COMPARISON OF PASSIVE-REMOTE AND CONVENTIONAL FOURIER TRANSFORM INFRARED
SYSTEMS FOR CONTINUQUSLY MONITORING INCINERATOR EMISSIONS*

Jack C. Demirgian and Cheryl L. Hammer

Analytical Chemistry Laboratory ANL/CP--74716
Chemical Technology Division .
Argonne National Laboratory DE92 015225
and’

Robert T. Kroutil
U.S. Army Chemical Research, Development, and Engineering Center
ATTN: SMCCR-RSL, Bldg. E5951
Aberdeen Proving Ground, MD 21010-5423

To be presented at

The 11th Annual Incineration Conference
Hyatt Regency Hotel
May 11-15, 1992
Albuquerque, NM

Sponsored by

University of California, Irvine
and
Air & Waste Management Association
American Institute of Chemical Engineers
American Nuclear Society \
American Society of Mechanical Engineers JEREN
Coalition for Responsible Waste Incineration
Health Physics Society
U.S. Department of Energy
U.S. Environmental Protection Agency

B

The submisted manuscript has been guthored
by 2 contractor 7% the U.S. Gowernmens | |
under  conttpct No.  W-31-109-ENG-38.
Accordingly, the J. S, Governmert retains 8 |
nonexclusive, royaity-free license to publish
or reproduce the published form of this
contribution, or allow others to o 0, for
U. S. Government purposes.,

DISCLAIMER
This report was prepared as an account of work sponsored by an agency of the United States

Government. Neither the United States Gevernment nor aay agency thereof, nor any of their
employees, makes ary warranty, express or implied, or assumes any legal liability or responsi-

bility for the accuracy. completeness, or usefulness of any information, apparatus, product, or
mendation, or favoring by the United States Government or any agency thercof. The vicws

znd opinions of authors cxpressed hersin do not mccessarily state or reflect those of the

United States Government or any agency thereof.

manufacturer, or otherwise does not necessarily constitute or impiy its endorsement, recom-

process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial produci, process, or service by trade name, trademark,

MASTER
u o b

mf\\rﬁ
DISTRIBUTION OF THIS DOCUMENT 28 UNLIMITEE

*Work supported by the iU.S5. Department of Energy under Coniiaci W-31-105-Eng-39
and the U.S. Army Chemical Research, Development, and Engineering Center.

0

meon

00{% _AQR0SR7--0



T T e W

COMPARISON OF PASSIVE-REMOTE AND CONVENTIONAL FOURIER TRANSFORM INFRARED
SYSTEMS FOR CONTINUOUSLY MONITORING INCINERATOR EMISSIONS*

Jack C. Demirgian and Cheryl L. Hammer
Analytical Chemistry Laboratory
Chemical Technology Division
Argonne National Laboratory

and

Robert T. Kroutil
U.S. Army Chemical Research, Development, And Engineering Center
ATTN: SMCCR-RSL, Bldg. E5951
Aberdeen Proving Ground, MD 21010-5423

ABSTRACT

Significant improvements in detection technology are needed to comply with
the requirements in the Clean Air Act of 1990, Title III, which requires the
monitoring of air toxics. Fourier transform infrared (FTIR) spectroscopy can
satisfy these requirements in two different modes. Convencional FTIR
spectrometers can be installed on-stream 50 that a vapor stream enters an
infrared cell for analysis. Other types of FTIR spectrometers can detect
chemical plumes remotely, measure the natural emissions of the molecules in the
plume. The samples do not come to the instrument, and the instrument has
neither source nor reflector mirrors.

We will discuss the applications of FTIR spectroscopy for both conventional
and passive-remote FTIR spectroscopy. Some applications of conventional FTIR
include a continuous emission monitor for measuring incinerator emissions and
determining indoor air quality. Passive-remote FTIR spectroscopy can be user to
identify and track a chemical plume. It can also be used to detect fugitive
emissions. Hence, it can be used as an independent means to assure compliance
with environmental regulations in real-time. Because of the relatively simple
instrumentation, passive-remote instruments can be helicopter- or vehicle-
mounted for mobile detection of plumes.

INTRODUCTION

Fourier transform infrared (FTIR) spec:roscopy is an excellent method to
identify and quantify selected target analytes in a complex mixture without
first separating the compounds. This capability is especially important because
of the requirements of Federal regulations such as the Clean Air Act of 1990,
which requires the monitoring of air toxics (Title III), the Resource
Conservation and Recovery Act {(RCRA), and the Toxic Substancus Control Act
(TSCA). This report describes applications of FTIR technology to coutinuously
monitor incinerator emiss!ons and to detect and track fugitive emissions.

Currently, there is no on-stream method to determine the destruction of
hazardous substances such as benzene or to continuously monitor for hazardous
products of incomplete combustion (PICs) in incinerator exhaust emissions. An
on-stream continuous emission monitoxr (CEM) that can differentiate species in
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(DRE) would demonstrate the safety and reliability of incinerators., This
information can be used to address reasonable public concern about incinerator
safety and aid in the permitting process.

In addition to a CEM, another technique is needed to independently
determine if a facility is in compliance. Fumes of suspected toxic substances
cannot be traced to their source. Passive-remote FTIR technology offers the
opportunity to identify and track plumes to their source and to independently
monitor a facility to determine if it is in compliance. The equipment is
completely portable and can operate in a moving vehicle.

We will discuss advances in the use of conventional FTIR as an on-stream
CEM for an incinerator and passive-remote FTIR capabilities to detect and
quantify a plume,

BACKGROUND

FTIR spectroscopy utilizes the two atmospheric windows in the mid-infrared
range to detect target analytes. These windows do not contain carbon dioxide
(C0,) or water absorption bands. Most organic compounds absorb strongly in one
or both of these regions. The 3200- to 2500-cm~! region contains primarily
carbon-to-hydrogen bond information and is used to detect aromatic hydrocarbons
such as benzene.

There is a distinctive absorptionr pattern in the second atmospheric window
that is commonly called the "fingerprint" region and is observed in the 1300 (o
800-cm~! region. -Most organics have distinct absorbances in this region. Tie
molar absorptivity of organic compounds is normally high, resulting in
sensitivity at a very low level (ppb-ppm).

In conventional FTIR, the sample must be brought to the instrument. Data
are obtained as transmission (or converted to absorbance) spectra. Quantitation
is possible because the infrared source provides a constant, high-temperature
background and the sample chamber is at a constant temperature. The large
difference in temperature between the sample and the source maximizes absorbance
of infrared energy.

Remote systems lack the sample cell, eliminating the need to bring the
sample to the spectrometer, There are two types: active-remote and passive-
remote systems. Active-remcte instruments, unlike conventional FTIR
spectrometers, are not self-contained. The infrared source is aimed at a pick-
off mirror, which is positioned so that the sampling area is located between it
and the detector of the FTIR. The infrared energy, once emitted from the
source, passes through interferometer and then the area being sampled until it
reaches the pick-off mirror, where it is reflected back through the sampling
area and enters the detector. The source, interferometer, and detector are not
necessarily housed in the same container.

Passive-remote systems are very different from both conventional and
active-remote FTIR systems. A passive-remote FTIR spectrometer consists of
entry optics, an interferometer, and a detector. The entire system is contained
in a small package weighing as little as 16 lb. The spectrometer uses ambient
energy as its source, The sampling area can be anywhere within the field-of-
view of the spectrometer. The spectrometer receives emission spectra. The
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amplitude of the emission is a function of concentration and the temperature of
the background and the plume. Passive-remote systems are ideal for detecting a
solvent plume and tracing it to its origin, but the technology is much more
difficult to develop and field. The primary obstacle is the constantly changing
background. A moving spectrometer would encounter sky, grass, trees, asphalt,
cement, and building materials as backgrounds. Each background has its own
temperature and would emit a different background infrared envelope. The
infrared blackbody window even varies when a sky background is used, due to the
absorption of infrared energy by atmospheric water, which is emitted in pulses.

Most passive-remote instruments try to cope with the variable background by
collecting a background spectrum with no analyte present and subtracting this
background from the sample., Similar results can be obtained by determining a
ratio of the spectrum with analyte to the background. These are often poor
alternatives because it may not e possible to obtain a comparable background.
Also, data analysis will have to follow data collection so that appropriate
background and sample spectra can be determined.

More sophisticated approaches include using internal blackbodies, which
provide a reference point and time domain analysis, which digitally filters the
interferogram to remove the background before Fourier processing to the spectral
domain.?

FTIR A5 A CONTINUOUS EMISSION MONITOR

A laboratory incinerator? was used on a liquid toluene stream to evaluate
FTIR spectroscopy-as a CEM. Toluene is relatively nontoxic. When incompletely
combusted, it produces PICs such ag benzene and methane. The FTIR software can
detect methane, benzene, toluene, carbon monoxide, and chlorobenzene.
Chlorobenzene was inserted into the library because its spectral absorbance
overlaps the absorbances of benzene and toluene. It cannot be present in a
toluene burn; it’s detection would indicate a serious problem with false
positives. The infrared spectra of methane, toluv:ne, chlorobenzene, and benzene
are shown in Figure 1.

The incinerator was allowed to operate at equilibrium, approximately
1100°C, and then cooled to 920°C while sampling continued. During cooling, soot
began to form. Figure 2 shows the infrared spectrum of a sample collected when
the incinerator was at 1100°C (equilibrium), after cooling was initiated
(initial modification), and after the temperature had decreased to 920°C. The
equilibrium spectrum shows only waterbands in the aromatic region. Once cooling
began, the baseline gently rose in the aromatic region (3100-3000 ecm-!). Afrer
cooling had progressed, the aromatic region and the prominent methane absorption
at 3017 cm?! occurred and are clearly seen.

A summary of the results is given in Table 1. Cases I and II of Table 1
show the effect of decreasing the temperature of the incinerator while slightly
increasing residence time and excess air. Cases IIIA, IIIB, and IIIC were from
the same experimental run, with decreasing temperature. At the initial
temperature of 1100°C in Case ITIA, combustion was complete. The temperature
vas allowved to decrease and another sample was collected (Case IIIB - initial
modification). After the temperature stabilized at 920°C, a third set of data
vas collected (Case III}. Case IV is similar to Case IIIA, but the residence
time was reduced by 41%. Temperature reduction was attained by allowing the
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Figure 1. Spectral Data for the Quantitative Library $tandasds:

Figure 2. Spectral Comparison of Toluene Incineration during

Methane, Toiuene, Chlorobenzene, and Benzene Temperature Modification
s
Table 1. Data for Destruction of Toluene
Case X Case IX Case IITA Case XXIB Casa ITTIC Cosa XV
Incinerator Decramsing
Tempearmature (°C) X005 900 32100 from 31100 920 12100
Rasidaenca Time 217 1.27 1.06 1.22 1.22 0.63
(smc) .
Alr Ratio 12.357 .42 A.55 1.57 L.5%7 1.62
Toluanae Faad 0.107 0.103 0.063 0.038 0.05%58 0.063
Rate (g/min)d ’ )
Alr Rarnve (cm3/m) 7332 7332 7524 7524 7544 12631
Toluvanwm
Concentration 4in -
the Inlect 3.58 2.09 2.05 1.89 1.9 L.22
Kppm > 2O~ *) '
Methanm . -
Concentration in
tha XInlat 5.59 5.60 5.47 5.47 S.47 5.65
Cppm i LO~")
Concentration 3in
the Exhausc
Cppm > 10-31 ) .
Methane o 813 z 303 ) 331 x 207 5380 , 1200 ND
Toluens o, 18 = 13 . [o] 161 o 27 [+
Baenzane NDw 134 a2 23 ND 412 2 9.8 379 & 247 13 2 9
Cumrbon
Honoxide Q AS4L » B4 Q 173 x 28 1429 » 129 138 o 18
Chlorobenzene ND ND ND HD ND ND
Soor Observed o Excesn o Brcens L &
Toluenae DRE (X) >9%.94 9.4 >99.9% >99.9 91.5 >99.8
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In each run, the FTIR worked perfectly as a CEM. These incinerator-
operating parameters were varied while continuously monitoring for methane,
toluene, benzene, and carbon monoxide emissions. The effects on emissions of
the varying conditions of Cases I to IV vere easily followed by the CEM.

As reported in Table 1, the concentrations of analytes were below detection
level when the incinerator was at 1100°C (Cases I and IIIA). During cooling
(Cases IIIB and IIIC), both methane and benzene were formed. As the incinerator
continued to cool, toluene also appeared. The concentration of CO also
correspondingly increased.

The error values in Table 1, two standard deviations, were relatively
large. However, the concentrations of the methane, benzene, and CO shoved a
systematic increase. Further work needs to be performed to lover the error in
the quantitative values.

Although a pure toluene feed was used, the first products formed during
incomplete combustion were benzene and methane. Both of these compounds are
extremely stable and their formation is expected. If no burn had occurred, the
toluene concentration would have been 100,000 ppm. Hence, the DRE for toluene
during the upset was 99.94%, which is marginally below the level set for
nonhazardous wastes. The value for DRE has less meaning vhen it can be
demonstrated that benzene and methane are formed and emitted in significantly
higher concentration.

PASSIVE-REMOTE DETT.CTION

A passive-remote FTIR sensor must be able to qualitatively identify Title
111, air toxics in the environment. The instrumentation must first detect the
air toxic with a low probability of false positives or false negatives. Hence,
it must be able to detect the air toxic in an environment that would contain
other components with overlapping absorbances. It must also function in a
continually changing background so that it can track a plume to its source,
which requires a field test to demonstrate. The field test described was
performed at a Drug Enforcement Administration site. Pure chemicals were
released in the environment to simulate the concentration found at illegal drug
laboratories. A ground-based XM21 spectrometer was used to monitor the plumes.

The ability to identify a target analyte in a mixture containing components
that have overlapping absorbances can be tested in the laboratory. A remote-
passive FTIR was constructed from a conventional Nicolet 6000 FTIR. Mixtures
containing totally overlapping absorbances were quantitatively released in front
of the instrument. The ability to detect single components in the presence of
completely overlapping spectral bands was determined using partial least squares
(PLS) and classical least squares (CLS) softvware.

PLUME DETECTION

Plume detection was performed using an XM21 and a modified Midac
interferometer provided by the U.S. Army Chemical Research, Development, and
Engineering Center (CRDEC). The XM21 is ground-based, while the modified Midac
was flown in a helicopter at altitudes of 200-500 ft above ground level and
speeds of 80-120 knots.



The XM21 was designed to operate under battlefield conditions. Its
internal blackbody helps to stabilize the response, and the MCT-A detector is
optimized for the atmospheric window of 1200-900 cm™!. The optical system is
simple to eliminate alignment problems.

The XM21 was able to detect the plumes emitted by the simulated
methamphetamine laboratory, which consisted of a Freon-11 release from a window
in a trailer. The Freon-11 was also detected with a large signal-to-noise (S/N)
ratio. The spectrum of a Freon-1l standard and the actual spectrum obtained
during the release are shown in Figure 3.

The cocaine laboratory simulation consisted of an ethyl ether release. The
ethyl ether releases were performed by pouring each liquid into 8-ft-long trays
in open sheds and evaporating the liquid with the use of heat lamps. The XM21
was able to detect both this solvent in the open area and in the canopy. The
ethyl ether reference and actual release spectrum are shown in Figure 4.
Real-time data analysis was performed with a modified Midac passive-remote FTIR
spectrometer. The spectrometer had a video camera coaxially mounted. A video

display board was mounted in the personal computer to overlay data collection on
video tape.

This spectrometer is capable of real-time data analysis using the advanced
signal processing algorithm described above. Approximately 50,000-100,000
training spectra are required to develop a digital filter for a single
component. To date, a digital filter has been developed for only one component,
SFg. The Midac performed real-time analysis for SF,. For the other releases
(i.e., Freon-11, acetone, acetic acid, and ether), data were collected. The
data for these solvents can be evaluated when digital filters for these
components are developed.

The modified Midac spectrometer software determines a response calculated
from the interferogram-based real-time signal processing algorithm. The
algorithm response was plotted as a function of time. The algorithm response
for the helicopter-mounted spectrometer before it reached the target area
(background data) is shown in Figure 5; the response appears as a straight line
below zero arbitrary units (AU). The zero line on the plct is the trigger
threshold at which detection begins. As the concentration of the detected
analyte increases, the amplitude of the response also increases.

When the helicopter-mounted FTIR spectrometer passed over the target area,
it detected analyte due to the increase of the amplitude of the response. After
the helicopter passed over the plume, it circled around and again passed over
the plume at a different altitude. For these releases, the helicopter altitude
varied from 200-500 ft. Each time the helicopter passed over the plume, the
FTIR spectrometer detected analyte. The results of these sequential passes over
the target area can be seen in Figure 6. The response in AU is plotted against
interfer~gram number, which correlates with time (4 scans per sec). The large
increase in response each time analyte vas detected is easily observed from the

figure.

QUANTITATION

The ability of an FTIR spectrometer to discriminate between a target
analyte and an environmental impurity that may have an overlapping spectral
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absorbance is critical for FTIR to be used for compliance assurance. We have
previously reported® two systems consisting of a two-component mixture
consisting of isopropanol (IPROH) and dimethyl methyl phosphonate (DMMP) and a
three-component mixture consisting of methanol (MEOH), DMMP, and IPROH. These
components all have overlapping peak absorbances in the atmospheric window.
Passive-remote FTIR was able to detect each of the analytes in these mixtures.
For this paper, a MEOH-DEM-DMMP mixture vas analyzed. The data are for pure
methanol, pure DEM, pure DMMP, and mixtures of the three-components in the
ratios 1:1:1, 1:2:3, and 3:2:1. The spectral data for pure MEOH, pure DEM, pure
DMMP, and their mixtures in the volume ratios of 1:1:1, 1:2:3, and 3:2:1 are
shown in Figures 7 through 12, respectively.

PLS and CLS data analysis were performed on this data set. The results of
these analyses are shown in Table 2. PLS clearly outperformed CLS. If the
lowest concentration of MEOH is removed from the data set, MEOH quantitation was
within 10% using PLS. CLS results were much more variable with most values
deviating from the release concentration by 40-30%. DEM and DMMP PLS results
were closer to the 20% values obtained with the MEOH-DMMP-IPROH results obtained
above. CLS results were significantly worse for DEM. However, DMMP results
using CLS were only slightly less accurate than those obtained using PLS. CLS
did have a false negative at the lowest DMMP concentration.

CONCLUSION

Our tests with a laboratory incinerator demonstrate that FTIR spectroscopy
can be used to menitor incinerator emissions. We confirmed qualitative
jdentification of methane, toluene, and benzene, Chlorobenzene, used to test
for false positives, was not detected.

This initial work casts doubt on the relevance of determining only the DRE
for waste descruction and risk assessment. 1In the incineration of toluene, as
the incinerator changed conditions, intermediate products that are more toxic
than toluene were formed. Future CEMs will need to monitor these toxic
intermediate products as well. When the incinerator is not performing
efficiently, even though the DRE exceeds regulatory limits, the emissions of
intermediary products must still be counted in the risk assessment. The
concentration of these products can be monitored with FTIR.

Passive-remote FTIR spectrometers have been successfully f' d tested and
have demonstrated the capability of identifying a chemical plume. The
instrumentation has also been laboratory tested to show that a single component
can be identified in a mixture containing completely overlapping absorbances.
FTIR technology, therefore, has demonstrated the potential for use in as an
independent method for compliance assurance under Title III, Air Toxics of the
Clean Air Act of 1990. The light weight and portability of the instrumentation
is a significant advantage.

Work must continue in developing a large spectral library data base
congisting of analytes and bhackgrounds. Appropriate QA/QC procedures must also
be developed to ultimately obtain certification by the Environmental Protection
Agency (EPA).
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