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ABSTRACT

The combustion of fossil fuels is suspected to contribute to measured increases in ambient
concentrations of nitrous oxide (N,0). Accurate and reliable measurement techniques are needed to
assess the relative contribution of fossil fuel combustion N,O emissions to the increase in ambient
concentrations. The characicrization of N,O emissions from fossil fuel combustion sources has been
hindered by the lack of suitable and acceptlable grab sampling and on-line monitoring methodologics.
Grab samples have becen shown 1o be compromised by a sampling artifact where N,O is actually
generated in the sample container in the presence of sulfur dioxide (SO,), nitrogen oxides (NO,), and
moisture. On-line monitoring techniques are limited and of those available, instrument costs are often
prohibitive, detection levels are often insufficient, and thc techniques are ofiecn susceptible to
interferences present in combustion process cffluents. The report documents the technical approach
and resulis achieved while developing a grab sampling method and an automated, on-line gas
chromatography method suitable to characterize N,O emissions from fossil fuel combustion sources.
The two methods developed were ultimately documented in the form of the US. Environmental
Protection Agency (EPA) Air and Energy Engineering Research Laboratory (AEERL) Recommended
Operating Procedures (ROPs).
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SECTION 1

INTRODUCTION

1.1 BACKGROUND

Nitrous oxide (N,O) has been of concern to the combustion community largely because fossil
fuel combustion has been proposed as a potential contributor to the measured increases in ambient
N-O concentrations. %3 Currendy, atmospheric N,O conceatrations are increasing at nearly 1 ppbv
annually from a present level of 303 ppbv.>>¢ This increase is of concern because N,0 is considered
a "greenhouse” gas owing 10 its infrared (IR) radiation absorptive properties as well as a contributor 1o
stratospheric ozone depletion.® To further substantiate the supposition that increases in atmospheric
N,O concentrations are associated with the combustion of fossil fuels, studies tracking atmospheric
increases of carbon dioxide (CO,) over time reveal that the increase of N,O and CO, occur similarly.®
The increase of both anthropogenic pollutants correlate well with increases in industrial activity.

Early efforts to characterize N,O emissions from fossil fuel combustion sources focused on
identifying a relationship between nitrogen oxides (NO,) and N,O emissions. Data were nominally
collected in a "piggy back” maunner, where N,O grab samples were collected during NO, performance
tests. Considerable data exist comparing NO_ emissions to N,O emissions from diverse combustion
sources and techniques firing on various fossil fuels. 273910 A< a result of increasing concern over
rising atmospheric N,O concentrations, the first of a series of workshops specifically designed to
address this issue was conducted in 1986. The U.S. Environmental Protection Agency’s (EPA’s) Air

and Energy Engineering Research Laboratory (AEERL) sponsored this workshop designed to assist
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EPA in identifying critical issues related to fossil fuel combustion emission of N,O that would guide
EPA in developing an N,O research program plan.8 Additional EPA/AEERL.-sponsored workshops
were conducted that continued 10 evaluate the role of fossil fuel combustion and N,O emissions. At
the 1988 workshop, the N,O grab sampling artifact was pmcnted.m

The grab sampling artifact is a situation in which the presence of NO,, sulfur dioxide (SO,),
and moisture, N,O is actually generatcd in grab sample containers through a chemical reaction/series
of chemical reactions.!1:12 N>O generation approaching 200 ppm in grab sample containers has been
observed.’> Much of the data reported on N,O measurements from fossil fuel combustion sources
were obtained using grab sampling methods conducive to the sampling artifact. )%1*  For EPA/JAEERL
10 continue conducting research characterizing N,O emissions from fossil fuel combustion sources,
sampling aod monitoring methods that provided representalive measurements were required.

N,O measurement from combustion sources has been performed using a variety of
methodologies including grab sampling and on-linc monitoring techniques. Grab samples collected are
normally analyzed using gas chromatography (GC) methods. On-line monitoring techniques include
GC, nondispersive infrared (NDIR), Fourier-transform infrared (FTIR), and tuneable diode laser
infrared (TDLIR) real-time analyzers.>14-15:16.17 Each method has its own advantages and more often
than not, disadvantages. Grab sampling methods are appealing from a cost and convenience stand
point; however, the sample integrity has been demonstrated to be compromised under most common
sampling conditions.}®111%13  Op_line, real-time analyzers are desirable for obvious reasons although
instrument costs are often probibitive, detection ievels are often insufficient, elaborate conditioning
systems are roulinely required, and overall operation is often complex. Realizing that accurate and
reliable N,O measurements were essential to emissions characterization research, the Combustion
Research Branch (CRB) of EPA’s AEERL initiated a program to concurrently develop grab sampling
and on-line monitoring methodologics suitable for characterizing N,O emissions from various

combustion sources and processes. As a result of this program, two AEERL Recommended Operating
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Procedures (ROPs) were generated. ROP No. 45, "Analysis of Nitrous Oxide from Combustion
Sources,” details a gas chromatography/electron capture detector (GC/ECD) method suitable for grab
sample analysis as well as on-line monitoring purposes.’® ROP No. 56, "Collection of Gaseous Grab
Samples from Combustion Sources for Nitrous Oxide Measurement,” details a grab sampling method
suitable for collection of gaseous grab samples from combustion sources for the screening of N,O
emissions.!® This report documents the approach and resuits obtained by Acurex Environmental while
developing these procedures.
1.2 AEERL RESEARCH EFFORTS

The CRB of EPA’s AEERL has been active in evaluating IN,O emissions from a variety of
fossil fuel combustion sources and equipment Early research efforts used grab sampling techniques
where the sampling artifact was later confirmed to be present.  Following sampling artifact
identification, research efforts focused on developing reliable sampling and monitoring techniques to
re-evaluate these same combustion processes. Direct comparisons of on-line measurements to grab
sampling measurements were performed on in-bouse combustion facilities firing on varied fossil
fuels.)® These tests demonstrated the vast difference between the on-line and grab sampling
measurements. On-line N,O concentrations less than 2 ppro were common, whereas measurements

from the grab samples oflen yielded concentrations approaching 200 ppm."3

Acmal N,O generation
within the sample continer was found to vary with respect 1o initial (stack) SO,, NO,, and moisture
concentration. With this in mind, several tests were performed evzluating methods of moisture
removal and the subsequent artifact.  Similarly, tests were also performed in which crude atlempts at
SO, removal were evaluated. To further understand the reactions occurring within the sample
container, measurements over time of N,O, SO,, and NO/NO, were made using GC methods.
Having demonstrated that N,O measurements from pilot-scale fossil fuel combustion sources

in which grab sampling techniques were used could bias reported emissions by as much as several

orders of magnitude,’® the AEERL/CRB conducted a field study to evaluate the emissions from full-
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scale utility {ossil fuel combustion equiprmem.19 This study also demonstrated the large disparity
between on-line and aged grab sample measured concentrations. The low on-line or actal
concentrations supporied the tenet that the direct emission of N,O from fossil fucl combustion was not
a significant contributor to the increase in observed atmospheric N,O concentrations. On-line and grab
sample measurements were performed on 12 coal-fired utility commercial boilers of varied firing
coafigurations and thermal load.!? Oun-line measurements revealed direct emission concentrations
nominally less than 5 ppm, whereas grab sample measurements often yielded N,O concentrations in
excess of 100 ppm.

During the course of the pilot-scale and full-scale ficld fossil fuel combustion emission
evaluations, the problem areas of AEERL/CRB’s N,O measurement methodologies were identified.
The on-line GC method was susceptible to interferences present in flue gases measured. Memory
effects from moisture and SO, resulted in detector baseline instability as well as chromatography
difficulties.!® These effects had a direct impact on detector sensitivity, often reducing detection levels
1o values abeve actual N,O concentrations present in measured gas streams. Identical problems were
encountered when analyzing a large number of grab samples.

1.3 OBJECTIVES

Having taken the position that the direct emission of N,O from fossil fuel combustion was not
a significant contributor 1o measured increases in atmospheric N,O concentrations, the AEERL/CRB
was interesied in developing an economical metbod for screening various fossil fuel combustion
sources to further support this tenet as well as identify potentially high N,O emitting sources. The
most cost-effective method for meeting this objective was 10 develop 2 grab sampling method suitable
for this purpose. AEERL/CRB researchers also realized that developing a grab sampling technique
that compleiely eliminated the generation artifact would be difficult and that developing a grab
sampling technique that consistently minimized the artifact 10 acceptable levels for screening purposes

would be more practical. If the grab sampling method were to minimize the N,O generation artifact
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to less than 10 ppm over a 1-2 week period followiné sample collection, the resulting measurements
would be acceptable for direct comparison of previously reported data as well as identifying potentially
large emission sources. The intent was that if a potentially large emission source was identified
through grab sample screening, then that source could be further evaluated using on-line moeitoring
techniques; on-line measurements provide the most accurate means for assessing actual direct N,O
emissions.

This would necessitate the development of an on-line monitoring method suitable for
combustion source application. The interfering effects of SO, and moisture would need o be
eliminated if a gas chromatographic method were 10 be used. In addition, an automnated monitoring
system would make the monitoring process more efficient, allowing for unatiended opcration. Using
this approach, AEERI/CRB implemented a series of tasks to develop sampling and analytical
capabilities to meet these objectives. Specifically, these objectives were 10:

» Improve the existing GC/ECD instrumentation so that potential interferences present in
combustion process emissions do not effect continuous N,O measurements

* Develop a method to automate the GC/ECD system for near continuous on-line
monitoring purposes

* Configure the GC/ECD system so that it could be used for grab sample analyses as well
as on-line monitoring purposes

* Develop 2 grab sampling method that minimizes N,O generation in grab sample
containers to less than 10 ppm over a 1-2 week period

This project was performed under an AEERL-approved Category IV Quality Assurance Project
Plan (QTRAK No. 89014). This report documents the approach and results obtained while meeting

these objectives.



SECTION 2

DEVELOPMENT OF ANALYTICAL PROCEDURES

21 DEVELOPMENT OF INITIAL ANALYTICAL METHOD

Acurex Environmental’s initial work for AEERL/CRB investigated suitable methods of grab
sampling analysis by GC/ECD. Because of the relatively recent need for combustion source grab
sample measurements, the number of analytical methods available were limited. In 1986, Dr. R.
Weiss proposed an analytical configuration at the first EPA workshop on N,O emissions from fossil
fuel combustion.? This configuration is similar to the sysiem used by Dr. Weiss for ambient
:qbplicm.io.20 The Energy and Environmental Research Corporation further adapted Weiss’ proposed
method (see Appendix A). Another analytical approach was developed by Radian (see Appendix B).
The initial procedure, developed by Acurex Environmental, incorporated elements from both of these
procedures. The initial procedure was ultimately adopted as an AEERL ROP and presented in 1988 at
the third N,O workshop held in France.'® The original ROP, since modified, is contained in
Appendix C. The appended ROP details the analytical apparatus and methodology and will not be
reiterated here.

During the initial development of the analytical method, a number of experimental concerns
were investigated. The non-linearity of the ECD was characterized over varied N,O concentrations as
well as carmrier gases. The detector was found to have a more pronounced non-lincarity at
concentrations less than 20 ppmv. For quantitative purposes, the lincarity problem was accommodated

by increasing the number of calibration points and breaking up the overall analytical quantitative range
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into smaller, calibrated ranges. It was also found that the ECD-suitable carrier gases evaluated bad no
significant effect on detector linearily. The detector sensitivity was slightly enhanced by the 5 percent
methane/95 percent argon (P5) carrier relative to the nitrogen carmrier. CO, was evaluated as a
potential analytical interference. Reportedly, CO, could positively bias the ECD response to N,O if
the two analyvtes were © coelute.? To evaluate this possibility, a test was performed that compared the
detector response to N,O from an N,O and CO,-containing calibration standard where the CO,
component was eluted both before and after N,O using different chromatographic columns. No
significant difference in N,O ECD response was observed. 13 Lastly, concern over detector
desensilizing from repelitive oxygen cxposure was evaluated. A standard gas mix containing nominal
combustion effluent oxygen and CO, concentrations was analyzed continually over a 7-h period with
no discernable loss in detector sensitivity.

Under the original Acurex Environmental analytical configuration, grab samples were
introduced to the analytical system via a vacuum evacuation apparatus (refer 1o Appendix C). The GC
gas sample loop was brought down to near absolute vacuum (~5 mm Hg), and a valve located between
the sample loop and grab sample container was opened allowing the gaseous sample to fill the sample
loop. An absolute manomeler was used o determine the absolute pressure within the sample loog to
correct the sample volume. This system had a number of limitations, the majority of which were leak-
related. In addition, the grab sample containers (bombs) provided were of insufficient volume to
perform reliable replicate analyses. Ultimately, the vacunm evacuation apparatus was abandoned and
the analytical system and sample containers were configured for syringe injections.

Shortly before the European N-O workshop in June 1988, AEERL researchers became aware
of the N,O sampling artifact Based on this information, AEERL initiated efforts to characterize, by

on-line means, the direct N,O emissions from [ossil combustion.
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22 INITIAL ON-LINE ANALYTICAL EFFORTS

As a result of the grab sampling contziner N,O generation artifact discovery, the need for the
development of on-line measurement/monitoring techniques became moie imperative. Real-time
monitoring capabilities were essential to establishing *"true” N,O emissions from fossil fuel combustion
and developing reliable grab sampling methodologies. Realizing this, AEERL/CRB initiated 2 series
of in-bouse tests 10 compare on-linc measurements from pilot-scale fossil combustors to aged grab
samples collected at the time of on-line measurement. N,O measurements were made from the grab
samples over progressive, elapsed periods of time 10 illustrate the extent of the sampling arntifact
These data are reporicd in detail clsewhere.’® Similarly, AEERL/CRB initiated a field study, also
conducted by Acurex Environmentsl, that performed similar tests on full-scale, coal-fired utility
boilers. These data are also described in detail elsewhere.!>1?

These studics were conducted using GC/ECD systems configured as described in the
associated references. In summary, the GCs used were equipped with >Ni ECDs nominally
maintained at 330 °C. N,O was chromatographically separated from flue gas components with a
0.125-in (0.32-cm) OD by 12-ft (3.66-m) stainless steel column packed with Porapak Super Q, 80/100
mesh (Alltech Mhm Inc), using PS as the carrier at 20 co/min. The analyses were performed
isothermally at 35 °C. A 0.25-in {0.64-cm) OD by 1.5-in (3.8-cm) section of Teflon tubing filled with
indicating P,O¢ (AgquaSorb, Mallinckrodt Inc.) was used as a precolumn for moisture removal.
Gaseous samples were introduced on column via a 6-port switching valve with a 1-cc sample loop.
Flue gas samples were obtained from a sample delivery system configured for use with continuous
emission moaitors (CEMs). A portion of the saraple stream, conditioned for moisture (refrigeration
condenser only) and particulate removal, was diverted under positive pressure to the gas sampling
valve.

During these studics, various fossil fuels and combustion configurations were evaluated. As a

result, a fairly representative cross section of combustion process effluents was encountered, both in
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compasition and concentration. Also during these tests, the presence of high SO, concentrations in
post-combustion gas streams was discovered to present analytical problems. Once on the analytical
column, the SO, component ultimately eluted from the columan. Under the analytical conditions
employed, SO, eluted from the column nearly 1 h after sample injection. In addition, becanse of the
low-column temperature, the peak shape was very broad (several minutes), resulting in an upset of the
baseline conditions and chromatographic difficulties. Similarly, coclution of the N,O and SO,
components caused 2 reduction in detector sensitivity to N,O. During the field study, this problem
was minimized through the use of dual detector GCs.!?
23 ANALYTICAL METHOD IMPROVEMENT REQUIREMENTS

Realizing that the majority of reported fossil fuel combustion N,O emissions data were suspect
because of the discovery of the grab sampling antifact, AEERL/CRB researchers felt that although the
relative direct emissions of N,O emissions from fossil fuel combustion were probably much less than
previously reported, it was still necessary o characterize the actual direct N,O emissions from fossil
fuel combustion. AEERL/CRB believed this could be accomplished through a combination of grab
sampling and oan-line monitoring campaigns where the grab sampling approach could be a mechanism
for screening potentially large N.O-emitling sources, which subsequentdy could be characterized in
detail throngh on-line monitoring efforts. However, substantial improvements would be required to the
analytical procedure to make it suitable for efficient, reliable, on-line monitoring applications. In
addition, aa oxn-line monitoring method would be essential to the development of a grab sampling
method. Initial N,O concentrations would bave to be established 10 evaluate the performance of the
grab sampling method.

Based on past results, the required analyrical method improvements were fairly well defined.
The chromatographic interferences present in combustion process emissions would need to isolated
from the analytical system. The GC/ECD system would need to be automated to increase method

efficiency. An improved quaatitalive approach, compensating for the non-linearity of the detector,
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would be desirable. Lasty, the system should also be suitable for grab sample analyses. Based on
these requirements, improvements to the analytical method/system were initiated.
2.4 CONFIGURATION OF THE ANALYTICAL SYSTEM

24.1 Precolumn Selection

The interfering flue gas components, believed 10 be the cause of chromatographic/analytical
difficulties, were isolated through a chromatograpiic backflushing procedure. This technique uses a
precolumn to isolate the analyte of interest from slower eluting, undesirable constiments. Once the
analyte of interest has eluted from the precolumn to the secondary analytical column, the carrier gas
flow through the precolumn is reversed, {lushing the undesirable components from the precolumn.

The primary combustion process {lue gas components of concern were mo“sture (H,0) and
SO,, both of which bave moderate response 1o the ECD. The relative retention times of these
components as well as N,O, CO,, and O, were compared, and an elution order was determined for a
variety of potential chromatographic columns. The ideal precolumn would have adequate separation of
analytes at greater than ambient temperature, and the interferants (SO, and H,0) would both elute
after N;O. In addition, the length of the precolumn should be minimized 0 avoid excessive back
pressure of the carricr gas within the chromatographic system. Bascd on these criteria, precolumn
candidates were evaluated. Realizing that any change in elution order of the CO, and N,O
componeats would probably complicate the analyses, columns where the elution did not change
parrowed the selection. Of the remaining candidate precolumns, relative separation of No,O and H,O
was used 1o further isolate precolumn suitability. Using this selection tecbnique, the precolumn
packing materials were narmowed to basically two choices: Porepak Q, the samme packing material
contained in the analytical columan, and HayeSep D 100/120 mesh (Alltech Associates Inc), a packing
similar in properties 1o the Poropak Q but apparenly more efficient at separating identical compounds
at comparable temperatures. Several HayeSep D columns of varied length were obtained for

evaluation.
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2.42 Description of the Backflush Method

The backflushing method uses a single, 10-port valve to divert/direct the flow of carrier and
sample gas streams through the chromatographic sysiem. A schematic diagram of the 10-port vaive
system is presented in Figure 2-1. The 10-port valve can be operated in two positions or roodes. In
the off or backflush position (diagram 2-1a), the precolumn is backflushed by carrier 2 to a vent (ports
10, 9, 6, and 8, consecutively). The analytical column, supplied by carrier 1 (ports 5 and 7,
coaseculively), is interfaced to the detector. A 1-cc sample loop, bridged by ports 3 and 4, can be
charged with the sample siream (ports 1 and 2, consecutively). In the on or analyze position (diagram
2-1b), the valve is switched 1o align the carrier gas flow so that the sample loop, precolumnn, and
analytical column are routed in series (consecutively) to the detector. Once the valve is switched,
carrier 1 purges the sample loop onto the precolumn (pors S, 3, 4, aad 6, consecutively). The cifiuent
of the precoluma is routed o the analytical colurnr and on to the detector (ports 9 and 7,
consecutively). Carrier 2 is vented via ports 10 and 8. The sample stream is vented via ports 1 and 2.
Once the analyte of interest has eluted fmx;n the precolumn onto the analytical column, the valve is
returned to the backflush position, the flow through the precolumn reversed, and the undesirable
sample components is purged from the precolumn. The N,0 GC/ECD analytical system was
configured using this approach.

All previous analytical work was performed using cither reated or borrowed Varian GCs or
CRB’s Shimadzu GC. The Shimadzu GC bad a number of hardware limitations that made changes in
plumbing more complicated than necessary. Similarly, the addition of a 10-port valve, required for
precoluma backfiushing, could not be easily incorporated into the Shimadzu system. As a resuly, the
Shimadzu GC was not considered for backflushing configuration. A Hewlett-Packard (HP) 5890 GC
was made available for the backflushing configuration. An ECD was instalied on the GC, and 2 10-
port valve was incorporated into the analytical system. This required installation of separate carrier

mass flow controllers.
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To eliminate the need for manual valve switchiag, an air actuator, controlled by the GC
system, was used to change valve position. The automation of the valving system was accomplished
by interfacing the GC and integrator to a timed event control module that converted digital commands
from the integrator to time-controlled electrical swiches. The integrator could be programmed to tumn
the solenoid valves on or off at specific times. The solenoid valves, when energized, allowed
compressed air to pressurize the air actuator. When pressurized, the air actuator rotaies the 10-port
valve to the desired position.

The backflush system precolumn operating parameters were determined by characterizing the
rctention times of N,O for the HayeSep D precolumns at varied isothermal oven temperatures. Both a
3-ft (0.91-m) and 6-ft (1.83-m) precolumn were characterized. These retentior times were used o
determine whea the 10-port ‘-alve should be swiiched and backflushing initiated. The precolumns
were then evaluated individually when incorporated into the entire analytical system. A decision was
raade to retain use of the 12-ft Porapak Q column as the analytical column. The 3-ft HayeSep D
column displayed acceptable chromatographic resolution when coupled with the analytical column;
however, baseline upset, resulting from pressure changes within tke system during valve switching,
interfered with integration of the N,O peak The isothermal oven temperature was varied in an
attempt to eliminate the condition, but unsuccessfully. The carrier gas head pressures, required to
obtain the targeted flow rates (20-30 cc/min), varied greatly between the 3-ft and 12-ft columns (~15
psig vs. ~40 psig). This pressure disparity was the likely source of the baseline upset.

The 6-ft HayeSep D columa was evaluated with much more success. Baseline upsets were
ouch less severe and ultimately disappeared altogether. The disparity between column-head pressures
was also much less (~30 psig vs. 40 psig). Acceptable chromatograpbic resolution of N,O was
observed. Because of the enconraging results obtzined with the 6-ft HayeSep D precolumn, this
column was selected as the backflush method precoluma. All future tests were performed with this

precolumn.
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To coafirm the backflush actvation time, the automated program was modified in small-time
increments, 1o decrease the elapsed time into the run when backflushing was initiated. The elapsed
time was reduced in 0.1-min increments vntil the N,O component no longer cluted from the Porapak
Q analytical column. Adding 0.2 min (12 sec) to this elapsed time into the run was felt to be
sufficient to backflush the SO, and H,O interferants.

At this time, the analytical system was ready for more rigorous evaluation. The GC/ECD
backflush system was incorporated into the Flue Gas Simulation System (FGSS), described in detail in
Section 3, to evaluate the method under more realistic conditions. A simulated flue gas, containing
realistic concentrations of SO, (~1,200 ppm}, NO (~600 ppm), and moisture (~5 percent by volume)
was routed to the system. An ice bath moisture condenser and a P,O4 desiccant cartridge was located
upstream of the 10-port valve sample loop to remove moisture. No difficulties were encountered
during continuous analysis of the simulated flue gas sample. The system was subjected to varied
sample moisture concenrtrations by varying the moisture removal devices. Tests were performed where
only the ice bath was used for moisturc removal. No discernable difference in system performance
was observed. Similarly, no moisture removal was attempted; the unconditioned, simulated flue gas
was routed straight to the sample loop. A long-term baseline upset and loss of detector sensitivity was
observed under tkis condition.

Al this point, two options were evident. A different precolumn, suitable for high moisture
content use, could be identilied and evaluated or, the system would require the moisture conditioning
of the sample stream before sample loop delivery. The latter option was not compromising to
analytical requirements, primarily because the analytical system would be used as an on-line
mounitoring device and moisture removal by refrigeration condensation was commonly used by
continuous emission monitoring (CEM) sample conditioning systems. To verify this approach, the

GC/ECD analytical system was incorporated into FGSS CEM system for long-term evaluation.
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To further aid in analytical system automation, a solenoid valve *vas installed upstream of the
10-port valve sample loop. The purpose of this valve was 10 allow continuous purging of the sample
loop until the actual time of analysis. By interfacing the solenoid valve 10 the timed event control
system, the valve could be automatically controlled to open and close in coordination with analytical
sequence. The vaive was controlled so that the sample loop was continucusly purged with the sample
strcam up to the lime of analysis, at which time the soleroid valve was closed, sample flow was
stopped, and the sample loop was equilibrated to atmospheric pressure. At the time of backflushing,
the 10-port valve was returned to the off position, and the solenoid valve opened, restoring flow to the
sample loop. This was essentially the last modification to the backflushing method.

At this point, the backflushing method analytical parameters were clearly defined. These
parameters are as follows:

* Precolumn — 6-ft (1.8-m) by 0.125-in (0.22-cm) OD stainless steel, packed with HayeSep
D - 100/120 mesh support; carrier flow of 30 cc/min (head pressure at ~30 psig)

* Analytical Column — 12-ft (3.7-m} by 0.125-in (0.32-cm) OD stainless steel, packed with
Porapak Super Q - 80/100 mesh support; carri:r flow of 30 cc/min (head pressure at ~40
psig)

¢ Carrier Gas — 5 or 10 perceat methane in argon (PS, P10)

* Detector — $*Ni constant cument cell ECD maintained at 300 °C

* GC Oven Temperature — Isothermal, 50 °C

The sequence of timed events were programmed as follows (limes denote elapsed time intc

* 0.0 min — Close solenoid valve (stop sample flow to sample loop)
* 0.1 min — Actuate 10-port valve, move o analyze position
* 3.6 min — Actuate 10-port valve, move 1o backflush position

* 3.7 min — Open solenoid valve (restore sample flow 1o sample loop)

15



+ 8.0 min — Stop run, inlegrate peak areas
Figure 2-2 depicts a schematic diagram of thc automated system. The sysicm was also capable
of unatiended, continuous operation, by incorporating the programmed timed events into a separate
BASIC program capable of loop functions. At the end of the analytical run, the system was capable
of automatically re-initiating the scquence of timed events.
25 ANALYTICAL METHOD PERFORMANCE

2.5.1 Method Quantitative Capabilities

The quantitation of N,O is accomplished by relating integratcd peak area 1o the linear
relationship betwecn calibration variables (N,O concentration and peak area). A least squares linear
regression of the calibration variables is a commonly used calibration approach. The linear
relationship can be expressed by the equation:

y=mx+b
where: y = integrated peak area
m = the slope of the calibration curve
b = e intercept of the calibration curve
X = concentration
To determine unknown concentration, the following equation is used:

y-»b
m

X =

However, this quantitative approach has limitations. The non-linear response of the detector o
N,O concentrations nominally lcss than 20 ppm had been demonstrated early in the N,O measurement
program. As described in the original ROP 45 (Appendix C), this situation was compensated for by
narrowing the quaactitalive concentration ranges. To improve quantitative accuracy as well as to

expaund the linear range of quaatitation, the linear properties of the ECD were evaluated further. With
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the assistance of the Research Triangle Institute (RTI), alternative mathematical approaches were
considered.

The linear regression approach enables the determination of quantitative bias on an absolute
basis. With this approach, error can be reported as less than a certain céncennaﬁon, often reported as
percentage of full scale or as deviation from the true or known valuc. A problem ariscs in that dic
estimated bias for low concentrations will be very large relative to the measured or true
concentration.!* By performing a linear regression of natural log (In) transformed calibration
variables, error is capable of being reported on a relative basis. The equation for the curve is of the

form:

In(y) = m[In(x)] + In(b)
where: lan(y) = the natural log of integrated peak area
m = the slope of the calibration curve
In(b) = the natural log of the intercept of the calibration curve
In(x) = the natural log of the concentration

The unknown concentration is determined using the formula:

n(x) = In(y) ;ln(b)

A comparison of these two quantitative approaches arc presented Figures 2-3 and 24 and
Table 2-1. Figures 2-3 and 2-4 compare ECD response to the matbematical linearizing approach while

Table 2-1 demonstrates the relative bias of calculated concentrations (relative to the true concentration)
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using both quantitative approaches. The linear regression of the transformed calibration variables was

TABLE 2-1. COMPARISON OF RELATIVE BIAS USING DIFFERING
MATHEMATICAL APPROACHES

Linear Regression Linear Regression
(untransformed variables) (transformed variables)
N,O Known N>O Calc. N,O Calc.

" ppm ppm % Bias ppm % Bias
0.51 -3.11 -705.1 0.47 -8.6
0.97 -2.13 -319.6 0.99 21
1.99 -0.40 -120.1 202 1.5
5.03 4.58 -8.9 536 6.6
9.85 11.35 15.2 1041 5.7
194 23.18 19.5 20.11 3.7
404 45.74 13.2 40.45 0.1
80.1 83.36 4.1 77.74 -29
128 123.68 -34 120.79 -5.6

effective in minimizing the relative crror of calculated concentrations. Less than 10 percent bias was
observed over the entlire quantitative range as opposed to as much as 700 percent relative bias for the
non-transformed quantitative approach.

2.5.2 On-line Monitoring Performance

The automated, on-line GC/ECD system was evaluated extensively on a number of diverse
EPA/AEERL fossil fuel combustion test facilities. Initially, the analytical system was used exclusively
during the development of the N,O grab sampling method. On-line and grab sample measurements
were performed on gases generated by the Flue Gas Simulation System (FGSS). The on-line
concentrations measured were compared to grab sample measured concentrations to assess artifact
generation. These tests are described in detail in Section 3. Once the reliability of the analytical
system had been demonstraied, the on-line monitoring device was evaluated on actual combustion test

equipment
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For AEERL’s Gas Cleaning Technology Branch (GCTB), the N,O monitoring system was
used 10 measure N,O emissions resulting from the combustion of various coals during parametric SO,
removal testing. These tests, performed on EPA’s Innovative Furnace Reactor (IFR), are described in
further detail in Section 3. The N,O concentralions measured ranged from 0.5 to 10 ppm.

During these tests, quality control (QC) span checks were performed nearly every hour over
the course of the 8-h test period. The QC checks were used to assess method analytical bias and
precision over the course of the entire test period. The reliability of the analytical system was without
question. All span checks performed were withio method QC objective limits. The results of these
QC checks in the form of a control chart, are graphically presented in Figure 2-5. The average bias
observed (2.9 percent) was well within the targeted level of less than 15 percent. Similarly, the
precision observed (2.7 percent), expressed as percent relative standard deviation (RSD) was well
within the targeted level of less than 10 percent

The on-line GC/ECD system was {cancd to GCTB for a series of selective non-catalytic NO,
reduction (SNCR) tests. During these tests, additives such as ammonia and urea were injected into the
IFR to reduce NO, emissions. The on-line measurements were used to compare N,O emissions with
and without NO_ control. The N,O concentrations measured ranged from 0.5 1o 35 ppm. No
difficulties were encountered during analysis. All QC checks were within method requirements. The
analyzer was loaned to GCTB because their primary method of N,O measurement, a tunable diode
laser, was experiencing operating difficulties. During the developmeat of the TDLIR system, the on-
line GC/ECD system was relied on to establish the actual flue gas N,O concentrations for performance
evaluation purposes.

The automated, on-line GC/ECD system was also used by GCTB to characterize the NZO
emissions from a selective catalytic NO,, reduction (SCR) pilot-scale test facility. N,O concentrations
were measured both before and after the catalyst was evaluated. Measured concentrations ranged from

0.5 1o 3 ppm. Agzin, the GC/ECD system performed reliably.
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The GC/ECD sysiem was also evaluated under ambient conditions. For the Radon Mitigation
Branch (RMB), the systcm was used (0 assess the N,O mass emissions resulling {from the open-hearth
combustion of coal. Ia China, the open-hearth combustion of coal comprises a significant portion of
all coal burned. These ambicnt measurements were used to assess the magnitude of the mass
contribution of N,Q to the environment from this combustion source. The N,O concentrations
measured were only slightly above ambient concenurations. However, the GC/ECD analytical system
was seasilive enough to resolve this 100-200 ppb relative increase.

These ambient measurements were performed over the course of several weeks. At the
beginning and end of each test period, QC span checks were performed. The resuits of these QC
checks are graphically presented in Figure 2-6 in the form of a control chart. The results demonstrate
that the analytical system is capable of long-term, reliable performance. The average bias over the 2-
week period was only 3.4 percent, whereas the average precision was 2.9 percent.

26 ANALYTICAL METHOD SUMMARY

The GC/ECD backflush method developed was found to be suitable for the measurement of
N,O from a variety of combustion sources and applications. In addition, the method was found to be
equally suitable for on-line monitoring or grab sample analysis purposes. Analytical interferences,
present in combustion process effluents, were negated through the use of a backflushing technique.
Method accuracy, expressed as perceat bias, and precision, expressed as percent relative standard
deviation, were determined 10 be s = 15 percent and < 10 percent, respectively. The method was
found to be suitable for the quantitation of N,O concentrations ranging from 0.100 to 200 ppm.

Using this method for on-line monitoring purposes allows a semicontinuous measurernent
approximately every 8 min. The system can be easily incorporated into most continuous emission
monitoring sample delivery/condilioning systems. The only requirement is the removal of particulate
and moisture from the sample stteam by a refrigeration condenser. The sample stream should be

diverted to the analytical system before further moisture conditioning by a desiccant.
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Through use of the backflushing technique, known interferences such as SO, and moisture are
isolated by a precolumn and purged from the sysiem by backflushing the precolumn. Other common
fluc gas components such as O,, CO, CO,, NO,, unburned bydrocarbons (THC), and ammonia (NH,)
were found not to interfere with the analytical procedure.

The non-linear response of the detector 10 N,O at low concentrations was minimized through
use of a logaritbmic transformation of the calibration variables. The transformed data are used to

derive a least-squares linecr regression.



SECTION 3

GRAB SAMPLE METHOD DEVELOPMENT

3.1 BACKGROUND

The discovery of the N,O sampling artifact auenuated the need for a standardized, reliable
sample method 0 accurately assess the N,O emissions from fossil fuel combustion sources. As
previously mentioned, much of the reported N,O combustion emissions data was collected under
conditions conducive 1o the N,O sampling artifact. 191221 Grap samples were collected in a variety of
sampling containers including glass flasks, stainless steel canisters and Tedlar bags.

Muzic and Kramlich were among the first researchers to identify the sampling artifact
reactants as well as potential formation mechanisms.'"!?> The group identified the key artifact
reactants as SO,, NO, and water, components present in most fossil fuel combustion process
emissions. The sampling artifact was also independently confirmed by a number of other
researchers, 1253

Solution-phase reactions between NO, and SO, with N,O as a product have been documented.
Martin et al., ideatified N,O as a product in the reactions of NO_ with SO, in the aqueous phase of
atmospheric aerosols.>® Chang et al., smidying the chemistry of flue gas desulfurization, ideatified a
mechanism in which hyponitric acid decomposed into N,O.>* Lyon and Cole have performed kinetic
modeling on the proposed reactions occurring within aged grab sample containers.® DeSoete also
conducted a detailed examination on the kinetics of solution-phase reactions leading to the formation

of N,O in grab sample containers.™
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The selective removal of any or all of these reactants was targewed as ao approach to
eliminating the sampling artifact. Tests performed by Muzio et al., evaluated the effect of drying the
gas stream sampled as well as neutralizing SO, with NaOH scrubbing solutions.!> Results of the
performed tests indicated that N,O generation within aged grab samplc containers could be drastically
reduced, possibly cven eliminated.

AEERL/CRB also performed work that investigated the use of methods to minimize the
sampling artifact.’> Efforts focused on methods for removing moisture from the sample gas stream
only. The use of a desiccant, phosphorus pentoxide (P,05), was effective 10 drastically reduce the
artifact generation but unable to eliminate it completely.

Realizing that it would be extremely difficuit, if not impossible, 10 consistenty eliminate the
sampling artifact entirely, the AEERL/CRB believed that if N,O generation within aged sample
containers could be minimized 10 consistent levels, this would be suitable to screen for high N,O-
emitling combustion sources. Specifically, it was felt by AEERL researchers that if N,O generation
within grab sample containers could be consistently minimized to less than 10 ppm over a 1-2 week
period, this would be more than acceptable 1o screen for high N,O-emitting fossil fuel combustion
sources. The screening lechnique could then be used to direct on-line monitoring efforts.

The screening of intended fossil fuel combustion sources would require the voluatary
cooperation of commercial and research combustion facilities. Therefore, the grab sampling equipment
and technique must be easy to use and pose minimal imposition to those participating in screening
surveys. Specifically, the grab sampling method should not require a great degree of sampling
expertise. In addition, the grab sample should be capable of being obtained in a manner compatible
with commonly employed CEM sample delivery systems.

Because the screening of numerous fossil fuel combustion sources was intended, great

consideration into the preparing, shipping, and receiving of the grab sampling equipment was essential.
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The sampling equipment must be durable and compact. Similarly, the restrictions of shipping
chemical reagents must be considered.

With these factors in mind, development of 2 N,O grab sampling method was initiated.
Specifically, the objective of this study was to determine, if possible, the conditions under which a
grab sample could be coliected that minimized the N,O generation artifact while still allowing reliable,
representative N,O measurements so that major N,O emitters could be isolated. Primary objectives of
the study were as follows:

+ Identify and evaluate materials that effectively remove the key flue gas constituents of
SO, and moisture

¢ Incorporate and optimize these materials into an apparatus that can be easily adapted for
use on existing on-line, continuous emission monitor systems

* Minimize the N,O generation sampling artifact to less than 10 ppm

* Identify the NO,, SO,, and H,O concentration ranges where the method is applicable

* Validate the sorbent system on an actual combustion systems

* Determine the methods suitability through field evaluations

The following information demonstrates the approach taken and the tests conducted to meet
these objectives. The majority of the work was performed between January 1950 and August 1991.
Ultimately, the sampling procedures developed were documented in the form of an EPA/AEERL
ROP.18
3.2 GRAB SAMPLING EQUIPMENT CONSIDERATIONS

Ultimately, the grab sampling method, once developed, would be used to conduct a rigorous,
comprehensive field survey of the emissions from various fossil fuel combustion sources including
industrial boilers and power plants, lluidized bed combustors, and varions pilot- and tull-scale test

facilities. Voluntary cooperation of solicited participants would be critical 10 the success of the



screening campaign. Therefore, it was important that the collection of grab samples for screening
purposes be as unobtrusive as pussible.

The logistics of transporting the sample equipment would also bc extremely important  The
complexities of shipping the equipment both 1o and from prospective screening candidales must be
considered. For cxample, the scaling and secondary containment of liquid samples would create an
added burden to screening participants. In addition, if liquid chemical reagents were used, precautions
could be necessary to ensure their safe shipment by screening participants. Similarly, chemical
shipping restrictions could have an adverse impact on the screening efforts if liquid chemical reagents
were used.

How the sampling system would de used was the most important factor when considering the
ideal characteristics of the field grab sampling method. It was felt that to increase survey
participation, the sampling method and equipment would need to be very simple to usc. Potential N,O
screening survey participants may possess little, if any, stack or source sampling experience. In
addition, it was believed that if the grab sampling equipment could bc adapted or incorporated into
existing gaseous sample delivery systems, then participation in the screening survey could be
increased. It was expected that the vast majority, if not all, candidate combustion sources would
possess some type of continuous emission monitoring system. If the N,O grab sampling equipment
could be incorporated into this systerm, the need for a stand-alone sampling system could be
eliminated.

With these considerations, the actual components of the grab sampling equipment and method
were further identified. The use of dry sorbents {or the neutralization of SO, was chosen as a starting
point. Dry, calcium-based sorbeats are commoaly used for flue gas desulfurization processes and
could easily be used in a stack sampling configuration. The use of dry sorbents could climinate the
nex for impingers and other glassware associaled with the use of liquid scrubbers and, therefore,

minimize glassware breakage problems. By using dry sorbents and thereby eliminating the use of
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liquid-filled impingers, the concern over N,O solubility in water could be avoided. DeSoete has
shown however, that N,O solubility does not appear to be a problem.™ The use of dry sorbents could
also minimize sampling equipment shipping concerns, and thus, eliminating the risk of chemical spills
or leakage.

The elimination of poiential scrubbing solutions such as sodium hydroxide, which also
removes CO,, could possibly rclicve potential quantitative concerns.  If CO, were to be removed from
the sample gas, the N,O concentrations measured could be biased as a result. The contribution of CO,
to the entire sample volume is significant (~8-15 percent), and the loss in volume would require a
correction to measured N,O concentrations. In addition, the remaining CO, concentration would have
to be measured to complete the volume correction, requiring a separate analytical method for CO,.

34 EXPERIMENTAL APPARATUS

Specially designed test equipment was used during the development of the grab sampling
methodology. This equipment allowed independent evaluation and control of parameters effecting the
integrity of aged grab samples. A test facility was designed and built that simulated typical
combustion process effluents, both in composition and concentration. A separate emission monitoring
system was used to determine generated gas concentrations. The individual components of these
systems are described in following sectious.

3.4.1 Flue Gas Simulation System (FGSS)

The objective when designing the Flue Gas Simulation System (FGSS) was to simulate a flue
gas in the laboratory with the capability to vary the concentration of NO, SO,, and moisture,
independentdy (NO, 0-1,000 ppm; SO,, 0-2,500 ppm; and moisture, 0-20 percent by volume). This
system could then be used to conduct studies of the absorption of H,O and SO, from a flue gas
stream by solid sorbents. The system was engineered and assembled with the capacity 1o accomplish
the following:

* Vary the concentrations of NO, SO,, and moisture, independently

3



* Incorporate other gases inlo the system
* Continuously monitor for NO and SO, at varied locations
* Measure N,O on-line
= Maintain stable readings
The FGSS is a combination of two independent systems: the flue gas generation system and
the sampling system. This design allows for flexibility in sampling positions while continuously
monitoring NO and SO.,.
3.4.2 Flue Gas Generation Svstem
The FGSS requires three supply gases: nominally 2,000 ppm NO in nitrogen; 5,000 ppm SO,
in air; and pure N,. N,O is inroduced into the system from the NO cylinder which inherently
contains between 1-S ppm N,O.
The three supply gases flow directly to four calibrated rotameters (Figure 3-1).
The supply gases are then fed into the mixing syslem in two gas streams. Gas stream No. 1 contains
NO and N,. Gas stream No. 2 contains SO, and N,. Both streams are balanced to the same flow
rate, 9 L/min. The N, is a makeup gas in both gas streams (e.g., if the NO flow is decreased, the N,
flow is increased to maintain the 9 L/min, flow rate). Both gas streams are equipped with pressure
gauges to make rotameter flow corrections. These calculations and corrections are used to roughly set
the rotameters. The actual SO, and NO_ concentrations are measured at the exit of the gas stream.
Gas stream No. 1 is directed upstream of the moisture generator because of the relative insolubility of
NO and N,O in water. Gas stream No. 2 is introduced downstream of the moisture generator because
of the greater solubility of SO, in water.
3.4.2.1 Moisturc Generator
Moisture is generated from a 2-L, insulated, and temperature-controlled glass impinger and is

filled with 1 L of deionized water. The flow rate of gas stream No. 1 into the impinger is held
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constant at 9 L/min while the temperatire can be varied 1o change the percent moisture. A multipoint
calibration ranging from 60-100 °C (5-15 percent moisture) was performed on the moisture generator.
3.4.2.2 Mixing Chamber

After the impinger, the two gas streams combine 10 make gas stream No. 3, which has a
combined total flow rate of 18 L/min. At close to atmospheric pressure, stream No. 3 flows directly
into 2 mixing chamber and then into a vacuemn pump. The mixing chamber is an insulated and
temperature controlled 6-in TD by 12-in stainless steel pipe (volume: 02 ft> or 5.6 L). The chamber
temperature is heid at 105 °C. The humidity of the gas stream during sampling is roughly monitored
by wet and dry bulb temperatures. The wet and dry bulb ternperatures are monitored separately. A
regulating valve is located between the mixing chamber and the vacuum pump to balance the sample
pressure in the systemn and to ensure a constant flow rate of 18 L/min. The chamber is also equipped
with a pressure/vacuum gauge lo monitor the chamber pressure.

For sampling purposes, an atmospheric dump is located on the outlet side of the chamber
pump. The atmospheric dump allows a sample 10 be withdrawn without affecting the total flow of the
flue gas generation system. This is achieved by enlarging the 1/4-in tubing 1o a 1/2-in tee. The
majority of the simulated flue gas vents through the 1/2-in tee. The 1/2 in-tee also connects the flue
gas generation sysiem with the sampling system.

3.4.3 Sampling System

Through the addition of a smaller sample pump, the flue gas generation system and the
sampling system can operate independently. The smaller sample pump pulls a fraction of the
simulated flue gas into the sampling system from the 1/2-in tee (Figure 3-2). A 1/4-in tee is located at
the outlet of the sample pump. Part of the gas is directed under positive pressure at a regulated flow
through a 1/4-in heated Teflon sample line 10 2 SO, "high" analyzer, 0-5,000 ppm (Teledyne UV).
The remainder of the sample is directed to the common port of a three-way valve. The valve allows

the sample to flow through cither a "bypass” loop or a sorbenysample loop.
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3.4.3.1 Bypass Loop

The bypass loop (no sorbents) allows measurement of the initial flue gas concentrations (SO,
high, NO, N,O) untouched by sorbents. This allows the monitoring of any effects the sorbents may
have on the initial flue gas concentrations once the sorbents are placed in-line. The sample flows into
the first three-way valve through a water knockout device and then 10 a second three-way valve that
directs the simulated flue gas 1o the analyzers.
3.4.3.2 Sorbent/Sample Bomb Loop

The sorbent/sample bomb loop allows measurement of the flue gas concentrations (SO, low,
NO, and N,0) after the gas flows through the sorbent system. The sorbent/sample bomb loop is
equipped with a rotameter to measure the sample flow rate throngh the sample bombs. Another
bypass loop between the sorbents and the bombs aliows continuous flow through the sorbents when
samples are not being collected. The exit of the sorbent/sample loop is connected to the second three-
way valve.
3.4.3.3 Analyzers

The sample stream leaves the second three-way valve and is diverted four ways:

1. Through a rotameter 10 an NO analyzer, 0-1,000 ppm (Thermo Electron, Model 10,
chemilumineseent NO-NO,-NO_ analyzer).

2. To a SO, low analyzer, 0-50 ppm (Thermo Eleciron, Series 40, pulsed fluorescent
analyzer with the Perma Pure Dryer remsved). The SO, analyzer is used only when
sorbents are placed in the sorbent/sample bomb loop. The amalyzer requires a dry sample.

3. Through a rotametcr to a GC/ECD with a 1-mL sample loop for N,O measurements.

4. To a differential pressure gauge (0-10" H,0) with 2 needle vzlve o regulate pressure on

the system and then to vent

36


http:analyz.er

3.4.4 Flue Gas Measurcments

3.44.1 Continuous Emission Monitors

The SO, and NO analyzers were calibrated (o verify linearity before initial testing. The
analyzers were then calibrated every 2 weeks or when the bias exceeded predetermined limits. These
limits are shown in Table 3-1.

The calibration consisted of at least three points (2cro, span, and mid-point). All span gases
were delivered at a constant pressure and flow rates identical to those used during sampling.

The analog output from each CEM instrument was interfaced with a computer data
acquisition system. Since the instrument was based on linear measurement properties, the slope or
range was used to calculate concentration in ppm or percent. Data were collected over a timed
average and were automatically stored on disk. A hard copy was also produced for permanent rccord.
The daily QC checks conducted before and after each test period were used 10 validate data and
monitor system performance.

3.44.2 GC/ECD and N,O Measurements
N,O mecasurements were performed on a Hewlett Packard 5890 GC/ECD configured for
automated, on-line N,O measurements. The analytical system has been previously described in

TABLE 3-1. PREDETERMINED LIMITS

Analyzer Accuracy (% bias) Precision (% RSD)
NO +=20 10
so, + 20 10
S0, lo + 3 ppm 10

Section 2 EPA/AEERL ROP No. 45 was used as the procedural guidelines. N.,O measurements
were either taken on-line or through direct injection with a 10-mL glass syringe. A multipoint
calibration was performed using the on-line method. The method of direct injection was verified using

three different span gases. There was no bias between the two methods. The sample loop required at
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least seven volume exchanges to ensuvre a representative sample. This required two 10-mL syringe
flushes before every N,O measurement when using the direct injection method.
3.45 Sampling Procedure

A standardized test plan for the evaluation of sorbents was followed. The plan called for
holding the FGSS conditions constant while varying the sand/sorbent mixtures, flow rates, and
sampling positions.

Throughout the first part of the study the FGSS conditions were held constant (10 percent
moisture, 1,200 ppm SO, 600 ppm NO, and about 0.5 ppm N,O). These were referred to as the
nominal inlet conditions.

The procedure for evaluating the sorbent cartridges (unless otherwise specified) was as
follows:

1. Shoot standard on GC.

2. Span CEMs,

3. Fill impinger with 1 L of deionized H,O.

4. Set temperatures: impinger, 60 °C; wet/dry bulb, 105 °C.
5. insent sorbent cartridge system into FGSS.

6. Switch FGSS to bypass loop.

7. Tum on SO,, NO, and N, supply gases.

8. Set rotameters at calculated values.

9. Let system equilibrate (~ 5 min).
10. Take on-linc bypass N,O measurement

11. Switch to sorbent/sampie loop.

12. Let flue gas run through sorbent cartridge (~5 min).

13. Take a3 2-min bomb sample (~4 L/min).

14. Take or-line N,O measurement from bomb exit
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15. Let flue gas run through sorbent cartridge (~10 min).

16. Repeat steps 13-15 for two additional bombs.

17. Switch to bypass loop.

18. Take on-line bypass N,O measurement.

19. Turn off supply gases.

20. Span CEMs.

21. Shoot GC standard.

22. Shut down system.

This procedure is for one sorbent cartridge system with the collection of three sample bombs.
A test usually evaluated three sorbent cartridge systems at the same conditions with the collection of a
total of nine bombs. Each of the two remaining cartridges were inserted after sicp 18 and steps 10-18
were repeated for each cartridge set. At least seven volume exchanges were passed through the 600 cc
sample bombs to ensure a representative sample.

The bombs were nominally aged 5-7 days. The nine bombs from one test were aged the same
amount of time. The aged bombs were then analyzed for N,O by direct injection into a GC/ECD.
Duplicate 10-mL samples were withdrawn through the septa on the sample bomb with a 10-mL glass
syringe.

3.5 INITIAL SORBENT TESTS
35.1 Introduction

The initial series of tests necessitated a qualitative screening approach. Many of the tests were
of the yes/no or go/no-go nature. These types of tests were required 1o identify candidate materials
carly in the study and then opiimize their performance. The tests were conducied under the FGSS
conditions of 10 percent moisture, 1,200 ppm SO,, 600 ppm NO, and about 0.5 ppm N,O and will be

referred to as the nominal inlet conditions. These concentrations are representative of actmal emissions
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from typical coal combustion facilities. Initial N-O concentrations were inherent to the NO supply gas
and varied with each individual cylinder.

The initial tests were concerned with SO, removal efficiencies of various dry sorbents and the
best cartridge design. The SO, removal efficiency was defined, at this point in the study, as the
measured SO, exit concentration of the flue gas after the gas bad passed through the sorbent system.
These SO, concentrations measured by the SO, low CEM in the sorbentsample bomb loop, were
refcrred to as the SO, breakthrough data. The initial cfforts also included the use of SO, and acid
color indicators. The various tests and their results are discussed in respective subsections.

3.5.2 Water Removal

As mentioned previously, P.O¢ was the selected desiccant based on its greater moisture
removing ability and its color indicating properties. The 120-cc refillable traps were filled with ~50 g
of P,Og and held in place by glass wool plugs. The walcr removal cartridge was placed, in scrics,
after the SO, sorbent cartridge and before the sample bomb. The placement of the SO, cartridge was
critical because SO, must dissociate in water to form an acid and then react with the sorbent,
therefore, water was necessary 1o enhance the SO, neutralization process in the sorbent cartridge.

3.5.3 FGSS Shakedown Tests

The first set of tests took place during the design and construction of the FGSS. These first
screening tests were performed o ascertain if a two-cartridge solid-sorbent design was feasible.

The first screening test was performed to evaluate SO, removal by a 40:1 (by weight)
sand/Ca(OH), mix and 10 evaluate the effect of the Ca(OH), on the initial N,O concentration.
Ca(OH), was initially chosen because of its proven ability to scrub SO,. This test mix was added 10
an empty, gas-tight air purifier tube and then evaluated on the FGSS. A gas stream contining ~1,500
ppm SO,, 600 ppm NO, and 8 percent moisture was passed through the sorbent cartridge. The SO,
concentration exiting the cartridge was measured to be less than 10 ppm. The N,O concentrations

were measured by on-line GC/ECD upstream and downstream of the Ca(OH), cartridge. A 0.8
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percent difference existed between the upstream (initial) N,O concentration and the downstream N,O
concentration. This difference was considered negligible.

The second screening test cvaluated the use of an acid color indicator, methyl red, in the
sorbent mix. The methyl red was added to the sorbent mix in an attempt to possibly indicate the
expenditure of Ca(OH), during sampling. A 40:1 sand/Ca(OH), (80 g, 2 g, respectively) mix was
made and 82 mg of methyl red was then added. This mix was evaluated under the same conditions as
the previous test. The sand mixture changed color as the test progressed, but the color change did not
occur evenly throughout the cartridge. The SO, exit concentrations and N,O results were similar to
those of the previous screening test.

These first screening tests indicated that a two-cartridge solid-sorbent system may indeed be
feasible. The initial results also indicated that Ca(OH), had no effect on the initial N,O concentration.
Initial N,O concentration would become a critical measurement later on in the study. Thesc initial
tests also indicated a need for a bypass loop within the FGSS to allow measurement of the flue gas
concentrations untouched by sorbents. A coatinuous data acquisition system was also necessary to
monitor and archive the initial and exit concentrations of the flue gas.

3.5.4 Sorbent Cartridge Design

After completing the many FGSS modifications, the next study objective was to find
commercially available gas-tight, swage-compatible cartridges 1o contain the SO, sorbent and the
desiccant. The most desirable option was to purchase gas purifier tubes available through a variety of
vendors. Vendors were contacted and asked whether the clear traps, empiy of any purifying agent,
could be obtained. One vendor was able o provide empty, 120-cc, refillable, and gas-tight cartridges.
The cartridge end caps were compatible with stainless sieel O-ring sealed straight thread to
compression fitting connectors. These were added 1o the cartridge to ensure a leak-tight fitting and a
1/4-in compression fitting compatibility. These traps were used to contain both the SO, sorbent and

the desiccant
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A test was performed © evaluate the SO, removal efficiency of a 20:1 sand to Ca(OH), mix
using a slurry method of mixing then drying. The test mix was added to the 120-cc traps and was
beld in place by glass wool plugs. The SO, sorbent and the desiccant cartridges were placed in the
sorbent/sample bomb loop and evaluated under nominal inlet conditions. Figure 3-3 is a plot of the
nominal inlet conditions. A comparison of the initial SO, concentration and the SO, exit
concentrations showed that the test mix was still removing 98 percent of the SO, after 20 min. This
test verified the suitable operation of the FGSS and the sorbent cartridge sampling system. The
cartridges were selected 10 be used in (urther testing.

3.5.5 Dispersion Tubes

The first few scoping tests gave insight inlo the sorbent sysiem operation and enbancement.
During these tests, there was concemn that the contact between the flue gas and the reactant was less
than optimal. To alleviale this concem, dispersion tubes were added o the inlet and outlet of the SO,
sorbent cartridge. The dispersion tubes are designed to "spray” the flue gas through the solid sorbent
thus maximizing the contact between gas and sorbent.

Dispersion tubes are made from 1/4-in Teflon tubing, 6 in long, with a compression fitting
stainless stee] nut, ferrules and cap on the end (Figure 3-4). About 70 0.6-mm holes are drilled in a 2-
in section behind the nut and cap. The collective area of the 70 boles is greater than the inner annular
area of the Teflon tubing. These tubes are used at both the inlet and outdet of the SO, sorbeat
cartridge.

A test was performed to evaluate the effect of the dispersion tubes on the SO, removat
efficiency of the sorbent cartridge. The SO, breakthrough data were compared to a previous test
where the tubes were not used (Figure 3-5). After 20 min, the dispersion tube cartridge had minimal
SO, breakthrough (2 ppm) compared to the cartridge without tubes (25 ppm). Both tests used a 20:1
sand:Ca(OH), shirry mix. Because of SO, removal elficiency enhancement, the dispersion tubes

became a permanent part of the SO, sorbent cartridge design.
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3.5.6 SO, Color Indicator

To investigate alternative SO, sorbents, considerable effort was made contacling vendors of
commercial SO, air sampling tubes to inquire about the chemicals used in the indicating exposure
tubes. The contents of these sampling tubes were appealing both from a standpoint of rcactive
specificity as well as quantitative indicating properties. The possibility of purchasing indicating
sorbents in bulk form was explored. Unfortunately, the identity of the indicating reagents was
proprietary. In addition, none of the materials were available in bulk form, some due to their toxicity.

Commercially available SO, color indicating and sampling tubes were investigated with the
possibility that they would indicate the expenditure of the Ca(OH), and/or divulge any major SO,
breakthrough during field sampling. These tubes indicate the concentration of SO, in air through a
linear color change along the length of cartridge proportional 1o volume and concentration. The tubes
were tested along with a 10:1 sand/Ca(OH), slurry mix. The air sampling tube was placed after the
P,04 cartridge W cnsure dry gas was entering the air sampling tube. The results of the screening test
indicated a large pressure drop, approximately 8 psig, across the sorbent system due o the relative
small size (~6 mm diameter) of the air sampling tubes.

Also during testing, the color indicator along the mbe did not change in a linear manner. The
color change started in the middle of the cartridge with the beginning of the cartridge never changing
color during the test. No further work was conducted on the SO, color indicators.

3.5.7 Chemical Sorbent Screening

As previously mentioned, Ca(OH), was initially used in the study because of its proven ability
o remove SO,. To validate the use of Ca(OH),, scoping lests were performed to compare the length
of time that three selected dry sorbent materials, Ca(OH)z, NaOH, ;nd Na,CO,, were effective in
removing SO,. NaOH and Na,CO, were selected because of their similar basic natures. Each
chemical was mixed with sand at a 20:1 sand-to-reactant ratio using a 20-30 mesh (0.85-.60 mm)

Ottawa sand. The chemicals and sand were mixed using a slurry method with deionized water.
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The appropniate amounts of sand and sorbent werc weighed and added to a large pan along
with 50 mL of deionized water. The reagents were then mixed by hand with a putty knife for about
15 min. The pan and sorbent mix was then placed in an oven at 105 °C to dry overnight. A slurry
method was chosen on the assumption that the reactants would coat the sand particles thus creating a
larger reactive surface area and greater scrubbing efficiency.

The Na,CO, mix exhibited difficultics during sorbent mix preparation. The Na,CO, dried in
clumps and did not disperse through the sand. The Na,CO; was not evaluated owing to these
problems in the sorbent preparation. The NaOH mixture dried to form a brick, which subsequently
bad to be broken up before addition to the cartridges. There were no problems encountered during the
sand/Ca(OH), preparation.

The NaOH and Ca(OH), mixtures were added to the sorbent cartridges (with dispersion tubes)
and placed in the sorbent position of the FGSS. They were then evaluated at nominal inlet conditions.
The SO, exit concentrations were measured vs. time using a 10 ppm SO, breakthrough as the
threshold.

Figure 3-6 shows that the sand/Ca(OH), mix lasted much longer (~45 min) than the Na(OH)
mix (~13 min). Also, the reaction of NaOH with moisture/SO., during usliné was found to be very
exothermic thus causing a safety concern. The sand/Ca(OH), mix was chosen for use in additional
studies because of its longer SO, removing capabilities and its ease in preparation.

3.6 SO, SORBENT OPTIMIZATION
3.6.1 M

Once the SO, sorbent cartridge design and chemical sorbent had been selected, the next
pl:iority of the study was to enhance the SO, removal capabilities of the sand/Ca(OH), mix. Tests
were designed 1o determine an optimum sand/Ca(OH), mix that would consistently minimize the N,O

gencration to less than 10 ppm. This determination was accomplished by varying the sand particle
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size, the sand-to-reactant ratio, sorbent volume, and the sorbent mix preparation. All tests were
conducted under the nominal inlet conditions.

The previous screening tests defined the SO, removal efficiency of a sorbent by the length of
time it was efficient in removing SO,. This was achieved by measuring the SO, exit concentrations of
the sorbent cartridges and plotting these concentrations vs time. The next tests were designed 10
further evaluate the SO, removal efficiency by measuring the effect of the sorbents on the
minimization of the N,O generation artifact in sample containers.

The N,O generation measurement was defined as the difference between the initial N,O
concentration obtained from the bypass loop during testing and the actual N,O concentration found in
the aged sample containers. The SO, breakthrough data were used to quickly determine the SO,
sorbent and the cartridge design. The study now focused on N,O gencration in samplc containers.
The SO, breakthrough data were still used as a variable in the decision making process. Each test and
its results are discussed in the subsequent subsections.

3.6.2 Sand Particlc Stze

As previously mentioned, the Ca(OH), was dispersed through sand to increase the reactant’s
usable surface area. It was then theorized that with the same cartridge volume, a decrease in the sand
particle size would allow an increase in reactive surface area. Along with the increase of reactive
surface arca, there was also the possibility that the flow rate and pressure drop through the sorbent
system could be compromised. The objective was to find a sand particle size that would increase the
chemical’s usable reactive surface area but not effect the {low rate and pressure drop through the
sorbent system. Tests evaluated and compared the effect of three different sand parnticle sizes on the
flow rate and pressure drop through the sorbent cartridges and 2lso on the mix uniformity. Each
particle size was mixed 2t 2 20:1 ratio with Ca{OH),, using the slerry method. Each mix was then

added to a sorbent cartridge and tested on the FGSS.
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The first sand evaluated was a commercially available "play” sand. The play sand was sifted
10 more @n 18 mesh particle size (particle diameter > 1 mm). To collect the > 1 mm particle size
sand, an 18-mesh sieve was placed on a shaker. The play sand was added and sified. The sand that
did not go through the sieve was collected for testing.

A slurried 20:1 mix was prepared with the > 1 mm sand. The sand and Ca(OH), did not
"mix" well. The larger sand particles caused the Ca(OH), to form in clumps or pockets when the
mixture was added 10 the cartridge. The > 1 mm sand/Ca(OH), allowed a flow rate of > 7 L/min and
a minimal pressure drop across the sorbent cartridges. Although this sand did not compromise the
flow rate and pressure drop, the larger sand particles did compromise the mix homogencity.

The second sand evaluated was a commercially available Ottawa sand (20-30 mesh). The sand
mixed well with the Ca(OH),. The fine particle sand allowed a flow rate of 4 L/min, and caused a
large pressure drop (7 psi) across the cartridges. Sand particles were also found in the dispersion tube
holes.

The third sand evaluated was the commercially available "play” sand sifted 10 18-20 mesh
(particle diameter = 0.85-1.00 mm). To collect the 0.85-1.00 mm sand, an 18- and 20-mesh sieve
were placed on a shaker with the 18-mesh sicve on top. The play sand was addcd and sifted. The
sand that went through the 18-mesh sieve but not through the 20-mesh sieve was collected for testing.

There were no difficulties encountered with the preparation of a 20:1 mix using the 0.85-1.00
mm particle-size sand. This mix compared to the 20:1 Ouawa sand mix, gave a greater flow rate and
a reduced pressure drop (6 L/min, 4 psi, respectively). Becausc of the enhanced flow rate, the 18-20
mesh sand was the choice for further studies.

3.63 Sand-to-Reactant Ratio

With a goal to further optimize the Ca(OH), cartridge, the Ca(OH), concentration in the

sorbent cartridge was doubled from a 20:1 sand:Ca(OH), mix 10 a 10:1 sand:Ca(OH), mix. Tests
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were performed evaluating the effect of each mix on the SO, breakthrough of each cartridge and the
effect on N,O generation in bomb samples.

The 20:1 mix and the 10:1 mix were prepared using the slurry method. Each mix was added
to the sorbent cartridges and evaluated under nominal inlet conditions. Each test evalnated a single
sorbent cartridge with the collection of one bomb at 7, 19, and 31 min after the sorbent was placed in
the sample loop. A total of three bombs were collected for each cartridge tested. Each test mix was
performed in triplicale with a total of nine bomb samples collected per mix. During two of the 10:1
mix tests, a fourth bomb sample was collected at the 45-min interval.

The initial N,O concentration was established from the bypass loop before the placement of
the sorbent system in the sorbent/bomb loop. N,O measurcments were also taken at the exit of the
sorbentsample bomb loop during the collection of each bomb sample. This measurement was taken to
ascertain the effect of the cartridge system on initial N>O concentration. Each bomb was then sealed
and stored at room temperature.

The bombs collected with the 20:1 mix were aged 3 days and then analyzed for N,O. The
bombs collected with the 10:1 mix were aged 4 days and then analyzed for N,O. Table 3-2 lists the
conditions and results of the individual test cartridges and its replicate bomb samples. Tbe SO, exit
concentrations were not available because of an analyzer failure. Figure 3-7 graphically presents the
N,O generation of the bomb samples at each sample interval. N,O generatron is defined as the
measured bomb coacentration minus the initial (on-line) N,O concentration. A comparison of these
results revealed that the 10:1 sand:Ca(OH), mix was consistent in minimizing the N,O generation to <
5 ppm even after 45 min, whereas the 20:1 mix showed significant N,O gencration in the bomb
samples after 31 min. The 10:1 sand-to-reactant ratio was chosen for use in further studies owing to

ils consistency in minimizing the generation artifact.
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Sorbent Conditions and Tests Results

TABLE 3-2. N;O GENERATION IN GRAB SAMPLES WHILE OPTIMIZING SO, SORBENTS

Sorbent rﬂo. Days| Initial N20 | Bomb1l | Bomb2 | Bomb3 | Bomb4 | AvgCan

Conditions | Aged |Concentration|{ Generation | Generation | Generation | Generation | Generation
1A [20:1 3 1.4 2.0 5.1 224 - 9.8
1B |20:1 3 14 1.8 3.1 9.9 - 4.9
1c {201 3 1.4 55 0.1 24 - 2.7
2A {10:1 Slurry 4 04 15 2.8 1.9 13 19
2B |10:1 Slurry 4 05 23 32 23 15 23
2C |10:1 Slumry 4 05 4.1 38 34 - 38
3A [10:1 Dry 5 04 04 12 6.5 14.2 56
3B |10:1 Dry s 0.4 2.2 9.0 0.9 1.7 35
3c {10:1 Dry s 0.4 0.7 0.8 1.0 12 0.9
4A {10:1(200CCY 5 0s 21 8.1 - - 5.1
4B |10:1(200CC) 5 0.5 27 20 - - 24
Concentrations in ppm
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Figure 3-7. Comparison sand-to-reactant ratics on N,O generation.
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3.6.4 Sand/Sorbent Preparation

The slurry method of mixing the sand and Ca(OH), was chosen on the assumption that the
water would cause a more uniform dispersion of the Ca(OH), through the sand. This mecthod was
found to be time consuming because of the overnight drying process. A dry mix of 10:1
sand:Ca(OH), was prepared and evaluated to ascertain whetber the slurry process was necessary when
dispersing the Ca(OH), through sand. The mix was prepared by weighing out the appropriaie amounts
of sand and Ca(OH), and adding them to a pan. Thc two solids were then mixed by hand using a
punty knife for approximately 15 min. The mix was then added to the sorbent cartridges.

Test 3 evaluaicd one sorbent cartridge with the collection of one bomb at 7, 19, 31, and 45
min after the sorbent system had been placed in the sorbent loop for a 1otal of four bombs collected
per cartridge. The test is performed in wiplicate. During lesting, the SO, exit concentrations and
initial N,O coucentrations were monitored. These results were compared to Test 2 where a 10:1 mix
using the slurry method was evaluated.

Table 3-2 lists the results and conditions for each test. Figure 3-8 graphically compares the
N,O generation of the bomb samples in the replicate tests. From these results, the slurry process
demonstrated a slight performance advantage over the dry mix. The resulting N,O generation was still
much less than 10 ppm. Although the dry mix exhibited a higher generation in the bombs, the dry
method of preparation was chosen because of the short preparatory time. The excessive preparatory
time for the slurried sorbent matcrial was also hindering the progress of scoping tests.

3.6.5 Sorbent Volume

The sorbent volume was the last variable examined during the optimization of the SO, sorbent
cartridge. The 120-cc cartridges contained about 160 g of sand and sorbent To approximately double
the sorbent volume, 200-cc refillable traps wers filled with the 10:1 sand/Ca(OH), dry mix and
evaluated (Test 4). Table 3-2 shows that the SO, exit concentrations were similar to those observed

using shorter cartridges (< 15 ppm after 40 min). Figure 3-9 shows that the N,O generation results
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Figure 3-8. Effect of sorbent preparation process on N;O generation.
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TEST NO. 3; 10:1 SAND:Ca(OH)2 (120 CC)
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Figure 3-9. Effect of sorbent volume on N,O generation.
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were also similar (5 days, < S ppm). The smaller volume was chosen because of the ease of handling
and concerns over waste generation.
3.7 SAMPLE CONTAINER OPTIMIZATION
3.7.1 Introduction

Concern over N,O generation inconsistencies between bomb samples led to improving
methods to clean and condition the sample bombs. At this point, there was not a clear understanding
of the reaction mechanisms between SO,, NO,, and H,O that generated N,O. Most of the proposed
mechanisms hypothesized a liquid-pbase wall reaction involving these three reactaants. If this was
indeed true the incousistencies between replicate bomb samples could in part be caused by the inside
walls of the sample bombs which were not consistent from container to container. The inconsistencies
could also be caused by residual SO, and moisture in the bomb itself. Efforts then concentrated on
creating greater uniformity between sample containers.
3.7.2 Sample Bomb Preparation

Initially, the 600 cc stainless steel sample containers went through « SO, neutralization
process. The bombs were then washed, dried, and stored under vacuum. A mecthod developed ensured
a clean, dry, and pressurized bomb. The conditioning consisted of a hot, soapy water soak, a
detonized water rinse, and a mecthanol rinse. The rinsed bornbs were oven dried at 105 °C for 12 b
The hot bombs were sealed and cooled. Dry aitrogen was used o purge and pressurize the cooled
bombs.
3.7.3 Teflon Coated Sample Bombs

To create greater uniformity between sample containers, the inner surfaces of several sample
bombs were Teflon coated. A test using the Teflon-coated bombs with the sorbent/bomb system
revealed little effect on the N>O generation antifact (Figure 3-10). Both the stainless steel bombs and

the Teflon-coated bombs had less than 5 ppm N,O generation.
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Although this test showed no visible performance cnhancement from Teflon coating, 2
decision was made 1o Teflon coat the inner surfaces of all sample bombs. It was believed the Teflon
coating would prolong the life of the stainless sicel container, lessen the chance of SO, residue build-
up along the container walls, and create a more inert sample contact surface.

3.8 COMBUSTION SOURCE GRAB SAMPLE METHOD EVALUATIONS
3.8.1 Introduction

At this point in the study, the sorbent/bomb system consisted of a two-cartridge, solid-sorbent
system (~160 g 10:1 sand:Ca(OH),, dry; ~50 g P205) and a cleaa, dry, and pressurized 600-cc
stainless steel sample container equipped with toggle valves and a side port for syringe injections (see
Figure 3-11). The combination of reagents and equipment had demonstrated acceptable performance
while incorporated into the FGSS. The focus now shifted to evaluating the sampling method as it
would be used on actual combustion sources. This required the consideration of appropriate saropling
equipment and sampling configuration. Emphasis was placed on the ability to incorporzte the
sampling equipment into conventional CEM sample delivery/conditioning systerns.

3.8.2 Moisture Removing Devices

Realizing that many sampling systems use moisture removing devices, particularly refrigeration
condensers, a test was conducted 10 monitor the effect of such a device on the performance of the
sampling method. A Hankason refrigeration dryer was placed in the FGSS sampling system between
the FGSS atmosphernic dump and the sample pump of the nomina! grab sampling system. The test
conducted under the nominal inlet concentrations, monitored the effects of the dryer on the SO,
removal efficiency of the calcium hydroxide. Two bomb samples were also collected. After 20 min,
the SO, exit concentrations approached inlet conditions (1,200 ppm). Analysis of the bomb samples
after 7 days exhibited N,O generation of 10 ppm (Figure 3-12). The high SO, exit concentrations

verified the importance of moisture (in the sample gas) on the neutralization of SO, in the sorbent
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Figure 3-11. Sample container schematic.
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cartridge. Becausce of the relatively high N,O gencration, sampling downstream of any moisture
conditioning devices was no longer considered.

3.83 Evaluation of Source Sampling Configuration

The grab sampling configuration of the FGSS was designed such that 2 large number of
method performance parameters could be monitored or measured concurrently. This tended to make
the sampling systcm and equipment more complicated than necessary. To make the sampling system
more compatible with conventional CEM sample delivery/conditioning systems, the system needed to
be simplified. Essentially, all that was required was a means to extract a representative portion of a
flue gas from the CEM sample system and push it through the grab sampling system. This could be
accomplished with a small vacuums pump. The grab sample could be obtained in parallel o the CEM
sample at a location between the stack and any CEM moisturing conditioning devices (see Figure
3-13).

To accomplish this, a sampling system separate from the normal FGSS sampling system was
installed. A representative portion of the flue gas mix was pulled from the atmospheric dump section
of the FGSS system and subsequenty pushed through the SO, sorbent, the H,O sorbent, and then
directly intwo the sample continer (see Figure 3-14). The gaseous sample was still obtained from the
atmospheric dump (vent) of the FGSS. A toggle valve was vloated between the atmospheric dump
and sample pump 1o isolate the sample delivery systems during sampling. The toggle valve was
connected to the inlet of the sample pump by a 2-ft section of 1/4-in OD Teflon tubing. The sorbent
cartrkiges and sample bomb were located at the outlet (positive pressure) side of the pump.

A roameter was placed at the outlet of the sample container to measure the flow rate through
the sorbent cartridge/sampie bomb syst;:m. The gas stream exiting the rotameter was occasionally
used to measure initial NoO concentrations. Inlet NO, SO,, and N,O concentrations were monitored
from nominal locations in the FGSS (bypass loop position). Outlet (exit) SO, concentrations were no

longer measured.
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Following design and installation of the sampling system, a test was dcsigned 1o evaluate its
performance relative 1o tests conducted to date. The nominal test condition simulated flue gas
concentrations were used [or this test Several "wet" grab samples were collected without the usc of
any of the gas conditioning sorbents to demonstrate the full extent of N,O generation.

Once an on-line N,O measurement was taken in the bypass loop of the sampling system, the
toggle valve between the atmospheric dump and the grab sample pump was opened. The flue gas was
allowed to run through the sorbents cartridges. Three separate bomb samples were collected. For
each sample collected, the conditioned gas stream flowed through the sample bomb for at least 2 min.
At the flow rate measured through the bomb, 9 L/min, a 2-min purge time ensured that a
representative sample was collected. At least scven volume exchanges of the sample container took
place. Also during the 2-min sample period, an on-line N,O measurement was taken at the bomb exit
to again verify that the sorbents had no effect on initial N,O concentration. Three samples were also
collected without the use of any sorbent cartridges at 11 L/min for 2 min each.

The samples collected using the sorbent cartridges demonstrated N,O generation less than 1
ppm when analyzed after 6 days (Figure 3-15). The "wel” samples revealed N,O gencration of more
than 150 ppm when analyzed after the same period. Because of the success of this test, the sampling
configuration used was deemed acceptable for further testing.

3.8.4 EPA’s Innovative Furnace Reactor

The next logical step in the sampling method evaluation process was the application of the
sorbent cartridge sampling sy.;.tem to actual combustion situations containing similar flue gas
constituents and concentrations. As a result, the sampling method was ¢valuated further on the
EPA/AEERL-GCTB 15 kW (50,000 Btu/h) Innovative Furnace Reactor (IFR). The grab sample
method was evaluated while the furnace fired on Illinois No. 2 coal. Samples were obtained by

tapping into the existing CEM sampling system in parallel so that continuous CEM data could also be
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collected (see Figure 3-13). Oun-line N,O measurements were also obtained using the automated, on-
line GCVECD system.

Figure 3-16 represents data from tests designed to evaluate the sampling method configuration
on an actual fossil fuel combustion source. The first test used four sets of sorbent cartridges with a
collection of three sample bomis per cartridge for a total of 12 bombs collected. The sample flow
through the cartridge system was 2 L/min. Threce bombs without sorbent cartridges were also
collected. The average flue gas concentrations were 416 ppm NO and 1,900 ppm SO,. The moisture
content was not measured but estimated to be roughly 8 percent by volume. The grab samples when
analyzed after 7 days showed excellent agreement with the on-line N,O measurcments. The "wet”
samples were an order-of-magnitude larger, illustrating the N,O generation antifact

An additional test was conducted to further evaluate the effect of moisture removal on the
collection of samples. Six samples were collected using two sorbent systems upstream of the
condenser. Three samples were collected using one sorbent system downstream of the condenser.
Three "wet” samples were taken both upstream and downswream. The sorbent sampling flow rates
were also varied during upstveam sampling. Figure 3-17 shows that minimal N,O generation from
within the sample containers when analyzed after 5 days. The flow rates and refrigeration condensers
appear to have had negligible effect on the N,O generation. However, given the results of the
moisture conditioning tests conducted on the FGSS, the decision was made o remain sampling
upstream of all moisture conditioning devices.
3.9 WORST CASE SCENARIO TESTS
3.9.1 Introduction

The tests conducted up to this point in the study confirmed that the development of a grab
sampling method that minimized the N,O generation artifact to the extent that meaningful N,O
measurements could be oblained was indeed possible. Under the nominal simulated flue gas

concentrations tested (~600 ppm NO; ~1,200 ppm SO,; and ~10 percent moisture) an unslurried 10:1
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mix of sand/calcium hydroxide coupled with P,O¢ was shown 0 be effective in minimizing the N,O
generation artifact in sample containess o less than 10 ppm when samples were analyzed within 1-2
weeks of collection. In addition, the sampling equipment anc configuration developed was relatively
simple to use and easily incorporated into conventionai CEM sample delivery/conditioning systems.

Although the sorbent cartridge system had been evaluated under representative, controlled, and
realistic conditions, the full extreme of potential flue gas concentrations that may be encountered had
not been evaluated. The minimum moisture content critical to quantitative SO, neutralization had not
been determined. Similarly, higher SO, and NO concentrations had yet 1o be investigated.

It was then determined that the next major siep in the method development process was to
determine the range of NO, SO,, and H.O concentrations under which the sorbent system can operate
cffectively. An emphasis was put on testing the worst case conditions to dctermine if high
concentrations of SO, and NO or low moisture content would increase the potential for N,O
generation within the sample continer. On the other extreme, low flue gas concentrations of SO, and
NO were considered inconsequential and were therefore not considered for iesting. Similarly, since
the samples were intended to be collected upstream of any pollution control equipment, including wet
scrubbers, high moisture concentrations were considered favorable and were also not considered for
testing.

The worst case scenario was defined 1o be the maximum range of the key flue gas
concentrations that would be found in the field. The worst case conditions were defined as 2,500 ppm

SO,, 900 ppm NO, and 5 percent H,0.
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3.9.2 Nominal Inlet Concentrations

Two tests were run at nominal inlet concentrations in order 10 repeat baseline conditions.
Each test evaluated three sorbent cartridge sets with the collection of three bombs per cartridge set for
a total of nine sample bombs. The initial N,O concentration was measured from the bypass loop of
the FGSS. The GC/ECD was programmed 1o automatically sample for N,O every 8 min throughout
the test  No N,O measurements were made at the bomb exits.

The results revealed inordinately low N,O generation when the bombs were analyzed after 5
days (Table 3-3). A comparison of Run 100 and Run 101 revealed the same low N,O generation for
both tests (Figure 3-18). Another review of the test data revealed a linear increase in the on-line initial
N,O concentrations (Figure 3-19). It was then suspected that N,O was being generated within the
FGSS. Since the initial N,O concentration is dependent on the concentration of N,O in the NO
supply gas and the FGSS operates at "steady-state” conditions, an increase in initial N,O concentration
should not occur without changes in the measured concentrations of the other supply gases. Efforts
were focused on finding the source of this generation since a cormect initial N,O concentration was
crucial w the study. Knowing that the formation of N,O occurs in the liquid phase, the investigation
was centered on a source of "standing” water. The source was found to be a cyclone type water
knock-out device that had been added to the system to remove water before the flue gas entered the
CEMs and GC/ECD. The device's drain had plugged and the cyclone had filled with water.

This water removal device was replaced by a small refrigeration condenser. Tests were
performed to confirm that the condenser removed waler without effecting the initial flue gas N,O
concentrations. Figure 3-20 compares the on-line N,O concentrations vs. time before and after the
addition of the condenser.

3.93 Worst Case Conditions
With the N,O problem solved and the verification that the FGSS was in acceptable operating

order, two tests were performed 10 evaluate the sorbent cartridge system at worst case conditions
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TABLE 3-3. REPEAT OF NOMINAL CONDITIONS
Sorbent Conditions and Tests Results

Sorbent {No. Days| Imitial N20O Bomb 1 Bomb 2 Bomb 3 Avg Cant
Conditions | Aged |Concentration | Generation | Generation | Generation | Generation
100A | 10:1 Dry 5 0.540 0235 0.968 0.196 0.466
100B | 10:1 Dry S 0.610 3302 1.710 2874 2.630
100C | 10:1 Dry 5 0.750 0.651 0.566 0.157 0.458
101A | 10:1 Dry S 0822 0.147 0.276 0.137 0.190
101B | 10:1 Dry 5 0.966 0.734 0.000 0.845 0526
101C | 10:1 Dry 5 1.046 0214 0.014 0.067 0.098

Concentrations in ppm unless otherwise noted
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(2,500 ppm SO, 900 ppm NO, and 5 percent H,0). The first test, Run 103, evaluated three sorbent-
cartridge systems using the original design of earlier tests. This design placed a dispersion tube at the
inlet and outet of the SO, sorhent cartridge. The sccond test, Run 104, cvaluated three modified
sorbent-cartridge systems. The modificaticn was performed on the SO, sorbent cartridge oaly. The
dispersion tube was removed at the outlet of the SO, sorbent cartridge. This modification was
performed to ascertain if the removal of the dispersion tube would generate a higher flow rate and less
of a pressure drop without compromising the effcctiveness of the Ca(OH), 0 remove SO,. Also,
insertion of the second dispersion tube into the dry sorbent was extremely difficult. Elimination of the
sccond dispersion tubc would make SO, sorbent cartridge assembly much easier.

Three bombs were collected with each carntridge system with a total of nine bombs per run.
The bombs were aged 7 days and then analyzed for N-O. The average artifact N,O generation for
both runs appeared to be minimal (Table 34). Tbe average artifact N,O generation was observed 1o
be greater with the modified cartridge and higher flow rate (Figure 3-21). The higher average N,O
gencration for Run 104 may be duc to the SO, sorbent packing. During testing, the sorbent appearea
"loose;" thus, the actual contact between the flue gas and SO, sorbent may have been less than
optimum. Run 105, with a lower N-O generation and lower flow rate, appears to operate consistently
from cartridge to cartridge. A decision was made 10 continue using two dispersion tubes in the SO,
sorbent cartridge.

The results of the worst case scenario tests, performed under controlled conditions, indicate
that the sampling configuration used is capable of controlling N,O generation in the sample container
1o acceptable levels. The final performance evaluation would be to duplicate the worst case scenario
tests under actual combustion process conditions.

3.9.4 EPA’s Innovative Fumnace Reactor: Warst Case Conditions

A final grab sampling method performance evaluation test was conducted on the EPA’s IFR

under similar worst case scenario conditions. The furnace was fired on nawral gas. No SO, or NO,
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TABLE 3-4. NO GENERATION UNDER WORST CASE CONDITIONS
Sorbent Conditions and Tests Results

Sotbent | No.Days | Initial N20 Bomb 1 Bomb 2 Bomb 3 Avg Cart
Conditions | Aged | Concentration | Generation | Generation | Generation | Generation
103A |2DispTu 7 0.75 0.80 091 0.61 077
103B |2 Disp Tubes 7 0.96 0.63 094 0.96 0.84
103C }2 Disp Tubes| 7 214 0.17 042 0.80 046
104A {1 Disp Tube 7 120 0.00 0.00 0.75 02s
104B |1 Disp Tube 7 0.80 1.19 1.18 1.18 1.18
104C |1 Disp Tube 7 0.84 0.90 0.99 254 147

Concentrations in ppm uniless noted

S02 = 2,500 ppm, NO = 900 ppm, H20 = 5% v/v
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Figure 3-21. N,O generation under worst case conditions.
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pollution control devices or techniques were uscd during these tests. The concentrations of the key
flue gas constituents measured during the worst case lesting were approximately 3,200 ppm SO, and
1,500 ppm NO. Moisture was not measured but estimated to be approximately 10 percent by volume.
The high levels of SO, and NO were obtained by doping the combustor with SO, and ammonia,
respectively.

The grab samples were collecled from the same location as the earlier performance evaluation
tests. Specifically, the samples were obtained at a location in the CEM sample delivery system
upstream of the moisture conditioning unit. Three sorbeat cartridge systems were evaluated with a
collection of three bombs per carridge. The initial N,O concentration was determined by the on-line
GC/ECD which also sampled from the same location in the CEM system. N,O measurements were
made as closely to the timc of grab sampling as possible.

The bomb samples were aged for 8 days and then analyzed for N,O. Table 3-5 lists the
conditions and results of the three tests. All three tests resulted in the generation of N,O within the
aged bomb sample. The average N,O generation ranged from 3-7 ppm. One of the nine bomb
samples did exhibit generation greater than 10 ppm (11.2 ppm).

Because the data were acceptable for this final performance evaluation test, the grab sampling
method was deemed suitable for the screening of high N,O-emitting fossil fuel combustion sources.
3.10 FURTHER METHOD EVALUATION: SNCR TESTS

Although this procedure was designed and tested for use with flue gases from conventional
combustion sources without the application of any pollution control techniques or devices, an
opportunity was presented to evaluate the grab sampling method on a NO, control technique. The
control technology employed, SNCR, uses additive reactants such as urea and cyanuric acid, injected
in the post-combustion zouoe, to control NO, emissions. This technology, however, has the polential
to increase N,O emissions. During this particular test, a proprietary reagent, hereafter referred 1o as

NO_-OUT, was evaluated.
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TABLE 3-5. EVALUATION OF SAMPLING METHOD ON ACTUAL
COMBUSTION FACILITY UNDER WORST CASE CONDITIONS

Performed on the C-Wing IFR
Conditions and Resuits

Test CRUNS CRUNS6 CRUN7
Date 06/24/91 06/24/91 06/24/91
Fuel Nat. Gas Nat. Gas Nat. Gas
SO2 ppm 3175 3200 3220
NOx ppm 1562 1537 1537
CO ppm 25 20 18
CO2 % 10.02 9.94 9.78
02 % 2875 285 2875
NOxOUT oo no oo
Aged Days 8 8 8
Init N2O 52 33 1.04
N20 Gen Bomb A 246 181 266
N20 Gen Bomb B 294 7.04 492
N20 Gen Bomb C 341 1123 5.36
Avg Cart Gen 294 6.69 431

Avg Bomb N20 = 3 bomb avg
Concentrations in ppm unless noted



Because the automated, on-line GC/ECD N,O monitoring system was on loan to GCTB to
measure N,O emissions, it was an opportune time 10 evaluate the grab sampling method. Bomb
samples were collected while the NO,-OUT reagents were injected into the Down-fired Tunnel
Furnace. Four tests were performed, each on separate days. Each test consisted of the collection of
three bomb samples, which were then aged for more than 7 days and were then analyzed for N,O.
Table 3-6 gives the conditions and results for the four tests.

The results of these apalyses demonstrated that no N,O generation was observed. In fact, the
N,O concentration decreased from the initial, on-line N,O concentration that was taken before the flue
gas was sampled. The average reduction from initial N,O to aged N,O concentrations was 31 percent.
In an attempt 1o explain the N,O concentration decrease, the bombs were checked for leaks and found
10 be under pressure. The daily GC/ECD QC checks exhibited analytical bias of less than 3 percent,
so an analytical error was also ruled out.

No explanation for the decrease in N,O concentration in thc aged bomb samples is apparcat
A potential explanation may be linked w0 bigh stack concentrations of ammonia (NHj;), a byproduct of
the NO,-OUT additive. It may be possible that the ammonia participates in a reversible N,O reaction
within the bomb because of the basic nature of NH,;. The basic property alone is not enough w0
explain the reduction, as sodium hydroxide, a strong base, has been used in impirger solutions o
scrub SO, from combustion flue gas samples for subsequent sampling for N,O measurement. No
negative bias on grab sample analyses have been isolated. However, an important conclusion can be
drawn from this test; the grab sample method should be used on conventional combustion sources
without the application of any pollution control equipment or technique only.

3.11 GRAB SAMPLING METHOD SUMMARY

The method developed was designed so that it could be used compatibly with continuous

emission monitoring sample delivery/conditioning systems or as a stand alone procedure. Specifically,

the method developed employs the use of reactant-specific dry sorbents to remove the gaseous

81



TABLE 3-6. N;O GENERATION IN SAMPLES COLLECTED DURING NO, CONTROL TESTS

Selective Non-catalytic Reduction
Performed on the C-Wing IFR
Conditions and Results
Test CRUN1 CRUN2 CRUN3 CRUN4
Date 06/10/91 06/11/91 06/12/91 06/17/91
Fuel Nat. Gas Nat. Gas Nat. Gas Pitt No. 8 Coal
SOZ ppm 725 1625 1570 100
NOx ppm 80 90 388 280
OO ppm 30 80 33 10
002 % 7.6 746 7.6 8.6
02 % 7.475 7.85 7.45 10.625
NOxOUT yes yes yes yes
Aged Days 9 8 7 9
Init. N20O 38.6 529 336 8.79
N20 Gen Bomb A (5.06) (19.73) (9.5) (2.00)
N20 Gen Bomb B (6.98) (8.05) (6.58) (2.95)
N20 Gen Bomb C (9.32) (24.38) (12.65) (2.90)
N20 Artifact (7.12) (17.39) (5.58) (2.62)

Avg bomb N20O = 3 bomb avg
Concentrations in ppm unless noted
( ) indicates negative values
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components of SO, and H,O o the degree that N,O gencration in stored (1-2 weeks) sample
containers is consistently minimized 10 < 10 ppm. Sequentially, SO, is neutralized, and H;0 is
rcmoved from a fossil fuel combustion process fiue gas sample stream before entering a Teflon-lined
stainless siteel container. The neutralization of SO, requires the presence of H,O in the flue gas
sweam. Therefore, the flue gas sample must be collecied upstream of any moisture conditioning
devices such as condensers and/or desiccanis that may be present in CEM sample delivery/conditioning
systems. |

The flue gas sample is exwracted from the combustion source using a2 vacuum pump which
pushes the gaseous sample through the two-cariridge, solid sorbent system and ultimately through the
grab sample container or "sample bomb.” The sample container is sealed and stared for up o two
weeks at room temperature. The sample containers can be analyzed for N,O at any point duriag the
2-week holding period.

This procedure was developed for use with flue gases from conventional fossil fuel combustion
sources and processes. Samples were designed to be coilected upstream of any pollution control
equipment or on combustion facilities where poliution control equipment did not exist. This grab
sampling method may not be suitable for use where sampling is performed downstream of pollution
control devices or processes.

During the development of this sampling method, tests were conducted to determine the fossil
fuel combustion process flue gas NO, SO,, and H,0 concentration ranges whkere N,O generation in
aged (1-2 week) samples would be consistently minimized to less than 10 ppm. This method was
found suitable for use on combustion systerns with flue ges concentrations in the following ranges:

* SO, — 0-2,500 ppm
¢« NO — 0-1,000 ppm

* H,0 — 5-25 percent (by volume)
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These flue gas concentration ranges were verified under actual combustion conditions as well.
During these tests, the flue gas components of CO, CO,, and unburned hydrocarbons, typically present
in fossil fuel combustion process streams, were found not 1o interfere with sampling method
performance. Other common flue gas components such as hydrogen chloride (HCl) and ammonia

(INH,) were not evaluated and may act as interferences.



SECTION 4

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The analytical and sampling methods developed during this project were found to be effective
tools for the characterization of N,O emissions from fossil fuel combustion processes and equipment.
The automated, oa-line monitoring system has proved o be a particulerly effective means to acquire
accurate, near real-time N,O measurements from diverse combustion sources. The prototype
instrument developed has since been duplicated ard field tested at a commercial power utility.
Application of the grab sampling methodology has not been as aggressive, primarily because of the
need for absolute measurement of N,O.

Because of the N,O generation sampling artifact, the reliability of accurate measurements
becomes even more critical. The procedures developed through this task are by no means the ultimate
answers o N,O sampling and analysis nceds. The procedures developed were meant to rapidly enable
the characterization of fossil fuel combustion source emissions. Although the automated, on-line
GC/ECD moaitoring system has proved to be accurale and reliable, it is not a real-time analyzer and is
therefore not capable of continuous monitoring or measurement. Unfortunately, the commercial
availability of dedicated, state-of-the-art combustion process N,O monitoring equipment is extremely
limited. Of those available, detection levels may be insufficient In addition, these NDIR systems are
susceptible to interferences from other combustion process gases that absorb IR radiation at
wavelengths close to those that are absorbed by N,O. These interferences are often minimized

through the use of elaborate sample gas conditioning systems.
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Realizing that the continued development of continuous on-line monitoring instrumentation is
likely, consideration should aiso be given to the sample delivery sysiems. The residence time in these
systems may be long enough that generation of N,O within the sysiem may be possible. The volume
and length of sample tubing along with sample flow rate should be considered. During tesis
performed by AEERL where a2 TDLIR continuous mogitoring system was used, N,O concentration
spikes were observed following flow stoppage in sample delivery lines. These spikes were observed
even when sample flow was stopped only for a period of several minutes. It is possible that sampie
delivery sysiems exist where the residence time between the source and analyzer can approach several
minuies. Further examination of sample delivery systems are warranted.

The grab sampling method developed, although suitable for the screening of high N,O-
emitting fossil fuel combustioa sources, is not suitable for the collection of grab samples for the
determination of absolule N,O measurcments. The authors are unaware of a grab sampling method(s)
that ensures the collection of uncompromised grab samples where generation does not take place, even
after long periods of storage. Ia addition, although most researchers measuring N,O emissions from
combustion using grab sampling techniques take means to collect samples where the sampling artifact
is drastically minimized, the variety of procedures to do so are quite diverse. It seemns logical that
some type of standardized grab sampling approach be developed.

In summary, the procedures developed during the course of this project were sufficient to meet
AEERL’s fossil fuel combustion source characterization needs. These procedures are documented in
the form of EPA-AEERL ROPs. The ROPs contain detailed descriptions of the respective

methodologies.
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SECTION 5

QUALITY CONTROL EVALUATION REPORT

This study was conducted following quality assurance/quality coniro! guidelines set by
EPA/AEERL. This study was performed under an AEERL Category [V Quality Assurance Project
Plan (QTRAK No. 89014) reviewed and approved by EPA. The goal of the project was to develop
sampling and analytical methodologies suitable for the characterization of N,O emissions from fossil
fuel combustion sources.

The approach taken during this study was predominantly qualitative in nature. Many of the
tests conducted were based on a go/no go or yes/no approach in order 10 effectively screen candidate
sorbents for the development of the grab sampling method.

The measurements made by this project were of sufficient quality to more than adequately
accomplish project goals. Essentially, the only measuremeants made were for NO, SO,, and N,O. The
accuracy requirements, expressed as percent bias, were 20, 20, and 15 percent, respectively. Unless
stated otherwise in the report, all data validating quality coatrol checks performed before, during

and/or after each test were within these limits.
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APPENDIX A

NON-CONTINUOUS SAMPLING AND ANALYSIS OF NITROUS OXIDE
FROM COMBUSTION SOURCES
ROP NO. 43

PREFACE

This appended method is included for historical perspective only. Aspects of this method were
evaluated to devclop the sampling and analytical methods described in this report. Specifically, the
vacuum evacuation method for transferring the gaseous sample from the sample container 10 the
analylical system was ecvaluated. The vacuum evacuation method was found to be susceptibie to
system leaks and was found not to be suitable for small volume samples. The sample introduction
method ultimately selecied used syringe injection.
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- . M‘ﬁ
2.2 Applicability. The approach is used for measuring the N20 cﬁ&%gg?ﬁ%
Fd
of combustion gases, both within the flame and in flue gases. gﬁQ%@*

3.0 Range and Sensitivity

This method is designed for the 1 to §
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4.0 Interferences
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4.5 Oxygen. The detector becomes desensitized by exposure to ogy
Because of the oxygen present in the samples, a progre P
desensitization of the detector cannot be avoided during &L ttve
analysis. As outlined in the procedure, a re%itive caWfbrai
performed throughout the sample run and the &W correc

drift. Overnight conditioning returns the
sensitivity.
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through the valves. Sample containers with free septa should ngq
used.

5.5 Sample Train. The sample train consists
filter, and sample container. The outlet of
connected through a flow metering device to a §
flow meter should be sized to allow a
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flow meter, if desired.
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Calibration

Two levels of calibration are used. The most detaila'”
performed after the initial setup, whenever m%’éi%:’em has urgers
upset, and whenever the system is repoweredhdgggr a f01144%
cool off. The second level is performgd s Jof

drift during the analytical day.

6.1 Detailed Calibration. Nitrouj
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the recommended initial calfbr-%: Pl the az-viso that the
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encountered during analysis

» earities in the detector
response. gas should be measured at least in
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s ¥, of known volumes which are fitted with
fw'to less than 1 mm Hg using a vacuum pump
s injected through the septum port. The
y means capable of resolving 1 mm Hg pressure.
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where VNZO and Ycyl are the volume of the injected N20 and the Aﬂ&\
volume, respectively. Note that if the Nz0 and the dilution nitr
are all at ambient pressure and temperature, then no correcg
required for these variables.

samples. As sampies are withdrawn fri
decreases. Since a fixed volume. samp¥g JX

three entries for each c4 A
concentration in the standé a#k, as obtained
from the gas chromatograph, The N20

concentration corrected : gr @?&d as follows:
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injection 1ipm A X described in the analytical
procedure: a against [N20]cyrve Yields the
" sample loop pressure. Figure 2
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except for a slight non-linearity at
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@eoretical reasons discussed by Weiss (1981).
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combustion gas, this drift is mainly due to the exposure of the detg
to the oxygen in the samplé. Since this is unavaidable, the da a7

duplicate determination of sample A, dupl1ca§§%§, rm1nag$&§h?f sauple%éﬁ%@
e 2 £

B, and return to calibration gas).

6.2.1 Calibration Standards. This
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concentration of the sampies. For
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6.2.2 Procedure.
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performed as deg g ica¥pedredures section. The N0
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are well homogenized and time steady may be well characteriz Mé}%\
single measurement at a single location. Characterization 01‘%\1

highly stratified flows will necessarily require detailed trwgs of
the duct or stack. Procedures for both approach

7.2 Single Point Characterfzation. The
described in Section 5.0. The sample con
or a similar insulating material. The ¢
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7.3 Full
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{2) The pitot manometer, pump, and flow measurement system spec
for EPA Method 5 are used. ‘

{3) Operation procedures specified in Section
with the exception that the flow is s

o g
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(4) EPA Method 1 may be used as a gu
traverse points required, and the
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When the sample loop has been filled with
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analysis is started by switching the l0-port valve so the sampie Io
placed into the carrier gas flow path. The carrier flow is directed mgh
the precolumn for 2.5 minutes. This time is sufficient for the Nz
elute onto the main column, but for any fluorinated comy
on the precolumn. As the 6-port valve is switched 29

from the carrier gas stream. A 20-milliliter
backflushes the precolumn during this
chromatogram in Figure 5, the N20 elutes
injection. The sample run is not termigay
elapsed, however. This is to allow the 3
step ensures that the subsequent samp .

hcted NpO concentration in the commercial second-
This is the
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Pﬁxample chromatogram for uzo analysis.
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3
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[N20Jcyrve = N0 corcentration obtained from the calibrationgyjrvet
using the peak area generated by the secondg
standard.
Pioop = absolute pressure in the;w

injection, mm Hg.
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corrected. g

y = measured dry pe

ustion with neither

Note that this equationsme
L a moist basis:

oxygen enrichment or 4

(28]
=
~nN
(=]
[}
X
"
rt
I

6l
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calibration is outside the bounds described below. In theor)\%

calibration should be Tinear with the exception of a curving N ¥
concentrations, as shown in Figure 2. i

LR reeoi of the
curve. The two curves are constrained to meed B3 @

deviation for all the points:

\/r_[(yi - fixg))1/f(x5)]2
s -

n= Yy &

where: Yi =
fixg)

Although the sel Q &s /re%ct‘lon ¢criteria is somewhat
@;’ ]

arbitrary, past

\ ' @ s {s greater than 0.l the
@epm‘lg @
a@ If the second level calibration is

rom the primary calibration, the primary

calibration

10.3
calibratio

As described above, the second level

&, least once between every two sampies. All
samples ;q.% fomewupﬁcate, and in all cases additional aliquots are
analy;;;cj 4 the W%fference between replicates is greater than 5%. A
blamk<ylinder m@ing nitrogen is analyzed once each day. The response
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of the second Tevel calibration should be maintained as a quality con*u-o&i;,*

chart. %%
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EXAMPLE CALCULATION

The following example provides a guide to the d
The input conditions are as follows: {

gas.

[ Methane/air combustion with 4% 02 (§

0 Peak area cbtained from the sa :s 1.0

of 450 mm Hg. From Figure yields@
ppuw. Q
o ppa, ic
50 mm Hg.
e
Since the calibration cu 1.0 agp pressure, the first
step is to correct th bto 1 Ny equation 3.
["zﬁlstc{,lam (760) = .7 ppm.
v b m"
Because of thegy L : the sample loop, the loop would

contain only“eR.2 gire were adjusted to 760 mm Hg: by
1sothem® 1 Mpibration curve is entered with the
measured o, 1.5, and the value recovered is:

(N201cypye = wzo value in the sample is calculated by
equation 4.
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To correct the N0 value to 0% 02, equation 5 is used:

[Nz0lg4ry,0z20 = (102.3) (21)/(21-4) = 126.4 ppm.

To correct to a wet basis requires a calculatiqm

combustion for CHg/air at 4% (dry) 02. The totgf%gsy moles ﬁﬁproduc; §§?§

erint wet ngfif 12~55§5§;§9;

[N20)wet = (102.3ppm) (10.52/12.52)

This calculation basicly represents
larger basis.

A-21



APPENDIX B

STANDARD OPERATING PROCEDURE FOR DETERMINING
NITROUS OXIDE CONCENTRATIONS IN COMBUSTION FLUE GAS

PREFACE

This appended method is included for historical perspective only. The chromatographic conditions
conuained in this method were sclected for evaluation during development of sampling and analysis
methodologies. The chromatographic conditions were found to be susceptiblc 1o bascline upsets and
chromatographic difficultics resulting from interferences present is combustion samples.
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1. DOLT v DRINCIP

1.1 Sgope: This method is applicable Wuantz
nitrous oxide (NZOJ in combustion £lue gas. e metho
on the separation of nitrous oxide from £
using a gas chromatographic column and )
with an electron capture detector (ECD) .Y

1.2 i ility:
is limited bDy the electron capt
useftl upper limit concentration

1.3 ts by the same
operator can be obtaine®aith ' curacy of + 15%
from the previous va@ectx 0

1.4 The ytical system must be initially
demonstraced to ee grﬁm‘.ern &\tam:.nants by running a
calibration Stag th sampl the flue gas. The base-
line should.gae®weh i @n&ed time to determine if

additional pealy interfere with consecutive

2'

r@pak Super Q, 12 ft. x 1/8 in. stainliess
) e —

& conditioned at 220°¢

yture: 35 degrees C —

¥80 degrees C @ —

Detecror (Electron Capture): Ni 63 at 350 degrees C

Carrier Gas: Nitrogen at 20 mlv/min

R
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Gas Sampie Value: Valco 6-por:t with 1 ml loop, shr g

less steel

2.2 lioration: Calibration is acc
use of known concentrations of Nzo in nitr

be obtained <from Scott Environmental @D
concentrations in the range of 4.0 ppmb 0

<= The flow of standard i

allowed to equilibrare to atmougperic MR
The sample valve is then o theeig¥act po ion .

S ] & N TS .
injections should be made 1 ptenge result™Mfare obtained.
Each standard concentration mudst beif

curve.

vy 15 sec.). _
minimenr ot 3

pcted to tain a standard

Y

&fdr ‘and oven temperatures to

Myv'v(‘
220°C with nitrogen flow of 20

e is stable, e resef Fo 35l T
o fﬁ.’,on‘enfﬁ
mixt:ure54 using 6-port gas sample

P

height (or area) of standards and
ncentration.

Anal% samples using the same <technique as
.ﬁ%yed with standards.

izction: A response factor can be calculated
from the standards by dividing the concentration (ppm} of a
standard by the peak height or the area counts. The
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Wt

’ 3. E

Each sample should be injected a
to establisb repeatability. /A€ Calbr:
ST have. £ cor redufiom cg({flw——t 7/0

After sample injection, suffici

allow later eluting peaks to exz@
injection is made. P

As with all electron

current and sensitivity chec ‘med acety dxng to the

manufacturer's recommenda wi ts o tn\_detector are
alsc reguired to check qu i
General per:.od & chromatograph is
doc%tion. e carrier gas used
de

. wWith trace oxygen filters

should be 9.99
installed betwee@ cy@& and t@& chromatograph.

; X ed and periodically checked
to verify Pge J Lna®™on.

/@

needed with appm

~(m) ¢ +<@)

oy
R; = E¢D  FRusporse_ /inicetiom A= Sloae of /72—



APPENDIX C

RECOMMENDED OPERATING PROCEDURE FOR ANALYSIS OF NITROUS OXIDE
IN COMBUSTION FLUE GASES
AEERL/ROP NO. 45

PREFACE

This appended mcthod is included for hislorical perspeclive only. This was the original
AEERL/ROP No. 45 which has since been revised and published  This appended method was developed
combining sample introduction aspects of Appendix A with chromatographic conditions contained in
Appendix B. The vacuum evacuation method for wransferring the gaseous sample from the sample
container to the analytical system was evaluated. The vacuum evacuation method was found to be
suscentible to system leaks and was found not to be suitable for small volume samples. The sampic
introduction method ultimately selected used syringe injection. The chromatographic conditions were
found to be susceptible to bascline upsets and chromatographic difficulties resulting from interferences
present is combustion samples. Deleclor response to N,O concentration was not linear over the desired
range of quantitation.
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1.0 PROCEDURAL ELEMENTS

1.1 Scope and Application
Based op the princles of gas ciromatographic separat:

standards. ;
This metniod requires that the analyst have ajgles
two (2) vears Of eXPerIeace in gas CaromatoeTaniy. §

1.2 Summary of Method %

This method guantfies N,O in 2 sa e v m a com%on sourez. and is
mnrended for use with a gas chromatogg h ( 3R] a ggckcn columm

'D:esamp!ezsdrawntbm e dxm:o

@wﬁ fixed volume sampic
goEY is Sknieved. the sampie is passed
; respecuvely. Toe ECD re-

112 acquisition system { DAS)

directly 1o the GC and the ECRRR! ¢
sponse is ranslated by a d
The reiadonship bews:

. DAS czata acu X‘;sxcm; mputerized peak measurement system tailored 1o gas

. Precis%;hc degree of mutual agreement among individuai measureents made
unceme 1ced © OTS.

& R
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‘5

MDL: minimum detecton iimit: the concentraton corresponding to five (5x) dmes M‘;Mk
background noise level of the measurcment.

* MQL: minimum quanufiatie imic: the concentration corresponding 10 ten (&%ﬁ

1.4 Interterences
The analytical system shall be demonstrared to be ires frp
a two-point calibration check prior 1o sampie analysis and by e
conwrol (QC) sampies with unknown samples.
Sample must be pulled through a non- :
however. the analvtical system shall be protected from i
moisture in the sammile gas by placing 2 moisture wagk JiY
vaive. Interference caused by organics wiil be congd
moilsture rap.

1.5 Apparatus

1.5.1 Analysis %
* : e ti;g}_: C an nnccwd 10 an elec-
I ith 28 Bistant O of operating at 330°C.

stcel. packed with 807100
Inc. Deerfieid IL).

ECD analysis. contaimng 95

W ) O.D. Teflon tube containing 50
i by Mallinckrodr. St. Louis. MQO) and 50

* Vacuum Pump; Q@ctﬁom . ed: capable of pulling 29 inches of mercury.

= DAS: Data i system?

. Compressgias Cylinders™Wx. containing various known copcentrations of N.O/in
pure N.. »

SYPR S
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« Isolation Coil: 12 =x0.032 caa (5 £ x0.125 in.) stainjess steel.

e Thermometer: Cerrified accuracy of = 0S¢z,

axnd capable of withstanding a full vacuum.

1.6 Anatytical System
This metnod is intended for use with a gas chroma:

The ECD is a Ni*® constant current cell operated,a
preparec for ECD anaiysis. is 95 percent argonfand
flows through a 3A moiecuiar sicve and a
the detector. The sampie is supplied tgihe:ss
stainless stee! rubing connected 10 a 1-cc Sy

;n Thcmflh’ g3as lmnaﬂv
g Aln column and

tube containing 2 P.O, acidic 2bsoriyms 2 vt oo LAl sogoval of moisture and
organics. respectively. is placed igdif gl rweensdi, Sim? 4aié& autier and the first length of

stainiess steel tubing. The tube ggtie arrarRugé i flows through the Aguasorb
prior 10 flowing through ol vacuug@PpumpWsolated by a 1.5 m (5 fr)
stainless su:ci isolan'on co N pic 1Rghesrstem. The a’osoluu: pressure in

«‘ S

B pressue@ gas cylinders directly to the gas chromatograph. Use
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Figure 1. Schematic of configuration used in anatysis ot comiustion flue gases.
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Reier 10 the anaivticai svstem's operanons manual for specific steps of the snar%
anaiysis and snutdown.

Open the main vaive of the carrier gas cvlinder and set the
psi). £

. e

SSSUTe 10 4.&% (70

e

e g

Adjust the carrier gas flow 10 20 co/min.

Disconnect the GC column from the ECD. cap
column to venr into the oven.

Turn power on.

Condition the GC cojumn overnight at 220 P

N. in tne range of 5 10 300 ppm.

Verify the accuracy and stability

pamc standard containing the Jowest concenrration of N.O so
gpthe cylinder regulator into the connector for the sample
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¢ Caiculate the response in terms Of average integrared peak area (PA) for each

» Repeat the anaiysis {07 the remaining calibration gases.

Nowe: Figure 2 shows that the ECD ourtput is a nonlinear fancuon o4¢
uonship berween the two variables exinbits a curve at the lowersy
use rwo calibrauon curves 1o venfy concentranons of QC sark
centranion in COmMDUSUON gas sampies. Figures 3.ard
gernerated for the upper and lower ranges. The I
tae lowest point of the first curve and the highes

. Correct verified N.O concentration 10 stg
following equanon:

N.0] = IN.O] e pizeq X P2 Degh

corrected

»  Linearize the response of th icz
regression eguarion (see Note

regression parameters. slogg (m rmined by plotang
the corrected N,O conce here:
.0
st be > 0.998.
. iy thegmpgstfability QfRE Calibran %&: by back-caiculanng the
RO X = Ot each on standard. Appiy the average peak

PA% Driate least squares regression. where:
= m

) berween the verified N.O concentraton ([N.O)
d N.O concentation ([N.O] o) Where:

<~ 7 curve N-0] corr.” ™0l corT.

Slandard. the caiibradon is acceprable.


http:P3!=60t.i5

<

Document ho AEFRL &S
Stams: Draft
Revision No. 0

Daie: May 1988
Page 7 of 15

‘0N 10 8UOJ1BJ|U9IL0I UMouYN 0) 8suodsar 1012010 *Z 0InB(4

oN wdd

o0t (0}1] 09 ob Oe 0
|

| JR VRN N JON

- £0




0l 0S g 0l
Y R VY TOURS N TN EN N S R N B

Docamezi N AEERL 45




-aBues 10Moj 10) BAIND UopeIqIed O%N b BInBi4

o%n wdd

0 g v ¢
S NS I Y

Docament Mo \FE I35




Document No: AEERL4S

Starus: Draft
Reviaon No. 0
Date: Mav 1988
Page 10 of 15
e The mmitipoint caiibratuon shall be repeated if: Mﬁ%;
— | D > 15% for any standard >

-
or pure mtrogcn T..N. gases will be uscd : v'-»: 3

¢ Veniy the accuracy and stability of i
against the multipoin: caiitranongfos;

1) Concduct triplicate measur
agreement berween each @m

ted a an

P

nse 1o ea&QC samvle. The
t previous run.

293.16
[sz X T°C - 273.16

with a portion of each QC sammie gas.
purnty. flow regularor on tne gas cyiinder.

_ cm (025 inches) O.D. sampie line with Swageiock™
Mia10r ourler.
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)

Open vajves iocated ar eaca end of the samrie container. '
Arraca the other end of the sampie line connected 1o t'nc cyiinder r:pz&m e
sample conrainer infer. &

§
-t

“n
~t

Ovpen the cyiinder and regulator outlet vaives. Seggﬁmcmt
pressure 1o 035 ke/em- (5 psi). &

6) Purge the sample comainer with the QC sa
10 Liters of gas flow througn the container. §

7) Close the vaive on the sampie contai
outlet valve. and allow the samoic i

2y Close the vaive on the sampie

Verily the N.O coneeatraton

in the aoaiytical procegures

Calcuiate the percent diff (D) be
section 1.7.3 ([N-O] i 0
([N:O]QC Snal> for ca%gsampi
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« Open the sampie container Suiict vzive and fill the sampic ioop tv allowing mc%%,
Janometer 10 relusm 10 approximateiy 400 mmkbie Rcwrd the acrual manomc:cr-mm
ing [or caicuiaung the 1014 corrected voiume of the sampie in the samulc joony

coiumn.

« Three consnmcms will be eluted in the following orde:
O, a1 ~1.2 munutes. CO. at 4.5 minutes. and N. 0 at
b€ ermnated at 10 miriutes. The response of me
shows a chromatogram {or \.O anaiysis. :

« Conduc the triplicate anaiysis Of Unknowns as,

* The 2nalysis sequence 1s QC sample (duplica
(tripiicate). and QC sample. &

anaivzed immeciateiv defore or mmcd&;dv arne
the caicuiations secnon.

1.9 Caiculations

The following caiculations are }
unknown gas sampie:

« Uncorrected .\':O ooncc%

wilers:
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= apsolute pressure in sampie loop as indicated by mercury manomé

P
Prior 10 imecdon.

00D

T°C = ambient temperawure in degrees Celcius.

. -\acuracz exXpTessed as percent deviadon.

100 » (X-T)/I‘ )
where:

X = average measureg value =

T = tue vaiue

where:

% % 1/
S = Standard nevzatzon& Q x

2.0 QUALITY CONTRO

2.1 QC Checks o
- Tt @uin’ 9y Qanon i onitored with verified QC sampies as

n the resuits of the QC caeck deviate
steps will be taken 10 correct the
be conducted.

"f.;",' :

2.2 QC Controis
* Docum uon
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2} Instrument Notetook—Assign a logoook 0 the GC 1o maintain a
calibranons. maintenance. angd Iepairs.

5)  Controi Chans—Use control charts to track daiiy response 10 QC ﬁtﬁg

4) CeruficanonsVeniicadons—In a secure area. xmnw*ﬁlc wnm@

manuiacrurer’s ceraficagons and laboratory

3) Insoument Manuais—~Xeep operator marizg
svstem avaiiabie and casily accessible. '

« Raw Data

Maintain ail measurement data (storag

3.0 REFERENCES

The following were refersnced f
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