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Appendi x A of part 63 is anmended by addi ng, in nunerical
order, Methods 320 and 321 to read as foll ows:
Appendi x Ato Part 63-Test Mt hods
S—_—
TEST METHOD 320
MEASUREMENT OF VAPOR PHASE ORGANIC AND INORGANIC EMISSIONS

BY EXTRACTIVE FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY
1.0 Introduction.

Persons unfamliar with basic el enents of FTIR
spectroscopy should not attenpt to use this nmethod. This
met hod descri bes sanpling and anal ytical procedures for
extractive em ssion nmeasurenents using Fourier transform
infrared (FTIR) spectroscopy. Detailed analyti cal
procedures for interpreting infrared spectra are descri bed
in the "Protocol for the Use of Extractive Fourier Transform
Infrared (FTIR) Spectrometry in Anal yses of Gaseous
Em ssions from Stationary Sources,"” hereafter referred to as
the "Protocol." Definitions not given in this nethod are
given in appendix A of the Protocol. References to specific
sections in the Protocol are made throughout this Method.

For additional information refer to references 1 and 2, and
ot her EPA reports, which describe the use of FTIR
spectronetry in specific field nmeasurenent applications and

validation tests. The sanpling procedure described here is
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extractive. Flue gas is extracted through a heated gas
transport and handling system For sone sources, sanple
condi tioning systens may be applicable. Sone exanples are
given in this nethod. Note: sanple conditioning systens
may be used providing the nethod validation requirenents in
Sections 9.2 and 13.0 of this nethod are net.
1.1 Scope and Applicability.
1.1.1 Analytes. Analytes include hazardous air pollutants
(HAPs) for which EPA reference spectra have been devel oped.
O her conpounds can al so be neasured with this nmethod if
reference spectra are prepared according to section 4.6 of
t he protocol.
1.1.2 Applicability. This nmethod applies to the analysis
of vapor phase organic or inorganic conpounds whi ch absorb
energy in the md-infrared spectral region, about 400 to
4000 cm?! (25 to 2.5 ym. This nethod is used to determ ne
conpound-specific concentrations in a nulti-conponent vapor
phase sanple, which is contained in a closed-path gas cell.
Spectra of sanples are coll ected using double beaminfrared
absorption spectroscopy. A conputer programis used to
anal yze spectra and report conpound concentrati ons.
1.2 Method Range and Sensitivity. Analytical range and
sensitivity depend on the frequency-dependent anal yte
absorptivity, instrunment configuration, data collection

paraneters, and gas stream conposition. Instrunment factors



4
i nclude: (a) spectral resolution, (b) interferoneter signa
averaging tine, (c) detector sensitivity and response, and
(d) absorption path |ength.

1.2.1 For any optical configuration the analytical range is
bet ween t he absorbance val ues of about .01 (infrared
transmttance relative to the background = 0.98) and 1.0 (T
= 0.1). (For absorbance > 1.0 the relation between

absor bance and concentration may not be linear.)

1.2.2 The concentrations associated with this absorbance
range depend primarily on the cell path length and the
sanpl e tenperature. An anal yte absorbance greater than 1.0,
can be | owered by decreasing the optical path |ength.
Anal yt e absorbance increases with a | onger path | ength.

Anal yte detection al so depends on the presence of other
speci es exhi biting absorbance in the sane anal ytical region.
Additionally, the estimted | ower absorbance (A limt (A =
0.01) depends on the root nean square deviation (RVSBD) noise
in the anal ytical region.

1.2.3 The concentration range of this nmethod is determ ned
by the choice of optical configuration.

1.2.3.1 The absorbance for a given concentration can be
decreased by decreasing the path Iength or by diluting the
sanple. There is no practical upper limt to the

nmeasur ement range.

1.2.3.2 The anal yte absorbance for a given concentration
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may be increased by increasing the cell path length or (to
sone extent) using a higher resolution. Both nodifications
al so cause a correspondi ng i ncreased absorbance for al
conpounds in the sanple, and a decrease in the signa
t hroughput. For this reason the practical |ower detection
range (quantitation limt) usually depends on sanple
characteristics such as noisture content of the gas, the
presence of other interferants, and |l osses in the sanpling
system
1.3 Sensitivity. The limt of sensitivity for an optical
configuration and integration tine is determ ned using
appendi x D of the Protocol: M nimm Anal yte Uncertainty,
(MAU). The MAU depends on the RVMBD noise in an anal yti cal
region, and on the absorptivity of the analyte in the sane
regi on.
1.4 Data Quality. Data quality shall be determ ned by
executing Protocol pre-test procedures in appendices Bto H
of the protocol and post-test procedures in appendices | and
J of the protocol.
1.4.1 Measurenent objectives shall be established by the
choi ce of detection limt (DL;) and anal ytical uncertainty
(AU) for each anal yte.
1.4.2 An instrunental configuration shall be selected. An
estimate of gas conposition shall be nade based on previous

test data, data froma simlar source or information
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gathered in a pre-test site survey. Spectral interferants
shall be identified using the selected DL, and AU and band
areas fromreference spectra and interferant spectra. The
basel i ne noi se of the systemshall be neasured in each
anal ytical region to determne the MAU of the instrunent
configuration for each analyte and interferant (MU).
1.4.3 Data quality for the application shall be determ ned,
in part, by neasuring the RVS (root nean square) noise |evel
in each anal ytical spectral region (appendix C of the
Protocol). The RMS noise is defined as the RVMSD of the
absorbance values in an analytical region fromthe nmean
absor bance value in the region
1.4.4 The MAU is the m ni num anal yte concentration for
whi ch the AU can be maintained; if the neasured anal yte
concentration is |less than MAU, then data quality are
unaccept abl e.
2.0 Summary of Met hod.
2.1 Principle. References 4 through 7 provide background
material on infrared spectroscopy and quantitative anal ysis.
A sunmary is given in this section
2.1.1 Infrared absorption spectroscopy is perfornmed by
directing an infrared beamthrough a sanple to a detector.
The frequency-dependent infrared absorbance of the sanple is
measured by conparing this detector signal (single beam

spectrun) to a signal obtained without a sanple in the beam



pat h (background).

2.1.2 Most nol ecul es absorb infrared radiati on and the
absorbance occurs in a characteristic and reproduci bl e
pattern. The infrared spectrum neasures fundanent al

nmol ecul ar properties and a conpound can be identified from
its infrared spectrum al one.

2.1.3 Wthin constraints, there is a linear relationship
bet ween infrared absorption and conpound concentration. |If
this frequency dependent relationship (absorptivity) is
known (neasured), it can be used to determ ne conpound
concentration in a sanple m xture.

2.1.4 Absorptivity is neasured by preparing, in the

| aboratory, standard sanpl es of conpounds at known
concentrations and neasuring the FTIR "reference spectra" of
t hese standard sanples. These "reference spectra” are then
used in sanple analysis: (1) conpounds are detected by

mat chi ng sanpl e absorbance bands with bands in reference
spectra, and (2) concentrations are neasured by conparing
sanple band intensities with reference band intensities.
2.1.5 This nmethod is self-validating provided that the
results neet the performance requirenent of the QA spike in
sections 8.6.2 and 9.0 of this nmethod, and results froma
previ ous nethod validation study support the use of this
met hod in the application.

2.2 Sampling and Analysis. 1In extractive sanpling a probe
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assenbly and punp are used to extract gas fromthe exhaust
of the affected source and transport the sanple to the FTIR
gas cell. Typically, the sanpling apparatus is simlar to
t hat used for single-conponent continuous em ssion nonitor
(CEM neasurenents.
2.2.1 The digitized infrared spectrumof the sanple in the
FTIR gas cell is nmeasured and stored on a conputer.
Absor bance band intensities in the spectrumare related to
sanpl e concentrations by what is comonly referred to as

Beer's Law.

A =abc, D)
wher e:
A = absorbance at a given frequency of the ith sanple
conponent .
a, = absorption coefficient (absorptivity) of the ith

sanpl e conponent .
b = path length of the cell.
c; = concentration of the ith sanple conponent.
2.2.2 Analyte spiking is used for quality assurance (QA).
In this procedure (section 8.6.2 of this nethod) an anal yte
is spiked into the gas stream at the back end of the sanple
probe. Analyte concentrations in the spiked sanples are

conpared to anal yte concentrations in unspi ked sanpl es.
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Since the concentration of the spike is known, this
procedure can be used to determne if the sanpling systemis
renmovi ng the spiked anal yte(s) fromthe sanple stream
2.3 Reference Spectra Availability. Reference spectra of
over 100 HAPs are available in the EPA FTIR spectral library
on the EMII C (Em ssion Measurenent Technical Information
Center) conputer bulletin board service and at internet
address http://info.arnold.af.ml/epa/ wel cone. ht m
Ref erence spectra for HAPs, or other analytes, may al so be
prepared according to section 4.6 of the Protocol.
2.4 (Qperator Requirenents. The FTIR anal yst shall be
trained in setting up the instrunentation, verifying the
instrunment is functioning properly, and perform ng routine
mai nt enance. The anal yst nust evaluate the initial sanple
spectra to determine if the sanple matrix is consistent with
pre-test assunptions and if the instrument configuration is
suitable. The analyst nust be able to nodify the instrunent
configuration, if necessary.
2.4.1 The spectral analysis shall be supervised by soneone
famliar with EPA FTIR Protocol procedures.
2.4.2 A technician trained in instrunental test nethods is
qualified to install and operate the sanpling system This
includes installing the probe and heated |ine assenbly,
operating the anal yte spi ke system and perform ng noisture

and fl ow measur enents.
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3.0 Definitions.

See appendi x A of the Protocol for definitions relating
to infrared spectroscopy. Additional definitions are given
in sections 3.1 through 3. 29.

3.1 Analyte. A conpound that this nethod is used to
measure. The term"target analyte" is also used. This
method is nulti-conponent and a nunber of anal ytes can be
targeted for a test.

3.2 Reference Spectrum Infrared spectrum of an anal yte
prepared under controlled, docunented, and reproducible

| aboratory conditions according to procedures in section 4.6
of the Protocol. A library of reference spectra is used to
measure anal ytes in gas sanpl es.

3.3 Standard Spectrum A spectrumthat has been prepared
froma reference spectrumthrough a (docunented)

mat hemati cal operation. A conmon exanple is de-resolving of
reference spectra to |lower-resolution standard spectra
(Protocol, appendix Kto the addendum of this method).

St andard spectra, prepared by approved, and docunented,
procedures can be used as reference spectra for analysis.
3.4 Concentration. |In this nmethod concentration is
expressed as a nolar concentration, in ppmneters, or in
(ppmneters)/ K, where Kis the absolute tenperature
(Kelvin). The latter units allow the direct conparison of

concentrations fromsystens using different optical
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configurations or sanpling tenperatures.
3.5 Interferant. A conpound in the sanple matri x whose
infrared spectrumoverlaps with part of an anal yte spectrum
The nost accurate anal yte neasurenents are achi eved when
reference spectra of interferants are used in the
guantitative analysis with the anal yte reference spectra.
The presence of an interferant can increase the anal ytical
uncertainty in the nmeasured anal yte concentrati on.
3.6 Gas Cell. A gas containnent cell that can be
evacuated. It is equipped with the optical conponents to
pass the infrared beam through the sanple to the detector.
| mportant cell features include: path length (or range if
vari abl e), tenperature range, materials of construction, and
total gas vol une.
3.7 Sampling System Equi pnment used to extract the sanple
fromthe test |ocation and transport the sanple gas to the
FTIR anal yzer. This includes sanple conditioning systens.
3.8 Sanple Analysis. The process of interpreting the
infrared spectra to obtain sanple anal yte concentrations.
This process is usually automated using a software routine
enpl oying a classical |east squares (cls), partial |east
squares (pls), or K- or P- matrix nethod.
3.9 One hundred percent |ine. A double beamtransmttance
spect rum obt ai ned by conbi ni ng two background single beam

spectra. ldeally, this line is equal to 100 percent
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transmttance (or zero absorbance) at every frequency in the
spectrum Practically, a zero absorbance line is used to
measure the baseline noise in the spectrum
3.10 Background Deviation. A deviation from 100 percent
transmttance in any region of the 100 percent I|ine.
Devi ations greater than + 5 percent in an anal ytical region
are unaccept abl e (absorbance of 0.021 to -0.022). Such
devi ations indicate a change in the instrunment throughput
relative to the background single beam

3.11 Batch Sanpling. A procedure where spectra of

di screet, static sanples are collected. The gas cell is
filled wth sanple and the cell is isolated. The spectrum
is collected. Finally, the cell is evacuated to prepare for

t he next sanpl e.

3.12 Continuous Sanpling. A procedure where spectra are
collected while sanple gas is flowng through the cell at a
nmeasured rate.

3.13 Sanpling resolution. The spectral resolution used to
col l ect sanpl e spectra.

3.14 Truncation. Limting the nunber of interferogram data
points by deleting points farthest fromthe center burst
(zero path difference, ZPD).

3.15 Zero filling. The addition of points to the
interferogram The position of each added point is

i nterpol ated from nei ghboring real data points. Zero
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filling adds no information to the interferogram but
affects |ine shapes in the absorbance spectrum (and possibly
anal ytical results).
3.16 Reference CTS. Calibration Transfer Standard spectra
that were collected with reference spectra.
3.17 CTS Standard. CTS spectrum produced by applying a de-
resolution procedure to a reference CTS.
3.18 Test CTS. CTS spectra collected at the sanpling
resolution using the sanme optical configuration as for
sanpl e spectra. Test spectra help verify the resol ution,
tenperature and path length of the FTIR system
3.19 RMSD. Root Mean Square Difference, defined in EPA
FTIR Protocol, appendix A
3.20 Sensitivity. The noise-limted conpound-dependent
detection limt for the FTIR systemconfiguration. This is
estimated by the MAU. It depends on the RMSD in an
anal ytical region of a zero absorbance |ine.
3.21 Quantitation Limt. The lower Iimt of detection for
the FTIR system configuration in the sanple spectra. This
is estimated by mathematically subtracting scal ed reference
spectra of analytes and interferences from sanple spectra,
then nmeasuring the RMSD in an anal ytical region of the
subtracted spectrum Since the noise in subtracted sanple
spectra may be nuch greater than in a zero absorbance

spectrum the quantitation [imt is generally nuch higher
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than the sensitivity. Renoving spectral interferences from
the sanple or inproving the spectral subtraction can | ower
the quantitation limt toward (but not bel ow) the
sensitivity.
3.22 Independent Sanple. A unique volune of sanple gas;
there is no mxing of gas between two consecutive
i ndependent sanples. In continuous sanpling two i ndependent
sanpl es are separated by at least 5 cell volunmes. The
i nterval between independent neasurenents depends on the
cell volume and the sanple flow rate (through the cell).
3.23 Measurenent. A single spectrum of flue gas contained
in the FTIR cell.
3.24 Run. A run consists of a series of measurenents. At
a mninmuma run includes 8 independent neasurenents spaced
over 1 hour.
3.25 Validation. Validation of FTIR neasurenents is
described in sections 13.0 through 13.4 of this nethod.
Validation is used to verify the test procedures for
measuring specific analytes at a source. Validation
provi des proof that the method works under certain test
condi ti ons.
3.26 Validation Run. A validation run consists of at |east
24 nmeasurenents of independent sanples. Half of the sanples
are spi ked and half are not spiked. The length of the run

is determned by the interval between independent sanpl es.
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3.27 Screening. Screening is used when there is little or
no avail abl e i nformati on about a source. The purpose of
screening is to determ ne what anal ytes are emtted and to
obtain information about inportant sanple characteristics
such as noisture, tenperature, and interferences. Screening
results are sem -quantitative (estimted concentrations) or
qualitative (identification only). Various optical and
sanpling configurations may be used. Sanple conditioning
systens may be evaluated for their effectiveness in renoving
interferences. It is unnecessary to performa conplete run
under any set of sanpling conditions. Spiking is not
necessary, but spiking can be a useful screening tool for
eval uating the sanpling system especially if a reactive or
sol uble analyte is used for the spike.
3.28 Em ssions Test. An FTIR em ssions test is perforned
accordi ng specific sanpling and anal ytical procedures.
These procedures, for the target anal ytes and the source,
are based on previous screening and validation results.
Em ssion results are quantitative. A QA spike (sections
8.6.2 and 9.2 of this nethod) is perfornmed under each set of
sanpling conditions using a representative analyte. Flow,
gas tenperature and diluent data are recorded concurrently
with the FTIR neasurenents to provide nmass em ssion rates
for detected conpounds.

3.29 Surrogate. A surrogate is a conpound that is used in
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a QA spike procedure (section 8.6.2 of this nethod) to
represent other conmpounds. The chem cal and physi cal
properties of a surrogate shall be simlar to the conpounds
it is chosen to represent. Under given sanpling conditions,
usually a single sanpling factor is of primary concern for
measuring the target analytes: for exanple, the surrogate
spi ke results can be representative for analytes that are
nore reactive, nore soluble, have a | ower absorptivity, or
have a | ower vapor pressure than the surrogate itself.
4.0 Interferences.

Interferences are divided into two classifications:
anal ytical and sanpli ng.
4.1 Analytical Interferences. An analytical interference
is a spectral feature that conplicates (in extrene cases nay
prevent) the analysis of an analyte. Analytical
interferences are classified as background or spectral
i nterference.
4.1.1 Background Interference. This results froma change
in throughput relative to the single beam background. It is
corrected by collecting a new background and proceeding with
the test. |In severe instances the cause nust be identified
and corrected. Potential causes include: (1) deposits on
reflective surfaces or transmtting w ndows, (2) changes in
detector sensitivity, (3) a change in the infrared source

output, or (4) failure in the instrunent electronics. 1In
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routine sanpling throughput may degrade over several hours.
Peri odi cally a new background nust be collected, but no
ot her corrective action wll be required.
4.1.2 Spectral Interference. This results fromthe
presence of interfering conmpound(s) (interferant) in the
sanple. Interferant spectral features overlap anal yte
spectral features. Any conpound with an infrared spectrum
i ncludi ng anal ytes, can potentially be an interferant. The
Prot ocol neasures absorbance band overlap in each anal yti cal
region to determne if potential interferants shall be
classified as known interferants (FTIR Protocol, section 4.9
and appendi x B). Water vapor and CO, are common spectr al
interferants. Both of these conpounds have strong infrared
spectra and are present in many sanple matrices at high
concentrations relative to anal ytes. The extent of
interference depends on the (1) interferant concentration,
(2) anal yte concentration, and (3) the degree of band
overlap. Choosing an alternate anal ytical region can
m nimze or avoid the spectral interference. For exanple,
CO, interferes with the analysis of the 670 cm?! benzene
band. However, benzene can al so be neasured near 3000 cm?
(with less sensitivity).
4.2 Sanpling SystemInterferences. These prevent anal ytes
fromreaching the instrument. The anal yte spi ke procedure

is designed to neasure sanpling systeminterference, if any.
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4.2.1 Tenperature. A tenperature that is too | ow causes
condensati on of analytes or water vapor. The materials of
the sanpling systemand the FTIR gas cell wusually set the
upper limt of tenperature.
4.2.2 Reactive Species. Anything that reacts with
anal ytes. Sonme anal ytes, |ike formal dehyde, polynerize at
| ower tenperatures.
4.2.3 Materials. Poor choice of material for probe, or
sanpling line may renove sone anal ytes. For exanple, HF
reacts with glass conponents.
4.2.4 NMoisture. In addition to being a spectral
interferant, condensed noi sture renoves sol ubl e conpounds.
5.0 Safety.

The hazards of performng this nmethod are those
associ ated with any stack sanpling nethod and the sane
precautions shall be followed. Mny HAPs are suspected
carci nogens or present other serious health risks. Exposure
to these conpounds should be avoided in all circunstances.
For instructions on the safe handling of any particular
conpound, refer to its material safety data sheet. \Wen
usi ng anal yte standards, always ensure that gases are
properly vented and that the gas handling systemis |eak
free. (Always performa |leak check with the system under
maxi mum vacuum and, again, with the systemat greater than

anbi ent pressure.) Refer to section 8.2 of this nethod for
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| eak check procedures. This nmethod does not address all of
the potential safety risks associated wwth its use. Anyone
performng this nethod nust follow safety and heal th
practices consistent with applicable |egal requirenents and
wi th prudent practice for each application.
6.0 Equi pnent and Suppli es.

Not e: Mention of trade nanes or specific products does

not constitute endorsenent by the Environnental

Protecti on Agency.

The equi pnment and supplies are based on the schematic
of a sanpling systemshown in Figure 1. Either the batch or
conti nuous sanpling procedures nay be used with this
sanpling system Alternative sanpling configurations may
al so be used, provided that the data quality objectives are
met as determned in the post-analysis evaluation. O her
equi pnent or supplies nmay be necessary, depending on the
design of the sanpling systemor the specific target
anal yt es.

6.1 Sanpling Probe. dass, stainless steel, or other
appropriate material of sufficient |ength and physical
integrity to sustain heating, prevent adsorption of

anal ytes, and to transport analytes to the infrared gas
cell. Special materials or configurations nmay be required
in sone applications. For instance, high stack sanple

tenperatures may require special steel or cooling the probe.
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For very high noisture sources it may be desirable to use a
di lution probe.
6.2 Particulate Filters. A glass wool plug (optional)
inserted at the probe tip (for large particul ate renoval)
and a filter (required) rated for 99 percent renoval
efficiency at 1-mcron (e.g., Balston™ connected at the
outl et of the heated probe.
6.3 Sanpling Line/Heating System Heated (sufficient to
prevent condensation) stainless steel,
pol ytetrafl uoroet hane, or other material inert to the
anal yt es.
6.4 Gas Distribution Manifold. A heated manifold allow ng
the operator to control flows of gas standards and sanpl es
directly to the FTIR system or through sanple conditioning
systens. Usually includes heated flow neter, heated val ve
for selecting and sending sanple to the anal yzer, and a by-
pass vent. This is typically constructed of stainless steel
tubing and fittings, and hi gh-tenperature val ves.
6.5 Stainless Steel Tubing. Type 316, appropriate dianeter
(e.g., 3/8in.) and length for heated connections. Higher
grade stainless may be desirable in some applications.
6.6 Calibration/Analyte Spike Assenbly. A three way val ve
assenbly (or equivalent) to introduce anal yte or surrogate
spi kes into the sanpling systemat the outlet of the probe

upstream of the out-of-stack particulate filter and the FTIR
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anal ytical system
6.7 Mss Flow Meter (MFM. These are used for neasuring
anal yte spike flow The MFM shall be calibrated in the range
of O to 5 L/mn and be accurate to £ 2 percent (or better)
of the flow neter span.
6.8 Gas Regul ators. Appropriate for individual gas
st andar ds.
6.9 Pol ytetrafl uoroethane Tubing. D anmeter (e.g., 3/8 in.)
and length suitable to connect cylinder regulators to gas
standard mani f ol d.
6.10 Sanple Punp. A leak-free punmp (e.g., KNF"), wth by-
pass val ve, capable of producing a sanple flow rate of at
| east 10 L/mn through 100 ft of sanple line. |If the punp
is positioned upstreamof the distribution manifold and FTIR
system use a heated punp that is constructed frommaterials
non-reactive to the analytes. |[If the punp is |ocated
downstream of the FTIR system the gas cell sanple pressure
will be | ower than anmbi ent pressure and it nust be recorded
at regular intervals.
6.11 Gas Sanple Manifold. Secondary manifold to contro
sanple flow at the inlet to the FTIR manifold. This is
optional, but includes a by-pass vent and heated rotaneter.
6.12 Rotanmeter. A O to 20 L/mn rotaneter. This neter
need not be cali brated.

6.13 FTIR Anal ytical System Spectroneter and detector,
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capabl e of neasuring the analytes to the chosen detection
limt. The systemshall include a personal conputer with
conpati ble software all ow ng aut omated col |l ecti on of
spectr a.
6.14 FTIR Cell Punp. Required for the batch sanpling
t echni que, capable of evacuating the FTIR cell volunme within
2 mnutes. The punping speed shall allow the operator to
obtain 8 sanple spectra in 1 hour.
6.15 Absolute Pressure Gauge. Capable of neasuring
pressure fromO to 1000 mmHg to within £ 2.5 mg (e.qg.,
Baratron™).
6.16 Tenperature Gauge. Capable of neasuring the cel
tenperature to within £ 2°C
6.17 Sanple Conditioning. One option is a condenser
system which is used for noisture renoval. This can be
hel pful in the nmeasurenent of sonme analytes. Qher sanple
condi tioning procedures may be devised for the renoval of
noi sture or other interfering species.
6.17.1 The anal yte spi ke procedure of section 9.2 of this
met hod, the QA spi ke procedure of section 8.6.2 of this
met hod, and the validation procedure of section 13 of this
met hod denonstrate whether the sanple conditioning affects
anal yte concentrations. Alternatively, measurenents can be
made with two parallel FTIR systens; one neasuring

condi tioned sanple, the other neasuring unconditioned



23
sanpl e.
6.17.2 Another option is sanple dilution. The dilution
factor nmeasurenent nust be docunented and accounted for in
the reported concentrations. An alternative to dilution is
to lower the sensitivity of the FTIR system by decreasing
the cell path length, or to use a short-path cell in
conjunction with a long path cell to neasure nore than one
concentration range.
7.0 Reagents and St andards.
7.1 Analyte(s) and Tracer Gas. btain a certified gas
cylinder mxture containing all of the anal yte(s) at
concentrations within £ 2 percent of the em ssion source
| evel s (expressed in ppmneter/K). |If practical, the
anal yte standard cylinder shall also contain the tracer gas
at a concentration which gives a neasurabl e absorbance at a
dilution factor of at least 10:1. Two ppm SFg i s sufficient
for a path length of 22 neters at 250 °F
7.2 Calibration Transfer Standard(s). Select the
calibration transfer standards (CTS) according to section
4.5 of the FTIR Protocol. Oobtain a National Institute of
St andards and Technol ogy (NI ST) traceable gravinetric
standard of the CIS (= 2 percent).
7.3 Reference Spectra. Obtain reference spectra for each
anal yte, interferant, surrogate, CTS, and tracer. |f EPA

reference spectra are not available, use reference spectra
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prepared according to procedures in section 4.6 of the EPA
FTI R Prot ocol
8.0 Sanpling and Anal ysis Procedure.

Three types of testing can be perforned: (1) screening,
(2) emssions test, and (3) validation. Each is defined in
section 3 of this nmethod. Determ ne the purpose(s) of the
FTIR test. Test requirenents include: (a) AU, DL;, overal
fractional uncertainty, OFU, maxinmum expected concentration
(CVAX;), and t, for each, (b) potential interferants, (c)
sanpling systemfactors, e.g., mninmm absolute cel
pressure, (P4, ., FTIR cell volunme (Vg), estimted sanple
absorption pathlength, L, estinmated sanple pressure, Pg,
TS, signal integration time (tg), mninmuminstrunental
linewdth, ML, fractional error, and (d) analytica
regions, e.g., m=1to M |ower wavenunber position, FL,
center wavenunber position, FG, and upper wavenunber
position, FU, plus interferants, upper wavenunber position
of the CTS absorption band, FFU, |ower wavenunber position
of the CTS absorption band, FFL, wavenunber range FNU to
FNL. If necessary, sanple and acquire an initial spectrum
From anal ysis of this prelimnary spectrumdeterm ne a
sui tabl e operational path length. Set up the sanpling train
as shown in Figure 1 or use an appropriate alternative
configuration. Sections 8.1 through 8.11 of this nethod

provi de gui dance on pre-test calculations in the EPA
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protocol, sanpling and anal ytical procedures, and post-test
prot ocol cal cul ati ons.
8.1 Pretest Preparations and Eval uations. Using the
procedure in section 4.0 of the FTIR Protocol, determ ne the
opti mum sanpl i ng system configuration for measuring the
target analytes. Use available information to nmake
reasonabl e assunptions about noi sture content and ot her
i nterferences.
8.1.1 Analytes. Select the required detection limt (DL;)
and the maxi mum perm ssi bl e anal ytical uncertainty (AU) for
each analyte (labeled from1l toi). Estimate, if possible,
t he maxi num expected concentration for each anal yte, CMAX.
The expected neasurenent range is fixed by DL, and CVAX, for
each analyte (i).
8.1.2 Potential Interferants. List the potenti al
interferants. This usually includes water vapor and CO
but may al so include sone anal ytes and ot her conpounds.
8.1.3. Optical Configuration. Choose an optical
configuration that can neasure all of the analytes within
t he absorbance range of .01 to 1.0 (this may require nore
than one path length). Use Protocol sections 4.3 to 4.8 for
gui dance in choosing a configuration and neasuring CTS.
8.1.4. Fractional Reproducibility Uncertainty (FRU). The
FRU is determ ned for each anal yte by conparing CTS spectra

taken before and after the reference spectra were neasured.
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The EPA para-xyl ene reference spectra were collected on
10/31/91 and 11/01/91 with correspondi ng CTS spectra
"ctsl03la," and "ctsl1101b." The CTS spectra are used to
estimate the reproducibility (FRU) in the systemthat was
used to collect the references. The FRU nust be < AU.
Appendi x E of the protocol is used to calculate the FRU from
CTS spectra. Figure 2 plots results for 0.25 cm?! CTS
spectra in EPA reference library: S; (ctsl1l101b - ctsl1031a),
and S, [(cts1101b + ctsl1l03l1la)/2]. The RMSD (SRMS) is
calculated in the subtracted baseline, S;, in the
corresponding CTS region from 850 to 1065 cm!. The area
(BAV) is calculated in the sane region of the averaged CTS
spectrum S,.
8.1.5 Known Interferants. Use appendix B of the EPA FTIR
Pr ot ocol
8.1.6 Calculate the Mninum Anal yte Uncertainty, MAU
(section 1.3 of this nmethod di scusses MAU and protocol
appendi x D gives the MAU procedure). The MAU for each
anal yte, i, and each analytical region, m depends on the
RMS noi se.
8.1.7 Analytical Program See FTIR Protocol, section 4.10.
Prepare conputer program based on the chosen anal ytica
technique. Use as input reference spectra of all target
anal ytes and expected interferants. Reference spectra of

addi ti onal conpounds shall also be included in the program
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if their presence (even if transient) in the sanples is
consi dered possi ble. The program out put shall be in ppm (or
ppb) and shall be corrected for differences between the
reference path length, Lg tenperature, Tg and pressure, Pg
and the conditions used for collecting the sanple spectra.
If sanpling is perforned at anbi ent pressure, then any
pressure correction is usually small relative to corrections
for path length and tenperature, and may be negl ect ed.
8.2 Leak-check.
8.2.1 Sampling System A typical FTIR extractive sanpling
train is shown in Figure 1. Leak check fromthe probe tip
to punp outlet as follows: Connect a O— to 250-m./mn rate
meter (rotameter or bubble neter) to the outlet of the punp.
Close off the inlet to the probe, and record the | eak rate.
The | eak rate shall be < 200 niL/ m n.
8.2.2 Analytical System Leak check. Leak check the FTIR
cell under vacuum and under pressure (greater than anbient).
Leak check connecting tubing and inlet manifold under
pressure.
8.2.2.1 For the evacuated sanple technique, close the valve
to the FTIR cell, and evacuate the absorption cell to the
m ni mrum absol ute pressure P,;,. Cose the valve to the punp,
and determ ne the change in pressure )P, after 2 m nutes.
8.2.2.2 For both the evacuated sanple and purging

t echni ques, pressurize the systemto about 100 mmHg above
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at nospheric pressure. |Isolate the punp and determ ne the
change in pressure )P, after 2 m nutes.
8.2.2.3 Measure the baronetric pressure, P, in nmHg.
8.2.2.4 Determne the percent |eak volume %/, for the
signal integration tinme tg and for )P, 1.e., the larger of

)P, or )P, as follows:

AP,
%V, = 50t Pmax @)
SS

where 50 = 100% di vi ded by the | eak-check tinme of 2 m nutes.
8.2.2.5 Leak volunmes in excess of 4 percent of the FTIR
system vol une Vg are unaccept abl e.

8.3 Detector Linearity. Once an optical configuration is
chosen, use one of the procedures of sections 8.3.1 through
8.3.3 to verify that the detector response is linear. |If
the detector response is not |inear, decrease the aperture,
or attenuate the infrared beam After a change in the

i nstrunment configuration performa linearity check until it
is denonstrated that the detector response is |inear.

8.3.1 Vary the power incident on the detector by nodifying
the aperture setting. Measure the background and CTS at
three instrunment aperture settings: (1) at the aperture
setting to be used in the testing, (2) at one half this

aperture and (3) at twi ce the proposed testing aperture.
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Conpare the three CTS spectra. CTS band areas shall agree
to wthin the uncertainty of the cylinder standard and the
RMSD noise in the system |If test aperture is the maxi num
aperture, collect CTS spectrum at nmaxi mum aperture, then
cl ose the aperture to reduce the IR throughput by half.
Col | ect a second background and CTS at the smaller aperture
setting and conpare the spectra again.
8.3.2 Use neutral density filters to attenuate the infrared
beam Set up the FTIR systemas it will be used in the test
measurenents. Collect a CIS spectrum Use a neutral
density filter to attenuate the infrared beam (either
i medi ately after the source or the interferoneter) to
approximately 1/2 its original intensity. Collect a second
CTS spectrum Use another filter to attenuate the infrared
beam to approximately 1/4 its original intensity. Collect a
third background and CTS spectrum Conpare the CTS spectra.
CTS band areas shall agree to wthin the uncertainty of the
cylinder standard and the RMSD noise in the system
8.3.3 (Qoserve the single beaminstrunment response in a
frequency region where the detector response is known to be
zero. Verify that the detector response is "flat" and equal
to zero in these regions.
8.4 Data Storage Requirenents. All field test spectra
shal |l be stored on a conputer disk and a second backup copy

must stored on a separate disk. The stored information
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i ncl udes sanple interferograns, processed absorbance
spectra, background interferograns, CTS sanple
interferograns and CTS absorbance spectra. Additionally,
docunentation of all sanple conditions, instrunent settings,
and test records nust be recorded on hard copy or on
conputer nmedium Table 1 gives a sanple presentation of
docunent ati on.
8.5 Background Spectrum Evacuate the gas cell to < 5
mg, and fill with dry nitrogen gas to anbient pressure (or
purge the cell with 10 volunes of dry nitrogen). Verify
that no significant anmounts of absorbing species (for
exanpl e water vapor and CO,) are present. Collect a
background spectrum using a signal averaging period equal
to or greater than the averagi ng period for the sanple
spectra. Assign a unique file nanme to the background
spectrum Store two copies of the background interferogram
and processed singl e-beam spectrum on separate conputer
di sks (one copy is the back-up).
8.5.1 Interference Spectra. |f possible, collect spectra
of known and suspected major interferences using the sane
optical systemthat will be used in the field neasurenents.
This can be done on-site or earlier. A nunber of gases,
e.g. CO, SO, CO NH;, are readily available fromcylinder
gas suppliers.

8.5.2 Water vapor spectra can be prepared by the follow ng
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procedure. Fill a sanple tube with distilled water.
Evacuat e above the sanple and renove di ssol ved gasses by
alternately freezing and thawi ng the water whil e evacuating.
Al'l ow wat er vapor into the FTIR cell, then dilute to
at nospheric pressure with nitrogen or dry air. |If
gquantitative water spectra are required, followthe
reference spectrum procedure for neat sanples (protocol,
section 4.6). Oten, interference spectra need not be
quantitative, but for best results the absorbance nust be
conparable to the interference absorbance in the sanple
spectr a.
8.6 Pre-Test Calibrations
8.6.1 Calibration Transfer Standard. Evacuate the gas cel
to < 5 mmHg absolute pressure, and fill the FTIR cell to
at nospheric pressure with the CTS gas. Alternatively, purge
the cell wth 10 cell volunes of CTS gas. (If purge is
used, verify that the CTS concentration in the cell is
stable by collecting two spectra 2 mnutes apart as the CTS
gas continues to flow |If the absorbance in the second
spectrumis no greater than in the first, within the
uncertainty of the gas standard, then this can be used as
the CTS spectrum) Record the spectrum
8.6.2 QA Spike. This procedure assunes that the nethod has
been validated for at |east sone of the target anal ytes at

the source. For em ssions testing performa QA spike. Use
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a certified standard, if possible, of an anal yte, which has
been validated at the source. One analyte standard can
serve as a QA surrogate for other analytes which are |ess
reactive or |less soluble than the standard. Performthe
spi ke procedure of section 9.2 of this nethod. Record
spectra of at |east three independent (section 3.22 of this
nmet hod) spi ked sanples. Calculate the spi ked conmponent of
the anal yte concentration. |If the average spi ked
concentration is within 0.7 to 1.3 tinmes the expected
concentration, then proceed with the testing. |If
applicable, apply the correction factor fromthe Method 301
of this appendix validation test (not the result fromthe QA
spi ke).
8.7 Sampling. |If analyte concentrations vary rapidly with
time, continuous sanpling is preferable using the small est
cell volune, fastest sanpling rate and fastest spectra
collection rate possible. Continuous sanpling requires the
| east operator intervention even wthout an autonated
sanpling system For continuous nonitoring at one | ocation
over |long periods, Continuous sanpling is preferred. Batch
sanpling and continuous static sanpling are used for
screening and performng test runs of finite duration.
Ei ther technique is preferred for sanpling several |ocations
in a mtter of days. Batch sanpling gives reasonably good

time resolution and ensures that each spectrum neasures a
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di screet (and unique) sanple volune. Continuous static (and
conti nuous) sanpling provide a very stable background over
| ong periods. Like batch sanpling, continuous static
sanpling al so ensures that each spectrum neasures a uni que
sanple volune. It is essential that the | eak check
procedure under vacuum (section 8.2 of this nmethod) is
passed if the batch sanpling procedure is used. It is
essential that the | eak check procedure under positive
pressure is passed if the continuous static or continuous
sanpling procedures are used. The sanpling techniques are
described in sections 8.7.1 through 8.7.2 of this nethod.
8.7.1 Batch Sanpling. Evacuate the absorbance cell to
< 5 mHg absolute pressure. Fill the cell wth exhaust gas
to anmbi ent pressure, isolate the cell, and record the
spectrum Before taking the next sanple, evacuate the cel
until no spectral evidence of sanple absorption renains.
Repeat this procedure to collect eight spectra of separate
sanples in 1 hour.
8.7.2 Continuous Static Sanpling. Purge the FTIR cell with
10 cell volunes of sanple gas. Isolate the cell, collect
the spectrumof the static sanple and record the pressure.
Bef ore neasuring the next sanple, purge the cell with 10
nore cell volunes of sanple gas.
8.8 Sampling QA and Reporti ng.

8.8.1 Sanple integration tines shall be sufficient to
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achieve the required signal-to-noise ratio. Cbtain an
absor bance spectrumby filling the cell with N, Measure
the RMSD in each analytical region in this absorbance
spectrum Verify that the nunber of scans used is
sufficient to achieve the target MAU.
8.8.2 Assign a unique file nanme to each spectrum
8.8.3 Store two copies of sanple interferograns and
processed spectra on separate conputer disks.
8.8.4 For each sanple spectrum docunent the sanpling
conditions, the sanpling tinme (while the cell was being
filled), the tinme the spectrumwas recorded, the
instrunmental conditions (path I ength, tenperature, pressure,
resolution, signal integration tine), and the spectral file
name. Keep a hard copy of these data sheets.
8.9 Signal Transmttance. While sanpling, nonitor the

signal transmttance. |If signal transmttance (relative to

t he background) changes by 5 percent or nore (absorbance
-.02 to .02) in any analytical spectral region, obtain a new
background spectrum

8.10 Post-test CIS. After the sanpling run, record anot her
CTS spectrum

8.11 Post-test QA

8.11.1 Inspect the sanple spectra inmmediately after the run
to verify that the gas matri x conposition was close to the

expected (assuned) gas matri Xx.
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8.11.2 Verify that the sanpling and instrunental paraneters
were appropriate for the conditions encountered. For
exanple, if the noisture is nmuch greater than antici pated,
it my be necessary to use a shorter path length or dilute
t he sanpl e.
8.11.3 Conpare the pre- and post-test CTS spectra. The
peak absorbance in pre- and post-test CTS nust be = 5
percent of the nmean value. See appendix E of the FTIR
Pr ot ocol
9.0 Quality Control.

Use anal yte spiking (sections 8.6.2, 9.2 and 13.0 of
this nethod) to verify that the sanpling system can
transport the analytes fromthe probe to the FTIR system
9.1 Spike Materials. Use a certified standard (accurate to
+ 2 percent) of the target analyte, if one can be obtained.
If a certified standard cannot be obtained, follow the
procedures in section 4.6.2.2 of the FTIR Protocol.

9.2 Spiking Procedure. QA spiking (section 8.6.2 of this
method) is a calibration procedure used before testing. QA
spi king invol ves foll ow ng the spi ke procedure of sections
9.2.1 through 9.2.3 of this nethod to obtain at |east three
spi ked sanples. The anal yte concentrations in the spiked
sanpl es shall be conpared to the expected spi ke
concentration to verify that the sanpling/anal ytical system

is working properly. Usually, when QA spiking is used, the
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met hod has already been validated at a simlar source for
the analyte in question. The QA spi ke denpbnstrates that the
val i dat ed sanpling/anal ytical conditions are being
duplicated. If the QA spike fails then the
sanpling/anal ytical systemshall be repaired before testing
proceeds. The nethod validation procedure (section 13.0 of
this method) involves a nore extensive use of the anal yte
spi ke procedure of sections 9.2.1 through 9.2.3 of this
met hod. Spectra of at |east 12 independent spiked and 12
i ndependent unspi ked sanpl es are recorded. The
concentration results are anal yzed statistically to
determine if there is a systematic bias in the nethod for
measuring a particular analyte. |If there is a systematic
bias, wwthin the limts allowed by Method 301 of this
appendi x, then a correction factor shall be applied to the
anal ytical results. |[If the systematic bias is greater than
the allowed Iimts, this method is not valid and cannot be
used.
9.2.1 Introduce the spike/tracer gas at a constant fl ow
rate of < 10 percent of the total sanple flow, when
possible. (Note: Use the rotaneter at the end of the
sanpling train to estimate the required spike/tracer gas
flowrate.) Use a flow device, e.g., mass flow neter (x 2
percent), to nonitor the spike flow rate. Record the spike

flowrate every 10 m nutes.
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9.2.2 Determne the response tine (RT) of the system by
continuously collecting spectra of the spiked effluent until
the spectrum of the spi ked conponent is constant for 5
mnutes. The RT is the interval fromthe first measurenent
until the spi ke becones constant. Wit for twi ce the
duration of the RT, then collect spectra of two independent
spi ked gas sanples. Duplicate anal yses of the spiked
concentration shall be within 5 percent of the nean of the
two measurenents.

9.2.3 Calculate the dilution ratio using the tracer gas as

fol |l ows:
DF - e ©)
SFamn
wher e:
CS = DF=Spike . + Unspike(1-DF) )
DF = Dilution factor of the spike gas; this val ue
shal | be >10.
SFedir) = SF; (or tracer gas) concentration neasured
directly in undiluted spi ke gas.
SFespk) = Diluted SF; (or tracer gas) concentration

measured in a spi ked sanpl e.
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Spi key;, = Concentration of the analyte in the spike
standard nmeasured by filling the FTIR cel
directly.

Cs = Expected concentration of the spi ked sanpl es.

Unspi ke = Native concentration of analytes in unspiked

sanpl es

10.0 Calibration and Standardi zati on.

10.1 Signal-to-Noise Ratio (S/N). The RMSD in the noise
must be |l ess than one tenth of the m ni num anal yte peak
absorbance in each anal ytical region. For exanple if the
m ni mum peak absorbance is 0.01 at the required DL, then
RMVSD neasured over the entire anal ytical region nust be

< 0. 001.

10.2 Absorbance Path length. Verify the absorbance path
| ength by conparing reference CTS spectra to test CTS
spectra. See appendix E of the FTIR Protocol.

10.3 Instrunment Resolution. Measure the line wdth of
appropriate test CTS band(s) to verify instrunent
resolution. Alternatively, conpare CTS spectra to a
reference CIS spectrum if avail able, neasured at the

nom nal resol ution

10.4 Apodi zation Function. |In transformng the sanple

interferograns to absorbance spectra use the sane
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apodi zation function that was used in transform ng the
ref erence spectra.
10.5 FTIR Cell Volune. Evacuate the cell to < 5 mmHg.
Measure the initial absolute tenperature (T;) and absol ute
pressure (P;). Connect a wet test neter (or a calibrated
dry gas neter), and slowly draw roomair into the cell.
Measure the neter volunme (V,), neter absolute tenperature
(T, and nmeter absolute pressure (P,); and the cell final
absolute tenperature (T;) and absol ute pressure (F).
Cal cul ate the FTIR cell volume Vg, including that of the

connecting tubing, as follows:

V il

o=

Tm

V.. =

ss ®)

Pe P

T T

11.0 Data Analysis and Cal cul ati ons.
Anal yte concentrations shall be measured using

reference spectra fromthe EPA FTIR spectral library. Wen

EPA library spectra are not available, the procedures in
section 4.6 of the Protocol shall be followed to prepare
reference spectra of all the target anal ytes.

11.1 Spectral De-resolution. Reference spectra can be

converted to | ower resolution standard spectra (section 3.3
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of this nmethod) by truncating the original reference sanple
and background interferograns. Appendix K of the FTIR
Protocol gives specific deresolution procedures. Deresolved
spectra shall be transforned using the sane apodi zation
function and level of zero filling as the sanple spectra.
Additionally, pre-test FTIR protocol calculations (e.qg.,
FRU, MAU, FCU) shall be perforned using the de-resol ved
st andard spectra.
11.2 Data Analysis. Various analytical prograns are
avail able for relating sanpl e absorbance to a concentration
standard. Calcul ated concentrations shall be verified by
anal yzi ng residual baselines after mathematically
subtracting scal ed reference spectra fromthe sanple
spectra. A full description of the data anal ysis and
calculations is contained in the FTIR Protocol (sections
4.0, 5.0, 6.0 and appendices). Correct the cal cul ated
concentrations in the sanple spectra for differences in
absorption path | ength and tenperature between the reference

and sanpl e spectra using equation 6,

Corr = | 22| | || 2| c ®
L) | T\ P =
wher e:
Co: = Concentration, corrected for path |ength.
Cac = Concentration, initial calculation (output of the

anal ytical program designed for the conpound).
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L, = Reference spectra path |ength.

L, = Sanple spectra path | ength.

T, = Absolute tenperature of the sanple gas, K

T, = Absolute gas tenperature of reference spectra, K
P, = Sanple cell pressure.

P, = Reference spectrum sanple pressure.

12.0 Method Perfornmance.

12.1 Spectral Quality. Refer to the FTIR Protocol

appendi ces for anal ytical requirenents, evaluation of data
quality, and analysis of uncertainty.

12.2 Sanmpling QA QC. The anal yte spi ke procedure of
section 9 of this nethod, the QA spi ke of section 8.6.2 of
this nethod, and the validation procedure of section 13 of
this method are used to eval uate the performance of the
sanpling systemand to quantify sanpling systemeffects, if
any, on the neasured concentrations. This nethod is self-
val idating provided that the results neet the performance
requi renent of the QA spike in sections 9.0 and 8.6.2 of
this method and results froma previous nmethod validation
study support the use of this nmethod in the application.
Several factors can contribute to uncertainty in the
measur enent of spi ked sanples. Factors which can be
controlled to provide better accuracy in the spiking
procedure are listed in sections 12.2.1 through 12.2.4 of

t hi s net hod.
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12.2.1 Flow neter. An accurate mass flow neter is accurate
to £ 1 percent of its span. If aflowof 1 L/mnis
monitored with such a MMM which is calibrated in the range
of 0-5 L/mn, the flow neasurenent has an uncertainty of 5
percent. This may be inproved by re-calibrating the neter
at the specific flowrate to be used.
12.2.2 Calibration gas. Usually the calibration standard
is certified to wthin = 2 percent. Wth reactive anal ytes,
such as HCl, the certified accuracy in a comrercially
avai |l abl e standard may be no better than = 5 percent.
12.2.3 Tenperature. Tenperature neasurenents of the cel
shall be quite accurate. |If practical, it is preferable to
measure sanple tenperature directly, by inserting a
t hernocouple into the cell chanber instead of nonitoring the
cell outer wall tenperature.
12.2.4 Pressure. Accuracy depends on the accuracy of the
baroneter, but fluctuations in pressure throughout a day may
be as much as 2.5 percent due to weather variations.
13.0 Method Validation Procedure.

This validation procedure, which is based on EPA Met hod
301 (40 CFR part 63, appendix A), nmay be used to validate
this method for the analytes in a gas matri x. Validation at
one source may al so apply to another type of source, if it
can be shown that the exhaust gas characteristics are

simlar at both sources.
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13.1 Section 5.3 of Method 301 (40 CFR part 63, appendi x
A), the Anal yte Spi ke procedure, is used with these
nodi fications. The statistical analysis of the results
foll ows section 6.3 of EPA Method 301. Section 3 of this
nmet hod defines terns that are not defined in Method 301.
13.1.1 The analyte spike is perforned dynamcally. This
means the spike flow is continuous and constant as spi ked
sanpl es are neasur ed.
13.1.2 The spike gas is introduced at the back of the
sanpl e probe.
13.1.3 Spiked effluent is carried through all sanpling
conponent s downstream of the probe.
13.1.4 A single FTIR system (or nore) nay be used to
coll ect and anal yze spectra (not quadruplicate integrated
sanpling trains).
13.1.5 Al of the validation neasurenents are perforned
sequentially in a single "run" (section 3.26 of this
met hod) .
13.1.6 The neasurenents anal yzed statistically are each
i ndependent (section 3.22 of this nethod).
13.1.7 A validation data set can consist of nore than 12
spi ked and 12 unspi ked neasurenents.
13.2 Batch Sanpling. The procedure in sections 13.2.1
through 13.2.2 may be used for stable processes. |If process

em ssions are highly variable, the procedure in section
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13. 2. 3 shall be used.
13.2.1 Wth a single FTIR instrunent and sanpling system
begin by collecting spectra of two unspi ked sanpl es.
| ntroduce the spike flowinto the sanpling system and al | ow
10 cell volunmes to purge the sanpling systemand FTIR cell.
Col | ect spectra of two spi ked sanples. Turn off the spike
and allow 10 cell volunes of unspi ked sanple to purge the
FTIR cell. Repeat this procedure until the 24 (or nore)
sanpl es are coll ected.
13.2.2 In batch sanmpling, collect spectra of 24 distinct
sanples. (Each distinct sanple consists of filling the cel
to anbient pressure after the cell has been evacuated.)
13.2.3 Alternatively, a separate probe assenbly, |line, and
sanpl e punp can be used for spi ked sanple. Verify and
docunent that sanpling conditions are the sanme in both the
spi ked and the unspi ked sanpling systens. This can be done
by wrapping both sanple Iines in the same heated bundl e.
Keep the sane flowrate in both sanple |ines. Measure
sanples in sequence in pairs. After two spiked sanples are
measur ed, evacuate the FTIR cell, and turn the manifold
val ve so that spiked sanple flows to the FTIR cell. Allow
the connecting line fromthe manifold to the FTIR cell to
purge thoroughly (the tinme depends on the line |ength and
flowrate). Collect a pair of spiked sanples. Repeat the

procedure until at |east 24 neasurenents are conpl et ed.
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13.3 Simultaneous Measurenents Wth Two FTIR Systens. |If
unspi ked effluent concentrations of the target anal yte(s)
vary significantly with tinme, it nay be desirable to perform
synchroni zed neasurenents of spiked and unspi ked sanpl e.
Use two FTIR systens, each with its own cell and sanpling
systemto perform sinultaneous spi ked and unspi ked
measurenents. The optical configurations shall be simlar,
i f possible. The sanpling configurations shall be the sane.
One sanpling systemand FTIR anal yzer shall be used to
measure spi ked effluent. The other sanpling systemand FTIR
anal yzer shall be used to neasure unspi ked flue gas. Both
systens shall use the sanme sanpling procedure (i.e., batch
or continuous).
13.3.1 If batch sanpling is used, synchronize the cel
evacuation, cell filling, and collection of spectra. Fil
both cells at the sane rate (in cell volunmes per unit tinme).
13.3.2 If continuous sanpling is used, adjust the sanple
fl ow t hrough each gas cell so that the sane nunber of cel
vol umes pass through each cell in a giventine (i.e. TC =
TGC) .
13.4 Statistical Treatnent. The statistical procedure of
EPA Met hod 301 of this appendi x, section 6.3 is used to
eval uate the bias and precision. For FTIR testing a
validation "run" is defined as spectra of 24 independent

sanples, 12 of which are spiked with the analyte(s) and 12
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of which are not spiked.
13.4.1 Bias. Determne the bias (defined by EPA Met hod 301

of this appendix, section 6.3.2) using equation 7:

B=S,-CS @)
wher e:
B = Bi as at spi ke |evel.
Sh = Mean concentration of the anal yte spiked
sanpl es.
CS = Expected concentration of the spi ked sanpl es.

13.4.2 Correction Factor. Use section 6.3.2.2 of Mthod
301 of this appendix to evaluate the statistical
significance of the bias. If it is determ ned that the bias
is significant, then use section 6.3.3 of Method 301 to
calculate a correction factor (CF). Analytical results of
the test nmethod are nmultiplied by the correction factor, if
0.7 < CF < 1.3. If is determned that the bias is
significant and CF > + 30 percent, then the test nethod is
considered to "not valid."

13.4.3 |If measurenents do not pass validation, evaluate the
sanpling system instrunent configuration, and anal ytical
systemto determne if inproper set-up or a malfunction was
the cause. |If so, repair the systemand repeat the

val i dati on
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14.0 Pollution Prevention.

The extracted sanple gas is vented outside the
encl osure containing the FTIR system and gas manifold after
the analysis. In typical nethod applications the vented
sanple volune is a small fraction of the source volunetric
flow and its conposition is identical to that emtted from
the source. Wen analyte spiking is used, spiked pollutants
are vented with the extracted sanple gas. Approximtely 1.6
X 1004 to 3.2 x 10% I bs of a single HAP may be vented to the
at nosphere in a typical validation run of 3 hours. (This
assunmes a nolar mass of 50 to 100 g, spike rate of 1.0
L/mn, and a standard concentration of 100 ppm. Mnim ze
em ssions by keeping the spike flow off when not in use.
15.0 Waste Managenent.

Smal | vol unes of | aboratory gas standards can be vented
t hrough a | aboratory hood. Neat sanples nust be packed and
di sposed according to applicable regulations. Surplus
materials may be returned to supplier for disposal.
16.0 References.
1. "Field Vvalidation Test Using Fourier Transform Infrared
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Vi brational Spectra,"” E. Bright Wlson, J. C Decius, and P
C. Cross, Dover Publications, Inc., 1980. For a |ess
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spectra see, for exanple, "Physical Chemstry," G M
Barrow, chapters 12, 13, and 14, McGaw Hll, Inc., 1979.
5. "Fourier TransformInfrared Spectronetry," Peter R
Giffiths and Janes de Haseth, Chemical Analysis, 83, 16-
25,(1986), P. J. Elving, J. DO Wnefordner and I. M
Kol thoff (ed.), John WIley and Sons.
6. "Conputer-Assisted Quantitative Infrared Spectroscopy,"
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7. "Miltivariate Least-Squares Methods Applied to the
Quantitative Spectral Analysis of Milticonponent M xtures,"

Applied Spectroscopy, 39(10), 73-84, 1985.
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Table 1. EXAVPLE PRESENTATI ON OF SAMPLI NG DOCUMENTATI ON.

Sample Time Spectrum File Name Background File Name Sample conditioning Process condition

Sample Time Spectrum File Interferogram Resolution Scans Apodization Gain CTS Spectrum
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ADDENDUM TO TEST METHOD 320
PROTOCOL FOR THE USE OF EXTRACTIVE FOURIER TRANSFORM
INFRARED (FTIR) SPECTROMETRY FOR THE ANALYSES OF GASEOUS
EMISSIONS FROM STATIONARY SOURCES
1.0 | NTRODUCTI ON

The purpose of this addendumis to set general
gui delines for the use of nodern FTIR spectroscopi c net hods
for the analysis of gas sanples extracted fromthe effluent
of stationary em ssion sources. This addendum outlines
t echni ques for devel opi ng and eval uati ng such net hods and
sets basic requirements for reporting and quality assurance
pr ocedur es.

1.1 NOVENCLATURE

1.1.1 Appendix Ato this addendum|ists definitions of
the synbols and terns used in this Protocol, many of which
have been taken directly from Anerican Society for Testing
and Materials (ASTM publication E 131-90a, entitled
"Term nol ogy Relating to Mol ecul ar Spectroscopy.”

1.1.2 Except in the case of background spectra or
where otherw se noted, the term"spectrum' refers to a
doubl e- beam spectrumin units of absorbance vs. wavenunber
(cm?).

1.1.3 The term"Study" in this addendumrefers to a

publication that has been subjected to EPA- or peer-review.
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2.0 APPLI CABI LI TY AND ANALYTI CAL PRI NCI PLE

2.1 Applicability. This Protocol applies to the
determ nati on of conpound-specific concentrations in single-
and nul tipl e-conponent gas phase sanpl es usi ng doubl e- beam
absorption spectroscopy in the md-infrared band. It does
not specifically address other FTIR applications, such as
si ngl e- beam spectroscopy, anal ysis of open-path (non-
encl osed) sanpl es, and conti nuous neasurenent techni ques.

If multiple spectroneters, absorption cells, or instrunmental
linewidths are used in such anal yses, each distinct
operational configuration of the system nust be eval uated
separately according to this Protocol.

2.2 Analytical Principle.

2.2.1 1In the md-infrared band, nost nol ecul es exhi bit
characteristic gas phase absorption spectra that nay be
recorded by FTIR systens. Such systens consist of a source
of md-infrared radiation, an interferoneter, an encl osed
sanpl e cell of known absorption pathlength, an infrared
detector, optical elenents for the transfer of infrared
radi ati on between conponents, and gas flow control and
measur enent conponents. Adjunct and integral conputer
systens are used for controlling the instrunent, processing
the signal, and for perform ng both Fourier transforns and
guantitative anal yses of spectral data.

2.2.2 The absorption spectra of pure gases and of
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m xtures of gases are described by a |inear absorbance
theory referred to as Beer's Law. Using this |aw, nodern
FTIR systens use conputerized anal ytical prograns to
quantify conpounds by conparing the absorption spectra of
known (reference) gas sanples to the absorption spectrum of
the sanple gas. Sone standard mat hemati cal techni ques used
for conparisons are classical |east squares, inverse |east
squares, cross-correlation, factor analysis, and parti al
| east squares. Reference A describes several of these
techni ques, as well as additional techniques, such as
differentiation nethods, |inear baseline corrections, and
non-|inear absorbance corrections.
3.0 GENERAL PRI NCI PLES OF PROTOCOL REQUI REMENTS

The characteristics that distinguish FTIR systens from
gas anal yzers used in instrunental gas anal ysis nethods
(e.g., Methods 6C and 7E of appendix Ato part 60 of this
chapter) are: (1) Conputers are necessary to obtain and
anal yze data; (2) chem cal concentrations can be quantified
using previously recorded infrared reference spectra; and
(3) analytical assunptions and results, including possible
effects of interfering conpounds, can be evaluated after the
quantitative analysis. The follow ng general principles and
requi renents of this Protocol are based on these
characteristics.

3.1 Verifiability and Reproducibility of Results.
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Store all data and docunent data anal ysis techni ques
sufficient to allow an i ndependent agent to reproduce the
anal ytical results fromthe raw interferonetric data.

3.2 Transfer of Reference Spectra. To determ ne
whet her reference spectra recorded under one set of
conditions (e.g., optical bench, instrunental |inew dth,
absorption pathlength, detector performance, pressure, and
tenperature) can be used to anal yze sanple spectra taken
under a different set of conditions, quantitatively conpare
"calibration transfer standards"” (CTS) and reference spectra
as described in this Protocol. (Note: The CTS may, but need
not, include analytes of interest). To effect this, record
t he absorption spectra of the CTS (a) imredi ately before and
i mredi ately after recording reference spectra and (b)

i mredi ately after recordi ng sanpl e spectra.

3.3 Evaluation of FTIR Analyses. The applicability,
accuracy, and precision of FTIR neasurenents are influenced
by a nunber of interrelated factors, which may be divided
into two cl asses:

3.3.1 Sanpl e-I ndependent Factors. Exanples are system
configuration and performance (e.g., detector sensitivity
and infrared source output), quality and applicability of
reference absorption spectra, and type of mathemati cal
anal yses of the spectra. These factors define the

fundanmental limtations of FTIR neasurenents for a given
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system configuration. These limtations may be estinmated
fromeval uations of the system before sanples are avail abl e.
For exanple, the detection |imt for the absorbing conpound
under a given set of conditions may be estinated fromthe
system noi se |l evel and the strength of a particular
absorption band. Simlarly, the accuracy of neasurenents
may be estimated fromthe analysis of the reference spectra.

3.3.2 Sanpl e- Dependent Factors. Exanples are spectral
interferants (e.g., water vapor and CO,) or the overlap of
spectral features of different conpounds and contam nation
deposits on reflective surfaces or transmtting w ndows. To
maxi m ze the effectiveness of the nmathematical techni ques
used in spectral analysis, identification of interferants (a
standard initial step) and anal ysis of sanples (includes
effect of other analytical errors) are necessary. Thus, the
Prot ocol requires post-analysis calculation of nmeasurenent
concentration uncertainties for the detection of these
potential sources of neasurenent error.
4.0 PRE-TEST PREPARATI ONS AND EVALUATI ONS

Before testing, denonstrate the suitability of FTIR
spectronetry for the desired application according to the
procedures of this section.

4.1 ldentify Test Requirenments. Ildentify and record
the test requirenents described in sections 4.1.1 through

4.1.4 of this addendum These val ues set the desired or
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requi red goals of the proposed anal ysis; the description of
met hods for determ ning whether these goals are actually net
during the analysis conprises the magjority of this Protocol.

4.1.1 Analytes (specific chem cal species) of
interest. Label the analytes fromi =1 to |

4.1.2 Analytical uncertainty limt (AU). The AU is
t he maxi mum perm ssi ble fractional uncertainty of analysis
for the it" anal yte concentration, expressed as a fraction
of the analyte concentration in the sanple.

4.1.3 Required detection |imt for each analyte (DL,
ppm. The detection limt is the |owest concentration of an
anal yte for which its overall fractional uncertainty (OFU)
is required to be less than its analytical uncertainty limt
(AU) .

4.1.4 Maxi mum expected concentration of each anal yte
(CVAX, ppm .

4.2 ldentify Potential Interferants. Considering the
chem stry of the process or results of previous studies,
identify potential interferants, i.e., the major effluent
constituents and any relatively mnor effluent constituents
t hat possess either strong absorption characteristics or
strong structural simlarities to any anal yte of interest.
Label them 1 through N, where the subscript "j" pertains to
potential interferants. Estimate the concentrations of

t hese conpounds in the effluent (CPOT,, ppn).
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4.3 Select and Evaluate the Sanpling System
Consi dering the source, e.g., tenperature and pressure
profiles, noisture content, analyte characteristics, and
particul ate concentration), select the equipnent for
extracting gas sanples. Recommended are a particul ate
filter, heating systemto maintain sanple tenperature above
the dew point for all sanple constituents at all points
wi thin the sanpling system (including the filter), and
sanpl e conditioning system (e.g., coolers, water-perneabl e
menbr anes that renove water or other conpounds fromthe
sanple, and dilution devices) to renove spectral
interferants or to protect the sanpling and anal yti cal
conponents. Determ ne the m nimum absol ute sanpl e system
pressure (P,, mmHg) and the infrared absorption cell volunme
(Vss, liter). Select the techniques and/or equipnment for
t he measurenent of sanple pressures and tenperatures.

4.4 Sel ect Spectroscopic System Select a
spectroscopi c configuration for the application.
Approxi mate the absorption pathlength (Ls, nmeter), sanple
pressure (Ps, kPa), absolute sanple tenperature TS, and
signal integration period (ts, seconds) for the analysis.
Specify the nominal mninmminstrunental |linewidth (ML) of
the system Verify that the fractional error at the
approxi mate values P and TS i1s less than one half the

smal | est value AU (see section 4.1.2 of this addendun).
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4.5 Select Calibration Transfer Standards (CTS' s).
Select CTS' s that neet the criteria listed in sections
4.5.1, 4.5.2, and 4.5.3 of this addendum

Note: It may be necessary to choose prelimnary

anal ytical regions (see section 4.7 of this addendum,
identify the mninmum analyte |inew dths, or estimate
the system noi se | evel (see section 4.12 of this
addendun) before selecting the CITS. Mre than one
conpound may be needed to neet the criteria; if so,
obtain separate cylinders for each conpound.
4.5.1 The central wavenunber position of each
anal ytical region shall lie within 25 percent of the
wavenunber position of at |east one CTS absorption band.
4.5.2 The absorption bands in section 4.5.1 of this
addendum shal | exhi bit peak absorbances greater than ten
times the value RVM5s; (see section 4.12 of this addendun)
but | ess than 1.5 absorbance units.
4.5.3 At |east one absorption CTS band wthin the
operating range of the FTIR instrunent shall have an
i nstrument -i ndependent |inewidth no greater than the
narrowest anal yte absorption band. Perform and docunent
measurenents or cite Studies to determ ne analyte and CTS
conpound | i new dt hs.
4.5.4 For each analytical region, specify the upper

and | ower wavenunber positions (FFU, and FFL, respectively)
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t hat bracket the CTS absorption band or bands for the
associ ated anal ytical region. Specify the wavenunber range,
FNU to FNL, containing the absorption band that neets the
criterion of section 4.5.3 of this addendum

4.5.5 Associ ate, whenever possible, a single set of
CTS gas cylinders with a set of reference spectra.
Repl acement CTS gas cylinders shall contain the sane
conpounds at concentrations within 5 percent of that of the
original CTS cylinders; the entire absorption spectra (not
i ndi vi dual spectral segnents) of the replacenent gas shal
be scaled by a factor between 0.95 and 1.05 to match the
original CTS spectra.

4.6 Prepare Reference Spectra.

Not e: Reference spectra are available in a pernmanent

soft copy fromthe EPA spectral library on the EMIIC

(Em ssi on Measurenent Technical Information Center)

conputer bulletin board; they may be used if

appl i cabl e.

4.6.1 Select the reference absorption pathlength (Lg)
of the cell

4.6.2 @Qpbtain or prepare a set of chem cal standards
for each analyte, potential and known spectral interferants,
and CTS. Select the concentrations of the chem cal
standards to correspond to the top of the desired range.

4.6.2.1 Comrercially-Prepared Chem cal Standards.
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Chem cal standards for many conpounds may be obtai ned from
i ndependent sources, such as a specialty gas nmanufacturer,
chem cal conpany, or comercial |aboratory. These standards
(accurate to within 2 percent) shall be prepared according
to EPA Traceability Protocol (see Reference D) or shall be
traceable to NI ST standards. Obtain fromthe supplier an
estimate of the stability of the anal yte concentration.
otain and follow all of the supplier's recommendations for
recertifying the anal yte concentration.

4.6.2.2 Self-Prepared Chem cal Standards. Chem cal
standards nay be prepared by diluting certified comercially
prepared chem cal gases or pure analytes with ultra-pure
carrier (UPC) grade nitrogen according to the baronetric and
volunetric techniques generally described in Reference A,
section A4.6.

4.6.3 Record a set of the absorption spectra of the
CTS {R1}, then a set of the reference spectra at two or nore
concentrations in duplicate over the desired range (the top
of the range nust be less than 10 tines that of the bottom
foll owed by a second set of CTS spectra {R2}. (If self-
prepared standards are used, see section 4.6.5 of this
addendum bef ore di sposi ng of any of the standards.) The
maxi mum accept ed standard concentrati on-pat hl ength product
(ASCPP) for each conpound shall be higher than the maxi num

estimated concentrati on-pathl ength products for both
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anal ytes and known interferants in the effluent gas. For
each anal yte, the m ni mum ASCPP shall be no greater than ten
times the concentration-pathlength product of that anal yte
at its required detection limt.

4.6.4 Permanently store the background and
interferograns in digitized form Docunent details of the
mat hemati cal process for generating the spectra fromthese
interferograns. Record the sanple pressure (Pg, sanple
tenperature (Tg), reference absorption pathlength (Lg), and
interferogramsignal integration period (ts). Signal
integration periods for the background interferograns shal
be >ty  Values of Pg Lg and tg shall not deviate by nore
than +1 percent fromthe time of recording {R1} to that of
recordi ng {R2}.

4.6.5 |If self-prepared chem cal standards are enpl oyed
and spectra of only two concentrations are recorded for one
or nore conpounds, verify the accuracy of the dilution
t echni que by anal yzi ng the prepared standards for those
conpounds with a secondary (non-FTIR) technique in
accordance wth sections 4.6.5.1 through 4.6.5.4 of this
addendum

4.6.5.1 Record the response of the secondary technique
to each of the four standards prepared.

4.6.5.2 Performa |linear regression of the response

val ues (dependant vari able) versus the accepted standard
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concentration (ASC) val ues (independent variable), with the
regression constrained to pass through the zero-response,
zero ASC point.

4.6.5.3 Calculate the average fractional difference
bet ween the actual response val ues and the regression-
predi cted val ues (those calculated fromthe regression |ine
using the four ASC val ues as the independent variable).

4.6.5.4 |f the average fractional difference val ue
calculated in section 4.6.5.3 of this addendumis |arger for
any conpound than the corresponding AU, the dilution
technique is not sufficiently accurate and the reference
spectra prepared are not valid for the anal ysis.

4.7 Select Analytical Regions. Using the general
considerations in section 7 of Reference A and the spectral
characteristics of the analytes and interferants, select the
anal ytical regions for the application. Label themm= 1 to
M  Specify the lower, center and upper wavenunber positions
of each analytical region (FL, FG, and FU, respectively).
Specify the anal ytes and interferants which exhibit
absorption in each region.

4.8 Determne Fractional Reproducibility
Uncertainties. Using appendix E of this addendum cal cul ate
the fractional reproducibility uncertainty for each anal yte
(FRU) froma conparison of {R1} and {R2}. If FRU > AU for

any analyte, the reference spectra generated in accordance
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with section 4.6 of this addendum are not valid for the
appl i cation.

4.9 ldentify Known Interferants. Using appendi x B of
this addendum determ ne which potential interferants affect
t he anal yte concentration determ nations. Rel abel these
potential interferant as "known" interferants, and designate
t hese conpounds fromk =1 to K Appendix Bto this
addendum al so provides criteria for determ ning whether the
sel ected anal ytical regions are suitable.

4.10 Prepare Conputerized Anal ytical Prograns.

4.10.1 Choose or devise mathematical techniques (e.qg,
cl assical |east squares, inverse | east squares, cross-
correlation, and factor anal ysis) based on equation 4 of
Ref erence A that are appropriate for analyzing spectral data
by conparison with reference spectra.

4.10.2 Follow ng the general recommendations of
Ref erence A, prepare a conputer programor set of prograns
t hat anal yzes all of the anal ytes and known interferants,
based on the sel ected anal ytical regions (section 4.7 of
this addendum) and the prepared reference spectra (section
4.6 of this addendum. Specify the baseline correction
technique (e.g., determning the slope and intercept of a
i near baseline contribution in each anal ytical region) for
each anal ytical region, including all relevant wavenunber

positions.
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4.10.3 Use prograns that provide as output [at the
reference absorption pathlength (Lg), reference gas
tenperature (Tg), and reference gas pressure (Pg] the
anal yte concentrations, the known interferant
concentrations, and the baseline slope and intercept val ues.
| f the sanple absorption pathlength (Lg), sanple gas
tenperature (Tg), or sanple gas pressure (Ps) during the
actual sanple analyses differ fromLg Tg and Pg use a
program or set of programs that applies nultiplicative
corrections to the derived concentrations to account for
these variations, and that provides as output both the
corrected and uncorrected values. Include in the report of
the anal ysis (see section 7.0 of this addendum the details
of any transformations applied to the original reference
spectra (e.qg., differentiation), in such a fashion that al
anal ytical results may be verified by an i ndependent agent
fromthe reference spectra and data spectra al one.

4.11 Determne the Fractional Calibration Uncertainty.
Calculate the fractional calibration uncertainty for each
anal yte (FCU) according to appendi x F of this addendum and
conpare these values to the fractional uncertainty limts
(AU ; see section 4.1.2 of this addendum. |[If FCU > AU,
either the reference spectra or analytical prograns for that
anal yte are unsuitabl e.

4.12 Verify System Configuration Suitability. Usi ng
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appendi x C of this addendum neasure or obtain estimates of
the noise | evel (RVBg;, absorbance) of the FTIR system
Alternatively, construct the conplete spectroneter system
and determ ne the val ues RMSg, usi ng appendix G of this
addendum Estimate the m ni mrum neasurenent uncertainty for
each analyte (MAU, ppm and known interferant (MU, ppm
usi ng appendi x D of this addendum Verify that
(a) MU < (AU)(DL;)), FRU < AU, and FCU < AU for each
anal yte and that (b) the CTS chosen neets the requirenents

listed in sections 4.5.1 through 4.5.5 of this addendum

5.0 SAMPLING AND ANALYSIS PROCEDURE

5.1 Analysis System Assenbly and Leak-Test. Assenble
the analysis system Allow sufficient tine for all system
conponents to reach the desired tenperature. Then,
determ ne the |leak-rate (Lg) and | eak volune (V,), where V, =
Lr tss. Leak volunes shall be <4 percent of V.

5.2 Verify Instrunmental Performance. Measure the
noi se level of the systemin each analytical region using
the procedure of appendix G of this addendum [If any noise
| evel is higher than that estimated for the systemin
section 4.12 of this addendum repeat the cal cul ati ons of
appendi x D of this addendum and verify that the requirenents

of section 4.12 of this addendumare net; if they are not,
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adjust or repair the instrunent and repeat this section.

5.3 Determ ne the Sanpl e Absorption Pathl ength.

Record a background spectrum Then, fill the absorption
cell with CTS at the pressure Pz and record a set of CTS
spectra {R3}. Store the background and unscal ed CTS single
beaminterferograns and spectra. Using appendix H of this
addendum cal cul ate the sanpl e absorption pathlength (Lg)
for each analytical region. The values Lg shall not differ
fromthe approxi mated sanple pathlength L (see section 4.4
of this addendum by nore than 5 percent.

5.4 Record Sanple Spectrum Connect the sanple |ine

to the source. Either evacuate the absorption cell to an
absol ute pressure below 5 mHg before extracting a sanple
fromthe effluent streaminto the absorption cell, or punp
at least ten cell volunes of sanple through the cell before
obtaining a sanple. Record the sanple pressure Ps.
CGenerate the absorbance spectrumof the sanple. Store the
background and sanpl e single beaminterferograns, and
docunent the process by which the absorbance spectra are
generated fromthese data. (If necessary, apply the
spectral transformations devel oped in section 5.6.2 of this
addendun). The resulting sanple spectrumis referred to
bel ow as S..

Note: Miltiple sanple spectra may be recorded

according to the procedures of section 5.4 of this
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addendum before performng sections 5.5 and 5.6 of this

addendum

5.5 Quantify Analyte Concentrations. Calculate the
unscal ed anal yte concentrations RUA and unscal ed
interferant concentrations RU ¢ using the prograns devel oped
in section 4 of this addendum To correct for pathlength
and pressure variations between the reference and sanpl e
spectra, calculate the scaling factor, Rps USing equation

A1,
Rpes = (LgPrTs)/ (LsPsTR) (A.1)
Cal cul ate the final analyte and interferant concentrations

RSA, and RSI, using equations A 2 and A 3,
RSA = RpsRUA (A.2)
RSI, = RpsRU (A.3)

5.6 Determ ne Fractional Analysis Uncertainty. Fill
the absorption cell wth CTS at the pressure Ps. Record a
set of CTS spectra {R4}. Store the background and CTS
single beaminterferograns. Using appendix H of this
addendum cal culate the fractional analysis uncertainty
(FAU) for each analytical region. |If the FAU indicated for
any analytical region is greater than the required accuracy
requi renents determined in sections 4.1.1 through 4.1.4 of
thi s addendum then conparisons to previously recorded

reference spectra are invalid in that anal ytical region, and
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t he anal yst shall performone or both of the procedures of
sections 5.6.1 through 5.6.2 of this addendum

5.6.1 Performinstrunmental checks and adjust the
instrument to restore its performance to acceptabl e |evels.
| f adjustnents are nmade, repeat sections 5.3, 5.4 (except
for the recording of a sanple spectrum, and 5.5 of this
addendum to denonstrate that acceptable uncertainties are
obtained in all analytical regions.

5.6.2 Apply appropriate mathematical transfornations
(e.g., frequency shifting, zero-filling, apodization,
snoothing) to the spectra (or to the interferograns upon
whi ch the spectra are based) generated during the
performance of the procedures of section 5.3 of this
addendum  Docunent these transformations and their
reproducibility. Do not apply nmultiplicative scaling of the
spectra, or any set of transformations that is
mat hematically equivalent to nultiplicative scaling.
Different transformati ons may be applied to different
anal ytical regions. Frequency shifts shall be |less than
one-half the mnimminstrunmental |inew dth, and nust be
applied to all spectral data points in an anal ytical region.
The mat hematical transformations may be retained for the
analysis if they are also applied to the appropriate
anal ytical regions of all sanple spectra recorded, and if

all original sanple spectra are digitally stored. Repeat
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sections 5.3, 5.4 (except the recording of a sanple
spectrun), and 5.5 of this addendumto denonstrate that
these transfornmations | ead to acceptabl e cal cul ated
concentration uncertainties in all analytical regions.
6.0 POST-ANALYSIS EVALUATIONS

Esti mate the overall accuracy of the anal yses perforned
in accordance with sections 5.1 through 5.6 of this addendum
using the procedures of sections 6.1 through 6.3 of this
addendum

6.1 Qualitatively Confirmthe Assumed Matrix. Exam ne
each anal ytical region of the sanple spectrumfor spectra
evi dence of unexpected or unidentified interferants. If
found, identify the interfering conpounds (see Reference C
for guidance) and add themto the Iist of known
interferants. Repeat the procedures of section 4 of this
addendumto include the interferants in the uncertainty
cal cul ations and anal ysis procedures. Verify that the MAU
and FCU val ues do not increase beyond acceptable |evels for
the application requirenments. Re-calculate the analyte
concentrations (section 5.5 of this addendum) in the
af fected anal ytical regions.

6.2 Quantitatively Evaluate Fractional Mde
Uncertainty (FMJ). Performthe procedures of either section

6.2.1 or 6.2.2 of this addendum
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6.2.1 Using appendix | of this addendum determ ne the
fractional nodel error (FMJ) for each anal yte.

6.2.2 Provide statistically determ ned uncertainties
FMU for each anal yte which are equivalent to two standard
devi ations at the 95 percent confidence level. Such
determ nations, if enployed, nust be based on nat hemati cal
exam nations of the pertinent sanple spectra (not the
reference spectra alone). Include in the report of the
anal ysis (see section 7.0 of this addendun) a conplete
description of the determ nation of the concentration
uncertainties.

6.3 Estimate Overall Concentration Uncertainty (OCU).
Usi ng appendi x J of this addendum determ ne the overal
concentration uncertainty (OCU for each analyte. |If the
OCU is larger than the required accuracy for any anal yte,
repeat sections 4 and 6 of this addendum
7.0 REPORTING REQUIREMENTS
[Documentation pertaining to virtually all the procedures of
sections 4, 5, and 6 will be required. Software copies of
reference spectra and sample spectra will be retained for
some minimum time following the actual testing.]

8.0 REFERENCES
A) Standard Practices for CGeneral Techniques of Infrared

Quantitative Analysis (American Society for Testing and



B)

Q)

D)
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Mat erial s, Designation E 168-88).
The Cobl entz Society Specifications for Eval uation of
Research Quality Analytical Infrared Reference Spectra
(Cass Il); Anal. Chem stry 47, 945A (1975); Appl.
Spectroscopy 444, pp- 211-215, 1990.
Standard Practices for General Techni ques for
Qualitative Infrared Anal ysis, Anerican Society for
Testing and Materials, Designation E 1252-88.
"EPA Traceability Protocol for Assay and Certification
of CGaseous Calibration Standards,” U. S. Environnental
Prot ection Agency Publication No. EPA/ 600/ R-93/ 224,

December 1993.
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APPENDIX A to Addendum to Method 320
DEFI NI TI ONS OF TERVS AND SYMBOLS
A.1 Definitions of Terms. Al terns used in this nethod
that are not defined bel ow have the neaning given to themin
the CAA and in subpart A of this part.

Absor ption band neans a contiguous wavenunber region of

a spectrum (equivalently, a contiguous set of absorbance
spectrum data points) in which the absorbance passes through
a maxi numor a series of nmaxima.

Absorpti on pathl ength neans the distance in a

spectrophotoneter, neasured in the direction of propagation
of the beam of radiant energy, between the surface of the
speci nen on which the radiant energy is incident and the
surface of the specinmen fromwhich it is emergent.

Anal ytical region neans a conti guous wavenunber region

(equi val ently, a contiguous set of absorbance spectrum data
points) used in the quantitative analysis for one or nore
anal yt es.
Note: The quantitative result for a single anal yte may
be based on data from nore than one anal ytical region.

Apodi zation nmeans nodification of the ILS function by

mul ti plying the interferogramby a wei ghing function whose
magni tude varies with retardation

Background spectrum neans the single beam spectrum
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obtained with all system conponents w thout sanple present.
Basel i ne neans any |line drawn on an absorption spectrum
to establish a reference point that represents a function of
t he radi ant power incident on a sanple at a given

wavel engt h.

Beers's |l aw neans the direct proportionality of the
absor bance of a conpound in a honbgeneous sanple to its
concentration.

Calibration transfer standard (CTS) gas neans a gas

standard of a conpound used to achi eve and/ or denonstrate

suitabl e quantitative agreenent between sanple spectra and

the reference spectra; see section 4.5.1 of this addendum
Conpound neans a substance possessing a distinct,

uni que nol ecul ar structure.

Concentration (c) nmeans the quantity of a conpound

contained in a unit quantity of sanple. The unit "ppnt
(nunber, or nole, basis) is recomended.

Concentrati on-pat hl ength product neans the mat hemati cal

product of concentration of the species and absorption
pat hl ength. For reference spectra, this is a known
quantity; for sanple spectra, it is the quantity directly
determined fromBeer's law. The units "centineters-ppn or
"meters-ppnt are recomended.

Derivative absorption spectrum neans a plot of rate of

change of absorbance or of any function of absorbance with
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respect to wavel ength or any function of wavel ength.

Doubl e beam spectrum means a transm ssion or absorbance

spectrum derived by dividing the sanple single beam spectrum
by the background spectrum
Note: The term "doubl e-beam' is used el sewhere to
denote a spectrumin which the sanple and background
interferograns are coll ected sinultaneously al ong
physical ly distinct absorption paths. Here, the term
denotes a spectrumin which the sanple and background
interferograns are collected at different tinmes al ong
t he sane absorption path

Fast Fourier transform (FFT) neans a nethod of speeding

up the conputation of a discrete FT by factoring the data
into sparse matrices containing nostly zeros.

Fl yback means interferonmeter notion during which no
data are recorded.

Fourier transform (FT) neans the nat hemati cal process

for converting an anplitude-tine spectrumto an anplitude-
frequency spectrum or vice versa.

Fourier transforminfrared (FTIR) spectroneter neans an

anal ytical systemthat enploys a source of md-infrared
radi ation, an interferoneter, an enclosed sanple cell of
known absorption pathlength, an infrared detector, optical
el ements that transfer infrared radi ati on between

conponents, and a conputer system The tinme-domain detector
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response (interferogranm) is processed by a Fourier transform
to yield a representation of the detector response vs.
infrared frequency.

Note: When FTIR spectroneters are interfaced with

other instrunents, a slash should be used to denote the

interface; e.g., GO FTIR, HPCL/FTIR and the use of

FTIR shoul d be explicit; i.e., FTIR not IR

Frequency, v neans the nunber of cycles per unit tine.

Infrared nmeans the portion of the el ectromagnetic
spectrum cont ai ni ng wavel engths from approximately 0.78 to
800 mi crons.

Interferogram | (F) nmeans record of the nodul at ed

conponent of the interference signal neasured as a function
of retardation by the detector.

| nterferoneter neans device that divides a beam of

radi ant energy into two or nore paths, generates an opti cal
path difference between the beans, and reconbines themin
order to produce repetitive interference maxi ma and m ni nma
as the optical retardation is varied.

Li new dth nmeans the full wdth at half maxi rum of an

absorption band in units of wavenunbers (cm?).

M d-infrared neans the region of the el ectromagnetic
spectrum from approxi mately 400 to 5000 cm?.

Ref erence spectra neans absorption spectra of gases
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wi th known chem cal conpositions, recorded at a known
absorption pathlength, which are used in the quantitative
anal ysi s of gas sanpl es.

Retardati on, F neans optical path difference between

two beans in an interferometer; also known as "optical path
di fference" or "optical retardation.”

Scan neans digital representation of the detector
out put obtained during one conplete notion of the
interferoneter's noving assenbly or assenbli es.

Scaling neans application of a nultiplicative factor to
t he absorbance values in a spectrum

Si ngl e beam spectrum neans Fouri er-transfor ned

interferogram representing the detector response vs.
wavenunber .
Note: The term "single-beant is used el sewhere to
denote any spectrumin which the sanple and background
interferograns are recorded on the sane physical
absorption path; such usage differentiates such spectra
fromthose generated using interferograns recorded
al ong two physically distinct absorption paths (see
"doubl e- beam spectrunf above). Here, the term applies
(for exanple) to the two spectra used directly in the
cal cul ation of transm ssion and absorbance spectra of a
sanpl e.

Standard reference material neans a reference nmateri al,




78
t he conposition or properties of which are certified by a
recogni zed standardi zi ng agency or group.
Note: The equivalent 1SOtermis "certified reference
material ."

Transmittance, T neans the ratio of radiant power

transmtted by the sanple to the radi ant power incident on
the sanple. Estimated in FTIR spectroscopy by formng the
rati o of the single-beam sanpl e and background spectra.

Wavenunber, v nmeans the nunber of waves per unit

| engt h.
Note: The usual unit of wavenunber is the reciprocal
centineter, cm! The wavenunber is the reciprocal of
t he wavel ength, 8, when 8 is expressed in centineters.

Zero-filling neans the addition of zero-val ued points

to the end of a neasured interferogram
Note: Performng the FT of a zero-filled interferogram
results in correctly interpolated points in the
conput ed spectrum

A.2 Definitions of Mathematical Symbols. The synbols used

in equations in this protocol are defined as foll ows:

(1) A, absorbance = the logarithmto the base 10 of
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the reciprocal of the transmttance (T).

A =log,, [%) = -log, T

(2) AAl,,= band area of the i'" analyte in the mh
anal ytical region, at the concentration (CL;) corresponding
to the product of its required detection |imt (DL;) and
anal ytical uncertainty limt (AU)

(3) AAV,, = average absorbance of the i'" analyte in the
m" anal ytical region, at the concentration (CL)
corresponding to the product of its required detection limt
(DL;) and anal ytical uncertainty limt (AU)

(4) ASC, accepted standard concentration = the
concentration value assigned to a chem cal standard.

(5) ASCPP, accepted standard concentrati on-pathl ength
product = for a chem cal standard, the product of the ASC
and the sanpl e absorption pathlength. The units
"centineters-ppm' or "neters-ppnt are recomended.

(6) AU, analytical uncertainty limt = the maxi num
perm ssible fractional uncertainty of analysis for the ith
anal yte concentration, expressed as a fraction of the
anal yte concentration determ ned in the anal ysis.

(7) AVT, = average estimated total absorbance in the nh

anal ytical region.
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(8) CKWN, = estimated concentration of the k'" known
interferant.

(9) CMAX, = estimated maxi mum concentration of the ith
anal yte.

(10) CPOT; = estimated concentration of the j'"
potential interferant.

(11) DL;, required detection limt = for the ith
anal yte, the | owest concentration of the analyte for which
its overall fractional uncertainty (OFU) is required to be
| ess than the anal ytical uncertainty limt (AU).

(12) FC, = center wavenunber position of the ni"
anal ytical region.

(13) FAU, fractional analytical uncertainty =
cal cul ated uncertainty in the nmeasured concentration of the
i th anal yte because of errors in the mathematical conparison
of reference and sanpl e spectra.

(14) FCU, fractional calibration uncertainty =
cal cul ated uncertainty in the nmeasured concentration of the
i th anal yte because of errors in Beer's |aw nodeling of the
reference spectra concentrations.

(15) FFL, = |l ower wavenunber position of the CTS
absorption band associated with the m" anal ytical region.

(16) FFU, = upper wavenunber position of the CTS
absorption band associated with the m" anal ytical region.

(17) FL, = | ower wavenunber position of the ni"
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anal ytical region.

(18) FMJ, fractional nodel uncertainty = cal cul ated
uncertainty in the neasured concentration of the ith anal yte
because of errors in the absorption nodel enployed.

(19) FN = | ower wavenunber position of the CTS
spectrum cont ai ni ng an absorption band at | east as narrow as
t he anal yte absorpti on bands.

(20) FNy = upper wavenunber position of the CTS
spectrum cont ai ni ng an absorption band at | east as narrow as
t he anal yte absorpti on bands.

(21) FRU, fractional reproducibility uncertainty =
cal cul ated uncertainty in the nmeasured concentration of the
i th anal yte because of errors in the reproducibility of
spectra fromthe FTIR system

(22) FU, = upper wavenunber position of the ni"
anal ytical region.

(23) 1A, =band area of the j'" potential interferant
in the mM analytical region, at its expected concentration
(CPaT,) .

(24) 1AV,, = average absorbance of the i'" analyte in
the m" analytical region, at its expected concentration
(CPaT,) .

(25) 1SG o «, indicated standard concentration = the
concentration fromthe conputerized anal ytical programfor a

si ngl e-conpound reference spectrumfor the it" analyte or k'P
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known interferant.
(26) kPa = kil o-Pascal (see Pascal).

(27) Lg = estimated sanpl e absorption pathl ength.

(28) Lgr = reference absorption pathl engt h.

(29) Ls

actual sanpl e absorption pathl ength.
(30) MAU = nean of the MAU, over the appropriate
anal ytical regions.
(31) MAU,, mninmmanal yte uncertainty = the
cal cul ated m ni mrum concentration for which the anal yti cal
uncertainty linmt (AU) in the neasurenent of the ith
anal yte, based on spectral data in the m" anal ytica
regi on, can be nmi nt ai ned.
(32) MU = nmean of the MU, over the appropriate
anal ytical regions.
(33) MU, mnimuminterferant uncertainty = the
cal cul ated m ni mum concentration for which the anal yti cal
uncertainty limt CPOT,/20 in the neasurement of the j'
interferant, based on spectral data in the ni" anal ytica
regi on, can be nmi nt ai ned.
(34) ML, mnimuminstrunental |linewidth = the m ni num
l[inewdth fromthe FTIR system in wavenunbers.
Note: The ML of a system nmay be determ ned by
observing an absorption band known (through higher
resol uti on exam nations) to be narrower than indicated

by the system The ML is fundanentally limted by the
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retardation of the interferoneter, but is also affected
by ot her operational paraneters (e.g., the choice of
apodi zat i on).
(35) N = nunber of anal ytes.
(36) N

(37) N, = nunber of known interferants.

nunmber of potential interferants.

(38) Nyan = the nunber of scans averaged to obtain an
i nterferogram

(39) OFU = the overall fractional uncertainty in an
anal yte concentration determned in the analysis (OFU =
MAX{ FRU, FCU, FAU, FMJ}).

(40) Pascal (Pa) = netric unit of static pressure,
equal to one Newt on per square neter; one atnosphere is
equal to 101, 325 Pa; 1/760 atnosphere (one Torr, or one
mllimeter Hg) is equal to 133. 322 Pa.

(41) Py, = mninmmpressure of the sanpling system
during the sanpling procedure.

(42) Ps = estinmated sanpl e pressure.

(43) Py reference pressure.

(44) Pg = actual sanple pressure.

(45) RM5g, = neasured noise level of the FTIR systemin
the ni" anal yti cal region

(46) RMBD, root nean square difference = a neasure of
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accuracy determ ned by the foll ow ng equati on:

wher e:
n = the nunber of observations for which the
accuracy i s determ ned.
e, = the difference between a nmeasured val ue of a

property and its nean val ue over the n
observati ons.

Note: The RMSD val ue "between a set of n contiguous

absor bance values (A) and the nean of the values"” (A)

is defined as

(47) RSA the (cal cul ated) final concentration of the
ith anal yte.

(48) RSl the (calculated) final concentration of the

kt h known i nterferant.
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(49) tg, SCan tine = tinme used to acquire a single
scan, not including flyback.

(50) tg signal integration period = the period of tinme
over which an interferogramis averaged by addition and
scaling of individual scans. In ternms of the nunber of scans
Nican @nd scan tinme tgan, ts = Ncantscan

(51) tewx = signal integration period used in recording
ref erence spectra.

(52) tg = signal integration period used in recording
sanpl e spectra

(53) Tgr = absolute tenperature of gases used in
recordi ng reference spectra.

(54) Ts = absolute tenperature of sanple gas as sanple
spectra are recorded.

(55) TP, Throughput = manufacturer's estimate of the
fraction of the total infrared power transmtted by the
absorption cell and transfer optics fromthe interferoneter
to the detector

(56) Vg = volune of the infrared absorption cell
i ncluding parts of attached tubing.

(57) W, = weight used to average over analytica
regions k for quantities related to the analyte i; see

appendi x D of this addendum



86
APPENDIX B TO ADDENDUM TO METHOD 320
| DENTI FYI NG SPECTRAL | NTERFERANTS
B.1 General

B.1.1 Assune a fixed absorption pathlength equal to
the value Lg' .

B.1.2 Use band area calculations to conpare the
rel ati ve absorption strengths of the anal ytes and potenti al
interferants. In the ni" analytical region (FL,to FU,), use
ei ther rectangul ar or trapezoidal approximtions to
determ ne the band areas descri bed bel ow (see Reference A,
sections A 3.1 through A 3.3). Docunent any baseline
corrections applied to the spectra.

B.1.3 Use the average total absorbance of the anal ytes
and potential interferants in each analytical region to
determ ne whether the analytical region is suitable for
anal yte concentration determ nations.

Note: The average absorbance in an analytical region

is the band area divided by the width of the anal yti cal

region in wavenunbers. The average total absorbance in

an anal ytical region is the sum of the average

absorbances of all analytes and potential interferants.
B.2 Calculations

B.2.1 Prepare spectral representations of each anal yte

at the concentration CL;, = (DL;)(AU), where DL, is the
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requi red detection |imt and AU is the maxi num perm ssi bl e
anal ytical uncertainty. For the ni" analytical region
cal cul ate the band area (AAl,,) and average absorbance
(AAV,,) fromthese scal ed anal yte spectra.

B.2.2 Prepare spectral representations of each
potential interferant at its expected concentration (CPOT)).
For the mM" analytical region, calculate the band area
(IAl;,) and average absorbance (lAV,,) fromthese scal ed
potential interferant spectra.

B.2.3 Repeat the calculation for each anal yti cal
region, and record the band area results in matrix form as
indicated in Figure B. 1.

B.2.4 |If the band area of any potential interferant in
an analytical region is greater than the one-half the band
area of any analyte (i.e., IAl;,> 0.5 AAl;,, for any pair i}
and any nm), classify the potential interferant as a known
interferant. Label the known interferants k = 1 to K
Record the results in matrix formas indicated in
Fi gure B. 2.

B.2.5 Calculate the average total absorbance (AVT,) for
each anal ytical region and record the values in the |ast row
of the matrix described in Figure B.2. Any analytical

regi on where AVT, >2.0 is unsuitable.
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AAAAAAAANAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANANAAAAAAAAAANALALA44
FIGURE B.1 Presentation of Potential |nterferant
Cal cul ati ons.

Anal yti cal Regions
1 M

3720000000000
Anal yte Label s

1 AAl |, Y YA Ty

i AAL L, . . . AAI,,

IIIIIIIIIIIIIIIIIIIIID)D
Potential Interferant

Label s
1 T
J 1AL, . . . LA,

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANANAAAAAAAAAANALALA44
FIGURE B.2 Presentation of Known Interferant Cal cul ati ons

Anal yti cal Regions
1 M

3127000000000
Anal yte Label s

1 AAIll . . . . AAIJ_M

| A, . . .. AAL,
Known I nterferant DI IIIIIIIIIIIIIIDD;

Label s

1 A, . . . . 1Ay,

K 1AL . . . . 1A
Total Average DI IIIIIIIIIIIIIIDD;

Absor bance AVT, AVT,,
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APPENDIX C TO ADDENDUM TO METHOD 320
ESTI MATI NG NO SE LEVELS
C.1 General

C.1.1 The root-nean-square (RM5) noise |level is the
standard measure of noise in this addendum The RMS noise
| evel of a contiguous segnent of a spectrumis defined as
the RVS difference (RVBD) between the absorbance val ues
whi ch formthe segnent and the nean val ue of that segnent
(see appendi x A of this addendun).

C1l2 The RMS noi se val ue in doubl e-beam absor bance
spectra is assuned to be inversely proportional to: (a) the
square root of the signal integration period of the sanple
singl e beam spectra fromwhich it is formed, and (b) the
total infrared power transmtted through the interferoneter
and absorption cell.

C.1.3 Practically, the assunption of C 1.2 allows the
RVE noi se | evel of a conplete systemto be estimated from
the quantities described in sections C 1.3.1 through
C 1. 3.4

C.1.3.1 RM5,, the noise level of the system (in
absorbance units), w thout the absorption cell and transfer

optics, under those conditions necessary to vield the

specified mninmuminstrunental linewdth, e.g., Jacqui not

stop size.
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C1.3.2 t,w the manufacturer's signal integration tine
used to determ ne RVBy..

C.1.3.3 tg,, the signal integration tine for the
anal yses.

C.1.3.4 TP, the manufacturer's estimte of the
fraction of the total infrared power transmtted by the
absorption cell and transfer optics fromthe interferoneter
to the detector
C.2 Calculations

C.2.1 btain the values of RM5,, tww and TP fromthe
manuf acturers of the equipnment, or determ ne the noise |evel
by direct neasurenents with the conpletely constructed
system proposed in section 4 of this addendum

C.2.2 Calculate the noise value of the system ( RMS)

usi ng equation C. 1.

(C.1)
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APPENDIX D TO ADDENDUM TO METHOD 320
ESTI MATI NG M NI MUM CONCENTRATI ON MEASUREMENT
UNCERTAI NTI ES (MAU and M U)

D.1 General

Estimate the m ni mum concentrati on neasurenent
uncertainties for the ith analyte (MAU) and j'" interferant
(MU) based on the spectral data in the ni" anal ytica
regi on by conparing the analyte band area in the anal yti cal
region (AAl,;,) and estimating or neasuring the noise |evel
of the system (RMSsr or RMBg,) .

Note: For a single analytical region, the MAU or MU

value is the concentration of the analyte or

interferant for which the band area is equal to the

product of the analytical region width (in wavenunbers)

and the noise |level of the system (in absorbance

units). If data fromnore than one analytical region

are used in the determ nation of an anal yte

concentration, the MAU or MU is the nean of the

separate MAU or M U val ues cal cul ated for each

anal ytical region.
D.2 Calculations

D.2.1 For each analytical region, set RVM6 = RVBg, i f
measured (appendi x G of this addendum), or set RVMS = RMSggr

if estimated (appendix C of this addendun).
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D.2.2 For each anal yte associated with the anal yti cal

regi on, calculate MAU, using equation D. 1,

FU, - FL,,
MAU,,, = RMS DL AU, 2 (®.1)

m

D.2.3 If only the ni" analytical region is used to
cal cul ate the concentration of the i'" analyte, set MAU =
MAU

D.2.4 |If nore than one analytical region is used to
cal cul ate the concentration of the i'" anal yte, set MAU
equal to the wei ghted nean of the appropriate MAU, val ues
cal cul at ed above; the weight for each termin the nmean is
equal to the fraction of the total wavenunber range used for
t he cal cul ation represented by each anal ytical region.
Mat hematically, if the set of analytical regions enployed is
{m}, then the MAU for each analytical region is given by
equation D. 2.

MAU, = Y W, MAU,
ke{m?}

(0-2)
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where the weight W, is defined for each termin the sum as

-1
W, = FMk—FLk)( Y [FM, - FLp]) (0.3)
pe{m}

D.2.5 Repeat sections D.2.1 through D.2.4 of this
appendi x to cal cul ate the anal ogous values MU for the
interferants j =1 to J. Replace the value (AU)(DL) in
equation D.1 with CPOT;/20; replace the value AAl,in

equation D.1 with [Al;,
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APPENDIX E TO ADDENDUM TO METHOD 320
DETERM NI NG FRACTI ONAL REPRODUCI BI LI TY UNCERTAI NTI ES ( FRU)
E.1 General

To estimate the reproducibility of the spectroscopic
results of the system conpare the CTS spectra recorded
before and after preparing the reference spectra. Conpare
the difference between the spectra to their average band
area. Performthe calculation for each anal ytical region on
the portions of the CTS spectra associated wth that
anal ytical region.

E.2 Calculations

E.2.1 The CTS spectra {R1} consist of N spectra,
denoted by S;;, i=1, N Simlarly, the CIS spectra {R2}
consi st of N spectra, denoted by S,, i=1, N Each S; is
the spectrumof a single conmpound, where i denotes the
conpound and k denotes the set {Rk} of which S, is a
menber. Formthe spectra S; according to S; = S,-S;; for
each i. Formthe spectra S, according to S, = [S;+S;]/2
for each i.

E.2.2 Each analytical region mis associated with a
portion of the CTS spectra S, and S;;, for a particular i,
with | ower and upper wavenunber limts FFL, and FFU,
respectively.

E.2.3 For each mand the associated i, cal culate the
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band area of S, in the wavenunber range FFU, to FFL,
Fol |l ow t he gui delines of section B.1.2 of this addendum for
this band area cal culation. Denote the result by BAV,

E.2.4 For each mand the associated i, calculate the
RVED of S; between the absorbance values and their nean in
t he wavenunber range FFU, to FFL,, Denote the result by
SRVS,,

E.2.5 For each analytical region m cal cul ate FM, using
equation E. 1,

FM, = SRMS{ FFU,; FFL,) / BAV,, (E.D)

E.2.6 If only the ni" analytical region is used to
cal cul ate the concentration of the i'" analyte, set FRU =
FMy

E.2.7 |If a nunber p; of analytical regions are used to
cal cul ate the concentration of the i'" analyte, set FRU
equal to the weighted nean of the appropriate FM, val ues
cal cul ated according to section E.2.5. Mathematically, if
the set of analytical regions enployed is {m}, then FRU is
gi ven by equation E. 2,

FRU, = ) W, FM,
ke{m}

(E-2)

where the W, are cal cul ated as described in appendi x D of



t hi s addendum
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APPENDIX F OF ADDENDUM TO METHOD 320

DETERM NI NG FRACTI ONAL CALI BRATI ON UNCERTAI NTI ES ( FCU)

F.1 General
F.1.1 The concentrations yielded by the conputerized
anal ytical program applied to each single-conmpound reference
spectrum are defined as the indicated standard
concentrations (1SCs). The ISC values for a single
conpound spectrum shoul d ideally equal the accepted standard
concentration (ASC) for one analyte or interferant, and
should ideally be zero for all other conpounds. Variations
fromthese results are caused by errors in the ASC val ues,
variations fromthe Beer's |law (or nodified Beer's |aw)
nodel used to determ ne the concentrations, and noise in the
spectra. Wen the first two effects dom nate, the
systematic nature of the errors is often apparent and the
anal yst shall take steps to correct them
F.1.2 \Wen the calibration error appears non-

systematic, apply the procedures of sections F.2.1 through
F.2.3 of this appendix to estinate the fracti onal
calibration uncertainty (FCU for each conpound. The FCU is
defined as the nean fractional error between the ASC and the
| SC for all reference spectra with non-zero ASC for that
conpound. The FCU for each conpound shall be |ess than the

required fractional uncertainty specified in section 4.1 of
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t hi s addendum

F.1.3 The conputerized anal ytical progranms shall al so
be required to yield acceptably | ow concentrations for
conmpounds with 1SC = 0 when applied to the reference
spectra. The | SC of each reference spectrum for each
analyte or interferant shall not exceed that conpound's
m ni mum nmeasur enent uncertainty (MAU or M U).

F.2 Calculations

F.2.1 Apply each analytical programto each reference
spectrum Prepare a simlar table to that in Figure F.1 to
present the | SC and ASC val ues for each anal yte and
interferant in each reference spectrum Mintain the order
of reference file names and conpounds enpl oyed in preparing
Figure F. 1.

F.2.2 For all reference spectra in Figure F.1, verify
that the absolute values of the ISC s are |less than the
conpound's MAU (for analytes) or MU (for interferants).

F.2.3 For each analyte reference spectrum calcul ate
the quantity (ASC-1SC)/ASC. For each analyte, calculate the
mean of these values (the FCU for the i'" analyte) over all
reference spectra. Prepare a simlar table to that in
Figure F.2 to present the FCU and anal ytical uncertainty

limt (AU) for each anal yte.
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FIGURE F.1
Presentation of Accepted Standard Concentrations (ASC's)
and Indicated Standard Concentrations (ISC's)

ISC (ppm)
Reference
Compound Name Spectrum File ASC Analytes Interferants
Name (ppm) [ | J=1e
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FIGURE F.2
Presentation of Fractional Calibration Uncertainties (FCU's)
and Analytical Uncertainties (AU's)

Analyte Name FCU AU (%)
(%)
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APPENDIX G TO ADDENDUM TO METHOD 320
MEASURI NG NO SE LEVELS

G.1 General

The root-nmean-square (RVS) noise level is the standard
measure of noise. The RMS noise |evel of a contiguous
segnent of a spectrumis the RMSD between the absorbance
val ues that formthe segnent and the nean val ue of the
segnent (see appendi x A of this addendum.
G.2 Calculations

G 2.1 Evacuate the absorption cell or fill it wth UPC
grade nitrogen at approxi mately one atnosphere total
pressure.

G 2.2 Record two single beam spectra of signal
integration period tg.

G 2.3 Formthe doubl e beam absorpti on spectrum from
these two single beam spectra, and cal cul ate the noise |evel

RMSg, in the M anal ytical regions.
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APPENDIX H OF ADDENDUM TO METHOD 320
DETERM NI NG SAMPLE ABSORPTI ON PATHLENGTH (Ls) AND
FRACTI ONAL ANALYTI CAL UNCERTAI NTY ( FAU)
H.1 General

Ref erence spectra recorded at absorption pathlength
(Lg), gas pressure (Pg, and gas absolute tenperature (Tg
may be used to determ ne anal yte concentrations in sanples
whose spectra are recorded at conditions different fromthat
of the reference spectra, i.e., at absorption pathlength
(Lg), absolute tenperature (Tg), and pressure (Pg). This
appendi x describes the calculations for estimting the
fractional uncertainty (FAU) of this practice. It also
describes the calculations for determ ning the sanple
absorption pathlength from conpari son of CIS spectra, and
for preparing spectra for further instrunental and
procedural checks.

H 1.1 Before sanpling, determ ne the sanple absorption
pat hl ength using | east squares analysis. Determ ne the
ratio L Lg by conparing the spectral sets {Rl1} and {R3},
whi ch are recorded using the same CTS at Lg and Lz and Tg
and Tg, but both at Px

H 1.2 Determne the fractional analysis uncertainty
(FAU) for each analyte by conparing a scaled CTS spectra

set, recorded at Ls, Tg, and P;, to the CTS reference spectra
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of the sanme gas, recorded at Lg Tg and P Performthe
quantitative conparison after recording the sanple spectra,
based on band areas of the spectra in the CTS absorbance
band associated with each anal yte.
H.2 Calculations

H 2.1 Absorption Pathlength Determ nation. Perform
and docunent separate |inear baseline corrections to each
anal ytical region in the spectral sets {R1} and {R3}. Form
a one-di nensi onal array Az containing the absorbance val ues
fromall segnments of {Rl} that are associated with the
anal ytical regions; the nenbers of the array are Ay, i = 1,
n. Forma simlar one-dinensional array As fromthe
absorbance values in the spectral set {R3}; the nenbers of
the array are Ay, I =1, n. Based on the nodel A = rAg +
E, determne the | east-squares estimate of r', the val ue of
r which mnimzes the square error E2 Calcul ate the sanple
absorption pathlength, Ls, using equation H 1

Ls = r' (Tg Tr) Lg (H.1)

H 2.2 Fractional Analysis Uncertainty. Perform and
docunent separate |linear baseline corrections to each
anal ytical region in the spectral sets {R1} and {R4}. Form
the arrays Ag and Ag as described in section H 2.1 of this
appendi x, using values from{Rl} to form Ag and val ues from

{R4} to formAs. Calculate NRVM5S: and | Ay, using equations
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H 2 and H. 3,
n T (L) (P 1
\RMS_ = \'Z Ag - _R) [_S) FS] Ay (H.2)
=1 S R R J
1y Trl | Ls|f Ps
A, == Al +| =] =2|]| =21 A (H-3)
AV 5 g S Ts) [ L. P Ri

The fractional analytical uncertainty, FAU, is given by

equation H. 4,

~ NRMS,
FAU = (H-4)
AAV
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APPENDIX 1 TO ADDENDUM TO METHOD 320

DETERM NI NG FRACTI ONAL MODEL UNCERTAI NTI ES ( FMJ)

1.1 General
To prepare anal ytical progranms for FTIR anal yses, the

sanpl e constituents nust first be assuned. The cal cul ations
in this appendi x, based upon a simulation of the sanple
spectrum shall be used to verify the appropriateness of
t hese assunptions. The sinulated spectra consist of the sum
of single conpound reference spectra scaled to represent
their contributions to the sanpl e absorbance spectrum
scaling factors are based on the indicated standard
concentrations (1SC) and neasured (sanple) analyte and
interferant concentrations, the sanple and reference
absorption pathlengths, and the sanple and reference gas
pressures. No band-shape correction for differences in the
tenperature of the sanple and reference spectra gases is
made; such errors are included in the FMJ estimate. The
actual and sinul ated sanple spectra are quantitatively
conpared to determ ne the fractional nodel uncertainty; this
conpari son uses the reference spectra band areas and
residuals in the difference spectrumforned fromthe actual
and sinmul ated sanpl e spectra.
1.2 Calculations

|.2.1 For each analyte (wth scal ed concentration
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RSA), select a reference spectrum SA with indicated
standard concentration I SG. Calculate the scaling factors,

RA;, using equation I.1,

RA - Ty Lg P RSA, (.1
! Tg L, Py ISC,

Form the spectra SAG by scaling each SA by the factor RA.
|.2.2 For each interferant, select a reference
spectrum SI, with indicated standard concentration | SC.
Cal cul ate the scaling factors, R, using equation I|.2,
T Lg Pg RSIk

RI, - (1.2)

Tg L, Py ISC,

Formthe spectra SIG by scaling each SI, by the factor RI,.
|.2.3 For each anal ytical region, determ ne by visual
i nspection which of the spectra SAG and SI G exhibit
absor bance bands within the anal ytical region. Subtract
each spectrum SAC and SI C exhi biting absorbance fromthe
sanpl e spectrum Sg to formthe spectrum SUBs. To save
analysis tinme and to avoid the introduction of unwanted
noi se into the subtracted spectrum it is reconmended that
the calculation be made (1) only for those spectral data
points within the analytical regions, and (2) for each
anal ytical region separately using the original spectrum S..

1.2.4 For each anal ytical region m calculate the
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RVSD of SUBg bet ween t he absorbance values and their nmean in
the region FFU,to FFL, Denote the result by RMSS,
|.2.5 For each analyte i, calculate FM, using equation
l.3,

RMSS, FFU, - FFL, AU, DL,

M_ = 1.3
m AAl RSA, (-3

for each anal ytical region associated with the anal yte.
1.2.6 If only the m" analytical region is used to
calcul ate the concentration of the i'h analyte, set FMJ=FM,
|.2.7 1f a nunber of analytical regions are used to
cal cul ate the concentration of the i'" anal yte, set FM equa
to the weighted nean of the appropriate FM, val ues
cal cul ated using equation |-3. WMthematically, if the set
of analytical regions enployed is {m}, then the fractional
nodel uncertainty, FMJ, is given by equation I.4,

FMU, = ) W, FM,
ke{m?}

(1.4)

where W, is cal cul ated as described in appendix D of this

addendum
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APPENDIX J OF ADDENDUM TO METHOD 320

DETERM NI NG OVERALL CONCENTRATI ON UNCERTAI NTI ES ( OCU)

The cal culations in this addendum estimate the
measur enent uncertainties for various FTIR neasurenents.
The | owest possible overall concentration uncertainty (OCU)
for an analyte is its MAU value, which is an estimate of the
absol ute concentration uncertainty when spectral noise
dom nates the neasurenent error. However, if the product of
the largest fractional concentration uncertainty (FRU FCU
FAU, or FMJ) and the neasured concentration of an anal yte
exceeds the MAU for the analyte, then the OCU is this
product. In mathematical ternms, set OFU = MAX{FRU, FCU,

FAU, FMJ} and OCU = MAX{RSA*OFU, MAU}.
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