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Abstract

The objective of this present study was to evaluate the performance of a portable gas
chromatograph-photoionization detector (GC-PID), under various test conditions to determine if it
could be used in occupational settings. A mixture of 7 volatile organic compounds (VOCs)—
acetone, ethylbenzene, methyl isobutyl ketone, toluene, m-xylene, p-xylene, and o-xylene—was
selected because its components are commonly present in paint manufacturing industries. A full-
factorial combination of 4 concentration levels (exposure scenarios) of VOC mixtures, 3 different
temperatures (25°C, 30°C, and 35°C), and 3 relative humidities (RHs; 25%, 50%, and 75%) was
conducted in a full-size controlled environmental chamber. Three repetitions were conducted for
each test condition allowing for estimation of accuracy. Time-weighted average exposure data
were collected using solid sorbent tubes (Anasorb 747, SKC Inc.) as the reference sampling
medium. Calibration curves of Frog-4000 using the dry gases showed R2 > 0.99 for all analytes
except for toluene (R% = 0.97). Frog-4000 estimates within a test condition showed good
consistency for the performance of repeated measurement. However, there was ~41-64%
reduction in the analysis of polar acetone with 75% RH relative to collection at 25% RH. Although
Frog-4000 results correlated well with solid sorbent tubes (r = 0.808-0.993, except for toluene)
most of the combinations regardless of analyte did not meet the <25% accuracy criterion
recommended by NIOSH. The effect of chromatographic co-elution can be seen with m, p-xylene
when the results are compared to the sorbent tube sampling technique with GC-flame ionization
detector. The results indicated an effect of humidity on the quantification of the polar compounds
that might be attributed to the pre-concentrator placed in the selected GC-PID. Further
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investigation may resolve the humidity effect on sorbent trap with micro GC pre-concentrator
when water vapor is present. Although this instrument does not fulfill the accuracy criterion
specified in the NIOSH technical report No. 2012—162, it can be used as a screening tool for range
finding monitoring with dry gases calibration in the occupational setting rather than compliance
monitoring.
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Introduction

Volatile organic compounds (VOCs) are of concern because of their potential adverse health
effects. The conventional measurement of human exposure to VOCs in air samples requires
the use of sorbent tubes, or passive badge samplers, for integrated air sampling. A weakness
of conventional integrated air sampling methods is that each collected sample requires
subsequent laboratory analysis, which inevitably delays communication of risk data back to
the industrial hygienist, or worker. Air samples are usually desorbed and then analyzed by
gas chromatography (GC) with different detection methods, including flame ionization,
electron capture, photoionization detector (PID), and mass spectrometry. Bench scale GC-
based instruments can unambiguously identify multi-species in a complex chemical mixture.
Portable direct-reading monitors (PDRM) are being widely used to obtain rapid estimates of
employees’ exposures to chemical hazards and to enable immediate actions that are
necessary to reduce exposures.!!-3] They provide powerful on-the-spot information in a wide
variety of applications, ranging from leak detection to evaluation of control measures. A
general survey monitor such as a handheld PID without a separation step can detect total
VOC:s at intervals of a few seconds with low detection levels (parts per billion (ppb)) in first
responder scenarios.[*] There are also a few portable GC/PIDs including Explorer portable
GC (Inficon Inc., East Syracuse, NY) and BTEX Analyzer (Series 8900, Baseline-MOCON
Inc., Lyons, CO) that can specify individual VOC compounds. However, these instruments
are not suitable for collecting worker’s breathing zone exposure data due to their bulk
(weight > 14 1b). A portable GC/PID, called Frog-4000 (Defiant Technologies, Albuquerque,
NM), has been recently commercialized with support from U.S. Environmental Protection
Agency (EPA)’s Small Business Innovation Research (SBIR) Program. In contrast to all
other commercial portable/transportable GC-based instruments, Frog-4000 (weight < 5 Ib)
uses ambient air as a carrier gas by attaching cartridges of active carbon/carbon molecular
sieve to scrub VOCs and water vapor in the air. This is a great advantage compared to other
GC/PIDs which require a separate carrier gas. The Frog-4000 is intended for rapid VOC
identification in the outdoor environments and might be able to measure a worker’s
breathing zone exposure. However, this instrument has not been fully evaluated via
laboratory and field performance tests. A high degree in variability of instrument
performance has been observed with PDRM’s subjected to variations of temperature,
relative humidity (RH), and concentration levels.l3] The data presented here characterize the
performance of the Frog-4000 GC-PID under such variations.

J Occup Environ Hyg. Author manuscript; available in PMC 2019 February 19.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Soo et al. Page 3

Experimental methods

Targeted volatile organic compounds

The seven analytes of interest in the present study were selected because they are commonly
present in paint manufacturing industries. They included acetone, ethylbenzene, methyl
isobutyl ketone (MIBK), toluene, m-xylene, p-xylene, and o-xylene.

Test setup and environmental conditions

A glass-type test chamber (~0.004 m?) was placed in a 22 m> walk-in environmental
chamber (Nor-Lake Enviroline; Nor-Lake Scientific, Hudson, WI) similar to that previously
described.[5-1 A dynamic atmosphere system was used to produce a constant, known
concentration mixture of the 7 analytes of interest at various levels of humidity and
temperature using a Miller-Nelson flow-temperature-humidity control system (Model
HCS-501, Assay Technology Inc., Livermore, CA) and a certified specialty gas mixture (part
No. BL1506056, Ideal Speciality Gases and Analytical Services, Houston, TX) controlled
by mass flow controller (Aalborg Instruments Inc., Orangeburg, NY). The proportion of 7
selected analytes for each exposure scenario were chosen based on the relative levels of
OSHA'’s Permissible Exposure Limit (PEL) for the individual compounds, i.e., initial
concentrations of each compound were 1000 ppm + 2% for acetone, 200 ppm + 2% for
toluene, and 100 ppm * 5% for the other compounds. As shown in Table 1, four different
concentration levels (1x, 2x, 4x, and 8x) of diluted gas mixtures were selected to be within
the normal operating range of the selected portable GC-PID as recommended by the
manufacturer. Three different temperatures (T; 25°C, 30°C, and 35°C), and 3 relative
humidities (RH; 25%, 50%, and 75%) were selected. Environmental information was
recorded through a traceable humidity/temperature meter (Model 4080, Control Company
Inc., Friendswood, TX) during each sampling period.

The atmosphere flow rate was approximately 20 L min~! within the 4-L volume test
chamber. Prior to conducting each experimental trial, a FTIR (DX-4040, Gasmet
Technologies Inc., Finland) and a handheld PID (MiniRAE 2000, RAE Systems, US) were
used to ensure the test atmosphere mixed with conditioned environmental air had properly
entered the test chamber. Preliminary sorbent tube analysis results showed all 7 analytes
were uniformly delivered across all sampling ports. A full factorial experimental design was
chosen and performed in the present study. For each test condition, at least 3 replicates of
each condition were performed. The total number of experimental trials was 108. One
sorbent tube sample and 5 consecutive measurements measured by 2 independent
Frog-4000s were performed for each of the 108 experiments (4 concentrations x 3
temperatures x 3 relative humidities x 3 replicates).

Calibration curves of analytes of interest and instrument settings

Standard calibration curves of each GC-PID for each analyte were established through a gas
sample diluter (Defiant Technology Inc.) that blended a certificated gas mixture (Ideal
Speciality Gases and Analytical Services, Houston, TX) and a pure dry air (Zero air level,
Butler Gas, McKees Rocks, PA), controlled by calibrated rotameters. Both rotameters were
periodically calibrated over 15 nominal flow rates by a primary gas flow calibrator (DryCal
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DC Lite-M, or DryCal Defender 220-L, BIOS, Butler, NJ). At least 7 atmospheres at
different desired nominal concentration for each analyte were measured and the flow rates to
deliver the desired concentration were calculated using a volume-concentration equation
with atmosphere pressure adjustments provided by the manufacturer. The primary gas flow
calibrator was used to confirm the desired nominal flow rate within 5% through a whole
completed analytical cycle of the Frog-4000 instrument. User-defined calibration curves
ranged in concentration from 0.08—18.1 ppm for acetone (R% = 0.992); 0.01-1.81 ppm for
ethylbenzene (R2 = 0.997); 0.41-3.59 ppm for MIBK (R? = 0.996); 0.02—3.62 ppm for
toluene (R% = 0.967); 0.02-3.62 ppm for m, p-xylene (R? = 0.995); and 0.01-1.81 ppm for
o-xylene (R? = 0.994). A few concentrations of each analyte were checked periodically for
daily variation was found to be within £25% during the experiments. In the operating
manual provided by manufacturer, it is stated the default settings are best for the analysis of
benzene, toluene, ethylbenzene, and xylenes (BTEX), but the settings can be altered for
analyzing a wide variety of compounds and concentrations. The current instrument
operational settings are listed below: hold time at initial GC temperature (38°C) for 400 sec;
ramp time from GC cold to GC hot temperature (120°C) over 90 sec; hold time at hot GC
temperature for 60 sec; collection time of VOCs onto preconcentrator (60 sec); cleaning
time of pre-concentrator by heating (4 sec); time allowed for pressure to stabilize before pre-
concentrator fire (4 sec); and time of heating pre-concentrator to release VOCs (6 sec).

Sorbent tube sampling and analytical methods

Anasorb 747 sorbent tubes (Cat. No. 226-83, SKC Inc., Eighty Four, PA) were selected for
all experimental conditions because coconut shell active carbon has been shown to be a
rather poor sorbent for polar vapors in air, demonstrating a relatively low recovery
performance when high humidity conditions are present.l”]. Sorbent sampling took place
from a sampling port within the glass chamber close to the sampling probes of the
Frog-4000s. Samples from the challenge atmospheres were pulled through the Anasorb 747
tubes at a flow rate of 200 mL min~! for a sampling time ranging from 30-60 min. A
DryCal® DC-Lite device was used to ensure that the difference between pre- and post-
sampling flow rates was within +5%. Sorbent samples were analyzed by a commercial
laboratory in accordance with the NIOSH Manual of Analytical Methods (NMAM) 1501
modified to include the additional analytes.[8] In each sampling campaign, 2 or 3 field blank
samples were collected to ensure no handling contamination. All field blank samples showed
results lower than limit of detection (LOD). The LOD ranged from 0.4 —0.9 pg for all 7
analytes. The LOQ ranged from 1.3-4.9 ug for all 7 analytes. The analytical ranges were
between 0.4 and 870 ug for all 7 analytes. A few samples (6 out of 123 trials) showed less
than the LOQ. Five samples were lost during handling.

Data analysis

All data were analyzed using JMP software version 12.1.0 (SAS Institute, Cary, NC). First,
descriptive statistics on concentration of each analyte for both sorbent samples and
Frog-4000 were calculated. Replicate measures that were collected for each independent
Frog-4000 result (or Anasorb 747 result) and variable combination were averaged prior to
the analysis. Measured concentration values from Anasorb 747 and Frog-4000 were
compared with theoretical and mean ratios were calculated. Second, a three-way factorial
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analysis of variance was performed to determine whether there were any effects of
environmental parameters on quantification by both near real-time and sorbent sampling
methods. Lastly, Pearson’s correlation coefficients were calculated to see how well paired
samples (Frog-4000 vs. Anasorb 747) correlated with each other. Bias, precision, and
accuracy were calculated per NIOSH technical report No. 2012-162: Components for
Evaluation of Direct-Reading Monitors for Gases and Vapors.[® These values were used to
determine whether the Frog-4000 met the NIOSH accuracy criterion (measurements are
within £ 25% of the true concentration with 95% confidence). Finally, a contour plot was
used to show the relationship between accuracy, bias, and precision.

Effect of environmental factors on Anasorb 747 and Frog-4000 data

Figure 1 shows the mean ratios of measured values normalized with theoretical values
obtained from Anasorb 747 with the different test conditions. The mean ratios in each
analyte of interest were slightly lower than 1 and did not vary much as the target
concentration level increased (Figure 1a). The effect of concentration level was significant
because of the tight precision (p-value < 0.05). The change in the ratios of each analyte of
interest with temperature (Figure 1b), and with relative humidity (Figure 1c) are not visually
apparent except that acetone was most affected by water vapor adsorption, as can be seen
from a noticeable decrease of normalized ratios as relative humidity increased. Nevertheless,
except for the interaction of acetone with relative humidity, temperature and relative
humidity can be considered to have no effect on ratios of individual compounds since the
differences in least square means for each comparison were small and the differences in
observed ratios of each analyte of interest were negligible.

Figure 2 shows the normalized ratio results obtained from Frog-4000 between concentration
level, and between the temperature, and between the relative humidity as presented in Figure
1. Statistical differences for each main effect of parameters were observed over their
corresponding levels, (p-value < 0.0001). ANOVA results of the 3 or 5 replicates for
Frog-4000 within each test condition showed a good consistency on the performance of
repeated measurement. When the observed ratios are plotted by concentration level (Figure
2a), the Frog-4000 produced noticeably different results that varied widely by analyte,
whereas the mean ratio results collected by Anasorb 747 were relatively flat and close to 1.
This scatterplot matrix showed significant differences in the normalized ratios of each
analyte over the range of test levels of temperature and relative humidity, indicating strong
interaction among the above test parameters, which also can be seen in Figure 3. For
example, the reduction in the ratios of acetone with 75% RH relative to collection at 25%
RH was ~41-64%. As can be seen especially for the higher acetone concentration levels the
reduction in Frog-4000 response is related to the absolute humidity (e.g., 25% relative
humidity at 25°C contains 5 g of water per Kg of air, while the same relative humidity at
35°C contains 9.3 g/Kg). Calibration of the Frog-4000 uses dry-air concentrations delivered
by a mask. It is possible that there are differences between the Frog-4000 response for a
calibration sample delivered by the mask and the Frog-4000 response in a dry chamber
environment at the same concentration. If there is no difference then the serious effects of
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humidity on response seen in Figure 3 may extrapolate to no effect at zero humidity, but it is
not possible to demonstrate this without a zero-humidity chamber experiment. Such an
experiment would require room air to be dried, which is difficult to achieve.

Correlation between Anasorb 747 and Frog-4000 data

Figures 4a—f illustrates the scatterplots of concentration in each analyte of interest in this
study between Anasorb 747 and Frog-4000 readings. Overall, these relationships showed the
Frog-4000 analysis correlated well with the traditional sorbent-based method (r = 0.808—
0.993) for most analytes of interest with the exception of toluene. Toluene had the weakest
association between direct-reading and the traditional sorbent-based method (r = 0.733) (all
p-values < 0.05). With Anasorb 747 used as an independent variable, the regression analysis
showed slopes varied from 1.31-2.34, indicating ~43—76% lower concentration magnitudes
by the Frog-4000 depending on analyte. In addition, most of measurements of analytes of
interest showed different correlations between two different instrument units (at least r >
0.903) but this is least notable in the acetone (r = 0.980) and o-Xylene (r = 0.999) results.

Estimation of accuracy, bias, and precision suggested by NIOSH method

The estimation of accuracy, bias, and precision of the Frog-4000 for direct concentration
measurement of 7 analytes under the selected test combinations were calculated using the
average of the 2 unit results per NIOSH technical report (No. 2012-162).1°! The
measurement of each analyte from the monitors were compared to the reference sampler
(i.e., Anasorb 747). Note that variances of both bias and precision were significantly
different at varied levels of test concentration, temperature, and relative humidity. Overall,
most of the combinations regardless of analytes (192 out of 216 runs; 36 trials with 3
replicates for each analyte) generated accuracy exceeding the 25% criterion specified in the
NIOSH technical report No. 2012—162. [9 The bias of each analyte for the selected VOCs
monitor was relatively high (>50%) and varied by temperature (p < 0.05), humidity (p <
0.05), and concentration level (p < 0.05) whereas precision of each analyte was in general
less than 9.8% regardless of analytes and test conditions (211 out of 216 runs). These
accuracy results in 95% confidence limits are given by equation specified by NIOSH
technical report and as indicated in a contour plot for illustration by using toluene as an
example (Figure 5a). Because bias is non-homogeneous, we cannot provide a point estimate
of the overall monitor accuracy over the range of environmental factors and exposure
scenarios using pooled values for bias and precision. Figure 5b illustrates accuracy, bias, and
precision of same GC-PID obtained from the same test conditions but the GC-PID
measurements were compared to the target values (i.e., theoretical values with dilution
correction). The results of accuracy, bias, and precision presented the same trend of variation
indicated in contour plot as the findings shown in the Figure 5a (i.e., Frog-4000 Vs. Anasorb
747). Relative small ranges of bias were found while the GC-PID measurements were
compared to target values (from —0.8 to 0.2) rather than Anasorb 747 (from —0.8 to 0.4).

J Occup Environ Hyg. Author manuscript; available in PMC 2019 February 19.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Soo et al. Page 7

Discussion

Humidity effect on sorbent trap with pre-concentrator and sorbent tube

Within the GC is a sorbent, which acts as a focuser to introduce the sample as a sharp pulse
into the GC column; as shown in Figures 6a and 6b, it is the serpentine trace on the top side
of the pre-concentrator. There is an integrated heater on the pre-concentrator without
trapping temperature control and no membrane filter or sampler over the pre-concentrator. A
previous study by Sanchez and Sacks (2005) preconcentrated organic vapors through a
multibed on-line sorption trap prior to injecting the analytes onto a GC column and observed
that the presence of water vapor in samples affects the retention of polar compounds by
carbon-based multiple sorbent traps.l'9 The current study confirmed that there is an effect
of humidity on the quantification of the polar compounds that might be attributed to the
adsorbent in the pre-concentrator in the Frog-4000. The sorbent in the pre-concentrator is
reported by the manufacturer to be a silica gel (with other additives that give it some
preferential selectivity) produced using a sol-gel coating process. In general, silica gel is a
widely used adsorbent for polar compounds whereas non-polar compounds are preferentially
adsorbed onto activated charcoal or molecular carbon sieves. However, silica gel absorbs
water vapor much more intensively than most organic compounds.!!1] Note that the silica gel
coating here is referred to as an aerogel and not as a pure silica gel. Thus, it is not certain
whether the type of adsorbent in the pre-concentrator can explain why the GC-PID
measurements are depressed in comparison to the reference method (i.e., Anasorb 747 >
Frog-4000). Many factors should be carefully considered when selecting different
adsorbents for use of in the pre-concentrator as a trap, such as strong affinity with analytes,
low activation energy of desorption, large capacity and good binding with pre-concentrator
substrate.[12.13]

The effect of the adsorption of water vapor on all aspects of the sampling and analysis of
polar molecules is of such importance as to require detailed discussion. Harper et al.l”]
evaluated the effect of humidity on the breakthrough of acetone collected by three different
sorbents, including Anasob 747, carbon molecular sieve (Anasorb CMS), and active
charcoal (Lot 120) and reported that the effect of humidity on breakthrough is most marked
in the case of carbon molecular sieve, followed by active charcoal and Anasorb 747. Here it
should be noted that silica gel exhibits greater affinity for water vapor than the other carbon
compounds. It is likely that the acetone is initially absorbed by the silica, but is displaced by
water while the pre-concentrator is collecting sample. This displaced acetone is lost to the
system before the pre-concentrator is heated and its burden of adsorbed molecules injected
into the GC. Those reasons might explain why the acetone concentration magnitude
obtained from Frog was always lower than that from the Anasorb 747.

Another common interference for GC detection arises from the simultaneous introduction of
water onto the column, which can cause retention time shifts. In the present study, a
noticeable shift was observed in the retention time window at 75% RH for all 7 analytes.
However, there are many practical improvements to reduce the water uptake of selected
sorbent traps during the GC analysis procedure: (1) reducing sample volume; (2) reducing
the adsorbent mass; and (3) heating the adsorbent during the air sampling.[14-16] Users can
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choose either the above practical instrument adjustments, where possible, or conduct
calibration with standards under the same condition of humidity as the air sample as
recommended by Sanchez and Sacks.[!0]

Co-elution effect

Accuracy

Co-elution of analytes is another critical concern in the application of portable GC-based
instruments. Haghigh et al.['7] reported that the most frequently reported stationary phase
used by micro capillary column on-a-chip is polydimethylsiloxane (PDMS). The portable
GC-PID in the present study uses a 4.8 m long 316 stainless steel column whose interior
surface is coated with a 0.8 um-thick PDMS stationary phase (OV-1, Ohio Valley Specialty,
OH). Theoretically, PDMS should be able to separate VOCs such as light alkanes or
aromatic compounds (BTEX) below 40°C. Unfortunately, we found co-elution with m- and
p-xylene. In general, a PDMS stationary phase can separate many VOC analytes, but it is
well known that there are some analytes that co-elute with virtually any stationary phase.

Similar research by Chen et al., using Arizona State University (ASU) VOC sensors, gave an
accuracy higher than 81% compared with NIOSH 1501 modified method when benzene
samples were analyzed by NMAM 1501 with 275 + 35 ppb. However, they also stated
“further efforts to improve the VOC sensor accuracy and statistical significance of
correlation of VOC sensor results with reference methods are on going”[!8] Research by
Romero-Trigueros et al. (2017) also observed the influence of humidity on benzene
measurement with a transportable GC-PID. They found the bias in reading was 33% and
47% for a reference concentration of benzene in air of 5 and 40 pug/m3.[1%1 In the present
study, most of the combinations regardless of analytes generated accuracy >25%, exceeding
the criterion specified in the NIOSH technical report No. 2012—162!°! when GC-PID
measurements were compared to either reference samples or target values. The results of
accuracy, bias, and precision presented a similar trend of variation when the GC-PID was
compared to either the reference sampling method or the theoretical target concentration, but
there was a large variation in biases between these two comparison methods because of
effect of water vapor on either reference sorbent tube or pre-concentrator with the selected
GC-PID.

Conclusions

The present study evaluated a commercial portable GC-PID against various temperatures,
relative humidities and exposure scenarios in comparison to the Anasorb 747 sorbent tube
method. This instrument does not fulfill the accuracy criterion criteria specified in the
NIOSH technical report No. 2012-162 but it could be used as a screening tool with dry gas
calibration in occupational settings to identify VOCs present in the workplace air. Further
investigation may resolve the humidity effect on sorbent trap with micro GC pre-
concentrator when water vapor is present. Although this GC-PID can only measure exposure
levels up to ~16 ppm (acetone), an inline dilution probe could allow application to the higher
concentrations more likely occurring in the workplace.

J Occup Environ Hyg. Author manuscript; available in PMC 2019 February 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Soo et al. Page 9

Acknowledgments

The authors are sincerely thankful to Dr. Philip A. Smith (OSHA/Health Response Team) for reviewing this article
prior to journal submission and to Dr. Gayle DeBord and Dr. Mark Hoover (Co-Directors of the NIOSH Center for
Direct Reading and Sensor Technologies) for their support and useful discussions.

Funding

This project was funded internally by the National Institute for Occupational Safety and Health (Project 927ZKPA
—Emerging Issues in Exposure Assessment).

References

[1]. Ashley K: Field-portable spectroscopy Appl. Occup. Environ. Hyg 2S(1):10-15 (2003).

[2]. Duarte K, Justino CIL, Freitas AC, Duarte AC, and Rocha-Santos TAP: Direct-reading methods of
analysis of volatile organic compounds and nanoparticles in workplace air. Trends Analyt. Chem
53:21-32 (2014).

[3]. Todd L: Direct-reading instruments for determining concentrations of gases, vapor and aerosol In:
The Occupational Environment: Its Evaluation, Control, and Management, 3rd ed., Anna DH
(ed.). Fairfax, VA: American Industrial Hygiene Association, 2011 pp. 417-448.

[4]. Daum KA, Watrous MG, Neptune MD, Michael DI, Hull KJ, and Evans JD: Data for First
Responder Use of Photoionization Detectors for Vapor Chemical Constituents. Idaho Falls, ID:
Idaho National Laboratory U.S. Department of Energy National Laboratory; 2006 Report No.:
INL/EXT-05-00165 Rev.1. Available at http://www.inl.gov/technicalpublications/documents/
3589641.pdf 2006.

[5]. Coffey CC, LeBouf RF, Lee L, Slaven JE, and Martin SB, Jr.: Effect of calibration and
environmental condition on the performance of direct-reading organic vapor monitors. J. Occup.
Environ. Hyg 9:670-680 (2012). [PubMed: 23016630]

[6]. LeBouf RF, and Coffey CC: Effect of calibration environment on the performance of direct-
reading organic vapor monitors. J. Air Waste Manag. Assoc 63(5):528-533 (2013). [PubMed:
23786144]

[7]. Harper M: An evaluation of sorbents for sampling ketones in workplace air. Appl. Occup. Environ.
Hyg 8(4):293-304 (1993).

[8]. National Institute for Occupational Safety and Health: Method 1501. In: NIOSH Manual of
Analytical Methods, 4th ed., Hydrocarbons, Aromatic. Cincinnati, OH: NIOSH, 2003.

[9]. National Institute for Occupational Safety and Health: NIOSH Technical Report No. 2012-162:
Components for Evaluation of Direct-Reading Monitors for Gases and Vapors. Cincinnati, OH:
NIOSH, 2012.

[10]. Sanchez J, and Sacks R: On-line multi-bed sorption trap for VOC analysis of large-volume vapor
samples: injection plug width, effects of water vapor and sample decomposition. J. Sep. Sci.
28(1):22-30 (2005). [PubMed: 15688627]

[11]. Melcher RG, Langner RL, and Kagel RO: Criteria for the evaluation of methods for the collection
of organic pollutants in air using solid sorbents. Am. Ind. Hyg. Assoc. J. 39(5):349-361 (1978).
[PubMed: 677014]

[12]. Akbar M, Wang D, Goodman R, et al.: Improved performance of micro-fabricated
preconcentrators using silica nanoparticles as a surface template. J. Chromatogr. A 1322:1-7
(2013). [PubMed: 24268363]

[13]. Alfeeli B, Taylor LT, and Agah M: Evaluation of Tenax TA thin films as adsorbent material for
micro preconcentration applications. Microchem. J 95:259-267 (2010).

[14]. Kelly TJ, Callahan PJ, Plell J, and Evans GF: Method development of field measurements for
polar volatile organic compounds in ambient air. Environ. Sci. Technol. 27:1146-1153 (1993).

[15]. Helmig D, and Greenberg JP: Automated in site gas chromatographic-mass spectrometric
analysis of ppt level volatile organic trace gases using multistage solid-adsorbent trapping. J.
Chromatogr. A 677:123-132 (1994).

J Occup Environ Hyg. Author manuscript; available in PMC 2019 February 19.


http://www.inl.gov/technicalpublications/documents/3589641.pdf
http://www.inl.gov/technicalpublications/documents/3589641.pdf

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Soo et al.

Page 10

[16]. Helmig D and Vierlig L: Water adsorption capacity of the solid adsorbents Tenax TA, Tenax GR,
Carbotrap, Carbotrap C, Carbosieve SIII, and Carboxen 569 and water management techniques
for the atmospheric sampling of volatile organic trace gases. Anal. Chem. 67(23):4380—4386
(1995).

[17]. Haghighi F, Talebpour Z, and Sanati-Nezhad A: Through the years with on-a-chip gas
chromatography: a review. Lab Chip 15:2559-2575 (2015). [PubMed: 25994317]

[18]. Chen C, Campbell KD, Negi I, et al.: A new sensor for the assessment of personal exposure to
volatile organic compounds. Atmos. Environ. 54:679-687 (2012).

[19]. Romero-Trigueros C, Mifiarro MD, and Ferradds EG: Influence of environmental humidity on
measurements of benzene in ambient air by transportable GC-PID. Atmos. Meas. Technol
10:4013-4022 (2017).

J Occup Environ Hyg. Author manuscript; available in PMC 2019 February 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Soo et al.

Figurel.
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Mean ratio of measured/theoretical concentration of 7 analytes against environmental factors

(sample collected by Anasorb 747). Note that red line indicates mean values through least

square method. The Concentration Level (x) values in the abscissa refer to the sets of
environmental testing parameters (1x, 2x, 4x, or 8x) listed in Table 1. The value of an

ordinate point is the mean ratio of measurements of an analyte to its applied value. The

mean is taken over the environmental factors of temperatures and relative humidities in
Table 1 (25°C, 30°C, and 35°C) and (25%, 50%, 75%), respectively. The theoretical value is
calculated from its concentration in the standard and the dilution factor.
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factors (sample collected by FROG). Note that red line indicates mean values through least

square method. The Concentration Level (x) values in the abscissa refer to the sets of
environmental testing parameters (1x, 2x, 4x, or 8x) listed in Table 1. The value of an

ordinate point is the mean ratio of measurements of an analyte to its applied value. The

mean is taken over the environmental factors of temperatures and relative humidities in
Table 1, (25°C, 30°C, and 35°C) and (25%, 50%, 75%), respectively. The theoretical value is
calculated from its concentration in the standard and the dilution factor.
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Effects of concentration level, temperature, and relative humidityon mean ratio of measured

acetone normalized with theoretical values using the selected GC-PID: (a) 1x concentration

level; (b) 2x concentration level; (¢) 4x concentration level; and (d) 8x concentration level.
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Key to Figures 4(a)—(f).
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Figure4a.

Scatterplot matrix of correlation between Anasorb747 and Frog-4000 data: Acetone. See key
for each column/row comparison.
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Figure 4b.
Scatterplot matrix of correlation between Anasorb747 and Frog-4000 data: Ethylbenzene.

See key for each column/row comparison.
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Figure4c.
Scatterplot matrix of correlation between Anasorb747 and Frog-4000 data: MIBK. See key

for each column/row comparison.
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Figure 4d.

Scatterplot matrix of correlation between Anasorb747 and Frog-4000 data: m, p-Xylene. See
key for each column/row comparison.
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Scatterplot matrix of correlation between Anasorb747 and Frog-4000 data: o-Xylene. See

key for each column/row comparison.
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Scatterplot matrix of correlation between Anasorb747 and Frog-4000 data: Toluene. See key
for each column/row comparison.
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Figureb.
Accuracy for an analyte “Toluene”as function of Bias (B) and percison (StT) according to

the NIOSH technical report (No. 2012-162). Note that each curve shows all values of B and
SrT yielding the corresponding accuracy as indicate on the contour plot. (a): Frog-4000 vs.
Anasorb 747 and (b): Frog-4000 vs. Target values.
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Figure®6.
(a) The chip-based pre-concentrator and micro-GC column made through

microelectromechanical system (MEMS) batch fabrication technology and (b) the silica gel
aerogel coated fins on the pre-concentrator.
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Table 1.

Environmental testing parameters and instruments involved in the laboratory evaluation.

Testing instruments and reference samplers

Portable GC-PID Frog-4000 (Defiant Technology Inc., NM)
Reference Anasorb 747 (Sorbent tube, 400 mg/200 mg, SKC Inc., PA)

Environmental testing parameters

Concentration levels (X) in a mixture (ppm)  8x: Acetone 10, Toluene 2, others 1
4x: Acetone 5, Toluene 1, others 0.5
2x: Acetone 2.5, Toluene 0.5, others 0.25
1x: Acetone 1.25, Toluene 0.25, others 0.125

Temperature (°C) 25, 30, and 35
Relative Humidity (RH, %) 25, 50, and 75
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