Taylor & Francis
Taylor & Francis Group

American Industrial Hygiene Association Journal

ISSN: 0002-8894 (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/aiha20

ANALYSIS OF ORGANIC VAPORS IN THE
WORKPLACE BY REMOTE SENSING FOURIER
TRANSFORM INFRARED SPECTROSCOPY

Hongkui Xiao , Steven P. Levine , Julie Nowak , Mark Puskar & Robert C.
Spear

To cite this article: Hongkui Xiao , Steven P. Levine , Julie Nowak , Mark Puskar & Robert C.
Spear (1993) ANALYSIS OF ORGANIC VAPORS IN THE WORKPLACE BY REMOTE SENSING
FOURIER TRANSFORM INFRARED SPECTROSCOPY, American Industrial Hygiene Association
Journal, 54:9, 545-556, DOI: 10.1080/15298669391355026

To link to this article: https://doi.org/10.1080/15298669391355026

ﬁ Published online: 04 Jun 2010.

\]
CA/ Submit your article to this journal

||I| Article views: 10

A
& View related articles &'

@ Citing articles: 13 View citing articles &

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=uoeh20


https://www.tandfonline.com/action/journalInformation?journalCode=uoeh20
https://www.tandfonline.com/loi/aiha20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15298669391355026
https://doi.org/10.1080/15298669391355026
https://www.tandfonline.com/action/authorSubmission?journalCode=uoeh20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=uoeh20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/15298669391355026
https://www.tandfonline.com/doi/mlt/10.1080/15298669391355026
https://www.tandfonline.com/doi/citedby/10.1080/15298669391355026#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/15298669391355026#tabModule

AM. IND. HYG. ASSOC. J. 54(9):545-556 (1993)

058

ANALYSIS OF ORGANIC VAPORS IN THE
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A Remote Sensing-Fourier Transform Infrared (RS-FTIR)
system was applied to identify and quantify air contaminants
along the beam, ranging from single compounds to mixtures,
in various workplaces. Gas chromatography (GC) was used
to provide information of point concentration variation by
means of analyzing charcoal tube samples placed along the
beam path. The results indicated a correlation bhetween the
charcoal tube-GC and the RS-FTIR for the analysis of most
compounds. Discrepancies were found for some compounds,
such as acetone, due to inhomogeneous concentration distri-
butions along the IR beam, and due to the overlap of the ace-
tone signal with off-scale water peaks. The study also
demonstrated that there was little effect on quantitative
analysis from partial or complete IR beam blockages during
measurement. Qualitative analysis of unexpected com-
pounds using RS-FTIR was also evaluated. In addition, the
ability of the RS-FTIR to detect a sudden release of chemi-
cals was demonstrated in the study.

ronment and the workplace, concerns for safety and
regulatory reasons. Many routine monitoring meth-
ods have the sensitivity necessary to monitor toxic gases and
vapors at or below their threshold limit values (TLV®).("
However, most methods require isolation of air samples or
concentration of air contaminants before the contaminant
can be identified and quantified. The whole measurement
process involving sampling, shipment, and analysis in the

E missions of organic vapors are, for both the envi-

* Author to whom correspondence should be addressed

lab could lead to sample loss through a variety of mecha-
nisms, significant delays in obtaining results, and sometimes
substantial costs.

An ideal air-monitoring method would provide accurate
real-time qualitative and quantitative analyses of exposure
conditions to enable evaluation of the effectiveness of con-
trol methods and assess the potential for human health ef-
fects. In addition, this ideal method would be capable of
measuring both long-term Time Weighted Average (TWA)
exposures, short-time exposures associated with Short-Term
Exposure Limits (STELs), and Ceiling limits (C). These
long- and short-term exposure standards are defined by
the American Conference of Governmental Industrial
Hygienists (ACGIH).""” However, few monitoring methods
exist to meet all these criteria.

In the past decade, many real-time or near-real-time in-
struments have been developed for personal monitoring, for
conducting surveys in the workplace, as well as for continu-
ous fixed-station monitoring in the workplace, on plant
fencelines, and in the community. In some cases, real-time
instruments are the best available method for monitoring an
air contaminant. However, a continuing problem is that
many real-time methods lack specificity and sufficiently low
detection limits, and, in addition, most will fail to yield
quantitative results when complex mixtures of similar com-
pounds are encountered.

Since the early '80s, remote sensing techniques have
been applied to environmental air monitoring.”””'" Remote
sensing is generally defined as the ability to detect an object
or phenomenon without the detector being in direct contact
with the object or phenomenon of interest. Among these
techniques, Remote Sensing-Fourier Transform Infrared
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(RS-FTIR) spectroscopy is rapidly becoming a technique of
choice for analyzing gases and vapors."'? This is because
FTIR has the potential for real-time monitoring and capabil-
ities for both qualitative and quantitative analyses.*™'

Furthermore, unlike traditional air-monitoring methods,
RS-FTIR is an open-path measurement tool. RS-FTIR pro-
vides information representative of the environment along
the beam path and integrated over time. The result is a beam-
path-average concentration, usually in ppm-meter, rather
than a point concentration. The advantages of the remote-
sensing approach are that sampling lines, pumps, manifolds,
and cells are not needed, with resultant increases possible in
recovery of labile and polar analytes. The sensitivity of the
instrument theoretically can be increased in proportion to
the pathlength of the beam when long path measurement is
applied. However, in practice, sensitivity can only be in-
creased with increasing pathlength if a homogenous envi-
ronment is being sampled, and when the absorbance signal
of the compound being measured is not obscured by the ab-
sorbance of atmospheric water vapor. Finally, since RS-
FTIR collects data in seconds, it can continuously generate
real-time data representing an averaging time from a few
seconds to a few minutes, and/or to hours: C, STEL, and
TWA, respectively.

The major disadvantages of RS-FTIR are: (1) interpreta-
tion of the beam-path-average concentration, and (2) beam
blockage. Since current exposure standards, such as 8-hour
TWA, STEL, and C, are based on personal or point monitor-
ing, more caution is needed to use the beam-path informa-
tion to assess workers’ exposure. Moreover, selection of an
appropriate instrument (IR beam) orientation in the work-
place becomes an important issue. In this study, these disad-
vantages were investigated.

Because of the unique advantages of RS-FTIR over tra-
ditional air-monitoring methods, many studies have been
conducted to apply this novel technique for environmental
monitoring,™'#? This study focused on the application of a
RS-FTIR in three workplace settings for the analysis of or-
ganic vapor mixtures.

EXPERIMENTAL METHODS AND WORK SITE
CONSIDERATIONS

RS-FTIR Instrument

The RS-FTIR built by Nicolet Instrument Corp.
(Madison, Wis.) consisted of three modules: (1) an IR source
and an interferometer, (2) a receiving telescope and a liquid
nitrogen cooled Hg-Cd-Te (MCT) detector, and (3) a Dell
310 80386/387 20 MHz personal computer. In this study, a
cylinder was used to purge dry nitrogen onto the window of
the detector to eliminate condensation. The highest resolu-
tion achievable by the interferometer was 2 wavenumber
(¢cm '). The sampling rate of the RS-FTIR is a function of
scans per sample and spectral resolution. At 2 cm™' resolu-
tion and 128 co-added scans per sample, the sampling rate
was 1 sample/min. The sampling rate varied from 3 sam-
ples/min to 1 sample/10 min with different time resolutions

of measurements and different total sampling times in this
study.

Mirrors were used to direct the IR beam around the
workplace. The mirrors are 1.0 ft?, first-surface, aluminum-
coated mirrors. There is no upper limit to the number of mir-
rors that can be used as long as sufficient signal emitted from
the IR source is received by the detector to provide a sig-
nal/noise ratio high enough for the specified monitoring
task. The instrument was designed for use with pathlength
up to 40 m due to the IR beam divergence. Details about this
instrument were fully described elsewhere."

RS-FTIR Operations

The RS-FTIR system modules were loaded onto one
small laboratory cart for transportation between the on-site
laboratory and the workplace testing sites. All interferograms
collected from the RS-FTIR were at 2 cm ™' resolution.

Background spectra were collected from a contaminant-
free chamber where the IR beam pathlength, relative humid-
ity, and temperature were constant. IR spectra were obtained
by performing Fourier transforms of the interferograms.
Standard reference spectra were obtained with a 10 m gas
cell using gas standards of 50 ppm concentration (Scott
Specialty Gas Co., Troy, Mich.).

Classic least square (CLS)*” and iterative least square
fit (ILSF)*” programs were applied to perform quantitative
and qualitative analyses of spectra, respectively. The CLS
method matches a sample spectrum against reference spectra
by utilizing all points within chosen analytical IR regions to
give the best estimated concentration for each compound.
Qualitative analysis is achieved by the ILSF program, which
identifies compounds presented in the spectrum based on the
confidence interval of each compound’s concentration ob-
tained from least square fit analysis.

Area Sampling and Analytical Methods

Work-area point sampling was accomplished by setting
up the RS-FTIR in a manner where the beam intersected the
employee’s working area, while concurrently charcoal
tubes were collected at a minimum of seven locations along
or near the beam path. The sampling points encompassed all
important work areas, in order to reflect closely workers’
average exposures. The “point-average” concentration
along the beam path was calculated from the values ob-
tained from charcoal tubes for information of spatial con-
centration variation along the beam path during the same
sampling period.

Charcoal tubes were placed approximately 3 m apart.
The sampling rate for the charcoal tubes was 0.1 L/min. The
sampling time varied from 15 min to 4 hours depending on
the process monitored.

All charcoal tube (SKC, Cat. #226-09 Eighty Four,
Penn.) samples were desorbed in carbon disulfide (CS,) and
were analyzed by gas chromatography (Hewlett Packard
5890 series I1I) with flame ionization detector. Separation of
the compounds was performed using a 100 m (0.2 mm X 0.2
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FIGURE 1. RS-FTIR beam configuration and char-
coal tube placement at Site |

pm) DONA column. Initial oven temperature was set to 60
°C. This temperature was held for 25 min and was then
ramped at 5 °C/min. to a final temperature of 200 °C, which
was held for 12 min. The split/splitless injector and detector
temperature were set to 205 °C. A split ratio of 8:1 was set
with a 2 uL injection.

Unit Operations

The measurements of air contaminants by both the RS-
FTIR and the charcoal tube-GC method were performed at
three chemical production sites. At Site I, a pharmaceutical
was separated from its solvent, methylene chloride (MCD),
inside a centrifuge. Then, the MCD was transferred into the
storage tanks and drums, and transferred to other facilities
(Figure 1). The unit operation at Site II involved the separa-
tion of another pharmaceutical from its solvents using a fil-
ter press. Several solvents were used in storage tanks and
reaction vessels located nearby (Figure 2). More chemicals
were used in the process at Site I1I than those at Sites I and 11.
The third site was inside a production facility where a bulk
pharmaceutical is manufactured (Figure 3). At Site III, the
chemicals used included heptane, tetrahydrofuran, methyl
bromide, and methylene chloride.

The samples collected using tubes were analyzed by GC
for 14 organic compounds suspected to be present in the
plant. The same set of compounds was also measured by RS-
FTIR.

Local exhuast ventilation

Window

VWindow

Ed Charcoal tube
sampling point

FIGURE 2. RS-FTIR beam configuration and char-
coal tube placement at Site 11

Analytical Considerations

Theory

The principle of measurement of chemical concentration
by RS-FTIR is based on the Bouguer-Beer-Lambert law,
which is defined as follows:

A(v)=a(v)LC (1)

Here, A(v) is absorbance of a specific chemical at a
wavelength of v, a(v) is the absorptivity of the chemical at
the same wavelength of v. L is the beam pathlength, and C is
concentration of this chemical. Since the RS-FTIR is an
open-path measurement and gives both temporal and spatial
integration measurements, the concentration (C) is a func-
tion of both time and path during the measurement.
Therefore, a path average and time-weighted concentration
is obtained through the measurement of the RS-FTIR. The
TWA concentration (C) can be expressed as

T L
C= J' ijc(f,t)dé dt
(o] (6]

(2)

3=
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FIGURE 3. RS-FTIR beam configuration and char-

coal tube placement at Site 111

The measurement of the RS-FTIR results in a time-
weighted and path-weighted average concentration. The unit
of concentration is ppm at given time period (T) and path-
length (L). It offers only an average concentration along the
beam path rather than a concentration at a specific point, un-
like traditional air-monitoring methods. For example, if the
concentration measured by RS-FTIR is 5 ppm at a given 20-
m pathlength, it is not possible to recover information on the
spatial distribution of contaminant along the path.

Beam Blockage

Even though careful consideration was given to workers’
motion in the beam path for each sampling site, beam block-
age during measurement occurred quite often due to traffic
of worker or equipment. As a result, the beam blockage was
partial or complete. When the beam was totally blocked dur-
ing a scan, no modulated signal was received by the detector,
and the instrument automatically reverted to the “standby”
condition until the modulated signal was once again re-
ceived by the detector. When partial beam blockage oc-
curred, less IR energy was received by the detector, but the
scan was included in the sample’s co-added scans.

To test what effect blocking the beam would have on the
quality of data produced, 125 ppm of acetone vapor in a 10-
cm gas cell was introduced into the beam. The beam was
then periodically blocked during the 128-scan measurement.

102

Complete beam blockage

Partial beam blockage

101

— ©
B¢ .
=
o3 o
b
©
3
o
3 . /
=
o .. J
g "8 a
S 99 . Q2 »
[ b 2N /
o . PN
= * #
/
‘h )' K
¥ N
98 - ¥

% W % 4
Number of the IR beam blockages during measurement

100 95 86 % 82 48 35 27 13 6
Percentage of IR energy reaching the detector (%)

FIGURE 4. Effect of blocking the IR beam on quanti-
tative analysis results

Since the instrument resumed data acquisition after the object
was removed from the beam, there was no effect on the IR ab-
sorption features of the species in the spectra. The quantita-
tive results are shown in Figure 4. Recovery of the acetone
concentration measured by the RS-FTIR was 100% without
beam blockage, and ranged from 99.7% to 100.1% for mea-
surements with different numbers of scans blocked. No mea-
surement took place if the beam was completely blocked
when the instrument was in the process of initiating a scan.

The effect on quantitative accuracy was also investigat-
ed for the case of partial blockage of the IR beam. A 10-cm
long gas cell filled with 125-ppm acetone was introduced
into the beam. It was assumed that the IR energy reaching
the detector was 100% when the instrument was fully
aligned with the empty cell. Partial blockage of the beam
was achieved by intentionally blocking the IR source. The
varying percentage of IR energy reaching the detector
was recorded from the intensity of the centerburst of the in-
terferogram.

Figure 4 shows that beam blockage, similar to that of
workers or equipment partially blocking the beam, resulting
in varying the beam energy from 100% to 6%. The value of
the acetone measurement varied from 100.6% to 97.9% of
the true value over the range of beam energy reaching the de-
tector. Although the variation of the recovery for partial
blockage is larger than those for complete blockage, it is
considered to be insignificant compared to the variation of
field measurements. These results suggest that partial block-
age of the beam will not effect the quantitative results.

Work Site Configurations

The IR beam was set to a height of five feet above floor
level in order to intercept the breathing zone of workers
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whose work station or work path would lie along the beam
path. The IR beam covered a selected area of the workplace,
providing an estimation of the average concentration of con-
taminants where workers have jobs that are either fairly
sedentary, or which are characterized by mobility primarily
along the beam path.

The exact placement of the RS-FTIR system modules
was determined primarily by the traffic patterns of workers
and vehicles, to minimize interference with operations, and
to reduce the frequency of beam blockage. Consideration
was also given to the location of contaminant sources based
on the processes, and to the airflow patterns observed with
smoke tubes.

In order to determine the spatial variation of concentra-
tion in the beam, the placement of these charcoal tubes in the
beam was of great importance. Once the beam configuration
and charcoal tube location were decided, it usually took 20
to 30 min to set up the instrument before collection of data
could begin. The longer the pathlength was and the more
mirrors used, the more time was needed to setup and align
the instrument.

Several important factors were considered in setting up
the remote sensing instrument in the workplace: (1) the re-
leasing source of target compound(s) was identified prior to
measurement; (2) the beam configuration coverage was suf-
ficient to estimate the exposure of the workers at each work
station; and (3) the instrument did not interfere with normal
working operations.

Work Site I. The measurement of methylene chloride
took place in an air-conditioned corridor. The worksite
health and safety program is designed to minimize methyl-
ene chloride exposures. However, under normal operation
conditions, some methylene chloride will be emitted from
storage drums in the hallway and from adjoined centrifuge
rooms. The activity in the corridor was related to transporta-
tion of the storage drums.

The RS-FTIR beam was placed in a simple, straight-line
configuration. Both the IR source and the detector were
placed at one end of the hallway, and a mirror was used to re-
flect the IR beam emitted from the IR source back to the de-
tector (Figure 1). Temperature and relative humidity in the
hallway averaged 23.6 °C (74.5 °F) and 68% respectively.
Seven charcoal tubes, as shown in Figure 1, were used to col-
lect samples at fixed locations along the beam path.

Work Site I1. The second testing site was located on the
third floor of a filter press facility. Temperature and relative
humidity in the building ranged from 23.9 to 28.9 °C (75 to
84 °F) and 50 to 84%, respectively. Building vibrations
were felt when machines were running on the first floor.
In this study, the effect of the vibration on results was not
evaluated.

Monitored compounds were amyl acetate and ethyl ac-
etate. These were released during the processes of charging
reaction tanks and the operation of the filter press. Figure 2
shows one of the IR beam configurations used at Site II for
measurement of amyl acetate. The available space for opera-
tion of the RS-FTIR was limited, due to workers’ activities,
such as checking the filter and reaction tanks, and charging

chemicals into the tanks. The IR source was put at the out-
side door in the hallway, and the detector was inside the
room. Three mirrors were used at different points in the
working area to direct beam coverage. The factors of physi-
cal layout of equipment in the workplace, the working path
of workers, and the instrument operation were primary de-
terminants of the IR beam configuration.

Work Site 111. The third testing site (Figure 3) was locat-
ed on the first floor of a building. The testing environment of
Site III was much more severe than the previous two sites
with temperature and relative humidity at 22 °C-30 °C (72
°F-86 °F) and 72%-88%. In addition, water-wash hoses
were operated on a frequent basis, resulting in wet floors and
acrosolized water.

Operational activities at Site III were to monitor the tem-
perature and the pressure of reaction tanks, and to transfer
chemicals into or out of the tanks. The charging of chemicals
took place on the second floor; however, some chemicals
were transferred on the first floor under the bottoms of the
tanks. The RS-FTIR modules were put at one end of the
workplace and two mirrors were placed at the middle of the
workplace to direct the beam coverage. The experiment was
initially designed primarily to monitor methyl bromide.
Other chemicals were also used during the process. In addi-
tion to the measurement of methyl bromide and other target
compounds, SF6 was released at different locations in the
building to check ventilation and plume patterns in this
working environment.

Effect of water vapor. The major interference for meth-
ods using infrared spectroscopy, and for RS-FTIR methods
in particular, comes from the absorption features of water
vapor in the mid-IR region. The strong absorption of water
vapor in IR spectra of ambient air can lead to errors in quali-
tative and quantitative analytical results due to the overlap of
peaks of target air contaminants with the water-vapor peaks.
The potential for error increases with increasing beam path-
length, especially if the concentrations of target compounds
are very low.

In addition, very high humidity affects the operation of
the detector. The dew point at the window surface of the
MCT detector was easily reached in high-humidity environ-
ments, since the detector was cooled by liquid nitrogen, even
though the detector window was insulated by a Dewar tlask.
This resulted in the condensation of water vapor on the de-
tector window surface, with a resultant decrease in IR energy
received due to beam blockage, scattering, and absorption.
To eliminate this problem, a small tube was installed to
purge dry nitrogen from a cylinder onto the detector window
to prevent the condensation of moisture during the field
measurements at Sites II and I1I.

Determination of Minimum Detectable
Concentration

Table I lists all the compounds quantitatively analyzed
using the RS-FTIR during this study. All RS-FTIR quantita-
tive analyses were accomplished by applying a least square
fit program. A specific analytical region for each compound
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TABLE I. Minimum Detectable Concentration of Compounds Analyzed by the RS-FTIR

lower, due to the implementa-

tion of good safety and health

Analytica/1 mpc* TWA® STEL® practices

Compound region (cm ) (ppm-m) (ppm) (ppm) These factors make it
Acetone 1170-1260 0.69 750 1000 much more difficult to inter-
Ammonia 780-1200 0.60 ° 35 pret IR spectra collected in the
Amyl Acetate 1150-1320 0.12 125 ° field than those collected in the
Ethanol 980-1150 0.09 1000 0 laboratory. A professional ex-
Ethyl Acetate 1020-1300 0.06 400 o perienced in Spec[r()scopy,
Heptane 2800-3050 5.03 400 500 computer-aided interpretation
Isopropanol 2800--3050 0.10 400 500 methods, and industrial hy-
Methanol 950-1100 3.69 200 250 giene practice is needed to in-
Methyl Bromide 2900-3150 8.02 5 b terpret such spectra.

Methylene Chloride 720-800 0.57 50, A2F o The set of compounds ana-
Methyl Ethyl Ketone 1130-1230 1.01 200 300 lyzed by GC was determined
Sulfur Hexafluoride 920-958 0.02 1000 b based on a knowledge of the
Tetrahydrofuran 2780-3100 0.85 200 250 process at each site. Unlike the
Toluene 2800-3150 2.56 100 150 situation with the RS-FTIR
Trichloroethylene 870-965 0.55 50 200 method, the MDC of the char-
o-Xylene 720-770 0.55 100 150 coal tube-GC method was

AThe unit of MDC is ppm-meters normalized to 1 meter pathlength
BTime-weighted average concentration

CShort term exposure limit

PNo value assigned

ESuspected human carcinogen

was chosen for the quantitation of each compound. The min-
imum detectable concentration (MDC) is defined as the con-
centration of analyte that provides a detector response that
exceeds the instrument noise level by three standard devia-
tions above the mean of the instrument noise.** Since the re-
sponse of the MCT detector varies with wavenumber, the
noise level in different regions is different. The spectral
noise levels were calculated for each analytical region cho-
sen for each specific compound. The MDC for each com-
pound is shown in Table L.

It should be noted that the unit of MDC is ppm-meter,
normalized to a I-m pathlength, rather than ppm.*”
Theoretically, the MDC is decreased with increasing the
pathlength in a homogenous environment. If the absorption
of water in the analytical regions chosen for quantitation
does not increase linearly with increasing the pathlength, or
if the instrument noise level increases, the decrease in the
MDC will not be linear. From Table I, it can be seen that
the RS-FTIR method can detect all the target compounds,
except methyl bromide, at levels far below current PEL
standards.

Each chemical vapor has its unique absorption at differ-
ent frequencies (expressed in the units of wavenumber). It is
relatively easy to analyze qualitatively and quantitatively a
single compound spectrum based on the location and intensi-
ty of characteristic peaks. However, the reality of field mea-
surements often is that the spectra are dominated by
off-scale water absorption peaks. Complex mixtures are also
often encountered during field measurements where only
one or two compounds are expected. Furthermore, the con-
centrations of chemicals in the workplace of well-designed,
well-maintained plants are usually in the low ppm range, or

dependent on air-sampling

volume. In this study, sam-

pling times for both the char-

coal tube-GC and the RS-FTIR

were the same. The MDC of

the charcoal tube-GC method
was higher for most of the compounds than that of the RS-
FTIR, due to small air-sampling volume.

RESULTS AND DISCUSSION
SFtest

Air-monitoring methods should have the ability to protect
workers from unexpected releases of airborne contaminants.
Therefore, at Site III, SF, was released to evaluate the ability
of RS-FTIR to detect a sudden release and subsequent venti-
lation of the building. SF, was chosen for this test because it
is not used or produced in this or nearby facilities, it is non-
toxic, it has a unique peak in the IR fingerprint region, and it
can be detected at low concentrations.

During a short time (10 sec) at different locations in the
site (shown as locations “a”-"¢” in Figure 3), 100% buoyant
SF, was released from a compressed gas cylinder . There was
no measurement of the amount of SF, released. The RS-FTIR
operation was set to collect individual samples for each re-
lease every 20 sec and during the 10 min of each test. The IR
beam coverage only occupied a small area of the building.

The concentration/time profile of SF, measured by the
RS-FTIR system is shown in Figure 5. A characteristic con-
centration/time profile was observed in all tests. Each decay
curve was an average of three replicate runs. Results indicat-
ed that if SF, was released near or within the beam coverage
area, such as point “a” or “e”, SF¢ was immediately detected
and reached its maximum concentration, around 0.3 ppm,
within the first 20 sec time period. As expected, the further
away the SF release point from the IR beam, the longer time
it took for the RS-FTIR to detect SF,, and respond to a
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maximal concentration. Al-

though point “c” was about 40
m away from the beam cover-
age area, SF, was still detected

by the RS-FTIR. A decay
curve of SF, concentration at
c

point *“c” was observed.
However, it is not clearly visi-
ble in Figure 4 due to Y-axis

scale. The maximum concen- 031 B
tration observed was 14 ppb, E \f
at 128 sec. = 0.2 - D
The results illustrate that g’é‘ [ .
SF6 released from these loca- EE / A gg{fjsmg
tions in the building were S 01 E
quickly carried into the beam = 7
coverage area. Although this @ 0 T¢
was not a quantitatively mod- AN
32 64 96 128 160 192 224 256 288 320 352 384 416 448 480

elled test, these results also
indicate that, under the cir-
cumstances tested, the beam
information can be very useful
to detect a sudden release of
an air contaminant.

in Site 111

Work Site 1

The first step in analyzing an IR spectrum is to determine
what compounds are present. False quantitative results are
usually obtained when the qualitative information is inade-
quate, especially when the spectra of mixtures are analyzed.
The inventory of all the target and nontarget compounds was
provided by Abbott Laboratories and was the basis for a de-
fined reference library of spectra.

A qualitative analysis computer program, ILSF, was
used to analyze the spectra collected from the field. The
compounds identified by this program were carefully
checked by looking at the detailed structure of spectral fea-
tures, and were compared with results obtained by GC.

FIGURE 5. Concentration decay curves for sudden releases of SF6 at different locations

Elapse time (second)

The reference compounds for GC analysis of Site I sam-
ples included methanol, ethanol, acetone, isopropanol,
methylene chloride, ethyl acetate, methyl chloroform,
trichloroethylene, and amyl acetate. The GC detected only
the presence of MCD during the two days of measurements.
The results of the RS-FTIR showed that methanol was pres-
ent, in addition to MCD.

Seven charcoal tubes placed along the beam path were
used to obtain point average concentrations. These are la-
beled “A”-"G” in Figure 1. GC and IR data are shown in
Table II. On the first day, the sampling time for both the
tubes and the IR beam was 90 min. On the second day, three
15-min samples were taken at each sampling point. These
are designated T1, T2, and T3 in Table II.

TABLE Il. Point Concentration of Methylene Chloride (ppm) by Charcoal Tube-GC vs Results of RS-FTIR at Site |

Methylene Chloride Concentration (ppm)

RS-FTIR Path Average

Sampling Sampling Point Concentration by Charcoal Tube-GC Pathlength Difference
Day time(min) A B C D E F G Avg® SDP Avg® SD° NP (meter) %"
Day One 90 25 33 42 33 NAE 42 2.1 3.0 0.74 4.02 037 59 20 28
Day Two (T1) 15 62 72 58 72 56 3.4 4.9 5.8 1.24 560 086 14 28 3.5
Day Two (T2) 15 31 32 31 37 25 1.6 2.7 2.8 0.62 483 0.19 14 24 52
Day Two (T3) 15 52 48 46 56 6.9 <26 3.4 4.4 2.03 434 017 12 21 1.4
Day Twof 45 48 51 45 55 5.0 2.5 3.7 4.4 1.67 492 024 40 25 11

ARelative difference of concentration between the point average and path average

BPoint average concentration and standard deviation for each run

Cpath-average concentration at given actual measurement pathlength and standard deviation

PNumber of analyses performed by RS-FTIR during the time period
ENot Available
FAverage concentration of Day Two at times T1, T2, and T3
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TABLE Iil. Averaged Point Concentration From Charcoal Tube-GC vs Path-Averaged Concentration From RS-FTIR at

Site ll
Concentration in the filter press in ppm (standard deviation)
No. of Sampling Pathlength Methylene

Samples®  Time (min) (meter) Acetone Chloride Amyl Acetate  Ethyl Acetate  Methanol
Day One
GCB 8 230 0.58 (0.09) <0.20 0.51(0.18) D D
RS-FTIR® 39 230 17 0.02 (0.05) 0.12(0.20) 0.54 (0.28) 0.05 (0.02) 1.95 (0.03)
Day Two
GC 10 240 2.69 (1.36) 0.36 (0.12) 0.11 (0.03) b o
RS-FTIR 42 240 40 0.79 (1.35) 0.35 (0.30) 0.44 (0.10) nd® 0.21 (0.04)
Day Three T1
GC 15 30 <2.3 <0.97 <0.5 <0.93 b
RS-FTIR 39 30 36 ndt 0.03(0.10) 0.08 (0.02) 0.39 (0.03) 0.89 (0.03)
Day Three T2
GC 15 160 1.07 (0.25) 0.66 (0.08) <0.33 0.59 (0.29) b
RS-FTIR 28 160 36 0.27 (0.39) 0.94 (0.21) 0.36 (0.18) 0.62 (0.25) 0.23(0.01)

AFor GC: number of charcoal tubes piaced along the beam path in each run. Fo

r RS-FTIR: number of interferograms taken in each run

BPoint average concentration along the beam path and standard deviation in parentheses

“Path average concentration and standard deviation in parentheses
°Compounds not included into quantitative set of GC
ENot detected

The difference between point path average and beam
path average concentration ranges from 1.4% to 52% during
the two days of measurements. It is interesting to note that
relative standard deviation (RSD) of point measurements is
always higher than that of beam path measurement in this
site. However, this may be due to the fact that the point mea-
surement may have been monitoring uniquely different con-
centrations at specific points along the beam. The RSDs for
both point measurements and beam measurements range
from 21.2% to 46.6% and 3.9% to 15.4%, respectively.
These results suggested that variation of the concentration of
methylene chloride throughout the area was relatively small,
compared to that of the point concentrations at different
sampling locations over the sampling period. This spatial
variation along the IR beam path is a major contribution to
the discrepancies of measurement between the charcoal
tube-GC and RS-FTIR.

Work Site 11

At Site 11, measurements were made during a three-day
period. Results are shown in Table III. On the first day, air
samples were collected where a filter press was in use. The
principal target compound was amyl acetate, which was used
as a solvent. Average point concentrations of amyl acetate
from eight point samples along the beam path was 0.51 ppm,
while the path-average concentration by RS-FTIR was 0.54
ppm. Acetone was detected by GC, but not in most IR mea-
surements. Traces of methylene chloride and ethyl acetate
were also detected by RS-FTIR, but not by GC.

During the second day, the RS-FTIR was placed in the
corridor between two filter press rooms. Four-hour TWA
concentrations were measured by both the GC and RS-FTIR
methods. MCD was found at 0.36 and 0.35 ppm by GC and
RS-FTIR, respectively. However, larger differences were

found between the point-average concentration and path-av-
erage concentration for acetone and amyl acetate. The large
discrepancies might be attributed to inhomogeneous concen-
trations of acetone and amyl acetate released from the filter
press room adjacent to the hallway. High concentrations
were expected to be present near the room door area and low
concentration away from the door. Because the releasing
source of the MCD was located on the first floor and in other
buildings, the distribution of the concentration of the MCD
was expected to be more uniform in the hallway on the test-
ing floor than that of amyl acetate and acetone.

On the third day, the measurements were taken in a filter
press room where chemicals were being charged into reac-
tion tanks (Figure 2). Two sets of samples (T1, T2) were
taken during the different process periods. During the first
time period (30 min) the press was prepared for operation.
The process background levels for these compounds were
lower than the MDC of the charcoal tube-GC method. The
concentration of these compounds elevated during the sec-
ond time period when the press was charged. The concentra-
tions of the MCD and the ethyl acetate obtained from the GC
method were 0.66 and 0.59 ppm, compared to 0.94 and 0.62
ppm from the RS-FTIR method. The level of amyl acetate
was 0.36 ppm, but below the MDC of the GC method
(< 0.33 ppm).

A total of five compounds were found in the air at Site II.
Although methanol was not expected to be present and was
not included in the GC quantitative set, it was detected and
confirmed by RS-FTIR. Acetone readings from beam
measurement were consistently lower than those from point
measurement, while the variations for both methods were
the same. This fact suggested that there was a bias associated
with the RS-FTIR method for measurement of acetone. By
examining the IR spectra, we found the window chosen for
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quantifying acetone is domi-
nated by water peaks present at

TABLE IV. Averaged Point Concentration from Charcoal Tube-GC vs Path-Averaged
Concentration from RS-FTIR at Site Il

concentrations greater than the

Time-Weighted Average Concentration (ppm)*

linear ranges, which may lead Day One Day Two Day Three
to low readings for acetone Charcoal Charcoal Charcoal
quantitation, Compound Tube-GC RS-FTIR Tube-GC RS-FTIR Tube-GC RS-FTIR
Methanol <3.50 0.53 <2.00 0.34 <7.53 0.72
Work Site 111 Ethanol <2.30 1.33 <1.40 1.24 <5.25 2.82
) Isopropanol <1.20 1.12 <0.70 0.75 <2.69 1.70
At Site I, both GC and  \poione Chioride  <0.30 0.14 <0.27 0.14 8.70 9.01
RS-FTIR were set up 10 mea- oy pinyietone  <0.60  <0.23 <035  <0.23 <1.38 <023
sure methyl bromide (MB) be- ¢ i oturan 277 2.53 0.23 1.65 1.68 3.41
fore, during, and after the MB o <0.10 0.23 0.10 0.02 0.24 0.16
charging - process.  Although ;000 thyiene 0.20 0.11 <0.10 0.25 <0.41 1.50
MB was the primary target oo 000 <015  <0.50 <0.10  <0.50 <038  <0.50
compound of concern, both v 0., <0.10  <0.13 <010  <0.13 <028  <0.13
methods failed to detect it dur- .
. . . Ammonia 0.25 0.07 1.96
ing this experiment. However, No. of Samples 7 50 14 78 42 104
the TWA concentrations of Pathlength (meter) 17 17 17
leven other compounds were . 9 . .
€ p Sampling Time (min) 149 149 460 460 377 377

determined by both the char-
coal tube-GC and RS-FTIR
methods. It should be noted
that the GC result for each day was an average of between 2
and 6 samples at each point collected during different sam-
pling periods.

The MDC of the GC method for all the target compounds
is higher than that of RS-FTIR during these measurements
due to the small air-sampling volume. Four compounds were
detected by the GC method, while eight compounds were re-
ported to be present by the RS-FTIR. The results are shown in
Table I'V.

The advantage of TWA concentrations as shown in Table
IV was to give an average measure for assessment of work-
ers’ exposure over sampling periods ranging from 2.5 to 7.5
hours. However, this measure did not reflect fluctuation of
the concentration during the sampling period. For example,
on Day Three, the TWAs of the MCD measured by the GC
and the RS-FTIR were 8.70 and 9.01 ppm, respectively, and
were the average of six time-period samples. The MCD con-
centrations varied from 0.93 to 28.13 ppm during these six
different processing periods. Tetrahydrofuran was detected
by both the GC and the RS-FTIR on each of the three days.
Methyl ethyl ketone, toluene, and o-xylene were not found
by either the GC or the RS-FTIR methods.

Table V shows that average concentrations at seven sam-
pling points were obtained from the GC and RS-FTIR during
six time periods on Day Three. A more detailed comparison
between the two methods can be made with these results.
The concentration of the MCD, for example, was < 0.5 ppm
by GC and 0.32 ppm by RS-FTIR during the first 74-min
sample. During the following five samples, the average
point concentrations of the MCD were 1.8,26.53,7.48,0.93,
and 28.13 ppm by GC during the different processing times.
During the same sampling times, RS-FTIR gave 1.16, 26.68,
10.65, 1.09, and 28.68 ppm, respectively. The coefficient of
correlation of these two methods was 0.9948. The more de-
tailed concentration profile as a function of time can be done

AFor GC: point average TWA concentration; for RS-FTIR: path average TWA concentration

easily by the RS-FTIR. However, the GC-tube method can-
not perform comparable short-term exposure measurements
due to the linear decrease in MDC with time.

Large variations of the MCD concentration during the
entire sampling period were due to the different processes
during which the MCD was pumped into reaction tanks. This
led to short-term releases of MCD into the air. On the other
hand, the variation of tetrahydrofuran concentrations on Day
Three was expected to be small, since the processes did not
involve charging of tetrahydrofuran (Table V). The results
obtained with the RS-FTIR were invariably higher than
those obtained using the GC method. There is no explanation
for this discrepancy at this time.

The ability to detect unknown compounds in the field by
RS-FTIR was once again demonstrated during the Site III
measurements. Methanol and ammonia were not expected to
be present, but were found by RS-FTIR. They were not in-
cluded in the calibration set of the GC and, indeed, the sam-
pling and analysis methods were not suitable for the
collection of NH3. Therefore, no data is available from the
GC for comparison. Methanol might come from nearby fa-
cilities where use was found. Ammonia was found to be pre-
sent by the RS-FTIR during most of the Site 111 study period.

The qualitative analysis of RS-FTIR data was performed
using a combination of ILSF and manual inspection of the IR
spectra. Most compounds identified as present by ILSF
analysis were confirmed by the process information provid-
ed by Abbott Laboratories. However, a false positive result
was encountered during Site II and III field testing. Methyl
ethyl ketone (MEK) was reported by ILSF analysis of the IR
spectra collected from these two field locations. The beam-
path average concentration reported by RS-FTIR was from
2.3 to 6.7 ppm. These values were far higher than the point-
path average values obtained using the GC. The GC results
ranged from < 0.35 to < 1.38 ppm.
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TABLE V. Concentrations of Air Contaminants at Site Ill During Different Sampling Period Times on Day Three

Concentration (ppm)*

Set 1 Set2 Set3 Set4

Charcoal Charcoal Charcoal Charcoal
Compounds Tube-GC RS-FTIR Tube-GC RS-FTIR Tube-GC RS-FTIR Tube-GC  RS-FTIR
Methanol <5.8 0.565 <6.0 0.596 <9.9 0.972 <10.3 0.864
Ethanol <4.0 2.525 <41 3.18 <7.0 2.02 <7.2 4.5
Isopropanol <21 0.612 <2.2 1.105 <3.5 1.06 <3.7 7.2
Methylene Chloride <0.5 0.319 1.8 1.16 26.53 26.68 7.48 10.65
Methy| Ethyl Ketone <1.1 <0.23 <1.1 <0.23 <1.9 <0.23 <1.9 <0.23
Tetrahydrofuran 0.8 2.322 1.6 2.83 1.2 3.68 1.96 4.68
Heptane <0.2 0.023 <0.2 0 <0.3 0.205 <0.3 0.125
Trichloroethylene <0.3 2.332 <0.3 0.387 <0.6 6.92 <0.6 0.175
Toluene <0.3 <0.5 <0.3 <0.5 <0.5 <0.5 <0.5 <0.5
o-Xylene <0.2 <0.13 <0.2 <0.13 <0.4 <0.13 <0.4 <0.13
Ammonia 0.996 1.75 1.13 8.54
No. of Samples® 7 9 7 14 7 40 7 38
Sampling Time (min) 74 91 48 45

AFor Charcoal Tube-GC: point average concentration; for RS-FTIR: path average concentration

3Sampling rate for RS-FTIR varied during different operation periods

Further study of the spectra showed that spectral features
of water and isopropanol interfered with the analysis of
MEK in the IR region 1100-1200 cm™'. The false positive
result of MEK was eliminated when the analytical region
was changed from the fingerprint region (1250-700 cm ) to
the C-H stretch region (3150 —2800 cm™") of the spectrum.

CONCLUSION

As expected from the operational principle of the FTIR and
previous laboratory work,?® there is agreement between the
beam path and the average over the point measurements
along the path, except where there were spectral interfer-
ences in the FTIR analyses or MDC problems in the GC
analyses. Where good quantitation was possible by both
methods, the differences observed were consistent with what
might be expected in the presence of spatial inhomogeneities
in the concentration of the vapors over the sampling periods.
The air contaminant source characteristics and ventilation
patterns in the workplace were key factors when IR beam
{path) and charcoal tube (point) measurements are com-
pared. The measurement of the RS-FTIR reflects a temporal
variation during sampling period while the measurement of
the charcoal tube indicates a spatial variation along the sam-
pling path. Again, since the sampling geometries are differ-
ent, we can expect such discrepancies between the results
from RS-FTIR and GC methods in some of the workplace
data.

In this study, the RS-FTIR demonstrated the ability to
measure both short-term (15 min and ceiling) and long-term
(8 hours) exposure, as well as detect sudden releases in the
workplace. Although there is a concern about IR beam inter-
ruptions due to moving workers or equipment in the work-
place, little effect was found on the quantitative result of
both partial and complete blockages of the IR beam.

Good knowledge of the field test location and nearby
plants is helpful to define a reference IR spectral library on
which quantitative and qualitative analyses are based.
Furthermore, the combination of the qualitative results ob-
tained when using automated software and operator’s expe-
rience is the key in identification of the unexpected
contaminant. This instrument, when used by experienced
operators, has great potential for evaluation of workplace
exposure, especially for field risk assessment.

This is the first workplace demonstration of the use of
the RS-FTIR system for air monitoring. In comparison with
the charcoal tube-GC method, the RS-FTIR showed the ad-
vantages of its diversities of sampling method, such as real
time, short and long term, and ability to perform qualitative
and quantitative analyses of multicomponent mixtures.
More studies are needed to evaluate correlation between the
beam-concentration and a TWA for each worker at his or her
work station.

Clearly, the SF, experiment was only a preliminary test
and something might be made of the differences across sam-
ple sets in Table V. Methylene chloride, for example, shows
considerable variability where methanol is quite steady. This
may suggest using the RS-FTIR to look for any departure
from routine operation, such as sudden or fugitive releases.
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TABLE V. Extended
Concentration (ppm)*
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7 7 7 10
69 50
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