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ABSTRACT

Fourier transform infrared (FTIR) spectroscopy is an ideal technique for
remote detection of organic emissions. There is an atmospheric window in the
1200 to 800 cm"1 region, which corresponds to the "fingerprint" region for
organic molecules. Virtually all organic molecules have a unique
absorption/emission pattern in the fingerprint region. A remote-passive FTIR
relies on ambient emission of infrared energy from organics to obtain spectra.
The instrumentation consists of inlet optics, an interferometer, a mercury
cadmium telluride (MCT) detector, and an on-board computer. The transportable
unit measures 40 cm by 50 cm and has been used to collect data while mounted on
a helicopter or ground vehicle. Through the use of this FTIR combined with
least squares software, it is possible to analyze qualitatively and
quantitatively for organic vapors from either the air or ground.

The data presented will include quantitative releases of common organics
present in incinerator stacks, hazardous wastes, and illegal laboratories.
Data will be presented for pure compounds, mixtures, and target analytes in the
presence of interfering compounds. The sensitivity, reproducibility, and the
potential of the technique will be discussed.

INTRODUCTION

The emission of organic vapors is a concern for environmental, health,
safety, and regulatory reasons. Sources of organic vapors include industrial
leaks, incinerator emissions, motor vehicle exhausts, evaporation from
contaminated areas, leaking storage tanks, petroleum refineries, and even
illegal drug laboratories. The EPA-certified procedures for organic emissions
consist of sampling a fixed amount of air through a sampling apparatus such as
a volatile organic sampling train (VOST), which traps the organics. The sample
is then transported for gas chromatographic (GC) or gas chromatographic/mass
spectroscopic (GC/MS) laboratory analysis. Results are available in a period
of weeks or months. The entire procedure is costly and time consuming. Also,
the GC or GC/MS analysis is a one-time procedure. If the concentration of
organics is outside the acceptable instrumentation limits, the sample cannot be
reanalyzed.

Remote-passive FTIR offers the potential to detect, identify, and monitor
emissions in real time in the field. FTIR spectroscopy is ideal for remote
detection. There is an atmospheric window in the 1200 to 800 cm"1 region,
which corresponds to the "fingerprint" region for organic molecules. Virtually
all organic molecules have a unique absorption/emission pattern in the
fingerprint region. Through the use of FTIR combined with classical least
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squares (CLS) or partial least squares (PLS) software, it is possible to
analyze qualitatively and quantitatively for organic emissions from either the
air or ground.

The FTIR consists of infrared optics, interferometer, MCT detector, on-
board computer, and external data collection system. The remote FTIR used to
collect the data presented in this report was designed by the U.S. Army and is
designated as the XM21. It is extremely rugged and can collect data mounted on
a helicopter or tank or ground mounted. It can be programmed for target
analytes and will set off an alarm as soon as they are detected.

The instrumentation emits no energy but detects the natural emissions of
organics due to the difference in temperature of the organic molecule from the
background. For example, organics emitted from an incinerator vill be
thermally warm relative to the sky or ground near the stack. A solvent exiting
from an open window or exhaust pipe will be warmer or colder than the building
from which it is emitted. On a sunny day when the background is warmer than
the solvent vapor, a standard transmittance spectrum is obtained. During the
evening when the background is cooler than the solvent vapor, an emission
spectrum is obtained.

This paper will focus on two potential applications for remote FTIR
spectroscopy: (1) the monitoring of incinerator emissions and (2) the detection
of solvents emitted from a building, such as an illegal drug laboratory or
production facility in which solvents are used.

EXPERIMENTAL

1. Method

In a typical experiment, the distances from the target (brick wall,
blackbody, field release) to the FTIR were accurately measured. A series of
releases of single components and mixtures was performed using a vaporizer
designed at this facility. The vaporizer was capable of converting a liquid
flow to vapor, which was released in front of the appropriate background. The
flow from the vaporizer was determined using a hot wire anemometer. The design
of the vaporizer is described elsewhere.1

2. Concentration Units

Data are reported in concentration-pathlength units of ppm-m. For
example, a concentration-pathlength release of 1 ppm-m is equivalent to a
release of 1 ppm over a width of 1 m. Our release width was 10 cm, the width
of the vaporizer. Hence, when we release 10 ppm over a width of 10 cm (0.1 m),
the pathlength concentration is 1 ppm-m. A 1 ppm-m release is equivalent to a
concentration of 1 ppm emitted from a stack 1 m in diameter while the remote
FTIR is collecting data across the plume. The parts per million level for the
data presented herein was determined by converting the liquid flow to cubic
centimeters of vapor and dividing by the cubic meters of air released.

RESULTS AND DISCUSSION

Data are presented for three pure liquids, methanol (MEOH), chloroform
(CHC13), and carbon tetrachloride (CC14), to determine their detection levels
under laboratory conditions. The liquids were released in front of a blackbody
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that was maintained at 40°C. The liquids represent common laboratory solvents,
two of which (CHC13 and CC14) are also principal organic hazardous components
(POHCs) monitored in incinerator emissions.

1. Analysis of Pure Components

Methanol data were collected at flows corresponding to concentrations
of 3.7, 7.6, 13.9, 27.2, and 34 ppm-m. The IR spectra for the data are
presented in Fig. 1. The quantitative results are presented in Table 1.

Table 1. Quantitative Data for MEOH Using a Blackbody Background.
Concentration-pathlength units are ppm-m.

Cone

34.0
27.2
13.9
7.6
3.7

Detected
2 std

STD
27.7
15.7
9.9
STD

Detected
3 std

STD
27.6
STD
8.8
STD

Agreement is excellent for the 27.2 ppm-m sample, with deviation less
than 2%. The deviation was less than 13% for the 13.9 ppm-m sample. However,
when only two standards were used, the error for the 7.6 ppm-m sample was 30%.
This error decreased to 16% when a third calibration standard was used.

Both CHCl3 and CC14 are of special interest because they are monitored
during an incinerator trial burn. Monitoring them in real time enables the
determination of on-stream destruction removal efficiency (DRE). On-stream DRE
determination would eliminate the need for a trial burn.

CHCl3 and CC14 are strong infrared absorbers in the 800-700 wavenumber
region. This is beyond the optimum region for the detector in the XM21.
Hence, the sensitiyity of the instrument is lower for detecting these two
components than would be the case with a detector optimized in this region.

Analysis of CHC1, consisted of five different flows corresponding to
concentration pathlengthsof 2.87, 5.12, 6.49, 7.85, and 8.87 ppm-m. The first
and last values were used for the calibration curve. The IR spectra obtained
are shown in Fig. 2. All absorbances in the region 830-720 wavenumbers were
used in quantitation. The quantitative results are shown in Table 2.

Table 2. Remote Detection of Chloroform Using a Blackbody Background.
Concentration-pathlength units are ppm-m.

Cone. Detected X Error

5.12
6.49
7.85

4.85
6.15
7.10

5.3%
5.2
9.6
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The relative intensity of the two peaks associated with chloroform are
clearly seen. The absorbance in the 1220 wavenumber region was not used for
the data calculations shown in Table 1. With a two-point calibration curve,
the percent error was within 102. The intensity of the 2.89 ppm-m absorption
is sufficiently strong to demonstrate sensitivity in the high parts per billion
concentration range.

Data for CC14 showed similar sensitivity. Five different flows of
liquids were analyzed, which correspond to concentration pathlengths of 3.47,
4.33, 5.77, 6.92, and 8.36 ppm-m. The first and last values were used for the
calibration curve. The IR spectra obtained are shown in Fig. 3. All
absorbances in the region 810-784 wavenumbers were used in quantitation. The
quantitative results are shown in Table 3.

Table 3. Remote Detection of Carbon Tetrachloride Using a Blackbody.
Background. Concentration-pathlength units are ppm-m.

3.92
6.28
7.58

9.52
8.8
9.5

Cone. Detected 7. Error

4.33
5.77
6.92

The quantitative data are accurate to within 10X, as were the
chloroform data. The detection levels are similar. The absorption of CC14 is
much sharper than that for CHC13. The relatively low resolution of the
instrumentation gives the CC1,. its sharp features. At 2 wavenumber resolution,
the fine structure of most organic absorbances becomes evident. At 4
wavenumber resolution, the fine structure is lost, and the absorption degrades
to a curve or straight lines. The 4 wavenumber resolution of the equipment
employed in this preliminary study limits the ability of the software to
identify and align peak absorbances by their fine structure. The absorbance in
the 780-760 region is background carbon dioxide. This absorbance is also
present in, and overlaps with, chloroform. Higher resolution data would show
the carbon dioxide as sharp bands superimposed on the chloroform absorbance.

The laboratory work with CHC13 and CC14 demonstrated the potential of
FTIR for remote detection of organics. The next phase consisted of determining
the efficiency of the instrumentation in the field. An experiment was set up
to detect MEOH released in front of a brick wall. This experiment simulates
the detection of .organics emitted from production facilities or illegal drug
laboratories. Data collection is made more difficult because the temperature
of the brick wall and, hence, the intensity of infrared energy being emitted
are changing during the day.

Data collected for MEOH are presented. The three MEOH flows used
correspond to concentrations of 8.2, 18.3, and 27.8 ppm-m. The spectra for
these three concentration ranges are shown in Fig. 4. Because the brick wall
was cooler than the released vapor emission, spectra were obtained. The
concentration of the second sample was calculated to be 22.5 ppm-m, or
approximately 23% above the actual value.
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2. Analysis of Mixtures

A critical issue in demonstrating the potential of remote FTIR is the
ability of the instrumentation to function in complex environments. The
technique must be able to identify and quantify components in mixtures under
difficult and changing backgrounds. Usually, components in mixtures absorb
infrared radiation at different energies. The difference vas readily observed
in a simple experiment in which 10 uL of MEOH and 5 uL of ethyl ether were
injected into an evacuated 10 cm cell placed in front of a blackbody
background. The spectral data are presented in Fig. 5.

a. Laboratory Release

Qualitative and quantitative data were obtained for a mixture of
CHC13 and CC14. These two analytes have partially overlapping absorbance
peaks. This work simulates monitoring two POHCs being emitted from an
incinerator. The blackbody temperature initially was set at 41°C and allowed
to slowly increase to 44°C by the end of the measurements. This changing
background better simulates background conditions found in an actual remote
situation, where data collection begins in the morning and as the day
progresses the temperature increases.

Data were collected at six concentrations: 0.40, 0.81, 1.45,
2.02, 3.03, 4.04 for CHC13 and 0.34, 0.68, 1.23. 1.71, 2.56, 3.41 for CC14.
CHCl3 and CC14 were mixed 50:50 by weight. The lowest concentration level
(<0.5 ppm-m for each analyte) was below threshold detection level and is not
replotted. The IR spectra of the other five solutions are shown in Fig. 6.
The quantitative data are shown in Table 4. The 820-784 wavenumber region was
analyzed for CC14 and the 784-720 wavenumber region was used for CHC13.

Table 4. Remote Detection of a Mixture of CHCl3 and CC14.
Concentration-pathlength units are ppm-m.

CHC13 CC14
Cone. Detected Error Cone. Detected Error

0
1
3

.40

.45

.03

0.
1.
3.

70
17
06

75%
19
1

0
1
2

.34

.23

.56

0.
1.
2.

59
00
58

74%
19
1

The second, fourth, and sixth samples were used as calibration
standards. The software was able to identify the CHC13 and CC14 and quantify
their concentrations with the calibration curve. The large deviation for the
lowest level is not unexpected. One cannot visually identify CHC13 and CC14 in
this spectrum. The capability of the software to identify the analyte under
these conditions is encouraging. The steadily increasing background
temperature did not result in a degradation of the data.

The absorbances of CHCl3 and CCl4 only partially overlap. It is
necessary to study a system in which the absorbances of both components
completely overlap. A diethyl malonate (DEM) and MEOH mixture was studied at
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six different flows- First, three flows were studied, which contained a low
concentration of DEM in MEOH: 0.67, 0.98, 1.12 ppm-m DEM in 6.06, 8.82, and
9.72 MEOH, respectively. This was immediately followed by three more flows,
which contained only MEOH: 5.93, 9.88, and 19.69 ppm-m. The objective was to
determine if the totally overlapped DEM could be identified and quantified in
the first three mixtures and not misidentified (false positive) in the last
three flows. Figure 7 shows the IR spectra of pure DEM, pure MEOH, and the
mixture of both components collected remotely. One cannot visibly detect the
presence of DEM in the spectra of the mixture. The quantitative data are
presented in Table 5. The 1090-1000 wavenumber region was analyzed for DEM,
and the 1100-975 wavenumber region was used for MEOH.

Table

Cone.

8.82
5.93
19.69

5. Remote Detection of a Mixture
Concentration-pathlength units

MEOH
Detected

8.30
7.11
16.46

Error

5.9%
19.9
16.4

Cone.

0.98
0
0

of MEOH and
are ppm-m.

DEM
Detected

0.91
ND
0.17

DEM.

Error

1.1%

The first., third, and fifth samples were used as standards. The
software was able to correctly quantify the low-concentration DEM sample. The
first pure MEOH sample was also correctly identified, although the quantitative
data showed significantly more error. The highest concentration MEOH sample,
19.69 ppm-m, showed a low concentration of DEM present (false positive).
However, the concentration detected was below the threshold detection level of
DEM.

b. Field Release

Field data were obtained at Aberdeen Proving Ground. The XM21 was
placed approximately 500 ft (-200 m) from the region where SF6 was released
The angle of view;, low sky background, is the most difficult to work with
because of the infinite pathlength and greater amount of atmospheric
pollutants.

A methanol-DEM mixture was released while an SF6 release was in
progress. The methanol peaks were observed as emissions because they were
released at 42°C, which was above ambient temperature. The SF6 was observed as
an absorbance spectrum because it was released from a pressurized tank and the
gas was below ambient temperature.

The spectral data are presented in Fig. 8, and the quantitative
data are presented in Table 6. The spectral data show the steadily increasing
concentration of the methanol-DEM spectral features and the reduction of the
SF6 absorption as the gas disperses. The primary band for DEM is completely
overlapped by the MEOH emission (Fig. 8). The secondary bands at 1200-1150
wavenumbers are readily observed-
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STD
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STD
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Table 6. Methanol-DEM Release with SF6 Dispersion in Low Sky Background.
All concentrations are in ppm-m.

MEOH DEM
Cone. Released Detected % Error Cone. Released Detected X Error

29.9 5.8 3.9 32.8
8.5 STD

9.4 11.6 12.5 7.8

The quantitative data in Table 6 were obtained using only two
standards. The percent error was approximately the same as that obtained for
pure methanol. However, the analysis was more difficult because only the
spectral range of 1125-975 wavenumbers was used. The DEM and methanol
completely overlap in this region. No pure components were entered into the
calibration file. Hence, these data indicate that the analysis of mixtures is
no more difficult than the analysis of pure components.

SUMMARY AND CONCLUSION

This study has demonstrated that remote infrared detection is a precise
and reliable technique for monitoring organic emissions. The equipment is
capable of detecting SF6 releases at 500 ft (~200 m) and low concentrations of
pure components and mixtures released in the environment. Quantitation was
within 30% for these releases. Mixtures were no more difficult to analyze than
pure components.

Several areas still must be addressed. The limitation of the PLS software
is the large number of spectra required to reduce quantitation error. For the
data presented here, it was not possible to obtain the number of spectra that
would reduce the quantitation error. The classical least squares method
requires fewer library data and should improve data quality. We hope to expand
this work to include advanced signal processing using digital filtering in the
time domain so that variations in background and the need for calibration
spectra are eliminated. A limitation of the existing equipment is the lack of
front-end optics, which are required for analysis at distances of 1 km.
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