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Abstract

This paper discusses the issues of measuring formaldehyde on rich burn natural gas engines typically
used in the gas compression industry in the United States. Recently, the EPA passed the final rule for
reciprocating internal combustion engines to meet the national emission standards for hazardous air
pollutants (i.e. RICE NESHAP rule) for both compression ignition (Cl) and spark ignited (SI) engines. In
natural gas lean burn engines, carbon monoxide (CO) is measured and used as a surrogate for
formaldehyde and other hazardous air pollutants (HAPs). In rich burn natural gas engines,
formaldehyde is directly measured in the field and used as a surrogate to represent the various HAPs
present in engine exhaust. The recommended methods for the measurement of formaldehyde are EPA
method 320 or ASTM D6348-03. For both of these methods, a Fourier Transform Infrared (FTIR)
spectrometer is required. The FTIR is a very sophisticated instrument that is capable of measuring very
low concentrations of formaldehyde. Similar to other analytical instruments, the instrument must be
correctly setup to give realistic, unbiased readings. This is particularly true at low concentrations such as
the levels specified in the RICE NESHAP rule. For rich burn engines greater than 500 horsepower, the
rule requirement is greater than 76% formaldehyde removal efficiency or below 2.7ppmv@15% O,.

This paper will discuss how FTIR formaldehyde measurement is influenced by instrument setup and the
presence of other exhaust chemical components. A model gas reactor is used to simulate major exhaust
gas components, giving a stable, known gas stream input to the FTIR. Step changes in the individual gas
components were made and the effect on formaldehyde measurement was determined. It was
determined that special care needs to be taken to avoid hydrocarbon bias in the formaldehyde
measurement at a FTIR gas cell temperature of 150°C.
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1 Introduction

1.1 Rice NESHAP rule

In 2010, the EPA finalized a national regulation for reducing emissions from stationary compression
ignition (Cl) and spark ignition (SI) engines. This rule is commonly called RICE NESHAP (Reciprocating
Internal Combustion Engines National Emission Standards for Hazardous Air Pollutants). The compliance
deadlines for the rule are in 2013.

The rule is intended to reduce emissions of hazardous air pollutants (HAPs) that are hydrocarbon
derivatives from fuel and lube oil combustion. For internal combustion engines these HAPs include
formaldehyde, acetaldehyde, acrolein, methanol, benzene, toluene, 1,3-butadiene, 2,2,4-
trimethylpentane, hexane, xylene, naphthalene, PAH, methylene chloride, and ethylbenzene.

The rule requires a number of maintenance practices to be followed, and requires emission control
catalysts in certain instances, depending on the engine’s power rating, hours of operation, whether the
site is a major source or area source, etc.. In the case of Cl and lean burn Sl engines, carbon monoxide
(CO) is used as the measurement surrogate for HAPs. Carbon monoxide is assumed to correlate to HAPs
levels, and CO can be measured in a repeatable manner in the field with portable equipment at a low
cost. In the case of non-emergency rich burn Sl engines, over 100 hp in major sources and over 500 hp
in area sources, the RICE NESHAP rule requires that formaldehyde be directly measured and that it be
used as the representative for all HAPs.

The formaldehyde measurement methodologies are unfamiliar to many operators of stationary internal
combustion engines. As the prescribed measurement standards, EPA proposed using EPA Method 320
or ASTM D6348-03 which both use Fourier Transform Infrared (FTIR). EPA also proposed EPA Method
323 as an alternative, which is a colorimetric measurement based on a chilled impingement train
method. Due to relatively low concentrations of formaldehyde in the exhaust stream, and the
complexity of the measurement equipment, accurately determining formaldehyde in a plant setting in a
consistent manner presents a number of challenges. FTIR is expected to be the primary type of
instrument for field measurement of formaldehyde from stationary internal combustion engines. As
such, in order to assist and educate those involved with implementing the RICE NESHAP rule, this paper
will described issues and challenges of using FTIR for formaldehyde measurement.

1.2 FTIR operation

Formaldehyde (HCHO or CH,0) is the most abundant gas phase carbonyl compound (10-100 ppb in
polluted urban air) in the ambient atmosphere, originating from both emissions in combustion sources
and from atmospheric oxidation of methane, as well as non-methane hydrocarbons (NMHCs).
Formaldehyde is classified in Group 1 (human carcinogen) by the International Agency for Research on
Cancer due to its carcinogenicity [1]. Because of the important role CH,0 plays from an atmospheric
chemistry and a toxicology viewpoint, a variety of methods have been developed for the determination



of CH,0 [2]. Spectroscopic methods, particularly Fourier Transform InfraRed (FTIR) absorption, are
commonly used to provide real-time measurement of formaldehyde. These FTIR monitoring techniques
are also specific, non-destructive and quantitative due to the intrinsic sensitivity of vibrational
spectroscopy to molecule structures.

A FTIR spectrometer can be used to detect the presence of different species such as CO, CO,, NO,
hydrocarbons, and any other infrared active molecules simultaneously while some other procedures rely
upon the use of an array of different analytical instruments each one dedicated to the detection of one
species. This presents a considerable advantage to nonintrusive FTIR spectroscopy compared with
conventional methods.

The FTIR requires long optical paths or use multiple-pass cells to attain adequate sensitivity in order to
detect formaldehyde or other compounds with low concentrations. The requirement of large, complex
and expensive instrumentation makes these methods not amenable for routine applications in the past.
In the case of FTIR spectroscopy, an infrared beam is passed through a sample cell of up to two
kilometers in a multiple-reflection optical path. Formaldehyde could be detected by a characteristic
doublet at 2779 and 2781.5 cm™ with a reported detection limit of approximately four ppb [2].

In our tests, sample gas was measured using a Fourier Transformed Infrared Spectrometer
manufactured by MKS Instruments (Multi-gas analyzer, model 2030HS). According to the manufacturer
specification, MKS 2030HS multi-gas analyzer is capable of ppb to % sensitivity [3]. It can simultaneously
analyze and display more than 30 gases; and perform analysis in gas streams containing up to 30% water

[3].

Sample gas is fed to the FTIR gas analyzer continuously during tests. Different wavelengths of the
infrared beam are passed through the sample, and partially absorbed by the gas species. The FTIR gas
analyzer measures absorption spectrum which is unique for each infrared-active gas. Data are then
processed by its software package (MG2000 Multigas) to calculate the concentration of each gas using
pre-loaded calibrations which have been validated against the on-line EPA library or against NIST
traceable gas mixture.

1.3 Potential problems

However, there are a number of disadvantages or limitations of using FTIR spectrometers to measure
formaldehyde and other molecules in the engine exhaust emissions. Restrictions are imposed by
calibration files, spectrum interferences, high water content up to 20%, and the requirement for
expensive and elaborate instrumentation [4].

1.3.1 Identification and quantification

Identification and quantification of all the species present in engine exhaust is impossible. The
compounds of diesel and natural gas are extremely complex [5,6,7]. The organic compounds in engine
exhaust can be classified by the following categories: Non-Methane Hydrocarbons (NMHC), Carbonyl
compounds, polycyclic aromatic hydrocarbons (PAH) — including nitro-PAHs (n-PAH) — and
polychlorodibenzo dioxins and furans. Among these compounds, there are at least 92 kinds of
hydrocarbons identified in the NMHC category [5]. In spectral regions where different compounds have

5



overlapping features, it can be very difficult to distinguish between them and to assign spectral lines to
specific compounds.

1.3.2 Interferences
Interferences can be divided into the following two major categories:

1.3.2.1 Analytical interferences

Analytical interference is also called the background or spectral interference. It occurs when two or
more compounds have overlapping absorbance bands in their infrared spectra. To minimize analytical
interferences, a new background must be collected periodically, but no other corrective action will be
required [8] because these interferences have been carefully taken into account by the pre-loaded
calibration files that comes with the FTIR instrument. For instance, spectral interferants were carefully
identified and “picket fenced”. “Picket fencing” means some spectra regions from the analysis region
are removed in order to avoid interferences with other gases or remove noisy valleys [9]. This allows
the analysis algorithm to weight out unwanted portions of the analysis region [9].

1.3.2.2 Sampling system interferences

These are the interferences that prohibit or prevent delivery of the target analytes to the FTIR gas cell.
Examples of potential sampling system interferences are unwanted moisture condensation within the
sampling system, heavy deposition of particulate matter or aerosols within the sampling system
components, or reactive gases [10]. The analyte spike procedure in EPA method 320 is designed to
measure sampling system interference, if any [8].

1.3.3 Formaldehyde analysis - Low concentration

According to MKS, formaldehyde detection limit (and error bar) is approximately 0.3 ppm without a
custom water calibration. Formaldehyde is tricky to calibrate because it tends to polymerize against the
cylinder walls of the gas container. As a result, low concentration readings might not be reliable. The
detection limit of formaldehyde can be less than 0.1 ppm with a custom water calibration. [12]

1.4 Objective/Goal

For rich burn engines greater than 500 horsepower, the RICE NESHAP rule requirement is greater than
76% formaldehyde removal efficiency or below 2.7ppmv@15% O,. Given that the FTIR measurement of
low formaldehyde concentration is difficult, the main goal of this paper is to investigate how accurate
low formaldehyde measurement is, with different instrument settings and the presence of other
exhaust chemical components.

2 Experimental/Test Description

2.1 Test parameters

2.1.1 Instrument setup - Gas calibrations
Before taking measurements on the FTIR, the user needs to select a desired method for the test. Each
‘method’ is a file location where required calibration files from multiple locations are copied into [9].



They are pre-loaded by the FTIR manufacturer, MKS, for use in their MultiGas software. Each method
consists of specific calibration files which are collected with particular instrument settings, including the
FTIR spectral resolution and line position, gas cell path length, temperature and pressure, and the
apodization function [10]. Instrument settings in field tests must be the same as in the chosen method
used to quantify the gas concentration(s), or else appropriate corrections must be made [10]. Users can
create their own gas calibrations if needed, but note that it is an advanced operation.

In this paper, the importance in the choice of FTIR methods will be investigated. The focus will be on
different gas cell temperatures. Experiments were performed with the following methods and compared
for the accuracy in formaldehyde readings [12]:

1. Method at 191°C gas cell temperature:

e Itisthe recommended method by the MKS. It has a narrower wavenumber range and
has "picket fenced" against interfering species, which makes it less sensitive to biases.

e The disadvantage is that readings are less sensitive (high detection limit) because fewer
signals are used.

2. Method at 150°C gas cell temperature:

e ltisan older method which was not tuned as thoroughly as the one at 191°C. The
formaldehyde calibration in this method uses a different wavenumber range than the
191°C method, and is less "picket fenced" against other components.

e |t contains more components than in the 191°C method, therefore a higher chance that
components might interfere with one another.

2.1.2 Exhaust chemical components

Methane and ethane in the exhaust gas are the possible analytical interferences of formaldehyde. In
this paper, the influence of formaldehyde measurement by the presence of these three components will
be studied by step change tests (described below).

2.2 Description of equipment

Exhaust gas conditions were simulated using DCL’s model gas reactor: Omega FMA series mass flow
controllers were used to control stable, known gas stream inputs from certified gas cylinders to the
sampling system. Gases were mixed as a bulk stream and were preheated to higher than 100°C by a
preheater. All the sampling lines were heated by heating tape to prevent water condensation. The
heated gas stream was then fed to the MKS 2030HS FTIR analyzer. A gas cell with 5.11 meter path
length was used and the FTIR was maintained at one atm pressure. Excess flow was vented. Itis noted
that the gas cylinders used in the experiments were checked for the presence of formaldehyde in the
cylinders prior to tests.



The following is the process flow diagram of our model gas reactor:

Mass Flow

N —— S
ar —— ] > \M/
Desired testing —

gas component

To FTIR analyzer

To vent
Figure 1: Process flow diagram of model gas reactor tests.

FTIR instrument qualification steps were performed prior to experiments to ensure good instrument
performance. Please refer to Appendix A for steps and results.

The main idea of the test is to investigate how FTIR formaldehyde measurement is influenced by
instrument settings and the presence of other exhaust chemical components. Step change tests with
individual gas components were made and the effect on formaldehyde measurement was determined:

1. The cell of the FTIR was set to the desired testing cell temperature. Corresponding calibration
files were chosen.

2. The system was purged with dry nitrogen gas to obtain a zero reference spectrum.

3. Step tests of individual gas component:

i Presence of formaldehyde in the cylinders was checked prior to experiments.

ii.  Afixed flow rate of air and nitrogen stream was introduced to the FTIR as a base stream
with the use of mass flow controllers. The gas stream and the lines were heated.

iii. A known concentration and flow rate of the desired testing gas component (e.g.
methane) was introduced to the gas stream as a step change.

iv.  The system was allowed to stabilize until all the readings were steady and FTIR readings
were recorded. An average reading for a duration of five minutes was taken.

V. Repeat steps iii - iv for a few concentration set points. Figure 2 below shows an example
of a step change test. The desired testing component (e.g. methane) was added to the
feed stream by incremental increases.

vi. Repeat tests with different instruments settings (i.e. 150°C method and 191°C method).



Example of Step change test
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Figure 2: Example of step change experiment

2.3 Calibration

The formaldehyde mass balance was validated before experiments. The procedure was as followed: 10
uL of certified 37% w/w formaldehyde solution, supplied by Fisher Scientific, was injected to the closed
FTIR system with nitrogen-gas-only stream. Injection was made as close to the FTIR as possible to
reduce any adsorption of formaldehyde onto the tubing walls. The tubing to the FTIR was heated to
100°C. The input and output mass was calculated and found to be balanced, with an error less than 5%.
According to ASTM D6348-03, an accuracy of +/- 20% and a precision of +/- 10% for each measurement
value should be possible when procedures detailed in the standard are followed. In practice (field tests),
an accuracy of 10% and precision of 5% are routinely achieved. The error was less than five percent for
both 150°C and 191°C gas cell temperature methods. Errors were acceptable within the FTIR noise,
human error of injection, error of the syringe, etc. [10]

3 Results and discussion
3.1 Model gas reactor (MGR) - controlled condition testing

3.1.1 Baseline

A background spectrum was collected by directing dry nitrogen from liquid nitrogen tank through the
entire sampling system to set a zero reference (baseline) for all the tests. The same gas cell conditions
(i.e. temperature, pressure, and pathlength) were used for sample analysis.



3.1.2 Step change experiments
3.1.2.1 Methane

3.1.2.1.1 Step test with methane
A fixed flow rate of air and nitrogen was fed to the FTIR as a base stream, and different concentrations

of methane gas were added as step changes (see Figure 2). No input of formaldehyde was included in

the stream.

It was observed in Figure 3 that formaldehyde reading was within the FTIR detection limit of 0.3ppm and
the standard deviations during the experiment. It shows that methane does not cause bias in
formaldehyde readings in both the 150°C and 191°C methods. It is noted that ‘formaldehyde bias’ on
the y-axis = formaldehyde reading on the FTIR —actual formaldehyde concentration in the stream
(Oppm). This definition of CH,0 bias will be used throughout the paper.

Methane step test result

t .
2 005 T | ]
2 M —=—CH20 bias (150°C)
2 )
8 0.00 \.____.—— == CH20 bias (191°C)
E 0 1000 00 2000 2500 000~ 3500

-0.05 = 1

N
-0.10
0.15

CH4 concentration (ppm)

Figure 3: Formaldehyde bias in step test with methane, comparison of results between 150°C and 191°C method.
3.1.2.2 Ethane

3.1.2.2.1 Step test with ethane
A fixed flow rate of air and nitrogen was fed to the FTIR as a base stream, and ethane gas were added as

step changes. No input of formaldehyde was included in the stream.

It was observed in Figure 4 that with the 150°C cell temperature method, [CH,0 bias] = 0.004[C,Hg]. For
191°C cell temperature method, formaldehyde bias is within the FTIR detection limit of 0.3ppm. This
shows that with the gas cell temperature of 150°C, a concentration of 400 ppm ethane in the gas feed
will give a positive bias of ~1.8 ppm CH,0 when no CH,0 is present in the gas stream.
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Ethane step test result
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Figure 4: Formaldehyde bias in step test with ethane, comparison of results between 150°C and 191°C method.

3.1.2.2.2  Step test with hydrocarbon mixtures

In view of the bias as seen in Section Step test with ethane, tests were redone with hydrocarbon
mixtures replacing ethane gas to check if there is any influence with the presence of multiple exhaust
components: A fixed flow rate of air and nitrogen was fed to the FTIR as a base stream, and
hydrocarbon mixtures were added as step changes. The hydrocarbon mixture contains 40% methane,
6% ethane, and 2% propane. No input of formaldehyde is included.

Result was consistent with the ethane-only test (Section Step test with ethane3.1.2.2.1) where addition
of methane and propane in the stream showed no change in formaldehyde bias with ethane. For
instance, [CH,0 bias] = 0.004 [C,H¢] for the 150°C method, and no significant bias when using the 191°C

method. (See Figure 5)
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Hydrocarbons step test result
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Figure 5: Formaldehyde bias in step test with hydrocarbon mixtures, comparison of results between 150°C and 191°C
method.

3.1.2.2.3 Step test with ethane, with the presence of formaldehyde in stream

To better understand if the presence of formaldehyde in the exhaust stream would give greater bias
with ethane input, test in section 3.1.2.2.1 was also redone with constant formaldehyde added in the
base stream: A fixed flow rate of air and nitrogen was fed to the FTIR as a background stream with
approximately 6 ppm formaldehyde. The nitrogen stream was bubbled thorough a solution containing
CH,0 and water. Upon exiting the solution the gas stream contains approximately 6ppm CH,0. Ethane
was added to the feed stream by incremental increases. The result was observed to be consistent with
the previous results (See Figure 6), where [CH,0 bias] = 0.004 [C,H¢]. It is noted that ‘formaldehyde bias’
on the y-axis = formaldehyde reading on the FTIR — actual concentration of formaldehyde in the stream

(6ppm).
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Figure 6: Formaldehyde bias in step test with ethane with 6ppm formaldehyde in stream, comparison of results between

150°C and 191°C method.

3.1.2.2.4 Step test with ethane, effects on other hydrocarbons readings

An interesting observation was found during ethane test in section 3.1.2.2.1: methane and propane
readings dropped with an increase in ethane using the 150°C method. As showed in Figure 7, propane
reading dropped to -30ppm when ethane was close to 400ppm. In this test, a fixed flow rate of air and

nitrogen was fed to the FTIR as a base stream, and ethane gas were added as step changes. No input of
methane, propane, and formaldehyde were included in the stream.
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Figure 7: Methane and propane biases by ethane using 150°C method.
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3.1.2.2.5 Biases caused by ethane - Discussion:

To investigate the cause for the formaldehyde, methane and propane biases with ethane gas input, the
specific ethane calibration used in the 150°C method was studied. Figure 8 shows a snapshot of the
calibration screen from the MKS software. It shows a single point calibration using 50ppm ethane.
Measurements higher than 50ppm are calculated by extrapolation, and may not match sufficiently well
with the spectra at higher concentrations of ethane. It is critical that the calibrations of the interferent
cover the concentration range that is being tested. (i.e. if a calibration of an interferent is 0-1000 ppm,
concentration above that value cannot be tested.) This single point ethane calibration may cause some
bias on other gases; in our case for example, we observed methane and propane readings dropped (see
Figure 7). [12]

I Gas Calibration Report

Gas |0 [Ethane 1500 | Lo Alamn [0.00 | Span [1.000000 |

| RN I | U I LFF Path [o-\0LT-Calbrations B asoline method 150C [071 30BIE thane 150C_0L47 | Hidlam 5,00 | Mutations [FALSE |

'DDD]D: 1 1 I 1 I 1 -I o 1 1 1 1 [ 1 I 1 1 1 1 1 1
2767 2800 2850 2900 2950 3000 3050 a3 40 60 20 100 120 140 160 180 200 220 240 256
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Ethane (50 ppm, 5.11m, 150C] Jab 143,765 0478 255,500 255,500 255.500] || Min % Residuals [ ] Excl Zero[ ] Buant v Highest[]
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Region 00 - 276713 ta 311257 cm-1
Region 01 - 745.36 to 953.39 cm-1
Region 02 - 1288.47 to 1635.84 cm-1

Figure 8: Ethane calibration report, original single point 150°C calibration.

A multiple-point calibration (with a wider range of 0 — 3000 ppm) of ethane at 150°C cell temperature
was provided for analysis comparison by MKS. (See Figure 9) These calibrations were used to reprocess
the data in section 3.1.2.2.1 and 3.1.2.2.4 with the MG2000 software. ‘Reprocessing’ is a feature in the
Multigas software that allows users to re-analyze data that have been collected previously. ‘Reprocess’
works identically to running a test, except spectra are retrieved from data files rather than collected
from the FTIR instrument [9].
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Figure 9: Ethane calibration report, multiple points 150°C calibration provided by MKS.

In our reprocessing, all the calibration files of other gases were kept the same, except the single point
ethane calibration was changed to the multiple points calibration. The methane and propane biases in
the reprocessed data using the multiple points calibration were also examined. Comparison was made
to the results in section 3.1.2.2.1 and 3.1.2.2.4. The formaldehyde bias with ethane step test
reprocessed data was found to be less with using the multiple-points ethane calibration (See Figure 10):
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Comparison of CH20 bias with the use of single point
ethane calibration vs. multiple points ethane calibrations
at 150°C cell temperature

y=0.0041x }
=4 CH20 bias ( with 150°C single point
y = 0.0024x ethane calibrations)
1
=—fll— CH20 bias ( with 150°C multiple points
ethane calibrations)
0.5 —— Linear (CH20 bias ( with 150°C single

point ethane calibrations))

1.5

CH20 bias (ppm)

—— Linear (CH20 bias ( with 150°C
multiple points ethane calibrations))

100 200 300 400 500 600 700

-0.5
C2H6 concentration (ppm)

Figure 10: Formaldehyde bias in step test with ethane at 150°C cell temperature, comparison of results between single point
and multiple points ethane calibrations.

With the multiple-points ethane calibration files, it can be seen that the methane and propane biases in

reading were also greatly reduced (Figure 11):

Effects of HCs by ethane concentration at 150°C cell
temperature - Comparison between 150°C single point ethane
calibrationvs. 150°C multiple points ethane calibrations

T .
=
2 e CH4A bigs fwith 150°C single pointethane
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E \\ —@— C3HB bias [with 150°C single point ethane
@ 15 calibration)
5
2 \ ==fe=CH4 bias [with 150°C multiple points
g =0 ethane calibrations)
8 \
£ _og i C3HE bias (with 150 multiple points
5 ethane calibrations)
-30
-35

Ethane concentration {ppm)}

Figure 11: Methane and propane biases in step test with ethane at 150°C cell temperature, comparison of results between
single point and multiple points ethane calibrations.

From the above results in this section (Figure 10 and Figure 11), it can be suggested that one of the main
reasons of biases in formaldehyde, methane, ethane, and propane readings is the incapability of the
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single point calibration file of ethane to match sufficiently well with the spectra of higher concentration
of ethane [12].

4 Implications of results on field testing

4.1 Field testing examples

Below are emissions test data measured from eleven different rich burn-slow speed engines located at
different fields. Each engine was equipped with an exhaust after-treatment (three-way) catalyst for
emission treatments. Tests were performed with MKS 2030 FTIR analyzer, and with the 150°C cell
temperature method used. A gas cell with 5.11 meter path length was used. The FTIR was maintained
at one atm pressure. FTIR measured the formaldehyde and ethane concentrations before (= ‘engine
outlet’) and after (= ‘catalyst outlet’) the catalyst (See Figure 12). Table 1: Formaldehyde and Table 2
show the test data collected. The data were collected with a 5% O, level in engine. It can be seenin
Table 1, inlet formaldehyde concentration varies between 4 to 32 ppm with the outlet formaldehyde
concentrations varying between 0.4 to 5.3 ppm. Inlet ethane concentrations vary from 0 to 700 ppm
whereas the outlet ethane concentrations vary from 0 to 460 ppm.

Untreated
exhaust from

Exhaust after-
FTIR analyzer

A 4

A 4

treatment catalyst

natural gas engine Engine

Catalyst

outlet outlet

Figure 12: Schematic diagram of field test setup.

Table 1: Formaldehyde readings of engine emission tests result @ 5% O,.

Formaldehyde

Engine # 1 2 3 4 5 6 7 8 9 10 11
Catalyst
Outlet 53 | 371|508 | 1.3 | 191 0.6 0.41 0.4 0.67 0.8 0.5
(ppm)
Engine
Outlet 19.1 | 32.0 | 16.9 5 6.2 4.2 3.7 6.6 5.7 4.3 6.9
(ppm)
%conv. | 72.3 | 88.4 | 70.0 | 74.0 | 69.0 | 85.7 | 88.9 | 93.9 88.1 | 81.4 | 92.8
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Table 2: Ethane readings of engine emission tests result @ 5% O,.

Engine # 1 2 3 4 5 6 7 8 9 10 11

Ethane

Catalyst
Outlet |459.2 | 9.6 | 100 30 0 50.0 0 44.7 0 0 23.3

(ppm)

Engine
Outlet | 703.6 0 0 80 0 140.1 0 70.1 0 48.1 | 114.9
(ppm)

With the experimental results found in section 4 (i.e. [Formaldehyde bias] = 0.004[ethane]), CH,0 value
could have a bias of as much as 1-2 ppm higher than the real value in usual engine conditions. In this
section, we would like to investigate if this bias would affect formaldehyde conversion in the above field
tests.

For rich burn engines greater than 500 horsepower, the RICE NESHAP rule requirement is greater than
76% formaldehyde removal efficiency or below 2.7ppmv@15% O,. It is noted that a formaldehyde value
of less than 9.3ppm CH,0 for 5% O, in the above Table 1 (by correction) is equivalent to 2.7ppm @15%
O, in the RICE NESHAP rule. It can be observed from the data of engine 4 to 11 that the ‘engine outlet’
CH,0 levels were low enough to meet the RICE NESHAP rule even without an addition of catalysts. On
the other hand, the formaldehyde reduction from engine 1 to 3 passed the rule with the use of a
catalyst.

By looking at the data from engine 1, a CH,0 conversion of 72% was obtained, which is a failure in the
RICE NESHAP rule with the criterion of 76% formaldehyde conversion. (Note that the 2.7ppm criterion is
omitted for this case of comparison.) However, if the CH,0 bias of the 150°C method in section 3 ([CH,0
bias] = 0.004[C,H¢]) is taken into account, the conversion efficiency for engine 1 would be adjusted to
79%, which is a passing conversion for the rule. (See Table 3) This conversion difference can be an issue
in emission test especially at low CH,0 concentrations (less than 10 ppm), or high ethane concentrations
situations, which are most likely to occur at low exhaust temperatures or load conditions ( i.e. less than
400°C where minimal conversion of ethane occurs). The effect would be most noticeable when the
CH,0 value is close to the passing target of 76% formaldehyde conversion or 2.7ppmv (@15%0,).

Table 3: Comparison of CH,0 conversion of with and without bias adjustment for engine 1 example.

Ethane Formaldehyde Formaldehyde
(correct for bias)
Engine outlet (ppm) 703.6 19.1 16.22
Catalyst outlet (ppm) 459.2 5.3 3.42
Conversion % 72.3% 78.9%
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It is unclear the reason of the higher ‘catalyst outlet’ ethane concentrations than ‘engine outlet’ for
engines 2 and 3. One suspicion for the low ‘engine outlet’ ethane concentration is that air was being
pulled into the sampling line and diluting the sample.

4.2 Accuracy in field test numbers

One observation from the engine test result was that in some field trials, formaldehyde readings of
‘catalyst outlet’ showed values of -4 to -5 ppm. (Unfortunately, the hydrocarbon speciation data was not
collected for deeper investigation.) These negative numbers indicate that the FTIR analyzer was not
zeroed properly, or the ‘zero/background gas’ contained trace amounts of formaldehyde. Another
possibility is that there may be some interferent(s) in the ‘zero gas’ stream that is not ‘picket fenced’ by
the FTIR software.

In this particular case with improper baseline, the formaldehyde concentrations obtained would give
higher values than the real ones (because the reference used is lower than the ‘real’ zero). The resulting
effect would be a lower emission level than what were actually being achieved, and possibly an engine
passing the RICE rule that should not.

4.3 Conclusion for field testing

The subjects of in-field sampling, error propagation, engine tuning and catalyst function will influence
whether a field application will pass the RICE NESHAP rule. These would increase the measurement
error and give a wider measurement range. The current RICE NESHAP rule of 76% CH,0 conversion or
2.7ppm @ 15% O, is well suited for FTIR measurement. However, tighter regulations may be difficult to
measure in the field.

4.4 Recommendation on optimization of FTIR sampling in field tests

To minimise poor measurement especially in the field, it is important to equip the FTIR sampling system
with an appropriate sampling setup. First of all, ensure the FTIR sampling probe is heated. A metal or
glass stainless steel filter of less than 0.1um is recommended to place immediately after the heated
probe and after the sample condenser system, especially for measuring “sticky compounds”, such as HF,
HCI, NO,, NHs. Secondly, the sample line is required to be heated, and to be as short as possible in
length. Itis important to maintain the gas cell temperature at 191°C, and a pressure of one atm (+/- 5%
recommended). Stainless steel lines are preferred over Teflon tubing for most applications. For
extractive sampling method, a leak check is crucial if the pump is placed before the FTIR analyzer to
prevent any contamination or sample loss; whereas if the pump is located after the FTIR analyzer,
special care is needed not to let the pressure go too low. [12]

5 Conclusion

The paper shows that the FTIR is very capable of measuring the requirements of the RICE NESHAP rule
when the correct method is used. In the case of the MKS 2030, a gas cell temperature of 191°C with the
corresponding 191°C calibration method gives optimum results with appropriate sampling. Use of the
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150°C calibration method on the MKS FTIR is not recommended due to CH,0 being positively biased by

ethane. Field operators should ensure that the FTIR system is properly zeroed (i.e. no negative bias) and

the reading make sense (i.e. inlet values are typically higher than outlet values from a catalyst). For
other FTIR systems, the operators should check to ensure no inferences cause unacceptable biases on
CH,0 readings.
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Appendix A - FTIR gas analyzer qualification

FTIR qualification according to MKS manual includes the following tests:

Measure instrument signal level and detector linearity
Measure signal to noise

Measure instrument line shape and laser frequency
(additional) Check the raw detector signal level (preamp)

A w N

A.1 Signal level and detector linearity

According to EPA method 320 section 8.3.3, the detector linearity has to be checked by observing the
single beam instrument response in a frequency region where the detector response is known to be
zero [8]. Inthat case, according to MKS manual, the response at the region below the detector cut-off is
checked to be 0.000 +/- 0.005 within the specification [3]. The specification for the single beam levels
and our result are as

followed:
Specifications for Single Beam Levels
Parameter Specifications
| Signal Level at maximum | Within £20% of recorded value in Datasheet
Wavenumber at maximum signal level Within £100 em™ of recorded value in Datasheet (may
change due to mirror degradation).
Signal level below detector cut-off 0,000 £0.005 (model 2030 only, this parameter 15
irrelevant for model 2031 and 2032)
original
Parameter datasheet current values Pass/fail?
Signal Level at maximum 1.3 1.2 Pass
Wavenumber at maximum signal level 1758.07 cm™ 1750 Pass
Signal level below detector cut-off / within 0.000 +/- 0.004 Pass

A.2 Signal to noise
The signal-to-noise analyzer provides a measure of the sensitivity of the FTIR gas analyzer for the specific
spectral resolution and number of scans [9].

According to MKS technical support, use #scan = 10 (scan time of 3.72 sec similar to the original SNR
test). The SNR values are checked to be:

‘ Range Spec from MKS tech Actual test | Pass/Fail? ‘
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support values
1000-1100 cm-1 | >600 738 Pass
2100-2200 cm-1 | >800 1360 Pass
2900-3000 cm-1 | >600 747 Pass

A.3 Instrument line shape and laser frequency

Validate the instrument line shape by inspecting the full width at half height (FWHH) displayed in the
Sample Peak Result, and on the graph. The measure and theoretical water lines are displayed on the
graph. The two peaks should appear at exactly the same place in the spectrum and should have similar
shapes, as in the figure in the manual. [9] The following is the specification of sample peaks result listed
in the MKS hardware manual [3]:

Specifications of Sample Peak results
Parameter Specifications
Water absorption
line 3920.095cm-1 +/- 0.010cm-1
FWHH (0.25mm detector) <0.50cm-1. optimal below 0.49icm-1
Amplitude Between 0.15 and 0.25 AU (absorbance units)
Calculated Laser
Freq Within 0.05cm-1 of the original laser freq
(3]

Current values and line shape of our FTIR analyzer is as followed:
I Measure Peak Width E]|§|

| Measure ‘ Show Ref Default Ref | Load Ref | Config FT-IR <F2» | Print Panel <FE> | Retum <F&> |

391‘8 5 391‘9 1] 391‘8 5 392‘0 1] 392‘0 5 392‘1 ] 392‘1 5 392‘2 1]

Il’ﬂﬂ 2+ LASER FREQ RESULTS S&MPLE PEAK RESULTS REFERENCE PE&K RESULTS
ety Original Laser Fregq | 15795.2561 PHH (cm-1) 04912 PHH (cm-1) 0.4647
Auto CorrectWater Ling | 3920.0946 Freg (cm-1) | 33200441 Freg (cm-1) | 39200452
Auto Corrected Laser Freg | 15798.3509 peak (#U) 0.5657 peak AU 0.2004
Calculated Laser Freq | 15798 3552 haseline (AL 0.0170 haseline (L) 0.0024
amplitude {(AL) 06367 || [amplituce (AL) 11460

Set Laser Freq to Calculated
= Pass!
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A.4 Check the raw detector signal level (preamp)
The preamp level check allows users to verify that the signal from the detector is within specifications.
The results for all levels will read “OK” if the signal is between -9.5 volts and 9.5 volts [9]. The preamp

result of our FTIR analyzer is acceptable as seen:

Without N2 | 1L/min N2 | Pass/fail?
Igram Max 4.3 3.75 | Pass
Igram Min -2.16 -2.35 | Pass
DC level 2.25 1.79 | Pass
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