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ABSTRACT 

Tbe combustion of fossil fuels is suspected to contribute to measured increases in ambient 
concentrations of nitrous oxide (N20). Ac.curate and reliable measurement techniques are needed to 
assess the relative contribution of fossil fuel combustion N20 emissions lo the increase in ambient 
concentrations. The characterization of N20 emissions from fossil fuel combustion sources bas been 
hindered by the lack of suitable and acceptable grab sampling and on-line monitoring methodologies. 
Grab samples have been shown to be compromised by a sampling artilact where N20 is actually 
generaled in the sample container in the presence of sulfur dioxide (SO:?.), nitrogen oxides (NOJ, and 
moisture. On-line monitoring tccbniques are limited and of those available, instrument costs arc often 
prohibitive, detection levels are often insufficient. and tbc techniques arc often susccptJblc to 
interferences present in combustion process effluents. The report documents the technical approach 
and results achieved while developing a grab sampling method and an automated, on-line gas 
chromatography method suicable to characterize N20 emis.5ions from fossil fuel combustion sources. 
The two methods developed were ultimately documented in the form of the U.S. Environmental 
Protection Agency (EPA) Air and Energy Engineering Research Laboratory (AEERL) Recommended 
Operating Procedures (ROPs). 
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SECTION 1 

IN1'RODUCTION 

1.1 BACKGROID,.'D 

Nitrous oxide (N2O) has been of concern to the combustion community largely because fossil 

fuel combustion has been proposed as a potential contnbutor to the measured increases in ambient 

N2O conceutrations.1.2.3 Currenlly, atmospheric N2O concentrations are increasing at nearly 1 ppbv 

annually from a present level of 303 ppbv.2..3.4 This increase is of concern because N2O is considered 

a "greenhouse• gas owing to its infrared (I'R) radiation absorptive properties as well .is a contnoutor to 

slratospheric ozone depletion.s To further substantiate the supposition that increases in atm~beric 

N2O concentrations arc associa&ed with the combustion of fossil fuels, studies tracking atmospheric 

increases of carbon dioxide (CO:?) over time reveal that the increase of N2O and CO2 occur similarly.6 

The increase of both anthropogenic pollutmrs correlate well with increases in industrial activity. 

Early efforts to characterize N2O emissions from fossil fuel combustion sources focused on 

identifying a relationship between nitrogen oxides (NO:J and N2O emissions. Data were nominally 

a,llected in a "piggy back" manner, where N2O grab samples were collected during NOx performance 

teslS. Considerable data exist oomparing NOx emissions to N2O emissions from diverse combustion 

sources and techniques firing on various fossil fuels.2.7.8.9,lO As a result of inettaSing concem over 

rising atmospheric N2O concentrations. the first of a series of workshops specificaJly designed to 

address this issue was conducted in 1986. The U.S. Environmental Protection Agency's (EPA's) Air 

and Energy Engi.aeering Research Laboratory (AEERL) sponsored this workshop designed to ~ist 
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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 N20 rese:ircb program plan.8 Additional EPA/AEERL-sponsored workshops 

were conducted that continued to evaluate the role of fossil fuel combustion and N20 emissions. At 

the 1988 workshop, the N20 grab sampling artifact was presented.10 

The grab sampl;ng anifact is a situation in which the presence of NOx, sulfur dioxide (SO:?,), 

and moisture, N20 is actually generated in grab sample containers lhrough a chemical reaction/series 

of chemical reactions. 11•12 N:?O generation approaching 200 ppm in grab sample containers has been 

observed.13 Much of the data reported on N20 measurements from fossil fuel combustion sources 

were obtained using grab sampling methods conducive to the sampling artifact.10•13 For EPA/AEERL 

to continue conducting research characterizing N20 emissions from fossil fuel combustion sources, 

sampling and monitoring methods that provided representative measurements were ~uin:d. 

N:?O measurement from combustion sources bas been perfonned using a variety of 

methodologies including grab sampling and on-line moni10ring techniques. Grab samples collected are 

normally analyzed using gas chromatography (Gq methods. On-line monitoring techniques include 

GC, nondispcrsive infrared (NDIR), Fourier-transform infrared (FilR), and tuneable diode laser 

infrared (TOUR) real-time analyz.ers.9•14•15•16.17 Each method bas ilS own advantages and more often 

than not, disadvantages.. Grab sampling methods :ire appealing Crom a cost and convenience stand 

point; however, the sample integrity has been demonstrated to be compromised under most common 

sampling conditions.10•11•12.13 On-line, real-time analyzers are desuablc for obvious reasons although 

instrument costs are often prohibitive, detection levels are often insufficient, elaborate conditioning 

systems are routinely required. and overall operation is often complex. Realizing that accurate and 

reliable N20 measurements were essential to emissions characteri2ation research. the O>mbustion 

Research Branch (CRB) of EPA's AEERL initiated a program to concurrently develop grab sampling 

and on-line monitoring methodologies suitable for characterizing N20 emissions from various 

combustion sources and processes. As a re:.ull of this program, two AEERL Recommended Operating 
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Procedun:s (ROPs) were generated. ROP No. 45, "Analysis of Nitrous Oxide from Combustion 

Sources." details a gas chromatography/electron capture detector (GC/ECD) method S11itable for grab 

sample analysis as well as on-line monitoring purposcs.14 ROP No. 56, "Col!ection of Gaseous Grab 

Samples from Combustion Sourc.cs for Nitrous Oxide Measurement.," details a grab sampling method 

suitable for collection of gaseous grab samples from combustion sources for the screening of N2O 

emissions.18 This report documents the approach and results obtained by Acurex Environmental while 

developing these procedures. 

1.2 AEERL RESEARCH EFFORTS 

The CRB of EPA's AEERL has been active in evaluating N2O emissions from a variety of 

fossil fuel combustion sources and cquipmcnL Early research effor1S used grab sampling techniques 

where the sampling artifact was laler confirmed to be prcsenL 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-house combustion facilities fuing on varied fossil 

fuels.13 These tests demonstrated the vast difference between the on-line and grab sampling 

measurements. On-line N:P concentrations Jess than 2 ppm were common, whereas measurements 

from the grab samples often yielded concentrations approaching 200 ppm.13 Acma.l N2O generation 

within the sample coniainer was round to vary with respect to initial (stack) SOz, NOx, and moisture 

concentration. With this in mind, several tests were performed evaluating methods of moisture 

removal and the subsequent artifact. Similarly, tests were also performed in which crude attempts at 

SOz removal were evaluated. To further understand the reactions occurring within the sample 

con&aincr, measurements over time of N2O, SO27 and NO/NO2 were made using GC methods. 

Having demonstrated that N2O 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,13 the AEERLJCRB cooducr.ed a field study to evaluate the emissions from full-
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scale utility fossil fuel combustion equipment. 19 This study also demonstrated the large disparity 

between on-line and aged grab sample measured concentrations. The low on-line or actual 

concentrations supported the tenet that the direct emission of N20 from fossil fuel combustion was not 

a significant contributor to the increase in observed atmospheric N20 concentrations. On-line and grab 

sample measurements were performed on 12 coal-fired utility commercial boilers of varied firing 

configuratioos and thermal load. 19 On-line measurements revealed direct emission concentrations 

nominally less than 5 ppm, whereas grab sample measurements often yielded N20 concentrations in 

excess of 100 ppm. 

During the course of the pilot-scale and full-scale field fossil fuel combustion emission 

evaluations, the problem areas o[ AEERUCRB's N20 measurement methodologies were identified. 

The on-line GC method was susceptible to interferences present in flue gases measured. Memory 

effects from moisture and S02 resulted in detector baseline instability as well as chromatography 

difficulties.19 These effects bad a direct impact on detector sensitivity, often reducing detection levels 

lo values ab1~ve actual N2O concentrations present in measured gas streams. Identical problems were 

encountered when analyzing a large number of grab samples. 

1.3 OBJECTIVES 

Having taken the posilion that Che direct emission of N20 from fossil fuel combustion was not 

a significant contributor to measured increases in atmospheric N10 concentiations, the AEERL'CRB 

was interested in developing an e.conomic.al melhod for scr~ning various fossil fuel combustion 

sources to further support th:s tenet as well as identify potentially bigb N20 emitting sowces. The 

most cost-effective method for meeting this objective was to develop a grab sampling method suitable 

for this purpose. AEERLJCRB i:esearcbeis also realized that developing a grab sampling technique 

that comple1ely eliminated the generation artifact would be difficult and that developing a grab 

sampling technique that consistently minimized the artifact to aaeptable levels for screening pwposes 

would be more practic.al. If the grab sampling method were to minimize Che N20 generation artifact 
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to less than 10 ppm over a l-2 week period following sample collection. the resulting measuremeo1S 

would be acceptable for direct comparison of previously reporled data as well as identifying potentially 

large emission sources. The intent was lhal if a potentially large emission source was identified 

th.rough grab sample screening. then that source a>uld be {unher evaluated using on-line monitoring 

techniques; on-line measuremenlS provide the most accurate means for asses.sing actual direct N2O 

emissions. 

This would necessitate the deveJopment of an on-line monit0ring method suitable for 

a>mbustion source application. The inlerfering effeclS of SO:? and moisture would need lo be 

eliminated if a gas chromatographic method were 10 be used. In addition, an automated monitoring 

system would make the monitoring process more emcient, allowing for unattended operation. Using 

this approach, AEERL/CRB implemented a series of tasks to develop sampling and analytical 

capabilities to meet these objectives. Specifically, these objectives were to: 

• Improve the existing GC/ECD instrumentation so lhat potential interfen:na:s present in 

combustion process emissions do not effect continuous N2O measurements 

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

monitoring purposes 

• Configure the GC/ECD system so lhat it could be used for grab sample analyses as well 

as on-line monitoring purposes 

• Develop a grab sampling method that minimizes N2O generation in grab sample 

a>ntainers to less lhan 10 ppm over a 1-2 week period 

This project was perfonned under an AEERL-approved Category IV Quality Assurance Project 

Plan (QTRAK No. 89014}. This report documents the approach and rcsulls obtained wilile meeting 

these objectives. 
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SECTION 2 

DEVELOPMENT OF ANALYTICAL PROCEDURES 

2.1 DEVELOPMENT OF INITTAL ANALYilCAL METIIOD 

Acurcx Environmental's initial work for AEERLJCRB investigated suitable methods of grab 

sampling aaalysis by GC/ECD. Because of the relatively recent need for combustion souroe grab 

sample mC3Sun:ments, the number of analytical methods available wen: limited. In 1986, Dr. R. 

Weiss proposed an analytical configuration at the first EPA workshop on N20 emis.5ions from fos.tj} 

fuel combustion.8 This configuration is similar to the system used by Dr. Weiss for ambient 

app?ications.20 The Energy and Environmental Research Corporation further adapted Weiss' proposed 

method (sec Appendix A). Another analytical approach was developed by Radian (see Appendix B). 

The initial procedure, developed by Acurex Environmental, incorpor.Ued elements from both of these 

procedures. The initial procedure was ultimately adopted as an AEERL ROP and presented in 1988 at 

the third N20 workshop held in France.10 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 N20 concenmtions as 

well as carrier gases. The detector was found to have a more pronounced non-linearity at 

concentrations less than 20 ppmv. For quantitative purposes, the linearity problem was accommodated 

by increasing the number of c.ilibratiou poiuts aud breaking up the overall analytical quantitative range 
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i.oto smaller, calibrated ranges. It was also found that the ECO-suitable carrier gases evaluated bad no 

significanl effecl on dec.ector linearily. The detector sensitivity was s]ighlly enhanced by the S pe,:cent 

melhane/95 percent argon (P5) carrier relative IO the nitrogen carrier. CO2 was evaluated as a 

potential analytical interference. Reportedly, CO2 could positively bias the ECD response to N2O if 

the two analytes were to coelute.9 To evaluate this possibility, a test was performed that compared the 

detector response to N2O from an N:P and CO2-containing calibration standaid where the CO2 

component was eluted both be[ore and after N::iO using different chromarographic columns. No 

significant difference in .N2O ECD response was observed.13 Lastly, concern over detector 

desensitizing from repetitive oxygen exposure was evaluated. A standard gas mix containing nominal 

combustion effluent oxygen and CO:! concenuation.s was analyze<! continually over a 7-h period with 

no discemable 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 to Appendix q. 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 manometer was used to determine the absolute pressure within the sample lOOF to 

correct the sample volume. This system bad a number of limitations, the majority of which were leak­

related In addition. the grab sample containeJS (bombs) provided wen: of insufficient volume to 

perform reliable replicate analyses. Ultimately, the vacuum evacualion 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 

or the N2O sampling artifacL Based on this iuformation. AEERL initiated efforts to characterize, by 

on-line means, the direct N2O emissions from fossil combustion. 
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2.2 INTI1AL ON-UNE ANALYTICAL EFFORTS 

As a result of the grab sampling container N2O generation artifact discovery, the need for the 

development of on-line measurement/monilOring techniques became more imperative. Real-time 

monitoring capabilities were essential to establishing "true" N2O emissions from fossil fuel combustion 

and developing reliable grab sampling methodologies. Realizing this, AEERI./CRB initiated a series 

of in-house tests to compare on-line measurements from pilot-scale fossil combustors to aged grab 

samples collected at the time of on-line measuremenL N2O measurements were made from the grab 

samples over progressive, elapsed periods of time to illustrate the extent of the sampling artifact. 

These data are reported in detail clsewhere.13 Similarly, AEERUCRB initiated a field study, also 

conducted by Acurex Environmental, that performed similar tests on full-scale, coal-fired utility 

boilers. These data are also described in detail elscwherc.13•19 

These studies were conducted using GC/ECD systems configured as descnl>ed in the 

associated references. In summary, the GCs used were equipped with 63Ni ECDs nominally 

maintained at 330 °C. N2O was chromatograpbic:ally separated from flue gas a>mponents with a 

0.125-in (0.32-<:m) OD by 12-ft (3.66-m) stainless steel column packed with Porapalc Super Q, 80/100 

mesh (Alltech Associates Inc), using PS as lhe carrier at 20 cc/min. The analyses were performed 

isothermally at 35 °C. A 0.25-io (0.64-cm) OD by 1.5-in (3.8--cm) section o( Teflon tubing filled with 

indicating P2O5 (AquaSorb, Mallinckrodt Inc.) was used as a precolumn for moisture removal. 

Gaseous samples were inuoduced 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 c.ontinuous 

em~ion monitors (CEMs). A portion of the sample stream, conditione.d for moisture (refrigeration 

condenser only) and particulate removal, was diverted under positive pressure to the gas sampling 

valve. 

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

result, a fairly representative cross section or combustion process effluents was encountered, both in 
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a>mposition and a>ncenuation. Also during these tcsl<i, the presence of high SO: concentrations in 

post-combustion gas streams was discovered ro present analytical problems. Once on the analytical 

column, the S02 component ultimately eluted from the column. Under the analytical conditions 

employed.. S02 eluted rrom the column nearly 1 h after sample injection. In addition, because of the 

low-column temperature, the peak shape was very broad (several minutes), resulting in an upset of the 

baseline conditions and cbroma10grapbic difficulties. Similarly, ooelution of the NzO and SOz 

a>mponenlS caused a reduction in detector sensitivity to N20. During the field study, this problem 

was minimiz.ed through the use of dual detector GCs.19 

2.3 ANALYTICAL METIIOD IMPROVEMENT REQUIR.E.'"vlE~7"S 

Realizing that the majority of reported fossil fuel combustion NzO emissions data were suspect 

because of the discovery of the grab sampling artifact. AEERUCRB researchers fell that although the 

relative direct emissions of NzO emissions from fossil fuel combustion were probably much less than 

previously reported, it was still necc.ssary to characterize the actual direct N20 emissions from fossil 

fuel combustion. AEERUCRB believed this could be accomplished through a combination of grab 

sampling and on-line monitoring campaigns where the grab sampling approach could be a mechanism 

for screening potentially large N:?0--emitting sources, which subsequently could be cbaraaerized in 

detail through 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. ID 

addition, all on-line monitoring method would be essential to lhe development of a grab sampling 

method. Initial N.1_o concentrations would have to be establi.5hed to evaluate the performance of the 

grab sampling method. 

Based on past result.~ the required analytical method improvements were fairly well defmed. 

The chromatographic inlerferenccs present in combustion process emissions would need to isolated 

from the analytical system. The GOECD system would need to be automated to increase method 

efficiency. AJl improved quantitative approach, compensating for the non-linearity of the detec10r, 
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would be dcsiiablc. Lastly, the system should also be suitable for grab sample analyses. Based oo 

these requirements, improvemenis lo the analytical method/system were initia1Cd. 

24 CONFIGURATION OF TiiE ANALYTICAL SYSTEM 

24.1 Precolumn Selection 

The interfering flue gas components, believed to be the cause of chromatographic/analytical 

difficulties, were isolated through a chromatographic backflushing procedure. This technique uses a 

pre.column to isolate the analyt.e of interest from slower eluting. undesirable constituents. Once the 

analyte of interest bas eluted from the precolumn to the secondary analytical col~ the carrier gas 

flow through the precolumn is reversed, llushing the undesirable components from the precolwnn. 

The primary combustion process flue gas components of concern were mo';ture (H20) and 

S02, both of which have moderate response 10 the ECD. The relative retention times of these 

components as well as N::?0, CO;;, and 0 2 were compared, and an elution order was determined for a 

variety of potential chromatographic columns. The ideal precolumn would have adequate separation of 

a:nalytes at greater than ambient temperature, and the interferants (S02 and H20) would both elute 

after N20. ID addition, the length or the precolumn should be minimiz.ed to avoid excessive back 

pressure of the carrier gas within the chromatographic system. Based on these criteria. precolumn 

candidates were evaluatocl. Realizing that any change in elution order of the CO2 aod N20 

components would probably complicate the analyses, columns where the elution did not change 

D31T0Wed the selection. Of the remaining candidate preoolumns. relative separation of N20 and H20 

was used 10 further isolate prcc.olumn suitability. Using this selection technique, the precolumn 

packing materials were narrowed to basically two choices: Pc:-c~!:: Q. ~ ~ Fking material 

contained in the analytical column. and HayeSep D 100/120 mesh (Alltedi Associates Inc), a packing 

similar in properties 10 the Poropak Q but apparently more efficient at separating identical compounds 

at comparable temperatures. Several HayeSep D columns of varied length were obtained for 

evaluation. 

10 

http:minimiz.ed


24.2 Description of the Backflush Method 

The backflushing method uses a single, 10-port valve to divert/direct lhe flow of carrier aod 

sample gas streams lb.rough the chromatographic system. A schematic diagram or the 10-port valve 

system is presented in Figure 2-1. The 10-port valve can be operated in two positions or modes. In 

the off or backflush position (diagram 2-la), the precohmm is backflushed by carrier 2 to a vent (ports 

10, 9, 6, and 8, consecutively). The analytical column, supplied by carrier 1 (pons Sand 7, 

consecutively), is interfaced to lhc detector. A 1-cc sample loop, bridged by ports 3 and 4, can be 

charged with the sample stream (pons 1 and 2, consecutively). In the on or analyz.e position (diagram 

2-lb), the valve is switched 10 align the carrier gas f'low so that the sample loop, precolumn, and 

analytical column are routed in series (consecutively) to the detector. Onc:c the valve is switched, 

carrier 1 purges the sample loop onto lhe precolumn (pons S, 3, 4, and 6, consecutively). The effluent 

of the precolumn is routed to the analytical column and on to the detector (ports 9 and 7, 

consec:utively). Carrier 2 is vented via pons 10 and 8. The sample stream is vented via ports 1 and 2 

Once lhe aualyte of interest has eluted from the precolumn onto the analytical column, lhe valve is 

returned to lhe backflush position, the flow through the precolumn reversed, and the undesirable 

sample components is purged from the precolumn. The N20 GC/ECD analytical system was 

configured using this approach. 

All previous analytical work was performed using either rented or borrowed Varian GCs or 

CRB's Shimadzu GC. The Shimadzu GC bad a number or hardware limitations that made changes in 

plumbing more complicated than necessary. Similarly, the addition of a 10-port valve. n:quiml for 

precolumn backflushing, could not be easily ir!c;:orpornr'!.i:! into the Shimadzu system. As a result, the 

Sbimadzu GC was not roosidered for backflushing configuration. A Hewlett-Packard (HP) 5890 GC 

was made available for the backflusbing configuration. An ECO was insraHed on the Ge, and a 10-

pon 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 switchi..g. an air actuator, conaolled by the GC 

system. was used to change valve position. The automation of the valving system was accomplished 

by interfacing the GC and integrator IO a timed event control module that converted digital commands 

from the integrator to time-controlled electrical swi1ebes. The integrator could be programmed to tum 

the solenoid valves on or off at specific times. The solenoid valves, when energized. allowed 

compressed air to pressurize the air acwator. When pressurized, the air actuator rotates the 10-pon 

valve to the desired position. 

The backflusb system precolumn operating parameters were determined by cbaracterizi.ig the 

retention times of N2O for the HayeSep D precolumns at varied isothermal oven temperatures. Both a 

3-ft {0.91-m) and 6-ft (1.83-m) prccolumn were characterized. These retentioJ? times were used to 

dctcnnine when the 10-port ·ralve should be switched and backflushing initialed. The precohmms 

were then evaluated individually when incorporated into the entire analytical system. A decision 'W3S 

made 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 colu:nn; 

however, baseline upset, resulting from pressure changes within the system during valve switching. 

intc!"fered with integration of the !'r2O peak:. The isothermal oven temperature was varied in an 

attempt to eliminate the condition. but unsuccessfully. The carrier gas b~d pres.sures, required to 

obtain the targeted flow rales (20-30 cc/min). varied greatly between the 3-ft and 12-(t columns (~15 

psig vs. -40 psig). This pres.sure disparity was the likely SOU!ce of the baseline upset. 

The 6-fl lhyeSep D column was evaluated with much more success. Baseline upsets were 

much less severe and ultimately disappeared altogether. The disparity between column-head pn:ssures 

was also much less (-30 psig vs. 40 psig). Aca:ptable chromatographic resolution of N20 was 

observed. Because of the encouraging results obtained with the 6-ft HayeSep D prcc.o?umn, this 

column was selected as the backflush method precolumn. All future tests were perfonned with this 

prccolumn. 
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To confirm the backflush activation time, the automated program was modified in small-time 

increments, to decrease the el;.psed time into the run when backflusbing was initiated. The elapsed 

time was reduced in 0.1-min increments until the N:?O component no longer eluted 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 SO2 and H2O interferants. 

At this time, lhe analytical system was ready for more rigorous evaluation. The GC/ECD 

backflusb system was incorporated into the Flue Gas Simulation System (FGSS), dcscnbed in detail in 

Section 3, to evaluate the method under more realistic conditions. A simulated Due gas, containing 

realistic concentrations of SO2 (-1,200 ppm~ NO (-600 ppm), and moisture (-5 percent by volume) 

was routed to the system. An ice bath moisture condenser and a P2O5 desiccant cartridge was located 

upstream of the 10-pon 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 conce1mations by varying the moisture removal devices. Tests were performed where 

only the ice bath was used for moisture 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 this condition. 

At this point, two options were evident A different precolumn, suitable for high mois~re 

content use, could be identified 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 !'yslem would be used as an on-line 

monitoring 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 to allow continuous purging of the sample 

loop until the actual time o[ analysis. By interfacing the solenoid valve to the timed event control 

sysLem. the valve could be automatically controlled to open and close in coordination with analytical 

sequence. The valve was controlled so that the sample loop was continuously purged with the sample 

stream up to the time of analysis, at which time the solecoid valve was closed, sample Oow 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 back0ushing method. 

At th.is point, the backflushing method analytical parameicrs were clearly defined. These 

parameters are as follows: 

• Precolumn - 6-ft (1.8-m) by 0.125--in (0.:2-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-iu (0.32-cm) OD stainless steel, packed with 

Porapak Super Q - 80/100 mesh support; carri~!' flow of 30 cc/min (bead pressure at -40 

psig) 

• Carrier Gas - 5 or 10 percent methane in argon (PS, PIO) 

• Det.ector - 63Ni constant current cell ECD maintained at 300 °C 

• GC Oven Temperature - Isothermal, 50 °C 

The sequence of timed events were programmed as follo'WS (times denole elapsed time intc 

run): 

• 0.0 min - aose solenoid valve (stop sample flow to sample loop) 

• 0.1 min - Actuate 10-port valve, move to analyze position 

• 3.6 min - Actuate 10-port valve, move to bacldlush position 

• 3.7 min - Open solenoid valve (restore sample 0ow to sample loop) 
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• 8.0 min - Stop run, integrate peak areas 

Figure 2-2 depicts a schematic diagram of the automated system. The system was aJso capable 

o[ unattended, 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 aut0matically re-initiating the sequence of timed events. 

25 ANALYTICAL METIIOD PERFORMANCE 

25.1 Method Quantitative C.apabilities 

The quantitatioo of N2O is accomplished by relating integ:ratr.:d peak area to the Jinear 

relationship between calibration variables (N20 concentration and peak area). A ]east squares linear 

regression of the calibration variables is a commonly used calibration approach. The linear 

relationship can be expressed by the equation: 

where: y == integrated peak area 

m = the slope of the calibration curve 

b :: ilie intercept of the calibration curve 

x = concentration 

To determine unknown concentration. the following equation is used: 

y - b~=-
m 

However, this quantitative approach has limitations. The non-linear response of the detector to 

N20 concentrations nominally less than 20 ppm had been demonstrated early in the N20 measurement 

program. As described in the original ROP 45 (Appendix q, this situation was compensated for by 

narrowing the quantitative concentration ranges. To improve quantitative accuracy as well as IO 

expand the linear range of quantitation, the linear properties or the ECO were evaluated further. With 
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the assistance of the Research Triangle Institute (RTI), alternative mathematical approaches were 

considered. 

The lwear regression approach enables the determination of quantitative bias on an absolute 

basis. With this approach, error can be reported as less than a certain concentration, often reported as 

percentage of (uJI scale or as deviation from the true or known value. A problem arises in that ite 

estimated bias for low concentrations will be very large relative to the measured or true 

concentration.14 By perfonning a linear regression of oatural log (In) transformed calibration 

variables, error is capable of being reported on a relative basis. The equation for the curve is of the 

form: 

ln(y) = m[ln(x)] + ln(b) 

where: ln(y) = the oarural log of integrated peak aiea 

m = the slope of the calibration curve 

ln(b) = the narural log of the intercept of the calibration curve 

ln(x) = the natural log of the concentration 

The unknown concentration is determined using the formula: 

ln(.x) = ln(y) - ln(b) 
m 

A comparison of these two quantitative approaches arc presented Figures 2-3 and 2-4 and 

Table 2-1. Figures 2-3 and 2-4 compare ECO response to the mathematical lwearizing 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 variablc.c; was 

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

Linear Regression Linear Regression 
(untransformed variables) (transformed variables) 

N2O Known 
ppm 

N2O Cale. 
ppm %Bias 

N2O Cale. 
ppm %Bi.as 

0.51 -3.11 -705.1 0.47 -8.6 

0.97 -2.13 -319.6 0.99 2.1 

1.99 -0.40 -120.1 202 1.S 

S.03 4.58 -8.9 5.36 6.6 

9.85 11.35 15.2 10.41 5.7 

19.4 23.18 19.5 20.11 3.7 

40.4 45.74 13.2 40.45 0.1 

80.1 83.36 4.1 77.74 -2.9 

128 123.68 -3.4 120.79 -5.6 

effective in minimizing the relative error of calcula1ed concentrations. Less than 10 percent bias was 

observed over the entire quantitative range as opposed to as much as 700 percent relative bias for lhe 

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 N2O grab sampling method. On-line and grab sample measurements 

were performed on gases generated by the flue Gas Simulation SyS1em (FGSS). The on-line 

concentrations measured were compared to grab sample measured concentrations to assess artifact 

generation. These tests are descnbed in detail in Section 3. Once the reliability of the analytical 

system bad been demonstraled, lhe on-line monitoring device was evaluated on actual combustion test 

equiprnenL 
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For AEERL's Gas Cleaning Technology Branch (GCTB), the N2O monitoring system v.-as 

used 10 measure N20 emissions resulting from the combustion of various coals during parametric SO2 

removal testing. These tests, performed on EPA's Io.novative Furnace Reactor (IFR), are descnbed in 

further detail in Section 3. The N2O concentrations measun:d ranged from 0.5 to 10 ppm. 

Du.ring these teslS, quality control (Qq span checks were performed nearly every hour over 

the course of the 8-b test period. The QC checks were used to assess method ana1ytical bias and 

precision over the course of the entire teSt period. The reliability of the aoaJytical system was without 

question. All span checks performed were within 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 bia-; 

observed (29 percent) was well within the targeled level of less than 15 percenL Similarly, the 

prec~ion observed (2. 7 percent), expressed as percent relative standard deviation (RSD) was well 

within the targeled level of less than 10 percenL 

The on-line GC/ECD system was loaned to GCI'B for a series of selective non-catalytic ~Ox 

reduction (SNCR) tests. During these tests, additives such as ammonia and urea were injected into the 

IFR to reduce NOx emissions. The on-line measmemeots were used to compare N2O emissions with 

and ~rithout NOx control. The N2O concentrations measured ranged from O.S to 35 ppm_ No 

difficulties were encountered during analysis. All QC checks were within method requirements. The 

anaJyzer was loaned to GCI'B because their primary method of NzO measurement, a tunable diode 

laser, was experiencing operating difficulties. During the development of the lDUR system, the on­

line GC/ECD system was relied on to establish the actual flue gas N2O concentrations for performance 

evaluation purposes. 

The automated, on-line GC/ECD system was also uc;cd by GCfB to cbaractem:e the N2O 

emissions from a selective catalytic NOx reduction (SCR) pilot-scale test facility. N2O concentrations 

were measured both before and after the catalyst was evaluated. Measured concentrations ranged from 

0-5 to 3 ppm. Again. the GC/ECD system performed reliably. 
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The GC/ECD sysleDl was also evaluated under ambient conditions. For the Radon Mitigation 

Branch (RMB), the system was used to assess the ~zO mass emissions resulting from the open-hearth 

combustion of coal. In China, the open-hearth combll'>tion of coal comprises a significant ponion of 

all coal burned. These ambient measurements were used to assess the magnitude of the mass 

contnbution of N2O to lhe environment from this combustion source. The ~ 20 concentrations 

measured were only slightly above ambient concentrations. However, the GC/ECD analytical system 

was sensitive 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 results 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 GCIECD backOush method developed was found to be suitable for the measurement of 

NzO 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 baclcflushing technique. 

Method accuracy, expressed as percent bias, and precision., expressed as percent relative standard 

deviation., were deiermined to be :S::: 15 percent and~ 10 percent, respe.ctively. 1be method was 

found to be suitable for the quantitation of N20 concentrations ranging from 0.100 to 200 ppm. 

Using this method for on-line monitoring purposes allows a semicontinuous measurement 

approximately every 8 min. The system can be easily inaJrporated into most continuous emission 

monitoring sample delivery/conditioning systems. The only requirement is the removal of paniculate 

and moisture from the sample stream by a refrigeration condenser. The sample stream should be 

diverted lo the analytical system before further moisture conditioning by a desiccant. 
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Through use of the backflusbing ICChoique, known in1erferences such as S02 and moisture are 

isolated by a precolumn and purged from the system by back.flushing the precolumn. Other common 

Due gas componenlS such as O:?:> CO, CO2' NO", uobwued hydrocarbons (IHC), and ammonia (NH3) 

were found not to interfere with the .analytical procedw:e. 

The non-linear response of the detector to N20 at low concentrations was minimized through 

use of a logarithmic transformation of the calibration "'ariables. The transformed daaa are used to 

derive a least-squares line.:r regression. 
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SECTION 3 

GRAB SAMPLE MElHOD DEVELOPMENT 

3.1 BACKGROUND 

The discovery of the N2O sampling artifact auenuated the need for a standardized, reliable 

sample method 10 accurately as.5CSS the NzO emissions from fossil fuel combustion sources. As 

previously mentioned. much of the reported N20 combustion emissions data was collected under 

conditions cx,nducive to the N2O sampling artifac1.lO.l2.2l Grab samples were collected in a variety of 

sampling containers including gl~ flasks, stainless steel canisters and Tedlar bags. 

Muzio and Kramlich were among the fust researchers to identify the sampling artifact 

12reactants as well as potential formation mechanisms.11• The group identiried the key artifact 

n::actaDts as SO:, NOx> and water, compoDCllts present in most fossil fuel combustion process 

emissions. The sampling an.ifact was also independently confirmed by a number of other 

researchers.12.2l.23 

Solution-phase reactions between NOz and S02 with N20 as a product have been documented. 

Martin et al., identified N20 as a product in the reactions of NOx with S02 in the aqueous phase of 

acmospheric aerosols.24 Chang et al.., studying the chemistry of flue gas desulfurization. identified a 

mechanism in which hyponilric acid decomposed into N2o.'25 Lyon and Cole have performed kinetic 

modeling on the proposed reactions occurring within aged grab sample conrainers.26 DeSoete also 

conducted a detailed examination 011 the kinetics of solution-phase reactions leading to the formation 

of N20 in grab sample containers. ::?2 
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The selective removal of any or all of these reactants was targcled as an approach to 

eliminating the sampling artifact. Tests performed by Muzio et al., evaluated the effect of drying the 

gas sueam sampled as well as neulralizing SO2 with NaOH scrubbing solutions.12 Results of the 

performed tests indicated that N:?O generation within aged grab sample containers could be drastically 

reduced, possibly even eliminated. 

AEERLJCRB also performed work that investigated the use of methods to minimize the 

sampling artifact. 13 Efforts focused on methods for removing moisture from the sample gas stream 

only. The use of a desiccant, phosphorus pentoxidc (J'2O~, was effective to drastically reduce the 

artifact generation but uaable IO eliminale it completely. 

Realizing that it would be extremely difficult, if not impossible, to consistenlly eliminate the 

sampling anifact entirely, the AEERUCR.B believed that if N2O generation within aged sample 

containers could be minimized to consistent levels, this would be suitable to screen for high N2O­

emitting combustion sources. Specifically, it was felt by AEERL researchers that if N2O 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 to screen for high N20-emitting fossil fuel combustion 

sources. The .scn:ening technique could then be used to direct on-line monitoring efforts. 

The screening of intended fossil fuel combustion sources would require the voluntary 

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 nor require a great degree of sampling 

expertise. 1n 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 

c.onsideratioo 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 a N20 grab sampling method was initiated. 

Specifically, the objective of this study ,1.ras to determine, if possible, the conditions under which a 

grab sample could be collected that minimized the N20 generation artifact while still allowing reliable, 

representative N20 measurements so that major N20 emitteJS could be iso:ated. Primary objectives of 

the study were as follows: 

• Identify and evaluate materials that effectively remove the key flue gas constitoenlS of 

S02 and moistun: 

• 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 N20 generation sampling artifact to l~ than 10 ppm 

• Identify the NOx, S02' and H20 concentration ranges where the method is applicable 

• Validate the sorbent system on an aclllal combustion systems 

• Determine the methods suiiability 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 1990 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, fluidized bed combustors, and various pilot- and full-scale test 

facilities. Voluntary cooperation of solicited participants would be critical to the success of the 
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screening campaign. Therefore, it was imponant that the collection of grab samples for screening 

purposes be as unobtrusive as possible. 

The logistics of transponing the sample equipment would also be exttcmely important. The 

complexities of shipping the equipment both to and from prospective screening candidates must be 

considered. For example, the scaling and secondary containment of liquid samples would create an 

added burden to screening panicipants. 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 adver.;e impact on the screening effort.,; if liquid chemical reagents 

were used. 

How the sampling system would be 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 u.,;c. Potential N2O 

screening survey participants may possess little. if any, stack or source sampling experience. In 

addition. it was believed that if lhe grab sampling equipment could be adapted or incorporated into 

existing gaseous sample delivery sysu:ms, then participation in the screening survey could be 

increased. It 'W3S expected that the vast majority, if not all, candidate combustion sources would 

possess some type of continuous emission monitoring system. If the N2O grab sampling equipment 

could be incorporated into this system. the need for a stand-alone sampling ~ystem could be 

eliminated. 

With these considerations. the actual components of the grab sampling equipment and method 

were funber identif'ied. The use of dry sorbents for the neutraliz.ation of SO:z -was chosen as a staning 

point. Dry, calcium-based sorbents are commonly used for flue gas desulfurization proc.esses and 

could easily be used in a stack sampling configuration. The use of dry sorbcnts could eliminate the 

n~-1 for impinge:rs and other glassware associated with the use of liquid scrubbeIS and, therefore, 

minimize glassware breakage problems. By using dry sorbcnts and thereby eliminating the use of 
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liquid-filled impingers, the concem over N20 solubility in water could be avoided. DeSoete bas 

shown however, that N20 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 potential scrubbing solutions such as sodium hydroxide, which also 

removes C027 could possibly relieve potential quantitative concerns. (f CO2 were to be removed from 

the sample gas, the N20 concentrations measuted could be biased as a result. The contribution of CO2 

to the entire sample volume is significant (-8-1S percent), and the loss in volume would require a 

correction to measured N20 concentrations. In addition, the remaining CO2 conce!'ltration would have 

to be measured to complete the volume correction, requiring a separate analytical m:thod for CO2• 

3.4 EXPERIMENTAL APPARATIJS 

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 effiuenrs, both in composition and concentration. A separate emission monitoring 

system was used to determine generaled gas concentrations. The individual components of these 

systems are described in following sections. 

3.4.1 Aue Gas Simulation Svstem (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 oonc:cntration of NO, SO:, and moisture, 

independently (NO, 0-1,000 ppm; S02, 0-2,500 ppm; and moisture, 0-20 percent by volume). This 

system could then be used to conduct studies of the absorption of HzO and S02 from a flue gas 

stteam by solid sorbcnts. The system was engineered and assembled with the capacity to accomplish 

the following: 

• Vary the concentrations of NO, S02, and moisture, independently 
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• Incorporate other gases into the system 

• Continuously monitor for NO and S02 at varied locations 

• Measure N2O 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 SOz 

3.4.2 Flue Gas Generation Svstem 

The FGSS requires three supply gases: nominally 2,000 ppm NO in nitrogen; 5,000 ppm S02 

in air; and pure N2• N2O is introduced into the system from the NO cylinder which inherently 

contains between 1-5 ppm N10. 

The three supply gases Dow directly to four ca1ibrated roiame1ers (Figure 3-1). 

The supply gases are then fed into the mixing system in two gas streams. Gas stream No. 1 contains 

NO and N2• Gas stream No. 2 conlains S02 and N2• Both streams arc balanced to the same flow 

rate, 9 Umin.. The N2 is a makeup gas in both gas streams (e.g., if the NO Dow is dec:reased, the N2 

flow is increased to mainrain the 9 Umin, Oow 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 S02 and NOx concentrations are measured at the exit of the gas stream. 

Gas sticam No. 1 is diJected upstream of the moisture generator because of the relative insolubility of 

NO and N20 in water. Gas stream No. 2 is introduced downstream of the moisture generator because 

of the greater solubility of S02 in water_ 

3.4.2.1 Moisture Generator 

Moisture is generated from a 2-L, insulated, and temperature-controlled glass impinger and is 

rilled with 1 L of deionized water. The flow rate of gas stream No. l into the impinger is held 
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constant at 9 Umin while the temperature can be varied to 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 impingcr, the two gas stteams combine to make gas stream No. 3. which bas a 

combined total flow rate of 18 Umin. Al close to atmospheric pn:ssure. stream No. 3 flows directly 

into a mixing chamber and then into a vacuum pump. Toe mixing chamber is an insulated and 

temperature controlled 6-in IO by 12-in stainl~ steel pipe (volume: 0.2 tt3 or 5.6 L). Toe chamber 

temperature is held at 105 °C. Toe humidity of the gas stream during sampling is roughly monitored 

by wet and dry bulb temperatures. The wet and dry bulb temperatures are monitored separately. A 

regulating valve is located between the mixing chamber and the vacuum pump to balance the sample 

pressure in the system and to ensure a constant flow rate of 18 Umin. The chamber is also CQUipped 

with a pressure/vacuum gauge to monitor the chamber pressure. 

For sampling purposes, an annospberic dump is located on the outlet side of the chamber 

pump. The abnOspberic dump allows a sample to be withdrawn without affecting the total flow of the 

flue gas generation system. This is achieved by enlarging the 1/4-in tubing to a 1/2-in tee. The 

majority of the simulated flue gas ven~ through the 1/2-in tee. The 1/2 in-tee also connects the flue 

gas generation sySlem with the sampling system. 

3.4.3 Sampling System 

lbrougb the addition of a smaller sample p~ the Oue gas generation system and the 

sampling system can operate independeody. 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 to a S02 "high" analyzer. 0-5,000 ppm (TelMyne UV). 

The remainder of the sample is directed to the commoo port of a three-way valve. The valve allows 

the sample to flow through either a "bypass" loop or a sorbent/sample loop. 
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3.4.3.1 Bypass loop 

"The bypass loop (no sorbenlS) allows measurement of the initial flue gas concentrations (SO:: 

high, NO, N20) untouched by sorbenlS. This allows the monitoring of any effects the sorbents may 

have on the initial flue gas conceouations once the sorbenlS are placed in-line. The sample flows into 

the fiist three-way valve through a water knockout device and then to a second three-w.,y valve that 

directs the simulated flue gas to the analyzers. 

3.4.3.2 Sorbent/Sample Bomb Loop 

The sorbent/sample bomb loop allows measurement or the flue gas concentrations (SO:? low, 

NO, and N2O) after the gas flows through the sorbent system. The sorbent/sample bomb loop is 

equipped with a rotameler to measure the sample flow rare through the sample bombs. Another 

bypass loop between the sorbents and the bombs allows continuous flow through the sorbents when 

samples are not being collected. The exit of the sorbent/samplc loop is connected to the second three­

way valve. 

3.4.3.3 Analyzers 

The sample stream !caves the second three-way valve and is divened four ways: 

1. Through a rotilmeter to an NO analyzer, 0-1,000 ppm (Thermo Electron, Model 10, 

chemiluminescent NO-NO2-NOx analyzer). 

2 To a SO2 low aMlyzer, 0-50 ppm (Thermo Elec:ron, Series 40, pulsed fluorescent 

analyzer with the Penna Pure Dryer ~uro..,~). The SO2 analyzer is used only when 

sorbents are placed in the sorbent/sample bomb loop. The analyz.er requires a dry sample. 

3. Through a rorametcr to a GC/ECD with a 1-mL sample loop for N2O measurements. 

4. To a differential pressure gauge (0-10" H2O) with a needle valve to regulate pressure on 

I.he system and then to venL 
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3.4.4 Aue Gae; Measurement.,; 

3.4.4.1 Continuous Emission Monitors 

The so2 and NO analyz.ers were calibrated to verify linearity before initial testing. The 

analy:zers were tbeo 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 (ttro, span, and mid-point). All span gases 

were delivered at a con.s1an1 pressure and flow rates identical to those used during sampling. 

The analog output from each CEM instrument was int.erfaa:d with a a>mputer data 

acquisition system. Since the insuument was based on linear measurement properties, the slope or 

range was used to calculate concentration in ppm or pen:enL Data were collected over a timed 

average and were automatically slored on disk. A bard copy wa.c; also produced for permanent record. 

The daily QC checks conducted before and after each test period were used to validate data and 

monitor system performanc.e.. 

3.4.4.2 GC/ECD and N20 Measurements 

N20 measurements were performed on a Hewleu Packard 5890 GC/ECD configured for 

automated, on-line N20 measurements. The analytical system has been previously descn"bed in 

TABLE 3-1. PREDETERMINED LIMITS 

Analyz.er Accuracy (% bias) Precision (% RSD) 

NO :!: 20 10 

S02 :!: 20 10 

S02 lo :t 3 ppm 10 

Section 2. EPA/AEERL ROP No. 45 was used as the procedural guidelioes.14 N20 measurements 

were either 1akeo on-line or through direct injection with a 10-mL glass syringe. A multipoint 

calibration was perfonned using the on-line method. The method of direct injection was verified using 

three dirrerent span gases. There was no bias between the two methods. The sample loop required at 
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least seven volume exchanges to ensure a representative sample. This required two 10-mL syringe 

flushes before every N20 measurement when using the direct injection method. 

3.45 Sampling Procedure 

A standardized test plan for the evaluation of sorbcnts 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 pan of the study the FGSS conditions were held constant (10 pen:::ent 

moisture, l.2()0 ppm SOz, 600 ppm NO, and about 05 ppm N20). These were referred to as the 

nominal inlet conditions. 

The procedure for evaluating the sorbent canridges (unless otherwise specified) was as 

follo'WS: 

1. Shoot standard on GC. 

2 Span CEMs. 

3. Fill impinger with 1 L of deionized HzO. 

4. Set temperatures: impinger, 60 °C; wet/d:ty bulb, 105 °C. 

S. insert sorbent cartridge system into FGSS. 

6. Switch FGSS to bypass loop. 

7. Tum on so:.?' NO, and N2 supply gases. 

8. Set rotamderS at calculated values. 

9. Let system equilibrate (- 5 min). 

10. Take on-line bypass N20 measurement. 

11. Switch to sorbcnt/sample loop. 

12. Let 0ue gas run through sorbent cartridge (-5 min). 

13. Take a 2-min bomb sample (-4 Umin). 

14. Take on-line N20 measurement from bomb exit. 
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15. Let flue gas run through soibeot cartridge (~10 min). 

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

17. Switch to bypass loop. 

18. Take on-line bypass N2O mcasuremenL 

19. Tum off supply gases. 

20. Span. CEMs. 

21. Shoot GC standard. 

22. Shut down system. 

This procedure is for one sorbeot 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 iosertcd after step 18 and slepS 10-18 

were repeated for each cartridge set. At least seven volume exchanges were pas.5ed through the 600 cc 

sample bombs to ensure a representative sample. 

The bombs were nominally aged S-7 days. The nine bombs from one test were aged the same 

amount of time. The aged bombs were then analr...ed for N2O by direct injection. into a GC/ECD. 

Duplica1e I0-mL samples were withdrawn through the septa on the sample bomb with a 1 ~mL glass 

syringe. 

3.5 INITIAL SORBENT TESrS 

3.5.1 Introduction 

The initial series of tesl'i nea:ssitatcd a qualitative screening approach. Many of the tests were 

of the yes/no or go/no-go nature. These types of tests were required to identify candidate materials 

early in the study and then optimize their performance. The tests were conducted under the FGSS 

conditions of 10 percent moisture. 1,200 ppm S02, 600 ppm NO, and about 0.5 ppm N20 and will be 

Je[erred to as the nominal inlet conditions. These cona::ntrations are representative of acwal emissions 
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from typical coal combustion facilities. Initial N2O concentrations were inherent to the NO supply gas 

and varied witb each individual cylinder. 

The initial tests were a,nccmcd with SO2 removal efficiencies of various dry sorbents and the 

best camidge design. The 502 removal efficiency was defined, at this point in the study, as the 

measured SO2 exit concentration of the flue gas after the gas bad passed tbrougll the sorbcnt system. 

These SO2 concentrations measured by the SO:? low CEM in the sorbent/sample bomb loop, were 

refcm:d to as the SO:? breakthrough data. The initial efforts also included the use of SO2 and acid 

color indicators. The various iests and their results are discussed in respective subsections. 

3.5.2 Water Removal 

As mentioned previously, P2O5 vvas the selected desiccant based on its greater moisture 

removing ability and its color indicating properties. The 120-cc refillab?e traps were filled with -SO g 

of P2O5 and held in place by glass wool plugs. The water removal cartridge was placed, in series, 

after the SO2 sorbent cartridge and before the sample bomb. The placement of the SO:? cartridge was 

critical because SO2 must dissociate in water to form an acid and then react with the sorbent, 

then:fore, water was necessary to enhance the SO2 neutralization process in the sorbent cartridge. 

3.S.3 FGSS Shakedown Tests 

The rust set of tests took place during the design and construction of the FGSS. These first 

screening tes1S were performed lO ascertain if a two-cartridge solid-sorbent design was feasible. 

The iust screening test was performed to evaluate SO:? removal by a 40:1 (by weight) 

sand/Ca(OH)2 mix and to evaluate the effect of the Ca(OH)2 on the initial N2O concentration. 

Ca(OH)z was initially chosen because of its proven ability to scrub SO2• This test mix was added ro 

an empty, gas-tight air purifier tube and then evalualed on the FGSS. A gas stream containing -1,500 

ppm SOz, 600 ppm NO, and 8 perceot moisum: was ~ through the sorbent cartridge. The SO2 

a,ncenttation exiting tbe cartridge was measured to be less than 10 ppm. The N2O concentrations 

were measured by on-line GC/ECD upstn:am and downsm:am of the Ca(OH)2 cartridge. A 0.8 
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percent difference existed between the upstream (initial) N:zO concentration and the downstream N2O 

concentration. This difference was considered negligible. 

The second screening test evaluated 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 C-a(OH)2 during sampling. A 40:1 sand/C-a(OH)2 (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 SOz exit concenb3tions and N:zO results were similar to 

those of the previous screening test. 

These fll'St screening tests indicated that a two-cartridge solid-sorbent system may indeed be 

feasible. The initial results also indicated that Ca(OJ-lh bad no effect on the initial N'.!O concentration. 

Initial N20 concentration would bea>me a critica! measurement later on in the study. These initial 

reslS also indicated a nee.d for a bypass loop within the FGSS to allow measurement of the flue gas 

concentrations untouched by sorbents. A continuous data acquisition system was also necessary to 

monitor and archive the initial and exit concentiations of the 0ue gas. 

3.5.4 Sorbent Cartridge Design 

Afler completing the many FGSS modifications, the next study objective was to find 

commercially available gas-tight, swage-compatible cartridges to contain the SO2 soJbent 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, empty of any purifying agent., 

could be obtained. One vendor was able to provide empty, 120-cc, refillable, and gas-tight cartridges. 

The cartridge end caps were compatfble with stainlrss steel O-ring sealed snaight thread to 

compression fiUing connectors. These were added to the cartridge to ensw-c 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 to evaluale the S02 removal efficiency of a 20:1 sand to Ca(OH)2 mix 

using a slurry method of mixing then drying. The test mix was added to the 120-cc traps and was 

held in place by glass wool plugs. The S02 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 S02 concentration and the SOz exit 

concenu:ations showed that the test mix was still removing 98 percent of the S02 after 20 min. This 

test verified the suitable operation of the FGSS and the sorbent cartridge sampling system. The 

cartridges were selcclcd 10 be used in fwther testing. 

3.5.5 Dispersion Tubes 

The first few scoping tests gave insight into the sorbent system operation and enhancement. 

During these tests. there was concern that the contact between the flue gas and the reactant was less 

than optimal. To alleviate this concern, dispersion tubes were added to the inlet and outlet of the SO2 

sorbcnt cartridge. The dispersion tubes are designed to "spray• the flue gas through the solid sorbent 

thus maximi2ing the contact bctwcea gas and sorbent. 

Dispersion tubes are made from 1/4-in Teflon tubing, 6 in long, with a compression fitting 

stainless steel 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 holes is greater than the inner annular 

area of the Teflon rubing. These rubes are used at both the inlet aod outlet of the SOz soroent 

cartridge. 

A test was performed to evaluate the effect of the dispersion rubes on the S01 removal 

efficiency of lbc sorbent cartridge. The S02 brealcthrough data were compared 10 a previous test 

where the tubes were not ~ (F1gure 3-S). After 20 min. the dispersion tube cartridge bad minimal 

S02 breakthrough (2 ppm) compared to the cartridge without tubes (25 ppm). Both tests used a 20:1 

sand:C-a(OH)2 slurry mix. Because of so2 removal efficiency enhancement, the dispersion rubes 

became a permaneot part of the S02 sorbent cartridge design. 
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3.5.6 SO., Color Indicator 

To investigate alternative S02 sorbents., considerable effort was made contacting vendors of 

commercial SO2 air sampling tubes lo inquire about the chemicals used in the indicating exposure 

tubes. The contenlS of these sampling lubes were appealing both from a standpoint of reactive 

specificity as well as quantitative indicating propenies. The possibility of purchasing indicating 

sorbents in bulk form ',11,'8S explored. Unfortunately, the identity of the indicating reagents was 

proprietary. In addition, none of the materials were available in bulk fonn, some due to their toxicity. 

Commercially available S02 color indicating and sampling tubes were investigated with the 

possibility that they would indicate the expenditure of the Ca(OH)2 and/or divulge any major S02 

breakthrough during field sampling. These tubes indicate the concentration of SO2 in air through a 

linear color change along the length of canridge proportional to volume and concentration. The tubes 

were tested along with a 10:1 sand/Ca(OH)2 slurry mix. The air sampling tube was placed after the 

P2O$ cartridge ro ensure dry gas was entering the air sampling tube. The results of the screening test 

indicated a large pressure drop, approximately 8 psig, aero~ the sorbeot system due to the relative 

smaU size (-6 mm diamelcr) of the air sampling tubes. 

Also during testing, the color indicator along the tube did not change in a linear manner. The 

color change started in the middle of the cartridge with the beginning of the artridge never changing 

color during the test. No further work: was conducted on the SO:: color indicators. 

3.5.7 Cbemical Sorbent Screening 

As previously mentioned, Ca(OH)2 was initially used in the study beause of its proven ability 

10 remove SO2• To validate the use of Ca(OH)i, scoping tests were performed to compare the length 

of time that three selected dry sorbcnt materials, Ca(OH)2, NaOH, and Na::003> were effective in_.. 

removing SO2. NaOH and Na2C03 were selected because of their similar basic natures. Each 

chemical was mixed with sand al 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 appropriate amounts of sand and sorbent were weighed and added to a large pan along 

with 50 mL of deionized 'Waler. The reagents were then mixed by hand with a putty knife for about 

15 min. The pao 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 reaclants would coat the sand particles thus creating a 

larger reactive surface area and greater scrubbing efficiency. 

The Na2C03 mix exhibited difficulties during sorbent mix preparation. The Na2C03 dried in 

clumps and did not disperse through the sand. The Na2CO3 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 encounlered during the 

sand/Ca(OH)2 preparation. 

The NaOH and Ca(OJ-Di mixtures were added to the sorbcnt cartridges (with dispersion tubes) 

and placed in the sorbent position of the FGSS. They were then evaluated at nominal inlet conditions. 

The SO2 exit concentrations were measured vs. time using a 10 ppm S02 breakthrough as the 

threshold 

Figwe 3-6 shows that the sand/Ca(OH)i mix lasted much longer (-45 min) than the Na(OH) 

mix (-13 min). Also. the reaction of NaOH with moisture/SO2 during testing was found to be very 

exothermic thus causing a safety concern. The sand/Ca(OH)i mix was chosen for use in additional 

srudies because of its Jonger SO2 removing capabilities and its ease in preparation. 

3.6 SO2 SORBENT OPTIMIZATION 

3.6.1 [ntrnduction 

Once the SO2 sorbent cartridge design and chemical sorbcnt bad been selected, the next 

priority of the study was to enhance the SO2 removal capabilities of the sand/C3(OH)2 mix. Tests 

were designed to determine an optimum sand/Ca(OH)2 mix that would consistently minimize the N2O 

generation to Jess than 10 ppm. This determination was accomplished by varying the sand particle 
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size, lhe sand-to•reactant ratio, sorbent volume, and the sorbent mix preparation. All tests were 

conducted under the nominal inlet conditions. 

Tbe previous screening tests defined the SO2 removal efficiency of a sorbcnt by the lengcb of 

time it was efficient in removing SOi- This was achieved by measuring the SO2 exit concentration.c; of 

the sorbent cartridges and plouing these concentrations vs time. Tbe next tests were designed ro 

further evaluate cbe S02 removal efficiency by measuring the effect of the sorbents on the 

minimization of the N2o generation artifact in sample containers. 

The N20 generation measurement was defined as the difference between the initial N20 

concentration obtained from the bypass loop during testing and the actual N2O concentration found in 

the aged sample containers. The SO2 breakthrough data were used to quickly determine the SO2 

sorbent and the cartridge design. The study now focused on N2O generation in sample containers. 

The SO2 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 Particle Size 

As previously mentioned. the Ca(OH)2 was dispersed through sand to increase the reactant's 

usable surface area. It was then theorm:d 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 area, there was also the possibility that the Dow 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 flow rate and pressure drop through the 

sorbent system. Tests evaluated and compared the effect of three different sand panicle sizes on the 

Dow rate and pressure drop through the sorbent cartridges and aJso on the mix uniformity. E.ach 

particle size was mixed 2t a 20:1 ratio with Ca(OH)i, usi.-ig the slurry raethod. &ch mix ,;,:as 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 

to more than 18 mesh particle size (particle diameter > 1 mm). To collect the > 1 mm particle si7.e 

sand. an 18--mesh sieve was placed on a shaker. The play sand was added and sifted. 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)2 did not 

"mix" weJJ. The larger sand particles caused the Ca(OH)i to form in clumps or pockets when the 

mixture was added to the canridge. The > 1 mm sand/Ca(OH)2 allowed a flow rate of> 7 Umin and 

a minimal pressure drop across the sorbent cartridges. Although this sand did not compromise the 

flow rate and pressure drop, the larger sand panicles did compromise the mix homogeneity. 

lbe second sand evaluated was a commercially available Onawa sand (20-30 mesh). The sand 

mixed well with the Ca(OH)2• lbe fine particle sand allowed a flow rate of 4 Umin, and caused a 

large pressme 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 to 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-mcsb sieve on top. The play sand W3S added 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 0.8S-1.00 

mm parlicle-siz.e sand. Tb.is mix: compared to the 20: 1 Ouawa sand mix, gave a greater flow rate and 

a reduced pressure drop (6 Umin, 4 psi, respectively). Because of the enhanced flow rate, the 18-20 

mesh sand was the choice for further studies. 

3.6.3 Sand-to-Reactant Ratio 

With a goal to further optimize the Ca(OH)2 cartridge, the Ca(OH)2 concentration in the 

sorbent cartridge was doubled from a 20:1 sand:Ca(OH)2 mix IO a 10:1 sand:Ca(OH)2 mix. Tesl'i 

so 
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were performed evaluating the effect of each mix on the S02 breakthrough of each cartridge and the 

effect on N20 generation in bomb samples. 

The 20;1 mix and the 10;1 mix were prepared using the slurry method. Each mix was added 

ro the sorbent cartridges and evaluated under nominal inlet conditions. F.ach test evaluated 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 triplicate 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 4S-min interval. 

The initial N2O concentration was established from the bypass loop before the placement of 

the sorbent system in the sorbenl/bomb loop. N2O measurements were also taken at the exit of the 

sorbentlsample bomb loop during the collection of each bomb sample. This measurement -was taken to 

ascertain the effect of the canridge system on initial N20 concentration. Each bomb -....as then sealed 

and stored at room temperature. 

The bombs collected with the 20:1 mix were aged 3 days and then analyzed for N2O. The 

bombs collected with the 10:1 mix were aged 4 days and then analyzed for N2O. Table 3-2 lists the 

conditions and resulls of the individual test canridges and its replicate bomb samples. The so2 exit 

mncentrations were not available because of an analyzer failure. Figure 3-7 graphically presents the 

N2O generation of the bomb samples at each sample interval. N2O generat;.on is defined as the 

measured bomb concentration minus the initial (on-line) N2O mncentration. A comparison of these 

resulcs revealed that the 10:1 sand:Ca(OH).z mix was consistent in minimizing the N2O generation to < 

5 ppm even after 45 min, whereas the 20:1 mix showed si~ificant N20 generation 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 artifacL 
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TABLE 3-2 NzO GENERATION IN GRAB SAMPLES WHII.E OPTIMIZING SOz SORBENTS 

Sorbent Conditions and TeslS Results 

Smbcnt No. Days Initial N20 Bombl Bomb2 Bomb3 Bomb4 Avg Cart 

Cooditiom Aged Concentration ~ration Generation Generation Generation Generation 

lA 20:1 3 1.4 20 S.1 224 - 9.8 

1B 20:1 3 1.4 1.8 3.1 9.9 - 4.9 

IC 20:l 3 1.4 5.5 0.1 2.4 - 2.7 

2A 10:1 Sluny 4 0.4 1.5 28 1.9 1.3 1.9 

2B 10:1 Slmry 4 0.5 2.3 3.2 2.3 1.5 2.3 

2C 10:1 Sluny 4 o.s 4.1 3.8 3.4 - 3.8 

3A 10:1 Dry 5 0.4 0.4 1.2 6.S 14.2 5.6 

3B 10:1 Dry s 0.4 u 9.0 0.9 1.7 3.S 

3C 10:1 Dry s 0.4 0.7 0.8 1.0 1.2 0.9 

4A 10:1 (200 CC) s o.s 21 8.1 - - 5.1 

10:1 (200 CC) s o.s 2.7 20 244B - -
Cooccntratiom io ppm 
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3.6.4 Sand.!Sorbent Preparation 

The slurry method of mixing the sand and Ca(OH)2 was chosen on the assumption that the 

water would cause a more uniform dispersion of the Ca(OH);? through the sand. Thi:s method was 

found to be time consuming because of the ovemigbt drying process. A dry mix of 10:1 

sand:Ca(OH}z was prepared and evaluated to ascertain whether the slurry process was necessary when 

dispersing the Ca(OH):? through sand. The mix was prepared by weighing out the appropriate amounts 

of sand and Ca(OH)2 and adding them ro a pan. The two solids were then mixed by band using a 

puny knife for approximately 15 min. The mix was then added to the sorbent cartridges. 

Test 3 evalua?z::i one socbent cartridge with the collection of one bomb at 7, 19, 31, and 45 

min after tbe sorbcnt system had been placed in the sorbent loop for a total of four bombs collected 

per cartridge. The test is performed in triplicate. During testing, the SO2 exit concentrations and 

initial N2O concenlr.ltions 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 tcsL Figure 3-8 graphically compares the 

N 20 generation of the bomb samples in the replicate te:stS. From these results, the slurry process 

demonstrated a slight perfonnancc advantage over the dry mix. The resulting N2O generation was still 

much 1~ 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 material 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 sorbenL To approximately double 

the sorbent volume, 200-cc refillable traps wer:: filled with the 10:1 sand/C(OH)i dry mix and 

evaluated (Test 4). Table 3-2 shows rbat the so2 exit concentrations were similar to those observed 

using shorter cartridges(< 15 ppm after 40 mi.a). Figure 3-9 shows that the N2O generation resulls 
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were a1so 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 N2O generation inconsistencies between bomb samples Jed to improving 

methods to clean and oondition the sample bombs. At this point, there was not a clear understanding 

of the reaction mechanisms between SO::, NOX' and H2O that generated N:O- Most of the proposed 

mecbanisr..s hypothesized a liquid-phase wall reaction involving these three reactants. If Ibis was 

indeed true the inconsistencies 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 SO2 and moislure in the bomb ilself. Efforts then concr.ntrated on 

creating greater uniformity between sample containers. 

3.7.2 Sample Bomb Preparation 

Initially, the 600 cc stainles.5 steel sample containers went through" SO2 neutralization 

p~. The bombs were then washed, dried, and stored under vacuum. A method developed ensured 

a clean, dry, and pressurized bomb. The conditioning consisted of a bot, soapy water soak, a 

deionized water rinse, and a n:ethanol rinse. The rinsed bombs were oven dried at 105 °C for 12 h. 

The hot bombs were sealed and cooled. Dry nitrogen was used to purge and pressurize the cooled 

bombs. 

3.7.3 Teflon Coated Sample Bombs 

To create greater uniformity between sample containers, the inner sUlfaces of several sample 

bombs were Teflon coated. A test using the Te0on-<0ated bombs with the sorbent/bomb system 

revealed little effect on the N2O generation artifact (Figure 3-10). Both the stainless steel bombs and 

the Teflon-coated bombs had less than S ppm N2O generation. 
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Although this test showed no visible performance enhancement from Tenon coating. a 

decision was made to Tellon coat the inner surfac:cs of all sample bombs. It was believed the Teflon 

coating would prolong the life of the stainless steel container, lessen the chance of S02 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)z, dry; -50 g P205) and a clean. dry, and pn::ssurized 600-cc 

stainless steel sample container equipped with toggle valves and a side port for syringe injections (see 

Figun: 3-11). The combination of reagcn&s and equipment had demonstrated acceptable performance 

while incorporated into the FOSS. Tbe focus now shifted to evaluating the sampling method as it 

would be used on actual combustion sources. This required the consideration of appropriate sampling 

equipment and sampling configuration. Emphasis was placed on the abiJity to incorporate the 

sampling equipment into conventional CEM sample delivery/conditioning systems. 

3.8.2 Moisture Removing Devices 

Realizing that many sampling systems use moisture removing devic.es, particularly refrigeration 

condensers, a test was conducted 10 monitor the effect of such a device on the performance of the 

sampling method. A Hank.ason refrigeration dryer was placed in the FGSS sampling system between 

the FGSS atmospheric dump and the sample pump of the oominal grab sampling system. The test 

coaducied under the nominal inlet concentrations. monitored the effects of the dryer on the S02 

removal efficiency of the calcium hydroxide. Two bomb samples were also collected. After 20 min, 

the S02 exit concentrations approached in.let conditions (1,200 ppm). Analysis of the bomb samples 

after 7 days exhibited N20 generation of 10 ppm (Figure 3-12). The high S0.2 exit concentrations 

verified the importance o[ moisture (in the sample gas) on the neutralization of S02 in the sorbent 
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cartridge. Because of the relatively high N20 generation, sampling downstream of any moisture 

conditioning devices was no longer considered. 

3.8.3 Evaluation of Source Sampling Configuration 

The grab sampling configuration of the FGSS was designed such that a large number or 

method performance parameters could be monitored or measured concurrently. This tended to make 

the sampling system 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 xcquircd was a means to extract a representative portion of a 

Oue gas from the CEM sample system and push it through the grab sampling sys1em. This could be 

accomplished with a small vacuum pump. The grab sample could be obtained in parallel to the CEM 

sample at a location between the stack and any CEM moisturing mnditioning 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 Due gas mix was pulled from the atmospheric dump section 

of the FGSS system and subsequently pushed through the S02 sorbent. the H20 sorbent, aod then 

directly into the sample container (see Figure 3-14). The gaseous sample was still obtained from the 

atmospheric dump (vent) of the FGSS. A toggle valve was located between the atmospheric dump 

and sample pump to 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 

cartridges and sample bomb were located at the outlet ~ilive pressure) side of the pump. 

A rorameter was placed at the outlet of the sample container lO measure the flow rate through 

the sorbent cartridge/sample bomb system. The gas stream exiting the rotametcr was occasionally 

used to measure initial N20 concentrations. Inlet NO, S0:2- and N20 concentrations were monitored 

from nominal locations in the FGSS (bypass loop position). Outlet (exit) S02 concentrations were no 

longer measured. 
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Following design and installation of the sampling system, a test was designed to evaluate il5 

performance relative to tests conducted to date. The nominal test condition simulated flue gas 

concentrations were used ror this tesL Several ·wet· grab samples were collected without the use of 

any of the gas conditioning sorbents to demonstrate the run extent of N:!.O generation. 

Once an on-line N2O 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 sorbenl5 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 Umin, a 2-min purge time ensured that a 

representative sample was collected. At least seven volume exchanges of the sample container took 

place. Also during the 2-min sample period, an on-li.ne N2O measurement was taken at the bomb exit 

to again verify that the sorbents had no effect on initial N2O concentration. Three samples were also 

collected without the use of any sorbent cartridges at 11 Umin for 2 min each. 

The samples collected using the sorbent cartridges demonstrated N20 generation less than 1 

ppm when analyzed after 6 days (Figure 3-15). The "wet" samples revealed N2O generation of more 

than 150 ppm when analyzed after the same period. Because of the success of this test, the sampling 

c.onfiguration used was deemed acceptable for fur1hcr 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 system to actual c.ombustion situations c.ontaining similar flue gas 

constituents and concentrations. As a result, the sampling method was evaluated 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 inlO the existing CEM sampling system in parallel so that continuous CEM data could also be 
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FLUE GAS SIMULATION SYSTEM 

N20 ARTIFACT GENERATION OF SAMPLF.S COLLECfED 
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Figure 3-15. Comparison of NiO sample conlaincr general ion 
with and without use of sorbcnts. 



collected (see Figure 3-13). On-line N2O measurements were also obtained using the automated. on­

line GC'ECD sysiem. 

Figure 3-16 represents data fiom tests designed to evaluate the sampling method configuration 

on an acu1al fossil fuel combustion source. The fust t.est used four sets of sorbent cartridges with a 

collection of three sample bomos per ca.midge for a tOtal of 12 bombs collected. The sample flow 

through the cartridge system \V3S 2 Umin. Thn:e bombs without sorbent cartridges were also 

collected. The average (Jue gas concentrations were 416 ppm NO and 1,900 ppm S02• The moisture 

content was not measured but estimated to be roughly 8 percent by volume. The grab samples when 

analp.ed after 7 days showed excellent agreement with the on-line N:P measurements. The "wet" 

samples were an order-of-magnitude larger, illustrating the N2O generation anifact. 

An additional test was conducted lo further evaluate the effect of moisture removal on the 

collection of samples. Six samples were collected using r:wo sorbcnt systems upstream of the 

condenser. Three samples were coIIected using one sorbcnt system downstream of the condenser. 

Three "wet" samples were taken both upstream and downstream. The sorbent sampling flow rates 

wen: also varied during upstream sampling. Figure 3-17 shows that minimal N2O generation from 

within the sample containers when analyzed after S days. The flow rates and refrigeration condensers 

appear to have had negligible effect on the N2O generation. However, given the results of the 

moisture conditioning tests conducted on the FGSS, the decision was made lo remain sampling 

upstream of all moisture conditioning devices. 

3.9 WORST CASE SCENARIO TESTS 

3.9.1 Introduction 

The tests conducted up lo Ibis point in the study confirmed that the development of a grab 

sampling method that minimized the N2O generation artifact to the e,ctenl that meaningful N2O 

measurements could be obtained 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 

67 

http:analp.ed


ILLINOIS NO. 2 COAL--INNOVATIVE FURNACE REACTOR 

N20 ARTIFACT GENERATION OF SAMPLES COLLECTED 
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Figure 3-16. Performance ofsampling method on aclual combustion source. 



ON-LINE N2O CONC. vs. AGED GRAB SAMPLE N2O CONC. 
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Figure 3-17. Comparison of effecls of sample location on Np generation. 



mix of sand/calcium hydroxide coupled with P20 5 was shown to be effective in minimizing the N20 

generation artifact in sample container~~ less ~an 10 ppm when samples were analyzed within 1-2 

weeks of collection. In addition., the sampling equipment and configuration developed was relatively 

simple to use and easily incorporated inlO conventional 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 S02 neutralization had not 

been determined. Similarly, higher S02 and NO concentrations had yet to be investigated. 

It was then determined that the next major step in the method development procc~ was to 

detennine the range of NO, S01, and H20 concenL-ations under which the sorbent system can operate 

cff.ectively. An emphasis was put on testing the worst case conditions to determine if high 

concentrations of S02 and NO or low moisture content would increase the potential for N20 

generation within the sample container. On the other extreme, low flue gas concentrations of S02 and 

NO were considered inconsequential and were therefore not considered for icsting. Similarly, since 

the samples were intended to be collected upstream or any pollution control equipment, including wet 

scrubbers. high moisture concentrations were considered favorable and were also not considered for 

testi.Dg. 

The worst case scenario was defined lo be the maximum range of the key flue gas 

con~ntrations that would be found in the field. The worst case conditions were defined as 2,500 ppm 

S02, 900 ppm NO, and S percent H20. 
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3.9.2 Nominal Inlet C.Oncentrations 

Two tcslS were run at nominal inlet co0centrations in order to repeat baseline conditions. 

Each test evaluated three sorbent cartridge seis with the collection of three bombs per cartridge set for 

a total of niae sample bombs. The initial N2O concentration was measured from the bypass loop of 

the FGSS. 1be GC/ECD was programmed to automatically sample for N20 every 8 min throughout 

the test. No N2O measuremcnlS were made at the bomb exil'i. 

The results revealed inordinately low N2O generation when the bombs were analyzed after 5 

days (Table 3-3). A comparison of Run 100 and Run 101 revealed the same low N2O generation for 

both tests (Figure 3-18). Another review of the test data revealed a linear increase in the on-line initial 

N2O concentrations (Figure 3-19). It was then suspected that N2O was being generated within the 

FGSS. Since the initial N2O concentration is dependent on the concentration of N2o in the NO 

supply gas and the FGSS operates at "steady-state• conditions, an inacase in initial ~ 20 concentration 

should not occur without changes in the measured concentratioos of the other supply gases. Efforts 

were focused on finding the source of this generation since a correct initial N20 concentration was 

crucial to the study. Knowing that the formation of N2O occurs in the Jiquid 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 0ue gas entered the 

CEMs and QC/ECO. The device's drain bad plugged and the cyclone !lad @Jed with water. 

nis water removal device was replaced by a small refrigeration condenser. Tests were 

performed to a>nfirm that the condenser removed waler without effecting the initial flue gas N2O 

concentrations. Figure 3-20 compares the on-line N2O concentrations vs. ti.me before and after the 

addition of the condenser. 

3.9.3 Worst Case C.Onditions 

With the N2O problem solved and the verification that the FGSS was in ac:ceptable operating 

order, two tests were performed to evaluate the sorbent cartridge system at worst case conditions 
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TABLE 3-3. REPEAT OF NOMINAL CONDmONS 

Somcnt Conditions and Tests Results 

Sorbent No.Days InitialN2O Bomb! Bomb2 Bomb3 Avg can 

Conditions Aged Concentration Generation Generation Generation Generation 

100A 10:1 Dry 5 0.540 0.235 0.968 0.196 0.466 

100B 10:1 Dry 5 0.610 3.302 1.710 2.874 2.630 

lOOC 10:1 Dry 5 0.750 0.651 0.566 0.157 0.458 

101A 10:1 Dry 5 0.822 0.147 0.276 0.137 0.190 

101B 10:1 Dry 5 0.966 0.734 0.000 0.845 0.526 

101C 10:1 Dry 5 1.046 0.214 0.014 0.067 0.098 

Concenttations in ppm unles.s otherwise noted 
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Figure 3-18. N2O generation in sample containers; repeat tests of nominal conditions. 
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ON-LINE INITIAL N20 CONCENIRATIONS 

Runs 100 & 101 
1.1 

1 

e -~ 0.9 

.§ 
Ec: 0.8 
8 
i:: 

8 
2 0.7 

z 

0.6 

OS......,__________________________._____.__ __. 

S25 1405 193S 2430 2825 3355 3800 4150 4670 

Time (seconds) 

FigUIC 3-19. N 20 generation in the refrigeration condenser. 
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(2,500 ppm SO:, 900 ppm NO, and 5 percent H:P>· The first test, Run 103, evaluated three sorbent­

cartridgc systems using the original design of earlier teslS. This design placed a dispersion tube at the 

inlet and outlet of the SO2 sorbcnt cartridge. The second test, Run 104, evaluated three modified 

sorbent-cartridge systems. The modification was performed on the S02 sorbent cartridge only. The 

dispersion tube was removed at the outlet of the S02 sorbent cartridge. This modification was 

perfonned to ascertain iC the removal of the dispersion tube would generate a higher flow rate and less 

of a pressure drop without compromising the effectiveness of the Ca(OH)2 :o remove SO2. Also, 

insenion of the second dispersion tube into the dry sorbent was extremely difficult. Elimination of the 

second dispersion tube would make SO2 sorbent cartridge assembly much easier. 

Three bombs were collected with each canridge system with a total of nine bombs per run. 

The bombs were aged 7 days and then analyzed for N20. The average artifact N20 generation for 

both nms appeared lo be minimal (Table 3-4). The average artifact N20 generation was observed to 

be greater wilh the modified caruidge and higher flow rate (Figure 3-21). The higher average N20 

generation for Run 104 may be due to the SO2 sorbent packing. During testing, the sorbent appearec. 

"loose;" thus, the actual contact between the flue gas and SO: sorbent ma:,, have been less than 

optimum. Run 10'.°>7 with a lower N20 generation and lower flow rate, appears to operate consistently 

from cartridge lo cartridge. A decision was made to continue using two dispersion rubes in the S02 

sorbent cartridge. 

"The results of the worst case scenario tests, performed under controlled conditions, indicate 

that the sampling configuration used is capable of controlling N20 generation in lhe sample container 

to acceptable levels. The fioal perfonnance evaluation would be to duplicate the worst case scenario 

tests under actual combustion process conditions. 

3.9.4 EPA's Innovative Furnace Reactor: Worst C.ase 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 fued on natural gas. No SOz or NOx 
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TABLE 3-4. N.p GENERATION UNDER WORST CASE CONDmONS 

Sorbent Conditions and Tests Results 

Sorbent No.Days Initial N20 Bombl Bomb2 Bomb3 AvgCan 

Conditions Aged Concentration Generation Generation Geoention Generation 

103A 2O.ispTu~ 7 0.75 0.80 0.91 0.61 o.n 

103B 2DispTubes 7 0.96 0.63 0.94 0.96 0.84 

103C 2DispTubes 7 2.14 0.17 0.4:Z 0.80 0.46 

104A 10ispTube 7 1.20 0.00 0.00 0.75 0.25 

104B lDispTubc 7 0.80 1.19 1.18 1.18 1.18 

104C 1 O.ispTube 7 0.84 0.90 0.99 2.54 1.47 

Concentratiom in ppm unless noted S02 == 2,500 ppm, NO = 900 ppm. H20 =5~ v/v 

n 
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Figure 3-21. N20 generation under worst case conditions. 
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pollution control devices or techniques were used during these tests. The concentrations of the key 

flue gas constituents measured during the worst case testing were approximately 3,200 ppm SO2 and 

1,500 ppm NO. Moisture was not measured but estimated to be approximately 10 percent by volume. 

The high levels of SO2 and NO were obtained by doping the combustor with SO2 and ammonia, 

respectively. 

The grab samples were collected from the same location as the earlier perfonnancc evaluation 

tests. Specifically, the samples were obtained at a location in the CEM sample delivery system 

upstream of the moisture conditioning unit. Three sorbent cartridge systems were evaluated with a 

collection of three bombs per canridge. The initial N2O concentration was detennined by the Oil-line 

GC/ECD which also sampled from the same location in the CEM system. N2O measurements were 

made as closely to the time of grab sampling as possible. 

The bomb samples were aged for 8 days and then analyzed for N2O. Table 3-5 lists the 

conditions and results 0£ the three tests. All three tests resulted in the generation of N2O within the 

aged bomb sample. The average N2O 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 N2O-emitting fossil fuel combustion sources. 

3.10 FUR1HER METHOD EVALUATION: SNCR TESTS 

Allhough this procedure was designed and aested for use with Hue gases from conventional 

combustion sources without the app1icat:on of any pollution conlJ'Ol techniques or devices, an 

opportunity was presented to evaluate the grab sampling method on a NOx control technique. The 

control technology employed, SNCR, uses additive react.aors such as urea and cyanuric acid, injected 

in the post-combustion zone. to control NOx emissions. This technology, however, has the potential 

to increase N2O emissions. During this panicular tcSt, a proprietary reagent, hereafter referred to as 

N0 -0UT, was evaluated. 
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TABLE J..S. EVALUATION OF SAMPLING ME!"HOD ON ACTIJAL 

COMBUSTION FACIUTY UNDER WORST CASE CONDffiONS 

Test 

Date 

Fuel 

SO2ppm 

NOxppm 

co ppm 

CO2% 

02 % 

NOxOtrr 

AgedDays 

lnitN20 

N20 Gen Bomb A 

N20 Gen Bomb B 

N20 Gen Bomb C 

Avg Cart Gen 

Avg Bomb N20 e: 3 bomb avg 

Concemr:a.tiom in ppm unless noted 

Performed on the CWmgIFR 
Conditions and R~ 

CRUNS 

06/24/91 

Nat. Gas 

3175 

1562 

2S 
10.02 

2875 
DI) 

8 

.52 

246 

294 

3.41 

294 

CRUN6 

06/24/91 
Nat. Gas 

3200 

1537 

20 
9.94 

285 

DO 

8 

.53 
1.81 

7.04 

11.23 

6.69 

CRUN7 

06/24/91 

Nat. Gas 

3220 

1537 

18 

9.78 

2875 
DC) 

8 

1.04 

266 

4.92 

5.36 

4.31 
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Becuise the automalcd, on-line GC/ECD N2O monitoring system was on loan to GCIB to 

measure N::?O emissions, it was an opportune time to evaluate the grab sampling method. Bomb 

samples were collected while the NOx-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 N2O. 

Table 3-6 gives the conditions and results for the four tests. 

The results of these analyses demonstrated that no N2O generation was observed. In fact, the 

N20 concentration decreased from the initial, on-line N20 concentration that was taken before the flue 

gas was sampled. The average reduction from initial N2O to aged N:P concentrations was 31 percent 

In an attempt to explain the N2O concentration decrease, the bombs were checked for leaks and found 

to be under pressure. The daily GCJECD QC checks exhibited analytical bias of less than 3 percent, 

so an analytical error was also ruled out 

No explanation for the decrease in N2O concentration in the aged bomb samples is apparent 

A potential explanation may be Iiniced 10 high stack concentrations of ammonia (NH3), a byproduct of 

the NOx-OUT additive. It may be possible that the ammonia participates in a reversible N2O reaction 

within the bomb because or the basic nature of NH3• The basic property alone is not enough to 

e:itplain the reduction. as sodium hydroxide, a strong base, ha,; been used in impir,ger solutions to 

:,,Ct'Ub S02 from combustion flue gas samples for subsequent sampling for N20 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 lechnique only. 

3.11 GRAB SAMPLING METIIOD SUMMARY 

The method developed was designed so that it could be used compaholy 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 sorbenls to remove the gaseous 
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TABLE 3-6. Np GENERATION IN SAMPLES COILECI'ED DlJRING NC>,:CONTROL TESTS 

Selective Non-catalytic Reduction 
Performed on the C-W-mg IFR 

Conditions and Results 

Test CRUN1 CRUN2 CRUN3 CRUN4 
Date 06/10/91 06/11/91 06112/91 06/17/91 
Fuel NaLGas NaLGas NaLGas Pitt No. 8 C.oal 

S02oom 725 1625 1570 100 
NOxppm 80 90 388 280 

CO ppm 30 80 33 10 
CO2% 7.6 7.46 7.6 8.6 
02 % 7.475 1.85 7.45 10.625 
NOxOUT yes yes yes yes 

Aged Days 9 8 7 9 
lmt.N20 38.6 529 33.6 8.79 

N20 Gen Bomb A (S.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) (9.58) (2.62) 

Avg bomb N20 = 3 bomb avg 
Couc:entra1ions in ppm unless noted 
( ) indicates negative valw:s 
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componenl'i of S02 and H20 to the degree that N20 generation in stored (1-2 weeks) sample 

containers is consistently minimized to < 10 ppm. Sequentially, S02 is neutralized, and H20 is 

removed from a foss:I fuel combustion process flue gas sample stream before entering a Teflon-lined 

stainless saeel container. The neutralization of S02 requires the presence of H20 in the fli:e gas 

su-eam. Therefore, the flue gas sample must be collected 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 extracted from the combustion source using a vacuum pump which 

pushes the gaseous sample through the two-cartridge, solid sorbent system and ultimately through the 

grab sample container or "sample bomb." The sample container is sealed and storr.d for up to two 

weeks at room temperature. The sample containers can be analyzed for N20 at any point di.ring the 

2-week holding period. 

This procedure was developed for use with flue gases from conventional fossil (uel combustion 

sources and processes.. Samples were designed to be collected upsln!am of any pollution control 

equipment or on combustion facilities where pollution control equipmen1 did not exist. This grab 

sampling method may not be suitable for u.;e where sampling is performed downstream of pollution 

control devic.es or processes. 

During the development of this sampling method. tests wen: conducted 1o determine the fossil 

fuel combustion process flue gas NO, S02• and H20 concentration ranges where N20 generation in 

aged (1-2 week) samples would be consistently minimiz.ed to less than 10 ppm. This method was 

found suitable for use on combustion systems with flue ~ concentrations in the following ranges: 

• S02 - 0-2,500 ppm 

• N0-0-1,000 ppm 

• H20 - 5-25 percent (by volume) 
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These flue gas concentration ranges were verified uoder actual combustion conditions as well. 

During these iests, the flue gas components of CO, CO2, and unburned hydrocarbons., typically present 

iD fossil fuel combustion proc.ess streams, were found not to iDterfere with sampling method 

performance. Other common flue gas components such as hydrogen chloride (HCI) and ammonia 

~'113) were not evalualCd and may act as interferences. 
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SECTION 4 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

The analytical and sampling methods developed during lhis project were found to be effective 

tools for the characterization of N2O emissions Crom fossil fuel combustion processes and equipment. 

The automated, on-line monitoring system has proved to be a particularly effective means to acquire 

accurate. near real-time N:?O measurements from diverse combustion sources. The prototype 

insuument developed bas since been duplic:ued and field rested at a commercial power utility. 

Application of the grab sampling methodology bas not been as aggressive, primarily because of the 

need for absolute measurement of N2O. 

Because of the N2O generation sampling artifact, lhe reliability of accurate measuremen'IS 

becomes even more critical. The procedures developed through this task are by no means the ultimate 

answers to N2O sampling and analysis needs. The procedures developed were meant to rapidly enable 

the characterization of fossil fuel combustion source emissions. Although the automated, on-line 

GC/ECD monitoring system has proved to be accurate and reliable. it is not a real-time amlyzer and is 

therefore not capable of continuous monitoring or measurement. Unfortunately, the commercial 

availability of dedicated. state-of-the-art combustion process N2O monitoring equipment is extremely 

limited. Of those available, detection levels may be insufficienL In addition, these NDIR systems are 

susceptt"ble to interferences from other combustion process gases that absorb IR radiation at 

wavelengths close to those that are absorbed by N:zO· These interferences are often minimi2.ed 

through the use or elaborate sample gas conditioning systems. 
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Realizing that the continued development of continuous on-line monitoring instrumentation is 

likely, consideiation should also be given to the sample delivery systems. The residence time in these 

systems may be long enough that generation of N20 within the system may be possible. The volume 

and length of sample rubing along with sample flow rate should be considered. During tcslS 

performed by AEERL where a TDUR continuous monitoring system was used, N2O concentration 

spikes were observed following flow stoppage in sample delivery lines. These spikes were observed 

even when sample 0ow was swpped only for a period of several minutes. It is possible that sample 

delivery systems exist where the residence time between the sourc:e and analyzer can approach several 

minutes. Further examination of sample delivery systems are wananted. 

The grab sampling method developed. although suitable for the scn:ening of high N20-

cmitting fossil fuel combustion sources, is not suitable for the collection of grab samples for the 

determination of absolute N20 measurements. 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 

aft.er long periods of storage. In addition, although most researchers measuring N2O emissions from 

combustion using grab sampling techniques take means to collect samples where the sampling artifact 

is drastically minimized. the variety or procedures to do so are quite diverse. It seems logical that 

some type or 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 c.ombustion sourc:e 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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SECTIONS 

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 IV Quality Assurance Project 

Plan (QTRAK No. 89014) reviewed and approved ~y EPA. The goal of the project was to develop 

sampling and analytical methodologies suilable for the characterization of N20 emis.sions from fossil 

fuel combustion sources. 

The approach taken during this swdy was predominantly qualitative in nature. Many of the 

test. conducted were based on a go/no go or yes/no approach in order to effectively screen candidate 

sorbents for the development of the gr.ab sampling method. 

The measurements made by this project were of sufficient quality to more than adequately 

accomplish project goals. Essentially, the only measuremenlS made were for NO, so2• and N20. The 

accuracy requirements, expressed as percent bias, were 20, 20, and 15 percent, respectively. Unless 

stated otherwise in the report, all data validating quality control checks performed befoie, during 

and/or after eacb test were within these limils. 
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APPENDIX A 

NON-CONTINUOUS SAMPLING AND ANALYSIS OF NITROUS OXIDE 
FROM COMBUSTION SOURCES 

ROP NO.43 

PREFACE 

Thi<; appended method is included for historical perspective only. Aspects of thi<; method were 
evaluated to develop the sampling and analytical methods descn"'bed in this repon. Specifically, the 
vacuum evacuation method for transferring the gaseous sample from the sample container ro the 
analylical sysLcm wa:. evaluated. The vacuum evacuation method was found to be susceptible to 
system leaks and was found not to be suitable for small volume samples. The sample introduction 
method ultimaicly selected u.-.ed syringe injection. 
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~ 
NON-CONTINUOUS SAMPIJNG AND ANALYSIS OF V,u~oxO 

FROM COMBUSilON SOURCEit "q ~J. 

ROPN0.43 ~s 0 
~ .~ 0 

T.C. ~ sGrogrffia~
J.M. Meta · 1"'.l. ~ 
J.C. Kram 

0
..,.,,,, '1,,;T" 

Energy and E ..ironme~~sea~rat1on ~ 
Irvine, 'l~rnia ~98 0 

0 0 0., 
1.0 Introduction I;- .q •~ 

The method des~ belo~ the pc.ale of gas chromatographic 

se~aration ~nd eJ.1,9'-cap;ji, teet'fon for the me~surement of nitrous 

oude (NzO) 1n c~10n ~ ~es.~·ce of tti1s method should not 
be attempt~~ose "1f.O~e unf · with the operation of a gas 

ch~omatog~~~ ~amp~~ use knowledge beyond the scope of 
0tn1S presevn 1S ~• ~ 
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~ ·c»i,, 

2.2 Applicability. The approach is used for measuring the NzO c~ 
of combustion gases, both within the flame and in flue gases. ~-" 

3.0 Range and Sensitivity 

This method is designed for 
upper 1imit ean be extended by proper calf 

sample. Toe lower limit can be extended by Aaa..~P.5' 

loop beyond the 0.6 milliliters employed hariM!!tif 

4.0 

4.1 

A-3 
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4. 5 Oxygen. The detec'tOr becomes desensitized by exposure to OY.V~.-

Beca use of the oxygen present in the samples, a pro gr~ 

desensitization of the detector cannot be avoided auring re~"""e 
analysis. As outlined in the procedure. a re1'i1tive ca~on is 

performed throughout the sample run and the~~ correc~r the 

drift. Overnight conditioning returns the tector ~e base11C_'~4_. 
sensitivity. ~ ,~ ~ 

s.o Apparatus ~ ·~ 00 N ;$ 
5.1 Sampling Probe. The prolle s4:ii """d 'i!'dard.Jt::ii!.d for 

EPA Method 7, with the follow,~n~ions. robe m~:ay be 
stainless steel, quartz. or T al ttioftflon s~d not be used 

above 190°c. Probe cool~ t be u~~n samN'from streams 
above 200°c. This is p pa11y~Jl""'.s,'ent N20~ on the probe 
surface and to quench JI.:1 me re s. Water~s an appropriate 
cooling media. \CJ J!"t..., (Z, · 
5.2 Sample L1 • ~on<_~lc-~lnes are used. The 
connection be~ e end~ probe sample container should 

be as short as ~nable. rv 
5.3 P.'~~serted Into tlle sample line;SiJmJ',r. A• ...._Owoolalt-o, an ;,:::,s'lfl!,~may be placed at the end of the 

prob O 'J 
~ . 

5.4 Sample., _ _er. A~ or stainless steel sample flask is used 

which p~ple .,,.. and valves at both ends. The containers 

should . a11~~25 mfllf11ters. and should be capable of 
withstand ~ fu • If va1 ues other than Teflon stopcocks are 

used ~;• stainless teel valves) then the open ends of the valves;;:o• ~e, apressure tight cap to prevent slow leakage 
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through the valves. Sample containers with free 

used. 

5.5 Sample Train. The sample train consistsA ..the pro.. ·~ le 
filter, and sample container. The outlet o~~mµle co~r is 
connected through a flow metering device to a s~e pump. pump an 

fl ow 111eter should be sized to all ow a~ of S ~~ ·tmin. S 
condensate knockout may be used betwee~ samp18 ~i ner an~ 

fl0>1 meter, if desired. ~v ,$'
0

5.6 Gas Chromatograph. Any gas ch~graph ·""""'"Y ~ich 
possesses the followfog attri~. The ~~st b~l-~- of 

operating at zso0 c. Also, an,E1-fst be 1'.{!fiid on ~ven wall and 

roust be capable of operatlffJi~ooc. ~ de~~e apparatus­
needed for the GC analys~ The ca5t1T'".&Jgas must""a 95 percent 

argon/5 percent methane"1~re that"1~en sp~!~lly prepared far 

ECO analyzers. An in~""'11icg"-'fier..._~. Th~ sample bulb 

is connected to a l,,t-~ inc conuft&..._~e absorbent aquasarb 

(Mallinchroft. '-..~s. ~our } ~ ~impregnated with 5>205. 

This removes w~"po<'-r...,~ample~;ng valves are required; 
these may eithe~-port or 10-port valves with jumpers. lhree 

carrier gas ~ol l ~s requi fl> carrier gas, {2) backf1ush 

gas for~ecolum ~ (3) r makeup gas. A second oven 

or,era~...,,,,,,70oc · ol umn. Sample is drawn through 
the ~by a..a&;,_ld pum is isolated by a 4-foot 1solat1on 

coil; ttie a.bs~~ ress"-e u the sample loop is determined by ~ 

mercury ma~~ The~ is a 3 foot x l/8 inch stainless steel 

tube pa~k-....~h ~e._r Sieve SA. 60/80 mesil {Supelco Inc., 
Bellefo P • column is a. 6 inch x l/8 inch stainless steel 

tube P!fked 1th Po k Q. 80/100 mesh (Alltech Associates. In~••

z.~IQO 
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6.0 Calibration 

variations 

6.1 Detailed Calibration. 
pu1veri~ed coal flames 
the recommended initial calfbr'6;1;1.'Al;Joij'I 
i nterva1 be extended to 
encountered during analysi 

provide 

evenly separated 
in the detector 

measured at least in 

• The normal procedure 1s to prepare 
known volumes which are fitted with 

to less than 11I1D Hg using a vacuum pump 
s injected through the septum por-t. The 

[1] 
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where VN20 and Vcyl are the volume of the injected 

volume, respect'i vely. Note that if tne NzO and the 

are all at ambient pressure and temperature, then s 

required for these var;ables. 

6.1.2 Procedur2. Once the standards are~ red, ~:alibrati:0 
procedure follow exactly the analysis. s~~cribetvw for~ .. 

samples. As samples are withdrawn f~ cyli~its~re 
decreases. Since a fixed volume. sam!!Uop 1~ to mea e 
aliquot,1t is necessary to correc:__eirespon,-.1_!' th~ to 
develop a standard calibration curv~s proce~foll~ 

sultn'lj,_ble t!lrt will cont:ain 
three entries for each tion p~Thes~{ l) the NzO_ 

concentration in the stan (2) th~ the N2°""', as obtained 

from the gas chromatograph, and (3 e sample pressure. The N20 

concentration con-ec~O •x re ;~t.r;,d as follo1'S: 

[NzOlcurve ~ Ps"S:,,,~O r~ [21 

where Pstanda.~ the~e in thY.ple loop at the time of 

injecti~nH urem~.1.~ described in the analyticali (th1 

procedure ~on). N of pea~ aga1nst [N20lcurve yields the 

true ca · ion cu~or a l~ sample loop pressure. Figure 2 

snowft;'ica1 ca~t1on ~u~rated over a 10 to 150 ppm range. 

ihe ~tion ~ally 1'l1Jexcept for a slight non-linearity at 

low sens1t1v~. S~a non-linearity is consistant wfth ECO 

charac~,t/1(,r .,.,,.."""lf;t1ca1 reasons discussed by Weiss [1981) . 
Figure s . , a s~~t that covers a more sensitive range: 0.5 

to 15 ppm. ~ 

6-Z~d Level'Bb.ibration. The ECO sensitivity 1s subject to drtft 
}lilwY t'Q~nd within a single day. For NzO analysis from 
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combustion gas. this drift is mainly due to the 

to the oxygen in the sample. Since this is unavoidable. the da 

corrected by repetitive single point calibrations during the anaJ 
day. 

B, and return to calibration gas). 

6.2.l Calibration Standards. 

concentration of the sa111Ples. For 

6. 2. 2 Procedure. The i"!JJ~ brat1on~ pass.e,,a~~lU9h the cyl 1 nder 

pressure regulator.Ii: o ~ e va 
connector. When th. e lo s been ushed and allowed to 
relax to ambie"-.llgj · sur8'il s ppi~ low. the analysis is 
performed as de~~d in$alytica~edures section. The N20 

concentration is~ected(j~~ atm by the following: 

[M2~rd = [~e [3]X If; 
wneret9'\1s t~o"lt J....s in 11111 Hg. This value is used as a 

propo~l •~~•t ~1bration curve•• described fo the 

calculations~ 

7.0 5-~ced.f 

7.1 1 Consi tions. At least two levels of sampling complexity 

ma,~ ,.. s ec~ · hoice depends on the nature of the source and the41'('~ of c,vrization- desired. Sys'tems in which the sample gases 

A-11 
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(2) The pitnt manometer, p_, and flow measurement system spe~ 

for EPA Method 5 are used. "'~ 

(3) Operation procedures specified in Section t!:/~re fol~here. 

with the exception that the flow is se&t_Hrov;de an isokinet'f~ 

sampling rate by use of the procedures ,!S'ied in &thod ~ 

14) EPA Method l may be used as a gu~o s~e nu'l!/i....Of 
traverse points required, and ~Jocat1o!lv this c~ire 

an overly _large number af sam~~•9••~·). ~nded 
approach 1s to reduce the~ltJ. of s ng poi~n even 

multiple of the Method l spvat:ion~ ~ 

CS) The average NzO c~-s.ti on '1!J~ the O or stack i • 

calculated ~n accorda~th the~edures ou~ned fo EPA Method 

s. 0 0 0 ~ 
s.o Analysis Proce ~ ~ ,:~ 

Refer to rs· ~ed sche"Wof the analytical system.Fi gu~1~ 
Compar;son of FirJ,,,,.~ and facil'ft~e the identification of the 

relationship ~rdwa uncti-:CZ, ' 

The ,,,,.,,. gas ,r!f: set 111i...~11illters/minute. This initially 
flows thr~he l...d'tll ample~:e precolumn. the main column. and 

the detector. Th~~e f11i.._ 1s connected into the system. and a small 
flow is withd~r the ~t.tae 1O-port sample valve. (including the 

0.6 mi1111it r e 1~~ isolation c:ofl, and into the vacuum pump. 
The manomeU!r ed to · the flow indirectly by measuring t.tae rate at 

which. th.i!k is evacua • When the sample loop has been filled with 

sample, ,, , uum pu~lve is closed and the system is allowed to come to 

pres~ ibrJrrli.Ymanometer reading is recorded to allow calculation 
of t otal co~ volume of sample wi train the sample loop. The direct 
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~ 
VAC1Jll4 

?UMP 

0 0~ 
§0./!J

ISOLATIO!f 
COIL ~ ·~ 0

0 cf ,-ii 
MANOMETER o(j rz, .,,.,_,-

1.:1.4;. ~~ ~•. 
ECO mer 

Ar/CH4....
CAJUUu 
&AS 

0~ 0 
~gure q11f1ed flow scllellat1c of the analysis system. 
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<t~ 

analysis is st.arted by switching tne IO-port valve so the sampie l~~t 

placed into the carrier gas flow path. The carrier flow is directed ~h 

the preco1umn for. 2.5 minutes. This time is ~ufficien1:_ for the ~~1,ly 

elute onto the ma1n column, but for any fluorinated ~nds to ~ined 
on the precolumn. As the 6-port valve is switched •. · recolUJ11n is r-emov~ 

from the carrier gas stream. A_ 20-millfl~te~ te c!~ gas~~ 
baclcfl us hes the precol umn dur1 ng th1 s .~As show~T°the s~ 

chrooatogram in Figure 5, the NzO elutes ima~min•~W" 

injection. The sample run is not term~·., until_ . 5 min .:.e~ve 

elapsed. however. This is to allow the 02 pe~ full>; This 

step ensures that the subsequent samp~· not ea,.,ience CO2 

from the preceding analysis-~Thre fiJil from ~ampliflier,is recorded 
by a cnart recorder or a digital · rater. ~ ~ 

~. -~' 
9.0 Calculations ~ 

The following cal~onsA'lices:,i!IJ..0"::.,ermine the NzO 

concentration. The z.~ peak a~ uslre e calibration curve to 
obtain an uncorrect~conc~1on. 1s corrected for the sample 

loop pressure and :<:::,1bratio~t as fol • 

(NzOldry,H-aw (~/ (N~~ (760/P] 00pl (4]ery ;,j:.where: Nz~":i..tion in the sample on a dry 

[N~:•l"•~d form the peak area and the calibra<ion 

t.laals<d • ~• NzO concentration in the con,nercial seco~•­
~ vel standards (from equation 3). This is the 

verage of the calibration determinations made 

iamediately before and after the sample analysis. 
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~ 
~ 

[NzOJcurve = N~ corcentration obtained from the calibratio~ 
using the peak area generated by tne . ~ t/se.c0n~.· 
standard. ~·· 

Pi oop = absolute pressure 1 n the/ ,i ~1 e 1ooQ, 
inject.ion. nm Hg. 

. \; 
The dry N20 value can be corrected to any dry s~etry ba 
use of the following: 0 ~ ~ 

=- [NzOldry (21-x)/~) V 
ey ' . ~ 

~here: Q t 

: ;..:::/ercent 02q,,~ tn~once~on is to be 
0 

y = measured dry p:qJt Oz in ~le 904"i 

Note that tnis equa~ hol_.L}: air d~ustion with neither 
oxygen enrichment or ~ d11~~o c'(:)""ti a moist basis: 

[N20lwet [6]•t;!,Qory (~/'l'al •Svei;, 
where: Mo~; mol~~duc*e; by burning one mole of fuel. 

Qry =· .Oaf p_..s, exclusive of water, pr<>duced by 

~ng ~of fuel. 

All ex-le.,;,°~~!~· fo Appendix A. 

10.0 Qul,l~:trol 

s 
The primary calibration is performed at any 

owerea from a cold surt, or anytime the second-level 
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calibration is outside the bounds described belo•. In theor~ 
calibration should be linear with the exc:eption of a curving N < 
concentrations. as shown in rigure 2. The recommendat;on apD.f.·s to 

manually fft a Hne through the curved portion of~ e a~ inearthe, and 
1east squares fit to derive a suai ght 1i ne through near par 'of ~~ 

curve. The two curves are constrained to me~ •in~f'/l abso-l.l"l4.J 
value and slope. ~' ~ 

The goodness of fit 1s estimated by ~ti,,o~lative "-<::t 
deviation for all the points: "~a (J o~r 

... f [{y; - f(,:i l l/f(x1 ))2 0 L"t,0 ,t 
s ·v ...1 r,4i;. ~~ cS 

where: Yi = N20 concent.r~ for e~lfrat 

flxil = ::~c:";$Jion<l.,ftj-ed• ~~urve at tne...., 

n • n~poin~ C, 
Although the sei,P of a,,f}!:unce/re!i::_ction criteria is samewhat 
ar0'itrary, past~r;en'-.rrlJI . hown ett s is greater than O.l the 

calibration ~eptab1~' ~ 

10.zOnd LSQibra~ If the second level calibration is 
consistantly gr'#'n 25\,l.rroo,m the primary c:alfbration, the pr;mary 
claibration shou . ~one. s-

10.3 C~enc .. As described above, the second level 
cal1brat1o~1s perfonned least once between every two samples. All 
samples ~forme~uplfca~e. and in all cases add1t1ona1 aliquots are 

analy1'~~e ~~fference between replicates is greater than si. A 
bla~;nder ~ing nitrogen is analyzed once each day. The response 
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of the second level calibration should be maiMained 
chart. 

11.0 81bliograi,hy 

The following references discuss variou~0acnes ~ ~ N20. 

measurement problem. The approach described above~ IIIOd~fin of. ~--~ 
reported by Weiss ( l9al). The modifications w~uired - nsfonn _ 

ambient. measurement technique into one su1~s comb- . ue gasO 
Irish to acknowledge the a,IY!ce Dr. Weiss P~•• N !::i 
1. a ~u(:.f!lame ~19870.....n, C. T. and R. J. Raby: 

,fr 
2. Hao,'.:. M.: Industrial Sources osphe 0, CH3~and CH3Br,_ 

Ph.D. dissertation, Oiv:s.,no lie s, "CS University, 

Cambridge, MA ( 1986). ' ~ 

3. Kram11ch, J. C. , R. GJrt'.h~n•~"•hing, and M. P. 
Heai,: Combus't. Flame , 1 (1~ •~ 

4. Pierotti, C. and ~s..,s~opt,•'-' Lett.!• 265 (1976). 

5. Weiss, R. F.: ~hrom-~, 6ll ttJ!"1 
•• Weiss,&~ Gea:::::,tifl- Lett. ,!, 751 (19761 • 

·~~~ 
'<.~ Q0 
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EXAMPLE CALCULATION s-~'<' 

. ~ 
The follow;ng example prov;des a 9u;c1e to tile d:.E,duct1on0ures. 

The ;nput cond1t1ons are as fol1011S: ~ CZ, 0 
o Ml!tllane/air c-ust1on 1'1tll 4~ Dz l~u~~e post-i/!j;-

gas. ~ ;;j 
0 Peak area obta;ned from 1l1eJ'J!. 1.0 a.f.,j;,1eit::!:fi::.sure 

of 450 rmn Hg. From Figure yield:Slue of (~a111 = 54 

ppm. ~-~ ~ . 

0 The secondary st:anda,D~O ppm~~ich theO:red peak area· 

1s 1.5 at an a"11Csp~.-:;,.,;;.ssu~SIJ mn Hg. 

Since tlle calibration cu~a~ l.O av,~:ssure, the first 

step is to currect ~••Y-~to 1r'~ •quat1on J. 

[NzOlstd.la'tm C!)o ppm) ffic760) =~ ppm. 

Becaqse of th~tiy "~ressut-0~ smple loop, the loop "°uld 

contain o~l fs e were adjusted to 760 mm Hg. by~~~m ~~~ 
isotherm utfon. i,. ration curve is en'tered with the 
measured c:lary N d pea~ , l.S, and the value recovered 1s: 
(N20lcurve =- 88 .t1la'. The ~zO value fn the sample 1s calculated by 

equation 4. ,:.__~ 0 
[N20ldry~pm)~m/88ppm) (76011nHg/45DanHg) = 102.3 ppm. _ 

In essen~s equ,Acorrects the raw read;ng for the do,....ard deteetor 

drif}l~r,J fac~~ sample pressure was reduced.'~ 
A-20 
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To correct the N20 value too: 02, equation 5 is used: 

s 
a.~....... -·· [HzOlary,OW.O = (102.3) (21)/(21-4) = 126.4 ppm. t.:.~ 

To correct to a wet basis requires a calculati~the pro;f . 
combustion for CH4/air at_4S (dry) 02. The to~~ molesJIJf~Product 0 
produced per mole of CH4 ,s 10.52. while the~ ..wet Ill\.~ l.2.5~· 

Thus, tlle wet basis NzO is calculated,,..,. .,._,..J::/1 as: '>~ s 
[NzOlwet • 1102.Jppml ClD.52/lZ.SZl t,<i> -• li" id: 

This calculation basicly represents ~c't that 2i20 is spr over a 

larger basis. :1:,,~ ~ ~ 

q_' ~ o· ,,,,. ,,S ... 
~l:I.."·~'#?,; & 

" ·~ 0~&#"~ 
. -~ 0~ 
~~ 

,,~o ~ L',.o 
~ 'V 
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APPE~DIXB 

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 
con1aincd in this method were sclcclcd for evaluation during development of sampling and analysis 
methodologies. The chromatographic conditions were found to be susceptible to baseline upsets and 
chromatographic difficulties resulting from interferences present is combustion samples. 
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~;J4l. 'ClUNCT:PLE 

1.1 S~QRO' This method is applicable i:,uantio ,of 

nitrous oxide CN2o, in combustion flue gas.~ met~~.~.:is based ~ 
on the separation of nitrous oxide from _;~gas ~ents S 
using a gas cbromaeographic column<EanCDd) -~v~~.ectllJ.:!!J 
with an electron capture detector Y ,, ~ 

1.2 Rana• gf Am>li~iibilitv, ~per e1',J. a~ity 

is :!..i:nited by . aetec-rg)satura~Tbe 
usef~l upper limi~ concentration.,ii~fi1u0 pa~er mi~-

The minimwn detectable 4::t: (/IDL~-2 par~,: million. 

1.3 Precision andAgy~.cate the same· etk by 
operator can be obtainae1'1-~_:.s.· tlh sion ~curacy of ± 151... 

from the previous v~ect~ o-
1.4 Interfer:G= The~ytical system must be initially 

demonstra~ed to ~ee trQ_tern~rllf-aJ.ninants by running a 

calibratio~~rK, ~b sampi;~the flue gas. The base-
line shcul '-nitor or~~ded time to determine if 
additional e elut hie co interfez:e wit.b consecutive 

inj ecticns 

2. 

o lue ~mrles.

c;-
2.1 

Q, 12 ft. x 1/8 in. stainless 

at 220°c--35 degrees- C 

Detec~or CElec~ron Capture>: Ni 63 at 350 degrees C 

Carrier Gas: Nitrogen at 20 ttl-/min 



2.3 

L by the manu-

;~tr:G~t 
2. ~w d~, _inj.4"~d oven cempera.tures to 

~uilib1S•> •~~~ . 
~ Condie col:1m~220°c with nitrogen f1ow of 22 
'\;J mL/~ntil ~e is stable,. rk-. resJ i-o 3S- <-. 

,,A r~ /_,, r,-."/'h'-r-C.. 
4. mixtures4using 6-port gas sample~andab 
S~su~ height Cor area) of standards and 

~ Plot :X:-centration. 

·. ~~ Ana~ samples using the same eecl:mique as;h1~ ~ed with standards. 

' Dat,a~t;ion: A response factor can be ca.lcuJ.atea 
from the standards by dividing the concent:ration Cppm) of a 

standard by the peak height or the area counts. The 

-
· 
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concen~::at:.ion of t.he :.mknown sample is compc.t:eci by 

its peak height <or areal by the response factor. 

3. QUALITY ASSURANCE/OUAL= COJITSOL ~. 1" . 

Each salllple should be injected ~.. · ff th ··~ > t~ r,; 
to est:ab.lish repeatabil.ity. ~ c~"J,r. ~ -rAol~..-<. A'<. · . ~ • 
/11~, h.t:,,,r<-. ~ 

After sample injection, su.£ficirRi:.ime b~to 

al..low later eluting peaks to exi~e co_ ~ efo~tber 

injec~ion is made. 0 
As with all electron A~ ;det _o pe~ standing 

current and sensitivity cbec:~ust be.Eed a~ding to the 

maJlUfaCtUrer IS reCOmm.en~m• ifin~tS OW~~ "eteCtOr are 

also required to check ~ia~~s:.~ 

General perioci'-.,'6,ntei:1~f ~~ chromatograph is 
needed witb a.ppro~ doc tion."-'e carrier gas used 

should be at 1~~9•.99),,....., de, "1ith trace oxygen filters 

installed bet:we~ cy~and t01! chromatograph. 

AJ.l periodically checked-~ne• ,f-.d b....Jiiied and 

to verify e sen~ ont~~n• .~ ~()j,,,.:f!;it!:~ -6' .blue (_ J; ?,,.:.,,.,:._ ............ A<.. 
~ ~ . ~ ~ ./U~ ~~ I°{; :z;(,_ A>.,.-0; 

l ;J:r"-7,.;;t:;p<, ,..z;:;;d,,,.,I;--~ /i?:,SPi _,.;-"~-z ~ 8f"'"'r-- . 
f<.. ;_ "'" ( tn) Cc· +- ( 6) 

;l'J=- 5/~ .,f /,"--R..; :: c<-O 



APPENDIX C 

RECOMMENDED OPERATING PROCEDURE FOR ANALYSIS OF NITROUS OXIDE 
IN COMBUSTION FLUE GASES 

AEERUROP NO. 45 

PREFACE 

Tbi.5 appended method is included for historical perspective only. This was the original 
AEERUROP 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 transferring the gaseous sample from the sample 
container to the analytical sysrem was evaluated. The vacuum evacuation method was found to be 
st..,,;ccr:ible to system leaks and was found not to be suitable for small volume samples. The sample 
introduction method ultimutcly selected used syringe injection. The chromatographic conditions were 
found to be susceptible to baseline upsets and chromatographic difficulties resulting from interferences 
present is combustion samples. Dclcclor response to NzO concentration was not linear over the desired 
range of quantitation. 
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'"'~'"~'RECOMMENDED OPERATING PROCEDURE FOR ,;~~ ,, 
ANALYSIS OF NITROUS OXIDE JN COMBUSTION FLU~S 

AERURO? No. 45 (:\~ i~J,,t-~»! ,,, 
by ~~, G'?t 

~ ~~ 
~},

4.-~ 

~ ,fp ~.,.,· 
~· i'-: .. ~·~-~ -~ 

'-.-:a..'$ 
"A<:urex Corporano,,._ ~ c;" 
..:::,:::: ~~ .~' 

Air and Enlll_25".~r•e;1n~.e..ch Laboratory 
u.S.E~1ro ,, Prote~Agency 
Research • • c Park.~

;_;Y ri' 
···ce:1~sr Enviro~ag~ualicy Assurance 

Rcscar~riangle Insiffiite 
Research Tr.angle Park. >:c 
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1.0 PROCEDURAL ELEMENTS 

• 
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-;\._ 

• MD~ ~um detection ~ the conccm:rarion corrcsponci:ing to five (5x) times~ 
baCKgrouna naJ..SC Jcvcl of tnc measurement. ~, · 

• MQL:. .:n:immum quantifiable l..m::.i:: :he concentration corresponding to ten (~ 
tbc background noise 1evci oi the measuremc:ut. or the low~~earion~ 

1.4 tmerterences ~ , · . . · 

The. ,anafytic:d "Y5fJ'ffl shaJJ be tirmonsttaicd 10 _be free F,s 10.. ' • ~ • ., 
a two-pomt calibraoon check pnor to sample analysis and by · ~ ofqu:O 
control (QC) sampJcs with unknown samples. Yllll~~ai ~~~ 

Sample must be pulled through a non-reactive · (~-~~uld . ), 
:iowcvcr. the analytical system shall be protected from tct,bc~a: c:a . : ':1e . -:;: f 

moisture in the sample gas by placing a moisture::;::~· amnie con ·c unor t outlet:,:.,~•:;== caused by organ;c:, will be~ • ' by;~,;• .,d;§al 10 the 

1.S Apparatus .q ~ 
1.5.1 Analysis t'J,1, n. ~-~ 

• Gas Chromatograph: Ca~~A'Yc an · nnccted to an elec• 
tron capture detector with~-:.~-;t~ cell an~ of operating at 33D•c. 

• GC Column: 3.7 m. (12 Itx~)O.D.r....- steel packed with 8W100 
mesh suppon (e.g.. P a_ uper ~er::h~c..Deerfield. IL). 

• C.mer Gas~·tilane~~d. for ECO analysis. containing 95Ar_ 
percent A.r nt Qi~~----~"'IJ

• Moistur,g] 1 cm xi,11111.i::m (~.5) O.D. Teflon tube containing 50 · 
percent (P., . c bv Mallinckrodt. St. Louis. MO) and .50 
percent cd • · 

• Vacuum Pu~'i!J.nion. ~ capable of pulling 29 incncs of mc:n:my. 

• OAS: Data . svsr.~· . -

• Compres. Gas Cylina~contaming various kDown concentrations of N:OliD 

oure:S~~ n 
• ~9',~'W 'faA,_~: Tnrce. containing known conc:=.:rations cf mixed 

co~ents (~:~a.no O:)· 

C-l. 
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• Isolation Coil: 1.5 ~ x 0.032 c::i (5 ft x O.~ in.} stainless Steel. 

• Thermometer. Cc:-tined ac:curacy of.::::. 0.5%. 

• Samp,e: Dry giab ~ie extracted from a comousrio~.~n · · in 
stamicss stcej sampic cylinder l no smaller than 250 mL pie · otb · 
aL::i caoablc: oiwithstandinrz a full vacuum. ~ '1f ~ 

. - ~4 ~-
1.6 Analytical System ~ • ~ ~ 

Tltis method is intcDcied for use with a gas cbroma~ <~--ci with on 
caprurc dctecror (ECD) and capable of opcr.a±og at _ _..,.._...d ::?:?0° GC use ~. 0.32 

cm (12 ft x 0.125 i.n.) stainicss steel column pacud...1_.~_. Pora. ~Q 8~suppon. 
Tne ECD is a Ni63 ~IlSWlt current cell operaie.... C.~cr g:as. a~specially 
crc::::,arcc for ECD a.naivsis. is 95 ocrcem anzo'.IJi~gi ccro:n · r:. Thcprrie'.':' szas initiailv 

b<s tbrou¢ a 5A mo~cwar ,;.,;,. * ribe · · re~""~ colurm .;,,d 
tbc detector. The: sampic is supplied. • by a~ _ of ., (0.125 in.) O.D. 
SWDless Slee! ruhing com,eaed 10 a 1-«: ~.,(,,.x 0.1,4 cm <x 0.25 Dl-) Tdlon 
tube containing a P-0~ acidic~·ci a · · al fa iemoval of moistU.rc anci 

organics. respcctiveiy. ·is placed ; · ~t and the firs length of=~. le co 
Stainless steel tubing. The tub arr:aiia:i_Ei!-..1!111~ that th ows tbrough .be ~uasorb 

prior to !lowing through ~· ::l cb~ X • lated by a 1.5 m (5 ft) 
Stainless stcei isolation co~·· to ~mpie t ,l§i.l~:::1,""m. Tnc absolute pressure in 
the sample loop is monit d ·ma m~ometer. The sample fiows irom th~ sample loop -c-~ to the ~:'..ti _• ~l'f...~,. 10:!'• ECD for eiu1ed 
qu.ant1I1cat1on. -~-c 01 th.~...~~ m r:gure l. 

1.1 ca•mra(:) Q '5
ti= ,...::.llllij~----

~~~~ON 

Do n~~ressuAgas cylinders directly to the gas chromatograph. Use 
a sa to ~aging the instrument. 

~ 
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1.1., Pre-Calibration "-..~~,.~ 

• Ref~::- to th~ anai~~..icai syste:n's operations manual for specific steps of tbe ~' ;J 
anaiysis ana snutaown. .4 -~ 

• O~cn the ::nai.n vaive of the c:mier gas cylinder anci set tbe~urc to 4$1 .' • (70 
psi). ' . ~. - jfl 

~- ~ 

• AdjUSt the carrier gas ilow to 20 CCl1Din. ~ ~ 0 
• Discormect the GC column !rom tile ECD. cap "J!f)i• t0 the a all.o~ 

column to vent into the oven. • Q 
• Turn power on. n...c~• ~ ;$ 
• Condition the GC column overnight at 22 (J ~ 
• qbtain six com~cd gas cylinders co _ c:rtiiic~~tratio~ in pure 

~: i:1 me range o: :) to :?00 ppm. ~~ ~--

• Ven:fv the accurac::-.· and stMiiliry~rtified ~~tion o- cviinder. 

• Use ,;,riiic<I con~~trati011 of~c:-/JisJ<kr~Yi$.,.--:a IJl1lln. :.i,C~non. 

1.7.2 Multipointcalibration~ n. ~ 
The followin2 mu.lticoint ·or ro anaivsis ofrmxA"V.be 

wnpics. The intc:¢ry of the ~~~~tor~~ . mid-point calibration check 
prior IO analysis of sampics~~sampi~out the analysis period. 

• R=Cl"C tile •tfiam tllc,.,,.~IIP.let anci connect the detector to the GC. 
. l"JJ.4..,, 

• Set cie~~ture • tely tw~cgrces beiow the :naxunum operating 
u:cpcra~ ~30•c · um te~ru.rc is 3.SODC). 

• All~coi~Q1ro~ 

• .>=ssthe~~n~ 

• Establish-~ of the & temperature. 

• Connect~~:~ standard containing the lowest concentration of N::.O so 
that ~~dard flow~ cylinder regulator into the connector for the sample 
con~ri~ GC i.tticL

•,.P~Q~he .:= ~ •_. nse (m te:-:ns of in:cgratcd peak areal to each callbrauon 
~cara m t~t~' -~ 

C-7 
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• Calc-.llate thc response in tcrms of average iiltegrated peak area (PA) for eac:il q:and•\ 

• Repeat the analysis for the remaining ~bration gases. :S ,;z 

• Coma ~dN,O CODcemration ,a ~o=.sw~me 
followine eauanon: ~;~ 

0:0lco~~d = P.,Olver~dx~6D)x . , •c -~6) 

• Linearize the response of th~calsyst~ • _ ~ linear 
regression equation (sec Sot~e icast orm. y =~ b. The 
regression parameters. sl~~ and ime ). shall be dqermined by plotting 

meoon=dN,o ~~ZI: :~~be~: 
~ y~ C, 

The oo;;Jf!oicnt ~ must be > 0.998 • ...-
• Venfy h . ility • -# hy back-alc:ulanng •he 

conccn · X = . • _ each en St3.Ildard. Appiy the ave~c peak 
~ sta.r1:o PA::~ priate least squares regression. where: 

'-/ N X=4Mm 
• • . diffc~)~etween the ~riiied ~:O cono:n~tion <[N:01 

oa~~d N:O concentranon ([N:OJ curve), wnerc: 

~ ~ 100~curve - IN:01 oorr_ll{N,O] corr. 

•l(~"'I:::,Jflt>anriazd. the caiforaoon is =;,table. 

C-8 
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• Toe muiti!X)int calibrati:m shall be repeated ii: s 
I D I > :?.!% for any Sta:ldarti , ~-

the anaiyticai system is subjected to a full shutdown for am..rcason ~v·, . 
7"f'i < 

dl,ring rnly:sis the =wt fcrr any QC sampie is 'i'""''!!l!:'15% anci othcz 
co~e act1on does not resolve the problem. ~ n S 

1.7.3 calibraticn Checks ~~~ 
• Obtain th.n:c comme:-daily prepared comprcsse · ciers · to con 

concentrations ar .5 ta 1.S ppm and 100 ppm. Th -~11nd • : · 
similar to that c:xceetCd in combustion flue l£.illilr:i>i:LU;;IJuJ.CS ( co · of~ 
or 'CUIC :ritroszcn: T'....:.;e e:ascs will be used ~~~r:noJ the • · 
unknowns. - · - 0 · -

• Ver.fy the accurae-; and SUlbility~~fied ~,~:ratin&cyimrkr
a2ainst the multioomt cahl:::Tatio · Section I.7 -

1; Conciua ~licate mcasur~~-of the ~nscto~QC sample. The 
agr=mc:::::tt between each ,c.,~~~-~z.-~~nt0 ~ous run. 

2) Calculate the -~ted a and ~~ ,nccntration oi eacb 

standaniaso::~ns. re: r ~ 
.~:OJoc/1> a PA-~ 

- If ~:~1 is >_ •., l: - · vaiue must be used as the 
unco c:::nua 

C~ N,O 

ioiw~ua~ 

fN2D'.~[N,_ol~tw. x P~ x 1-c~ii~.1• 

• Fill thicc ~ pie~9w:i a portion oi each QC sampie gas. 

l) Pia~tw0-srage. "1~!"Jr.ty. flow regulator on tile gas cyiinde:.

27._Fon~O. cm (0.25 lllc:hes) O.D. sampje line with S~k™ 
,.to ...;.,ator outlet. 

C-12 
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~ 
:'. Open vai,-es iocatcd at each end of lhc sampic cont2Ulcr. /$;;ff5.. 
.:.) Attach the other eDci of the sample line connected to the cyiincier ~ tile 

sample container inlet. ,-.f. u . 
5) Open the ~der and~re~r outlet valves. sc:Jh~cier~r~t 

pressure to 0..!5 kgtcm· (5 :;m). ~ ~ ~· 

6) Purge the sample c::ontaincr with the QC c-:a~~s~c:-\,-: to all~ 
lO liters oi gas flow througn the contame~-- ~ . ~ 

T) Qose t.tc valvc on the ,ample a,~'!!"'":,~~
outlet "1.-alvc. and allow the sampie ~ . ·en ·to ~e,..:__- to 

8~ .-• osc L"'.e ,-.ivc OD tne_ sampic e ~utl.. . ~ . .. .-r,..,;_ j. 
• vc:,zy the !'i:O conc::uranon1'-!,~ eu~~ or ~samp1es as outllllea 

in the a.naiyncai proc:citll'CS ~ ~ ...., 

• Cal~tc_U;c percent diff~(D)bc~°'l-'mi~-. ~don c:aJ~ in 
~on 1.:~ ([N:<?1 iiri~~D,~c:a1 . er the :ranster 
(f!\:Oloc finaj). ?Or ca~samp1~re: ·~ 

~c f~[N2Dl ~ia.l 
D ::#lllllf!r--"'--~~P.ll!l~--------F--- x 100 . 

•~ . ~initial~ 
• If ID_I is ~ ~e . . '· ·. C 5:2111. · ~ ~le for use .as a c:aubrarion check 

sam~_ie • • _ • c ~ mcusu _ samp1es. 

• ~ '!iii,. ratio~~ ouilin~ e analytic:ai proc=cu.rcs section. at least once 
1or • o~~"'V 

1.8 AnalySiS P7€ ~ 
• Verifv the of the m · t cahbration ov duciicatc anaivS1.S oi two QC samoles 

mat an; . "'-ranee . . ibranon curve. . . . . 
• ConnCj. the ~ie co- · er to the anaivticai SVStem. 

• =.-.-a~~e samp~o to a;,proximatciy iOO mm.Hg on t."le ::::e:-c-.1..""_\· manome:e::. 

•,tJOi!J.o~~­

~ - V 
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• Open the sampie container Oi.H.l~i-.-al.~c ~ci fill the sampie ioop i:::y allo'Clting thc~.4!l!t~~~'\ 
::Danometer to return to acorox:c:::::tatc1v 400 m.mH£. Record the aaual manomctertt:aa••'' 
inc. ior caicuiaune: the totaf corrcaeci voiume of the samoie in the samole looo/~· - - . . •' ~--,, 

• Dircc:: the samoie flow from the samcie looo mto the carrier 235 stream ~~6'-tbe GC 
coiumn. · · · ~ ~a, tf 

• rmee consutUents ,.iJl be eluted in the followin• onlcl!b= C'•4 limi1!I!' • 
O~ at -1.5 mmutcs. CO~ at 4.5 minutes. and N~b at · · · wcs. , le ruy.ili,()I 
be ;crmmatcc at 10 minutes. The response of the EQ::>'1i ecorci~'-_ ,., DAS.~. -~ 
shows a chromatoEram for 1"~0 anai.vsis. .~~ - - . ~ . ·. 

• Conc:iuo: l~C tri!)liC3tC anaiySlS oi unkn~ as ~. . d ab~ . '~ " ?, 

• Th~~ sequenc: lS QC sample (dupli. · · ownf,1catc). ~wdt 
( mo.ucate l. and QC samolc. · 

• De~er::mnc the concen~tion of N-0 ~ ~own ~the :'CSl:1lt or e QC sampie 

. The following cakulations arc ~~o quantify . · oxide ~~tions in c:aQI 

IJ.Il.Kilown izas samt,Je: ~"-' ~ ~ 
• l.:ncorr..;,ed :-:,o cono,Nn for ,pie ~pie. 

~] ob~d = PA Cd 
wher:: .<lllt' 0 r~ 

~ ~ "1!1:.~ 
P,~~ = ~=~~~d from calibration c-.IIVC. 

9-f~~, 
• :-J:O conce. ~~field ~corrected for instrument drif: and sample loop 

pressure ~~a1>· ~ 
[N,o I ~ ~,O] o~loopl x <293.16/T"C - 273.16). 

woe~, ~ 
. (~ ~ la. 11 

'1"'_'.:~- ~~ 
~-~:O} 0 ~ 0 co:r:cemraocn in field sampies. calcula:ed. f:om cahbration curve. 
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P100p = a~luu:_ ~ in sample loop as indicated by mercmy manoni.~ 
pnor to mJecno:i. ~, ~ 

PC = ambient te::nperarure :n degrees Celc.:ius. A' 
~e.; v~ • .-\.ccuracv c:xcrcssed as oercent deviation. 

100 • cx-nir . 

whe: - avc,a .. tn<amICd value = ~ X- ~ .;s' . Si 
T-m,c~ue ~ c,0 fJ ~ 

• Pre=on expressed as reiativc SWICiaraoimn (RSDRi,emx~tioo <CV), 

?-~•100~~ ~~ ?' 
whc::e: 

S = St>naard deTiatioo "rfll.;"4t~~ • 
2..0 QUALITY CONTRO' ~ EM~ C, 
2.i QCCheCkS ~r- ,-ip~ 

• Tn~_:.:::~~ oi~J1U~-~-· ~on wuf9.m~torcd wtth _ve~.iied ~C ~pies as 
ouumea _ . , cat _ ~cti )a ~n the results or the QC c:ieCK aeviate 
f:cm th • bv than steos will be taken to correct the 
probi an a full _ int be conciucted. 

• Gas cyiinw,rs COD~~- CDr (100 psi} will DOt be used. 

Z2 ~c :::~~~~'fJ" on ttipli= ~of each sampl~ 

• Do=~on ~ 
!~ ~~tory '.':ot~~ep ail test :esultS. cailbration data. and quality control 
~,;;-. a O<:J--W.,ory notebook- Sign and date !!le notebook at time of data 
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TECHNICAL REPORT DATA 
(Plccsc- read illlUn:ctions :,n the re<·crsc before comp/c-r" 

1 REPORT NO. ,2. 3. 

EPA-600/R-93-088 
..1. Tl-:"LE ANO SUBTITLE 5. REPORT DATE 

Development of Sampling and lmalytical Methods for May 1993 
the Measurement of Nitrous Oxide from Fossil Fuel 6. PERl'ORMING ORGANIZATION CODE 

Combustion Sources 
7. A~Tl-'OR(SI 8. PERl'ORMINO ORGANIZATION REPORT NO. 

Jeffrey V. Ryan and Shawn A. Karns 

Iii. PERFORMING OROANIZATION NAME AND ADDAE:.S 10. PAC>GRAM l:.LEI\IIENT NO. 

Acurex Environmental Corporation 
P.O. Box 13109 i 11. CONTRACT/Cl RANT NO. 

Research Triangle Park. :Korth Carolina 27709 j 68-DO-0141, Tasks 91-021, 
92-066 and 93- 133 --12. SPONSORING AGENCY N4.ME ANO AOORESS 13. TVPI;: OF REPORT ANO PERIOD COVERED 

EPA: Office of Research and Development Task Final; 10/89 - 3/93 
14. SPONSORING AGENCY CODE 

Air and Ener~y Engineering Research Laboratory 
Research Triangle Park, NC 27711 EPA/600/13 
,s. suPPLEMENTARY NoTEs .1\EERL project officer is William. P. Linak, Mail Drop 65. 919/ 
541-5792. 

u;. ABSTRACT The report documents the technical approach and results achieved while 
developing a grab sampling method and an automated, on- line gas chromatography 
method suitable to characterize nitrous oxide (:N'2O) emissions from fossil fuel com-
bus ti on sources. The two methods developed have been documented in the form of 
u. s. EPA/ .l~EERL Recollllllended Operating Procedures. The combustion of fossil 
fuels is suspected to contribute to measured increases in a.n1bient concentrations of 
N2C. Accurate and reliable measurement techniques would help to assess the rela-
tive contribution of fossil fuel combustion N2O emissions to the increase in ambient 
concentrations. The characterization of N2O emissions from fossil fuel combustion 
sources has been hindered by the lack of suitable and acceptable grab sar:1pling and 
on-line monitoring methodologies. Grab samples have been shown to be compromised 
by a sampling artifact in which N2O is actually generated in the sample container in 
the presence of sulfur dioxide (SO2). nitrogen ox.ides {NCx), and moisture. On-line 
monitoring techniques are limited and, of those available, instrument costs are of-
ten prohibitive, detection levels are often insufficient. and the techniques are often 
susceptible to interferences present in combustion process effluents. 

17. KEY WORDS ANO OOCUMENT ANALYSIS 

ia. DESCRIPTORS b.lCENTIFIERS/OPEN ENCEC TERMS C. COSATI Field/Group 

Pollution Analyzing Pollution Control 13B 
Nitrogen Oxide (N2O) Gas Chromato- Stationary Sources 07B 
Fossil Fuels graphy 21D 07D 
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Sampling 14B 

18. CISTRIBUTION STATEM&NT 19. SECURITY CLASS (11ris Reperr) 21. NO. OF PAGES 

Unclassified 142 
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