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ABSTRACT

The requirements of the Clean Air Act Amendments of 1990 and
public concern about the safety of air emissions from
incineration necessitate the development of continuous emission
monitors for on-line determination of both the destruction
removal efficiency (DRE) of hazardous wastes and the emission
products of incomplete combustion (PICs). This paper describes a
Fourier transform infrared (FTIR) spectroscopic method that has
been developed for this purpose.

A laboratory-scale hazardous waste incinerator was coupled
directly, via heated sampling lines, to a heated long-path cell
(LPC) combined with an FTIR analyzer. The DRE and PIC emission
levels were measured, on-line, for toluene incineration. Thus,
this new LPC/FTIR system has been demonstrated as an effective
continuous emissions monitor- Further experimental work with
other hydrocarbons is now underway us?-g the FTIR system.

INTRODUCTION

Disposal of large volumes of municipal, biological, and hazardous wastes
can best be accomplished with incineration, which is highly regulated. The
Resource Conservation and Recovery Act, the Toxic Substances Control Act, and
the Clean Air Act are the principal environmental laws covering the industrial
incineration of wastes. Currently, there is no on-stream method to determine
the destruction of hazardous components, such as benzene or dioxins in feed
streams, or to continuously monitor for these hazards in the incinerator
exhaust emissions. An on-stream continuous emissions monitor (CEM) that can
differentiate species in the ppm and ppb range and is capable of calculating
the destruction removal efficiency (DRE) would demonstrate the safety and
reliability of incinerators. This information could be used to rebut
reasonable public concern about incinerator safety and aid in the permitting
process.

To comply with the Clean Air Act Amendments, significant improvements must
be made in the emissions detection technology now employed for incineration.
Fourier transform infrared (FTIR) spectroscopy can qualitatively and
quantitatively identify most organic pollutants in incinerator emissions.
Because analysis is performed on-stream, reliable data are available within
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minutes. Such a sampling-and-analysis system is capable of serving as a CEH
and can be used to rapidly and routinely calculate the DRE, based upon the
concentration of the target principal organic hazardous constituent (POHC) in
the initial feed and resulting effluent.

This paper reports on the first stage of development of such a CEM/DRE
measurement system. Benzene, methane, toluene, and carbon monoxide have been
monitored. The IR spectrum of incineration effluent contains large amounts of
information and, with proper interpretation, can be used for the identifying
and quantifying most of the chemical species present in the incinerator
effluent. New methods for analytical data interpretation are continuing to be
developed, and further investigations will allow many more products of
incomplete combustion (PICs) to be included. The pathway to the development of
a reliable incineration monitor is clearly before us.

EXPERIMENTAL EQUIPMENT

Lab Incinerator

Figure 1 shows the experimental equipment setup for the laboratory
incinerator and the long-path cell (LPC) with the FTIR emissions monitor. The
alumina-walled incinerator was 3.81 cm in diameter and 64 cm in height. Fuel
(usually CH4) and primary air were premixed and injected through holes in the
base plate. Secondary air was supplied through a circumferential slot, 2.5 cm
above the premixed fuel inlet holes. Hazardous liquid (in this case, toluene)
was injected with a micrometering pump through a variable-height injection
probe located 2.5 cm above the burner holes. A tube-evaporator heated to 200°C
was used to evaporate toluene before it entered the probe. Electric heaters
outside the incinerator were necessary to compensate for conduction heat loss.
A thermocouple located at the secondary air inlet was used for monitoring flame
temperature. Another thermocouple, 23 cm above the burner holes, was used to
indicate the average incinerator temperature. The flue gas entered a quench
section where it was quenched to 250°C by Hastalloy coils cooled to 160°C. The
injection probe and the burner were cooled with Dowtherm, a heat transfer
fluid, which was circulated at 130°C. Flue gas filtered with glass wool passed
through a length of glass tubing and entered the LPC. The filter, tubing, and
LPC were encased in metal (copper or aluminum), which was maintained at 150 to
180°C by electrical heating to prevent water from being condensed.

Instrumentation for Analytical Measurements

A Nicolet 8220 FTIR coupled with Nicolet DX software was used for all
analytical measurements. The FTIR was interfaced to a PC, which used Nicolet
PCIR version 3.0 software to perform classical least squares (CLS) analysis.

A heated transfer line was used to deliver incinerator emissions from the
incinerator to a heated (150°C) Hanst 4-22 long-path cell (Infrared Analysis,
Anaheim, CA). The pathlength was set at 15.4 m. The sample compartment of the
FTIR was modified to accept the heated cell. The cell was connected to a
vacuum pump so that it could be evacuated and subsequently filled with
calibration gases when the system was off-line. An additional port in the cell
was used for the entry of calibration gases.
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Calibration gases were purchased from Scott Specialty Gases and vere
certified to be within 2% of the reported concentration.

Experimental Procedure

In a typical experiment, 128 background interferograms were collected and
coadded immediat.ly before the incinerator was ignited with methane. After the
incinerator was brought to the desired temperature, sample interferograms vere
collected and coadded.

Toluene was then injected into the methane flame, and CEM data were
collected. Next, incinerator operating parameters were systematically varied
to test the ability of the CEM to follow and to characterize the incinerator
performance variables.

RESULTS AND DISCUSSION

Precision of the Data

Prior to the experimental work, the precision of the data was determined
by successively filling the cell with five gas standards. Duplicate runs for
each standard were integrated using LabCalc software. The percent deviation
was less than 1%. The results are presented in Table 1.

Table 1. Integrated Areas for Duplicate Standards

Analyte
Wave Numbers
Integrated Area

3.492
3.534

14.585
14.469

9.094
9.067

3.917
3.914

5.170

Average

3.513

14.527

9.G81

3.9155

5.1445

Percent
Deviation

0.60Z

0.40Z

0.15%

0.03Z

0.502

Methane

Toluene

Benzene

3173-2879

3150-2810

3135-3006

Chlorobenzene 3129-2993

Carbon Monoxide 2246-2034

Linearity of Response

Detector linearity was determined for toluene by sequentially injecting
liquid samples into the heated, evacuated cell and collecting data. The amount
injected was converted to molar ppm based upon a 5-L cell volume. The toluene
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peak areas were integrated using LabCalc software. In Figure 2, the molar ppm
concentrations are plotted versus the area counts obtained by integration. The
datum at 44.2 ppm was obtained using a Scott calibrated gas standard.
Deviations from linearity over the concentration range of 81-539 ppm were
considered to be minor. Table 2 contains the area counts, concentrations, and
calibration factors for the standards.

Table 2. Detector Linearity for Toluene

Toluene
Sample Size,
uL injected

Scott std
1.2
3.4
5.8
8.0

Concentration
(Molar PPM)

44.2
81
229
390
539

Area
Counts

10.3
23.2
69.6
128.0
177.3

Calibration
Factor

0.234
0.329
0.309
0.313
0.314

Further concentration studies were performed with methane. At
concentrations two orders of magnitude greater (50,000 ppm) than those
discussed above, the detector response is no longer linear. In addition, the
peak shapes and relative intensity of the bands change. Figure 3 shows the
spectra for a 1- and a 49,000-ppm methane standard. At 1 ppm, the side bands
of the methane are approximately 40% as intense as the primary center band. At
49,000 ppm, the side bands are only a small fraction of the center band
intensity. This concentration change in relative band intensity could cause
quantitation error. The results presented in this paper utilize new Nicolet
CLS software which allows use of multiple concentrations and analytical
regions. The software permits multilevel calibration for standards with
changing peak shapes.

Detection Levels for Analytes

The detection level for a given analyte is a function of the molar
absorptivity coefficient and is limited by the noise and pathlength of the
system. Compounds such as methane, which are strong infrared absorbers (i.e.,
have high molar absorptivity coefficients), will be detectable at lower
concentrations than toluene, which is a weak infrared absorber.

The limiting factor is the noise of the system at a given temperature and
pathlength. The region from 3350-3250 cm"1 was expanded for the methane
standard and the peak-to-peak noise was determined to be 0.0012 absorbance
units (AU). Assuming a minimum acceptable signal-to-noise ratio of 4:1, the
minimum detection level would correspond to 0.005 AU. This corresponds to 75
ppb for methane and 2 ppm for toluene. Either increasing the pathlength or
decreasing the noise by coadding more interferograms can reduce the detection
levels. For example, if the pathlength on the LFC were doubled from 15.4 m to
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30-8 m, the detection level of toluene would decrease to 1 ppm. By doubling
the number of scans, the noise would be decreased by a factor of 1.4, with a
corresponding decrease in minimum detection level.

Determination of On-stream DRE

A major objective of this program is to determine, on-stream, the DRE for
an operating incinerator. If ve assume the hazardous chemical to be destroyed
represents 10% by weight of the total fuel, air, and chemicals fed to the
incinerator (10,000 ppm), then 99.99% DRE corresponds to a detection level of 1
ppm, which we have demonstrated. The 99.9999% DRE corresponds to 10 ppb, which
we believe to be readily achievable for most organics.

Monitoring Incinerator Stack. Gas

The most prominent features in the infrared spectrum of a heated
incinerator emissions sample are the products carbon dioxide and water. Figure
4 shows the IR spectrum of the effluent of the lab incinerator during a clean
burn of methane. Water absorbs strongly in the 4000-3400 cm"1 and 1900-1350
cm"1 regions, and carbon dioxide absorbs in the 2400-2200 and 800-600 cm"1

rpgions. Carbon monoxide absorbs in the 2200-2000 cm"1 region and is readily
detectable.

Two primary regions for organic analysis are 3300-2800 cm"1 and 1300-800
cm"1. The 3300-2800 cm"1 region is used to identify HC1 and both aliphatic and
aromatic hydrocarbons. The 1300-800 cm"1 region is used to fingerprint organic
molecules. Chlorinated hydrocarbons have strong absorbances in this region.

There is relatively minor water absorbance in the 3300-2900 cm"1 region.
By entering a water spectrum into the quantitative library, these minor
absorbances can be taken into account.

The primary region used for analysis in this project is 3200-2800 cm"1.
In addition, CO was monitored in the 2200-2000 cm"1 region. Four target
hydrocarbon analytes were placed in the quantitative library: methane,
toluene, chlorobenzene, and benzene. Figure 5 shows the spectra for each of
these standards. Methane and toluene were chosen because they were feedstock
to the incinerator. Benzene, an extremely stable aromatic hydrocarbon, has
been often found to be a product of incomplete combustion. The spectral
absorbance of chlorobenzene overlaps that of benzene and toluene. Since
chlorinated hydrocarbons were not present in the feedstock, chlorobenzene
provided a test for false positives.

Combustion of Methane

Testing was done to determine experimental conditions under which methane
was completely burned and the incinerator flame was stable. Table 3 summarizes
the data collected at approximately 700°C under four experimental conditions.
Conditions I, II, III, and IV represent a steadily increasing ratio of the
primary air. At Condition IV, when the ratio of secondary air to
stoichiometric was 1.00 and that for the primary air was 0.27, the methane
combustion was nearly complete.
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As the incinerator vas adjusted to various primary/secondary air ratios,
the LPC/FTIR proved to be an efficient CEM. The top spectrum of Figure 6 was
collected shortly after incineration ignition (initial); the second spectrum
vas obtained after the incinerators vere stabilized with adequate primary air
(equilibrium); the third spectrum was obtained after the primary air flow rate
was reduced from 1105 cmVmin to 894 cm3/min (Condition IV modified); and the
bottom spectrum vas the methane standard. Obviously, a high ratio of primary
to secondary air will allow complete combustion, but if the ratio is too high,
the flame becomes unstable because of the lover flammability limit of methane.
The data in Table 3 show that as primary air increases to 27% and secondary air
increases to 100% of stoichiometric, methane combustion efficiency increases to
above 99.99% while carbon monoxide drops from about 743 ppi (Condition I) to
128 ppm (Condition IV). The exhaust 128-ppm CO level iriicates that slightly
incomplete combustion exists at the condition of highest primary air (IV) in
spite of total methane combustion. The ease with which these tests can be
performed is an indication of the powerful capability of the FTIR used as a
CEM.

The elevated concentrations of methane found in the outlet at Conditions
I, II, and III were all higher than those found for Condition IV. The methane
DRE of Condition I was 86.5%. However, once the incinerator reached optimum
primary air, no methane vas detected. Since the detection level was 75 ppb,
DRE exceeded 99.999%. As the air rates were reduced and the incinerator was
changed from Condition IV back to Condition II, the methane concentration
increased rapidly and DRE dropped to 93.6%. The concentrations of CO in the
incinerator effluent changed in proportion to methane concentrations, a good
indicator of combustion efficiency.

If an analyte in Table 3 was not detected, the value was reported as zero
(0). Vhen a component was reported present but the statistical error exceeded
the reported value, the concentration was reported as not detected (ND).
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Table 3. Data for Combustion of Methane

Experimental Variables

Feed Rate (cmVmin)

CH4

Primary air

Secondary air

Ratio of Air to
Stoichiometric

Primary Air

Secondary Air

Total

Inlet Concentration
of Methane (ppm)

Outlet Concentration

(PP"O

Methane

Toluene

Benzene

Carbon Monoxide

Methane DRE {%)

I

468

720

4365

0.16

0.98

1.14

84300

11410 ± 1800

ND*

0

743 + 65

86.5

Experimental
II

436

731

4365

0.18

1.05

1.23

78800

5026 + 940

ND

0

642 + 58

93.6

Conditions
III

436

894

4365

0.22

1.05

1.27

76600

2164 + 515

0

0

701 + 60

97.2

IV

436

1105

4152

0.27

1.00

1.27

76600

0

0

ND

128 + 17

99.99

*Not Detected

Incineration of Toluene

After the conditions of methane destruction were determined, tests on
toluene incineration were conducted. Again, the incinerator effluents vere
monitored using the FTIR as a CEM. A summary of the results is given in Table
4.

Cases I and II of Table 4 show the effect of decreasing the temperature of
the incinerator while slightly increasing residence time and excess air. Case
IIIA, IIIB, and IIIC were from the same experimental run with decreasing
temperature. At the initial temperature of 1100°C in Case IIIA, combustion was
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complete. The temperature was allowed to decrease and another sample was
collected (Case IIIB - initial modification). After the temperature stabilized
at 920°C, a third set of data was collected (Case IIIC - continuing
modification). Case IV is similar to Case IIIA, but the residence time was
reduced by 41%. Temperature reduction was attained by allowing the wall heat
loss to increase.

In each run, the FTIR worked perfectly as a CEH. 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-IV were easily followed by the CEM. Figure 7
shows the infrared spectra of samples collected when the incinerator was at
1100°C (Case IIIA), after cooling was initiated (Case IIIB - initial
modification), and after the temperature had decreased to 920°C (continuing
modification). The 1100°C (Case IIIA) spectrum showed only water bands in the
aromatic region of the spectrum. When cooling was initiated (Case IIIB), the
emissions gently rose in the aromatic region (3100-3000 cm"1) indicting the
presence of PICs, such as benzene (see Table 4). After the temperature was
reduced to 920°C, (Case IIIC) the aromatic region and the prominent methane
absorption at 3017 cm"1 were clearly seen.

As reported in Table 4, the concentrations of analytes were below
detection level when the incinerator was at 1100°C (Cases I and IIIA). During
cooling (Cases IIIB and III(0> both methane and benzene were formed. As the
incinerator continued to cool, toluene also appeared. The concentration of CO
also correspondingly increased.
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Table 4. Data for Destruction of Toluene

Incinerator
Temperature (°C)

Residence Time
(sec)

Air Ratio

Toluene Feed
Rate (g/min)

Air Rate (cmVm)

Toluene
Concentration in
the Inlet
(ppm x 10"3)

Methane
Concentration in
the Inlet
(ppm x 10"4)

Concentration in
the Exhaust
(ppm x 10"1)

Methane

Toluene

Benzene

Carbon
Monoxide

Chlorobenzene

Soot Observed

Case :

1005

1.17

1.37

I Case II

900

1.27

1.42

0.107 0.105

7332

3.58

5.59

0

0

ND*

0

ND

0

Toluene DRE (%) >99.94

7332

3.09

5.60

815 ± 303

18 ± 13

134 ± 23

454 ± 34

ND

Excess

99.4

Case IIIA

1100

1.06

1.55

0.063

7524

2.05

5.47

0

0

ND

0

ND

0

>99.95

Case IIIB

Decreasing
from 1100

1.22

1.57

0.058

7524

1.89

5.47

351 + 207

0

412 + 9.8

175 + 18

ND

Excess

>99.9

Case IIIC

920

1.22

1.57

0.058

7524

1.89

5.47

5580 + 1200

161 ± 27

379 ± 247

1429 ± 129

ND

Excess

91.5

Case IV

1100

0.63

1.62

0.063

12631

1.22

5.65

ND

0

13 ± 9

158 ± 18

ND

Some

>99.8

*Not Detected
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The error values, two standard deviations, were relatively large.
However, the concentrations of the methane, benzene, and CO shoved a systematic
increase. Further work should lover the standard deviation 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
relatively stable. Although toluene destruction was complete for Case IIIB,
benzene was still formed. The value for toluene DRE has less significance when
it can be demonstrated that benzene and methane are formed and emitted in
significant concentrations.

The presence of benzene and methane in the decreasing temperature (Case
IIIB - initial modification) spectrum shown in Figure 7 is not obvious because
of water interference. Figure 8 shows the results of water having been
subtracted from the Figure 7 spectrum and the resulting spectrum being compared
to toluene, benzene, and methane standards. The primary methane absorption at
3017 cm"1 was clearly observed. The shape of the broad benzene absorbance was
also discerned. Hence, visual inspection confirmed the CLS data analysis.

CONCLUSIONS AND FUTURE WORK

Our tests with an incineration system demonstrated that FTIR can be used
to monitor incinerator emissions. Qualitative identification of methane,
toluene, and benzene was substantiated by the use of spectral subtraction of
water. Chlorobenzene was used to test for false positives and was either
reported as zero or as not detected (i.e., the value for the error exceeded the
reported concentration).

Calibration curves for each of the analytes were utilized, but the on-line
analysis is a dynamic process and combustion conditions cannot be reproduced
exactly. Work must still be done to increase the sensitivity of the
quantitative analysis. To verify quantitation, stop-flow experiments are
planned in which the incinerator effluent will be trapped in the cell and known
quantities of identified analytes will be sequentially added (method of
additions). This will allow us to determine the quantitative accuracy of the
data. In addition, work must be continued to reduce the reported significant
error in the data.

This initial work casts doubt on the relevance of determining only the DRE
for waste destruction and using only the DRE for risk assessment. In the
incineration of toluene, as the incinerator changed conditions, intermediate
products more toxic than toluene, like benzene, were formed. It would be
desirable for the CEMs of the future to monitor these potentially toxic
intermediate products as well. The concept of DRE is most useful if the
unburned hazardous feedstock is the primary hazardous component in the
incinerator emissions. When an incinerator is not performing efficiently, even
though the DRE exceeds regulatory limits, the emissions of intermediate
products must still be counted in the risk assessment. The flow rate of
intermediate products relative to hazardous feed rate can be monitored
efficiently using the FTIR monitor. Health risk could then also be expressed
in terms of the ratio of intermediate products (RIPs) and compared to the DRE.
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In our future work, incineration of chlorobenzene and other more
refractory substances will be studied for DRE and RIPS. The objective will be
to identify and quantify the chloLinated hydrocarbon PICs combustion and relate
them to operating conditions.

The identification and quantitation of HCl in emissions are certainly of
importance. We have run HCl standards, and qualitative analysis is relatively
straightforward. However, there is absorption of the HCl in contact with
materials of construction of the cell, which must be resolved.

Once the appropriate operating ranges for these substances have been
determined, we plan to study the effects of undesirable operating conditions on
the DRE, PIC formation, and RIPs for the primary elements in the hazardous
substance. These "upset conditions" and their resulting effect on incinerator
performance should be a significant contribution toward gaining better
understanding of incineration fundamentals in the field.

*Work supported by the U.S. Department of Energy under Contract W-31-109-Eng-38.

DISCLAIMER
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manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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Figure 1. Laboratory Incinerator with the LPC/FTIR Emissions Monitor
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Figure 2. Calibration Curve for Determination of Toluene Linearity
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