by
appropriate optics. If there are multiple return fibers they should be arranged in a straight line,
side-by-side, to most closely match their shape to the slit. If the spectrometer is interferometric the
fibers are generally arranged in a pattern which most closely approximates a circular disk (close
packed) so as to optimally image onto the detector which is usually circular (Fig. 5) {32,33]. Both
dispersive and interferometric systems have an effective etendue which is determined by the
geometry of their internal optical components and the size of their detector. If the etendue of the
fiber(s) 1s smaller than that of the spectrometer it only remains to find the best optical system to
match them. If, for instance, the range of angles of the spectrometer exceeds that of the fiber(s)
and the detector is smaller, the optical coupling system would demagnify the fiber(s) to image them
onto the detector.

Circular
or "Close-Packed"
Arrangement of
Fiber Ends for
Li . Interferometric
inear Fiber Instruments
Arrangement
for Dispersive
Instruments

Fig. 5. Two fiber end arrangements for two types of spectrometers

Finally the software used to analyze the spectrum and determine the concentrations of the
different components of the analyte must be considered [34,35,36,37,38,39,40]. There are at least
three methods popular today; 1) multiple linear regression, 2) partial least squares and 3) neural
networks. In each method a set of "training" or "calibration" data must be taken over a range of
concentrations including the expected range 1o be measured in practice. The number of training
sets must be more than the number of components to be analyzed; many more if there is significant
noise in the data. Each of the methods uses the training data to create a model of the relation
between spectral features and concentrations. The model is used to estimate concentrations of
unknowns from new srectra.



THE UNIVERSITY OF TENNESSEE (UT) DESIGN

The first decisions in the UT design were directed to determining which analytes would be
targeted. In cooperation with the member companies of the University of Tennessee Measurement
and Control Engineering Center (MCEC) three analytes were identified:

1. amixture of acetic acid and a proprietary solvent with a small water content
which is found in an acetic acid recovery column at Tennessee Eastman
Corporation's plant in Kingsport, Tennessee,
2. amixture of cumene and cumene hydroperoxide, with low concentrations of
: acetophenone and di-methyl benzy! alcohol, found in a process developed by Hercules
and 3. amixture of isopropanol and water found in the student experimental distillation
column in the chemical engineering department of the University of Tennessee.

The Raman spectra of these analytes are shown in Figures 6 through 8.
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Fig. 6 Raman spectrum of acetic acid-solvent analyte
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Fig. 7 Raman spectrum of cumene-cumene hydroperoxide analyte
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Fig. 8 Raman spectrum of isopropanol

The range of significant features is from about 500 to about 2700 wavenumbers relative to
the exciting line. Also, in the cumene analyte the strongest cumene hydroperoxide and
acetophenone features lie very close to each other and to distinguish between them requires
resolution of two wavenumbers or less. Given this combination of wide range and high resolution
requirements an interferometer was chosen as the analysis instrument.

Several tests were conducted to determine the shortest practical wavelength that could be used
for excitation without causing fluorescence. These included an argon laser at 514 nm, a krypton
laser at 676 nm, a diode laser at 725 nm and a YAG laser at 1024 nm. At 514 nm the fluorescence
in one analyte was very large, obscuring the Raman spectrum. At 676 nm there was a noticeable
background but Raman features were visible. At 725 and 1024 nm there was no noticeable
fluorescence at all in any of the analytes. The most powerful diode lasers available with a narrow
line (single longitudinal mode) have a power of 100 mW at about 830 nm. Our range of
wavenumbers in the Stokes spectrum would push the Raman spectrum up to about 1000 nm.
Thus silicon detectors could be used. The maximum power available in CW Nd:YAG lasers in a
single longitudinal mode is about 20 W. The useful Raman spectrum extends to about 1.3 pm,
This range is ideal for transmission through silica fibers. Even though a diode laser is preferable
from the point of view of size, reliability and Raman-scattering efficiency we chose to use the
Nd:YAG laser because the available power is much higher and we need the high power to make the
signal-to-noise ratio of the measurement adequate for fast analysis. (When diode laser powers
approach 500 mW in a single longitudinal mode they will probably be preferred.) With YAG
excitation the detector cannot be silicon and an InGaAs photodiode was used. A germanium
photodiode could also have been used. We chose a diode-pumped YAG with about 2W of power.

The probes we chose are made according to a DOW Chemical Co. patent [41]. They consist
of a single 400 um core, low-water, silica excitation fiber and 6 identical fibers arrayed around the
excitation fiber to collect the Raman-scattered light (Fig. 10). The collection fibers are arrayed at a
small angle to the excitation fiber in order to increase collection efficiency. The optimal angle
depends on the optical characteristics of the fiber (numerical aperture and core size) and the analyte
(refractive index and attenuation).



E - Exciting Fiber
R - Receiving Fiber

Fig. 9 DOW fiber probe design concept

There are no intervening optical elements at all. The amount of light collected depends simply on
the overlap of the cone of light from the excitation fiber and the cones of acceptance of light of the
collection fibers (Fig. 11). The analysis of collection efficiency involves a complicated 5-
dimensional integral which must, in general, be solved numerically. Numerical analysis has
shown that for the fibers we used the optimal angle was near 10 degrees for our analytes which
have refractive indices near 1.5 and very little attenuation at 1.064 um [42,43,44].
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The overall light power gathered by this probe is roughly the same as the power gathered by a
bench-top arrangement not employing optical fibers if care is taken in both cases to correctly couple
the collected light into the spectrometer.

One problem with using silica fibers to guide the light is the presence of an extra Raman
spectrum; that of the fiber itself [45]. There are two mechanisms by which this effect occurs:

1. Onits way down the excitation fiber the excitation light causes Raman scattering in the
excitation fiber, This "fiber Raman" light exits the excitation fiber with the excitation
light and is Rayleigh scattered back into the collection fiber(s).

(39

The excitation light at 1.064 um is Rayleigh scattered from the analyte. On its way
back through the collection fibers it generates Raman scattering in the collection fibers.

This shows up as a fairly broad background interference (Fig. 12). We have shown by experiment
that effect #1 above is by far the strongest contributor of fiber Raman. This effect is typically not
strong for liquid samples but is much stronger for solid samples which reflect more of the
excitation light back into the collection fibers. The effect can be minimized by the use of extremely
low water optical fibers [46].

Cyclohexane Spectrum through 35 m Fiber at 23 °C
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Fig. 11. Effect of "fiber Raman" on spectrum of cyclohexane.

In our tests so far, the presence of the fiber Raman background has not significantly degraded the
chemornetric accuracy our composition estimates for our analytes,



CONCLUDING REMARKS

Raman spectroscopy is best suited to applications in which the concentrations of the analytes
are in the percent range and not for trace concentrations. It is suitable for aqueous solutions
because the Raman spectrum of water is very weak. Excitation wavelengths can be anywhere in
the range of 700 to 1200 nm with the exact choice dependent on the magnitude of the fluorescence
problem and the power available from the laser. The choice of a grating or interferometer
instrument depends on the excitation wavelength, the range of wavenumbers required and the
spectral resolution required. Fibers can be used to multiplex the¢ instrument to multiple
measurement points.
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Lithium has been studled oxtensively, due Lo

its grent potentianl as o Lattery nnmle mntorlni,
Although one could achileve nlmost 100% .
efficiency for cathodloally depositing Vithium,
it is difficult to obtaln 1004 dissoliutlion
afficlency of the lithium deposition, ‘Tho mnin
souvce of the problem is tha formantion of
vngsivnting layers on cathodicnlly doposited
lithium. This creates the problem for oblulning
high efficdiency Li rechargenblo battoriew,

We used Ramun spectroscopy for the vhurnctor-
ization of the passivating layers on the
Tithium eleatrada, Raman spoolrn of thin
Lithium films ¢60-2000 R) which wero depostiod
on gold, silver, and anodized sllver oloctrodes
ware recorded in severul solute/solveont sysgtoms
such as LiAaFg/propylene cntrbonnto (PCY nnd
LiC10,/PC, Mixed solvent systems fncludlng
methyl formate (MF) + dimethyl carbonnto (DMC)
and mathyl ncetate (MA) + diathyl cnrbonate
(DEC) were also examined. A thin-luyet voll us
wvell ag 4 conventional two-comparbmeatl coll was
ugsed for recording the Ramnn spaclyn, ‘Tho Loest
results were obtained when 80-U80 A of Vithium
films were deposited on either thie silvor or
the nnodized silver electrode. At the smooth
silver electrode, strong Raman scutlovings (rom
solvent, supporting electrolyte, and unknown
species (possibly from passivating tayors) WUH“
observed after depositing n thin Lt rilm (50 A),
Intensities of Raman bands started to decrense
when thicker Li films (moro than BOO A) wore
deposited. The observed high inlenstty Romuan
bands are considered to Le the surlface cnlinneed
Raman scntterings, which may be created by Lhe
gamall size particles of L1 on tho smooll silver
sutrfnce., llowever, this Lype ol phoenomenum was
not observed when n smooth gold surlnce wns
used,

Ruman spechrum which wns vcecorded al o smoolh
silver electrode after depositing 50 X 114 tn n
mixed solvent of DMC and MF with LiC10, showcd
severnl ?nnds including 509, 730, 1008, und
1215 em™'. The most llkely specles, which moy
be responsible for the observed buand, s tithium
methyl carbonate. The Raman gpoclirum, which
was recorded at an anodized silver vlcctrode
nfter depositing the L1 film in PC with LiClO,,
showed several low intensity bands which may bo
due to the formation of Li,C0j.
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An Application for Surface-enhanced Raman Seattering
us an Industrial Process Monitoring Technique,

DAVID BAILEY, ARLENE GARRISON, The University of
Tennessee, Measurement and Contrel Engincering Ceunter,
Knoxville, TN 37996

Surface-enhanced Raman scattering (SERS) has been used us a
luborutory analytical technique for over a decade. The potentinl of
SERS in some cases for remarkably incrensed sensltivity in the
detection of trace amounts of Raman active chemicals suggests Iis
use as a process monitoring technique for industrin! upplications,
Conventional Raman scattering is now being explored by the
chemical industry as a process monltoring technique. 1owever, Its
applicability may be limited to the detcction of chemicals that are
good Raman scatterers. SERS may provide a method for
enhuncing the Raman spectra of poorly scattering chemicals that
have Industrial significance,

D-2

Our use of SERS I focused on the detection of industrial solvents
stich ns tolueng, banzene, and other chemicals such as acetlo acld
el pyridine, The apparatus we have chosent for these experiments
conslsts of o near Infrared FT-Raman Interferometer and a white.
Hglt pumped NdiYAQ luser emltting at 1,064 microns, The SERS
surfticos employed {n these measurements are electtochemically
rovghenad Auwires, An SERS spectrum of 100 ppm by welght
tquenus pyridine obtalned In this manner Is presented below, The
spoctri obtuined from these oxperiments Indlcate that some
{ateresting bands muy be brought out through the use of this
techolque, Such information may then be used {n the
determination of the concentration of the solution,

SERS/ 100 PPM AQUEOUS PYRIDINE/10-22-90
TOO mw / 16 scans / 2 enti-1 tesolution
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A COMPARISON OF INTERFEROGRAM NOISES FROM
DIODE AND PHUTOMULTIPLIER TUBE DETECTORS.

WESLEY J, KOLAR, RON WILLIAMS
Hunter Laborutories Clemson University
Clemson, SC 29630

‘the purpose of this work was to compare the sources of
noise in interferograms while employing both
germanium diode (near IR) and PMT (visible) detectors.
Identical conditions were used with each detector in
order that differences in detector noises could be
compured with minimal blas from other areas. The
graphs below each represents the centerburst reglon of
100 lnterfoerograms of 512 points each, Data collection
was performed employing a tungsten source and a
Sirius 100 spectrometer (Matison instruments Inc,) sel
up for detection of both visible and near infrared
radiation. A statistical analysis of interferogram noises
will be presented along with an interpretation of their
effect on the resultant spectra.
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