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Abstract: In this study, we test the performance of a compact gas chromatograph with photoionization
detector (GC-PID) and optimize the configuration to detect ambient (sub-ppb) levels of benzene,
toluene, ethylbenzene, and xylene isomers (BTEX). The GC-PID system was designed to serve as
a relatively inexpensive (~10 k USD) and field-deployable air toxic screening tool alternative to
conventional benchtop GCs. The instrument uses ambient air as a carrier gas and consists of a Tenax-
GR sorbent-based preconcentrator, a gas sample valve, two capillary columns, and a photoionization
detector (PID) with a small footprint and low power requirement. The performance of the GC-PID
has been evaluated in terms of system linearity and sensitivity in field conditions. The BTEX-GC
system demonstrated the capacity to detect BTEX at levels as high as 500 ppb with a linear calibration
range of 0–100 ppb. A detection limit lower than 1 ppb was found for all BTEX compounds with
a sampling volume of 1 L. No significant drift in the instrument was observed. A time-varying
calibration technique was established that requires minimal equipment for field operations and
optimizes the sampling procedure for field measurements. With an analysis time of less than 15 min,
the compact GC-PID is ideal for field deployment of background and polluted atmospheres for
near-real time measurements of BTEX. The results highlight the application of the compact and easily
deployable GC-PID for community monitoring and screening of air toxics.

Keywords: BTEX; benzene; air toxics; gas chromatography; traffic emissions

1. Introduction

The volatile organic compound (VOC) family of benzene, toluene, ethylbenzene, and
xylene isomers (BTEX) are air pollutants that can cause detrimental health effects and
degrade air quality through oxidation reactions [1,2]. BTEX compounds are monocyclic
aromatics and are grouped together because of similarities in their structures, properties,
and emission sources [3]. These compounds are emitted as combustion byproducts of
fossil fuels and biomass, including motor vehicles and wildfires, and through volatilization
from crude oil or its derivatives, including gasoline and industrial solvents [4–7]. BTEX
compounds are classified as hazardous air pollutants (HAPs) and are regulated by a large
number of agencies worldwide including the United States Environmental Protection
Agency (US EPA) and the California Air Resources Board (CARB) [8,9].

Among the BTEX family, benzene is the most dangerous as it is a well-known carcino-
gen and may have adverse health effects on immune, metabolic, respiratory functioning as
well as on development [10–13]. Ethylbenzene has been classified as a possible carcinogen,
while toluene and xylene isomers can cause damage to the brain and central nervous
system with long term exposure [10,14–16]. BTEX is ubiquitous in the environment at
trace levels ranging from sub-ppb to tens of ppb in urban and industrial areas where
atmospheric mixing ratios are higher [4,17–22]. Although ambient atmospheric BTEX
levels have dropped due to reformulation of gasoline [23], there is evidence of an increase
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of emissions from oil and natural gas operations [24,25]. As wildfire events become more
common with climate change, exposure to BTEX may increase in rural areas [26,27].

Monitoring of BTEX atmospheric background levels requires instrumentation that
is sensitive to sub-ppb levels [17,19]. Current techniques for measuring BTEX include
ultraviolet (UV) spectroscopy, infrared (IR) spectroscopy, and gas chromatography (GC)
coupled either to a flame ionization detector (FID), photoionization detector (PID) or to
a mass spectrometer (MS) [28–31]. Traditional methods require ambient air samples to
be drawn into sorbent material or collected in evacuated stainless-steel canisters then
transferred to the lab for further analysis. More recently, open path Fourier-transform
infrared spectroscopy (FTIR) and proton transfer reaction-mass spectroscopy (PTR-MS)
have allowed for near-real time analysis in the field [32]; however, these techniques are
expensive to purchase and operate due to their need for support gases, power require-
ments, or large physical size, and hence are not ideal for long-term stationary or mobile
monitoring [30,33–36].

There is currently a need for more inexpensive, easy-to-operate screening methods to
determine the presence of atmospheric BTEX levels, as elucidating the fine-scale spatial
patterns of BTEX in populated areas can improve the accuracy of human exposure esti-
mates for the surrounding communities and inform mitigation policy [9]. The California
Assembly Bill 617 calls for community-focused monitoring in disadvantaged and highly
impacted communities [37]. This bill and the existing technology have popularized the
use of inexpensive sensors to provide an accessible screening method for communities
due to the accessible prices and portability (e.g., Purple Air, Clarity, etc., for particulate
matter pollution) [37,38]. Numerous inexpensive sensors for BTEX and VOCs have been
designed [38–41]; however, very few have the combination of sub-ppb sensitivity, selectiv-
ity, and relative low cost needed for ambient air monitoring. See Spinelle et al., 2017 and
Lara-Ibeas et al., 2019 for a summary of the latest laboratory prototypes and commercially
available inexpensive BTEX sensors and GC’s [38,39].

As a common inexpensive option, PID can be used as a standalone instrument to
measure total hydrocarbon presence in real time. Although PIDs have great sensitivity,
they are not selective and cannot speciate VOCs. Pairing a PID with a GC allows for
speciation of BTEX compounds and lower detection limits. In this study, the performance
of an ultra-compact GC-PID is characterized for detecting BTEX at sub-ppb levels. The
instrument configuration is optimized for separation of BTEX compounds. This analytical
instrument was developed for operation in the field to be used as a screening tool for onsite
and near-real time analysis. This design uses ambient air as the carrier gas to minimize the
need for support gases and a calibration strategy is established that is simple and requires
minimal equipment. The compact BTEX GC-PID system is composed of the following
modules: sampling, preconcentration, separation, and detection described in the following
Sections 2.1.1–2.1.5. The instrument was characterized in a laboratory setting (3.1) and was
tested in the field (3.2). Section 4 discusses findings and offers recommendations followed
by concluding remarks in Section 5.

2. Materials and Methods
2.1. Prototype of a Compact BTEX GC-PID System

The compact BTEX GC-PID system is composed of the following modules: sam-
pling, preconcentration, separation, and detection, further described in the following
Sections 2.1.1–2.1.5. The GC system was developed by SRI Instruments (Torrance, CA,
USA) and is based on a simpler version of the commercial SRI BTEX GC-PID-FID with a
built-in Method 5030 compliant purge and trap concentrator. The modified BTEX GC-PID
design (Figure 1) has the advantage of a reduced size and weight (SRI 110 chassis model)
that allows it to be field-deployable and convenient for measurements. The instrument
weighs 15 kg with dimensions 36.8 × 21.6 × 34.3 cm. It is designed for field deployment in
background and polluted atmospheres with automatic sampling every 12–15 min. The GC-
PID instrument operates in isothermal mode where the BTEX molecules separate without
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an oven temperature ramp. BTEX concentrations measured by the instrument are reported
as mixing ratios defined as the ratio of the mass of the respective BTEX compounds to the
mass of dried air in a given volume.

Figure 1. Side view of the compact benzene, toluene, ethylbenzene, and xylene isomers (BTEX)
compact gas chromatograph with photoionization detector (GC-PID) prototype. The system has an
ultra-compact chassis (SRI 110 chassis model) weighing 15 kg with dimensions of 36.8 × 21.6 × 34.3 cm.

A prototype GC was built by SRI Instruments and tested. Initially, the prototype
was built with a distinct configuration to test for the desired sub-ppb limit of detection,
selectivity and separation for monitoring BTEX in ambient air. The column and backflush
configurations tested is further discussed in Section 2.1.4. Ultimately, the configured system
operates as follows: preconcentration of sample matrix on Tenax-GR material, separation
by 15 m MXT-5 and 30 m MXT-1301 columns (Restek), followed by PID detection at
10.6 eV. Instrument parameters and settings are modified with the PeakSimple software
downloadable on the SRI Instruments’ website. The instrument operating principles are
represented in the schematic shown in Figure 2. Two instruments were tested with this
configuration, which we henceforth refer to as GC1 and GC2.

2.1.1. System Integration and Instrument Operation

The instrument operating principles are represented in the schematic shown in
Figure 2 in a precolumn backflush configuration. When the 10-port valve is in “load”
position, the vacuum pump pulls ambient air in through the solenoid valve set to sample
from either inlet A or B. This is then directed to the Tenax-GR trap to load the BTEX sample
at the adsorption temperature (40 ◦C). Any sample not adsorbed to the Tenax-GR mate-
rial is vented through the “Out” port. The trap is heated to the desorption temperature
(180 ◦C) shortly thereafter. At the same time, carrier gas has been flowing through the
columns at a constant flow rate defined by the electronic pressure controller. Once the
trap reaches the desorption temperature (180 ◦C), the valve is actuated to “inject” position
where the carrier gas is directed towards the trap sweeping desorbed analytes into the
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analytical columns (labeled “MXT-WAX/MXT-5” and “MXT-1/MXT-1301” in the diagram).
The desorbed analytes are separated by boiling point before reaching the photoionization
detector (labeled “PID”). The PeakSimple software displays a chromatogram in real time
with automatic detection of peaks, integration and concentration calculation using a com-
ponent and calibration file that has been saved prior to sampling. The BTEX molecules
appear on the chromatograms based on their boiling point temperatures with benzene first
followed by toluene, ethylbenzene, co-eluted meta- and para-xylenes (m,p-xylene) and
finally ortho-xylene (o-xylene). The PeakSimple software allows the operator to modify
instrument parameters and settings for desired sampling time, modification of event tables,
calibration and manual integration of peaks.

Figure 2. Schematic of the compact GC-PID system operating principle with 10-port valve in “load”
position (shown as the solid lines) and “inject” position (shown in the dotted line) in a precolumn
backflush configuration. Principal components of the different modules are shown in different colors:
sampling (orange), preconcentration (blue), separation (red) and detection (green).

2.1.2. Sampling Module

The sampling module consists of an aquarium vacuum pump that pulls the sample
matrix into the Tenax-GR trap (Figure 1). The two brass inlets (1/8” (3.175 mm) female)
are connected to a two-position solenoid valve that allows for alternating measurements
between a calibration standard and an atmospheric sample. The two-inlet option can
be used for faster sampling as the solenoid valve switches between loading a sample
and finishing the previous loaded sample or a calibration gas standard. A plastic male
barbed hose fitting with 2.5 cm long Teflon tube was connected to the brass inlets for all
experiments and calibrations conducted in this study.

2.1.3. Preconcentration Module: Tenax-GR Trap

The preconcentration module consists of a 1
4 ” × 4 1

2 ” (6.35 × 114.3 mm) stainless-steel
cylinder packed with 0.5 g Tenax-GR material (2,6-diphenylene-oxide polymer resin). A
volume of gas is pulled through the solenoid valve by a vacuum pump into the Tenax-GR
trap. This concentrates the desired volume of sample, trapping volatile organics while
largely excluding water before loading the gas into the column. The amount of sample that
may be loaded on to the trap is limited by the trap’s adsorbent packing. The packing of the
trap with the Tenax-GR sorbent material may affect the flow rate, thus flow rates for each
instrument (GC1 and GC2) were determined to ensure the same sampling volume of 1 L.
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Sampling times of 1.75 and 2.9 min were established for sampling 1 L volume for GC1 and
for GC2, respectively.

During trapping, ambient air or standard gases are flowed through the trap at 40 ◦C,
until 1 L of this sample matrix has been passed through, depending on the flow rate of
each instrument. The trap is then heated to an optimal temperature of 180 ◦C maintained
for 4 min to allow thermal desorption of BTEX molecules from the Tenax-GR material.
The heating system consists of a thermocouple wire and aluminum block with a 100-
watt cartridge heater wrapped around the Tenax-GR trap stainless steel tubing with a
temperature ramp of 180 ◦C/min. The trap is then cooled by a small fan within 3.45 min to
40 ◦C.

2.1.4. Separation Module

The separation module consists of two coupled columns heated in a small air-bath
oven at 60 ◦C. The oven houses the two columns, a small fan, and a 10-port gas sampling
valve (Figure 1) that connects the entire system further described in schematic shown in
Figure 2. The small fan circulates air inside the oven to keep an equal distribution of heat.
A syringe injection port is included on the side of the oven wall to bypass the Tenax-GR
trap, in cases when direct gas sampling is preferred.

Various column configurations and flushing methods were tested to optimize separa-
tion of BTEX with a stable baseline while maintaining a low cost for the GC measurement
system. Table 1 describes the columns and flushing methods tested, labeled below as
configuration a, b, and c.

Table 1. BTEX GC-PID descriptions for configuration a, b, and c. Configuration a and b had the same
capillary columns with different backflushing method, while configuration c retained the precolumn
backflushing method with new capillary columns. Only benzene and toluene limit of detections are
show for comparison purposes.

Configuration Capillary
Columns

Backflush
Method

Analysis Time
(min)

Limit of
Detection (ppb)

a (Figure 3a) 15 m MXT-WAX
15 m MXT-1

Precolumn
backflush 12 Benzene 0.09

Toluene 0.10

b (Figure 3b) 15 m MXT-WAX
15 m MXT-1

Backflush to
detector <20 Benzene 0.37

Toluene 0.11

c (Figure 3c) 15 m MXT-5
30 m MXT-1301

Precolumn
backflush <15 Benzene 0.06

Toluene 0.10

• Precolumn backflush to vent (configuration a and c): This method captures heavier
molecules in the precolumn and prevents them from entering the analytical column
and reaching the detector. The backflush is carried out at a user defined time to reject
water and other high boiling point analytes while the analytical column runs at a
constant flow. This configuration has the advantage of the sample matrix having
little influence on measurement, allows faster sampling time, prevents late eluting
compounds from interfering with the subsequent runs, and prevents water in the
sample matrix from reaching the column.

• Backflush to detector (configuration b): This method bundles C6+ components that
elute to the detector after the molecules of interest have passed through the analytical
column. This method reduces analysis time and presents a summed total of C6+
molecules displayed in the chromatogram. It also prevents late eluting compounds
from interfering with the subsequent runs.

Configuration a and b operated with the precolumn, a 15 m polar phase (0.53 mm
ID × 2.0 µm MXT-WAX) capillary column and a 15 m long nonpolar phase capillary
(0.53 mm ID, 5.0 µm MXT-1) analytical column. The MXT-WAX column helps to remove
water and VOC’s other than BTEX. In this configuration, complete separation of the heavier
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BTEX compounds is challenging with the selected columns. This first configuration was
optimized for separation of benzene; however, it did not entirely separate ethylbenzene
and xylene isomers without needing an oven temperature ramp, as seen in Figure 3a.
Configuration b had the same columns as configuration a, but was plumbed to backflush
to detector. While the backflush to detector provided information on the number of
hydrocarbons present in the sample, the baseline was not stable or consistent (Figure 3b).
This leads to uncertainties when integrating the area of each analyte peak. Thus, we
retained the precolumn to detector plumbing. Configuration c was plumbed with capillary
columns MXT-5 with 15 m length (0.53 mm ID × 0.25 µm) and MXT-1301 with 30 m length
(0.53 mm ID × 0.3 µm). The baseline proves to remain stable with a better separation of
the o-xylene, however separation of ethylbenzene and m,p-xylenes remains challenging
(Figure 3c). An oven temperature ramp is necessary to separate those two molecules;
however, due to cost consideration the GC remained in isothermal mode with option c
as the final configuration. Both GC1 and GC2 were sent back to the manufacturer to be
configured with a precolumn backflush and capillary columns MXT-5 and MXT-1301.

Figure 3. Sample chromatograms for three different column and flushing configurations with
injection of a 1 ppb BTEX standard. Configurations: (a) Separation of heavier BTEX compounds
is challenging with the selected columns. (b) Heavier hydrocarbons are detected; however, the
baseline is not stable and separation of heavier BTEX compounds remains challenging. (c) There
is better separation of the o-xylene; however, separation of ethylbenzene and m,p-xylenes still
remains challenging. The baseline shifts when the 10-port solenoid valve rotates, and the precolumn
configuration is no longer in series with the analytical column. This causes the column flow to
increase and the baseline to shift as seen in (c).
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2.1.5. Detection Module

Once molecules are separated within the analytical column, the carrier gas directs
the analytes toward the detector. The BTEX GC-PID instruments are equipped with a PID
detector (Andrews Glass) that responds to compounds whose ionization potential is below
10.6 eV, this includes aromatics and molecules with double carbons. This particular PID
has a krypton discharge lamp that fragments the VOC’s into negative and positive ions,
the amplifier then measures the negative ions created by the lamp’s UV energy at 121 nm.

2.2. Gas Standards and Carrier Gas

A certified gas mixture composed of 1 ppm of each of the BTEX compounds (1 ppm
of benzene, 1 ppm of toluene, 1 ppm of ethylbenzene, 1 ppm of m,p-xylene and 1 ppm of
o-xylene) purchased from Restek (±5% uncertainty) and MESA Specialty Gases (±10% un-
certainty) were used for experiments performed in the laboratory. In addition, we used a gas
mixture of about 1 ppb of each of the BTEX compounds from Apel-Reimer Environmental,
Inc. (±20% uncertainty), NIST-traceable certified, for the time-varying calibration method.

An internal air compressor provides the carrier gas from ambient air without the
need for support gases (e.g., He, N2). The “Whisper Quiet” air compressor is built in
the chassis of the GC and controlled by an electronic pressure controller maintained at
9 PSI (62 kPa). The stream of air passes through the Sample Stream Dryer (SRI P/N
8690-0152) housing a Nafion permeable membrane dryer (Permapure P/N ME 110-24-
COMP4) contained in the blue indicating molecular sieve to remove water vapor and
other impurities from the ambient air carrier gas. The Nafion tube was cleaned as needed
following the manufacturer’s suggested procedure. The molecular sieve was heated
regularly to the manufacturer’s recommended temperature to remove moisture from the
desiccant beads as they turned brown when saturated.

An experiment was conducted to determine the percent loss of humidity by passing
a moist stream of air (62.6% relative humidity) through the Sample Stream Dryer. The
Nafion dryer in molecular sieve significantly reduced the humidity to 32.3% in the air
stream by close to 50% percent decrease. See Section 3.1.5 for the effect of humidity on
BTEX detection.

2.3. Calibration Methods

Two calibration methods were explored with the GC system using the PeakSimple
calibration tool. The first involved diluting 1 ppm BTEX standard with gas tight syringes
and/or mass flow controllers in zero air within Tedlar bags. This method required 1000-fold
dilution of the 1 ppm BTEX gas standard in addition to delicate analytical tools which are
not ideal to use in the field, thus the second method was preferred and used to characterize
the instrument.

The second method explored was the time-varying calibration method that takes
advantage of the flexibility in the trap loading time to control the amount of sample
reaching the column and detector. This method relies on the fact that the trapping time on
the Tenax-GR preconcentrator is linearly proportional to amount of sample loaded, and the
area detected by the GC. The linearity of the calibration curve was explored to evaluate
appropriate sampling volumes (and times) to cover the concentration range of interest
(Section 3.1.2). This time-varying method involves less equipment and is ideal for long-term
field campaigns where a standard gas can be programmed for automated measurements.

2.4. Field Deployments

We deployed the GC in a mobile platform by powering it with deep cycle marine
batteries coupled to a pure sine inverter. Ambient air samples were drawn in from outside
of the moving vehicle through Teflon tubing connected to the GC inlet. The GC draws a
maximum of 180 W when the Tenax-GR trap is heated and 60–70 W when idle. For field
measurements without the need of wall power, the system can be powered for more than
6 h by deep cycle marine batteries connected in parallel to a pure sine wave inverter. The
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low power consumption makes it an ideal instrument for mobile measurements where
power is limited.

For outdoor deployments and humidity experiments, we used an OMEGA sensor
(OM-CP-PRHTEMP101A) to record pressure, temperature, and relative humidity. A GPS
tracker was used for mobile measurements to match sampling times with location.

3. Results
3.1. Instrument Characterization

Several experiments were conducted to characterize and optimize the performance of
the BTEX GC-PID instruments for the detection of ambient levels of BTEX expected to be
~1 ppb. We evaluated the performance by studying the following instrument parameters:
linearity of the system, detector signal vs. sample volume, limit of detection, instrument
drift, and humidity effects in the sections below.

3.1.1. Linearity of the System

The detection range of the GC-PID system is limited by the adsorption capacity of
the Tenax-GR trap in conjunction with the linear detection range of the PID lamp. The
GC-PID system relies on the adsorption of BTEX molecules onto the Tenax-GR trap to
preconcentrate the analytes for detection at trace levels. PID lamps have excellent sensitivity,
detection limits and extensive linear detection ranges, but the latter begins to deviate at
higher ppm levels. We test the linearity of the system as a whole with influences from both
the Tenax-GR trap and PID detector to determine the maximum range of mixing ratios that
is measurable with the instrument. We made a saturation curve by loading 1 L samples
of BTEX with mixing ratios ranging from 20 to 5000 ppb (Figure 4). We investigate the
detection limit further described in Section 3.1.3.

Figure 4. We evaluate the detection range of the BTEX GC-PID system by measuring a wide range of mixing ratios until an
asymptote is reached. The detection linear range (0–500 ppb) is magnified highlighted by the blue box. The R2 values for
linear fits to each compound are all greater than 0.98.

Using a mass flow controller, a 1 ppm BTEX gas standard in zero air was diluted into
Tedlar bags, and then were analyzed on the GC-PID to make the saturation curve. Prior to
each measurement a trap blank was performed to ensure analytes were removed prior to
the next sample. The following concentrations were tested: 20, 38, 65, 100, 200, 400, 500,
750, 1000, 2500, 3000 and 5000 ppb (Figure 4). We observed that BTEX peak areas are linear
at low mixing ratios, but curve toward an asymptote at higher mixing ratios as seen for all
analytes by 1000 ppb. This experiment demonstrates that for a sampling volume of 1 L,
measurements up to 500 ppb can be made with confidence. Higher mixing ratios will be
underestimated due to combined effect of detector linearity limitation and saturation of
the Tenax-GR trap. We explore further the linearity of these curves in the next Section 3.1.2
to estimate a range of measurement accuracy.
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3.1.2. Detector Signal vs. Sample Volume

We then evaluated the influence of varying sample volumes passing through the
system to determine the range for the calibration curve using a time-varying method. At
background, BTEX is expected to be below 1 ppb, while in a polluted atmosphere, mixing
ratios vary greatly and can reach tens to hundreds of ppb. These experiments were focused
on expected ambient BTEX concentrations of 1 ppb. The gas standard composed of 1 ppb of
each of the BTEX compounds was loaded onto the Tenax-GR trap while varying the sample
volume from 1 to 10 L representing a concentration range of 0.5 ppb to 5 ppb BTEX on the
trap. A cleaning step was performed after each analysis to remove any BTEX molecules
from the Tenax-GR preconcentrator and prevent influence on the following sample. The
cleaning step involved heating the Tenax-GR trap for 3 min at the end of the analysis to
vent out desorbed analytes followed by cooling of the trap. Blank runs verified that BTEX
was fully desorbed before the subsequent analysis. Conducting a cleaning step proved to
be an effective method for removing the effects of carry-over from near-background and
polluted samples of over 100 ppb. One cleaning step removed 87.1% of carry-over, two
cleaning steps removed 92.9% and four cleaning steps removed 95.6% of carry-over. Due
to the effectiveness of one cleaning step, we apply this to experiments presented in this
study. Cleaning steps were conducted as trap blanks and chromatograms were visually
verified for significant removal of carry-over.

We found that past 2 L of sample volume the relationship between the benzene sample
volume and instrument response ceases to be linear (Figure 5). Both GC1 and GC2 showed
the same behavior. Probable cause may be that the Tenax-GR trap gets saturated towards a
large sample volume. However, linearity in benzene exists at the lower end of the sample
volume (0.5, 1, 1.5 and 2 L) as seen in Figure 5. For calibration purposes, we used volumes
ranging from 0.5 to 2 L with 1 ppb BTEX gas standard corresponding to 0.5, 1, 1.5, and
2 ppb that represent expected ambient BTEX mixing ratios. A 1 L sampling volume was
determined to be adequate.

Figure 5. Linearity of detected signal to sampling volumes of BTEX compounds. Signal becomes
saturated past 2 L, particularly evident for benzene. The error bars represent the standard deviation
of the mean of triplicates of peak area. Note: error bars do not appear because they are smaller than
the size of the symbol.

Once an adequate range was established for the calibration curve with the time-
varying calibration method at the range where linearity exists (0.5–2 L), a straight-line
calibration model is evaluated. According to the US EPA Method 8000, a straight-line
calibration model can be used when the standard deviation of the calibration factors is
less than 20%. The percent standard deviation of the calibration factors (%SD) is shown
in Table 2. All BTEX compounds pass the %SD test, therefore the “single line through
origin (Ax) [average calibration factor]” method is applied to the experiments conducted
in this study, an example is plotted in Figure 6. The calibration equation is represented
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by y = mx, where y is detector response (peak area), m is the average calibration factor,
and the x is concentration of analyte. We performed the calibration measurements on
three different days and calculated the calibration equation (Table 2) for each day. We
observed no significant differences in calibration curves amongst days. We performed a
two tailed t-Test assuming unequal variances of the peak areas. The p-values are greater
than 0.05 between dates showing that the calibration equation has a less than 5% chance of
being different.

Table 2. Calibration curves for BTEX compounds. SD of slope indicates standard deviation of the
slope in the calibration equation. A %SD lower than 20% indicates linearity exists in the calibration
curve. N represents the number of points in the curve.

Compound Date Calibration Equation SD of Slope R2 %SD N

Benzene

2/22/2020 y = 7.38x 1.10 0.97 7.38 4

2/24/2020 y = 5.60x 0.80 0.97 5.67 4

2/27/2020 y = 6.87x 1.50 0.97 6.79 3

Toluene

2/22/2020 y = 11.56x 0.60 1.00 11.11 4

2/24/2020 y = 10.99x 0.90 1.00 11.11 4

2/27/2020 y = 10.95x 1.30 0.97 10.74 3

Ethylbenzene
2/22/2020 y = 6.57x 0.30 0.99 6.12 4

2/24/2020 y = 5.25x 0.80 0.97 5.00 4

2/27/2020 y = 7.18x 1.20 0.89 7.36 3

m,p-xylene
2/22/2020 y = 9.24x 1.00 0.96 9.35 3

2/24/2020 y = 8.44x 0.80 0.98 8.33 4

2/27/2020 y = 9.13x 1.60 0.91 9.36 3

o-Xylene
2/22/2020 y = 2.80x 0.90 0.90 2.89 4

2/24/2020 y = 2.67x 0.70 0.99 2.68 3

2/27/2020 y = 4.23x 1.10 0.98 4.26 3

Figure 6. Example of calibration curves for BTEX compounds with the time-varying calibration
method using sampling volumes: 0.5, 1.0, 1.5 and 2.0 L. The horizontal error bars represent uncertainty
from the certified gas standard, while the vertical error bars (smaller than symbol) represent random
instrument error. The corresponding R2 is shown for each BTEX compound.

The saturation at elevated levels of BTEX puts into question whether the calibration
curve will remain true in polluted atmospheres. We find that linearity holds true (%SD
below 20%) for calibration curves ranging from 0–100 ppb. This informs us that we can
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calibrate up to 100 ppb using the straight-line calibration model and will have to consider
other fitting methods for calibrations above 100 ppb, such as least squares, parabolic or
quadratic, options within the PeakSimple Software.

3.1.3. Detection Limit

Detection limits for each BTEX compound were determined based on analysis of
7 replicate samples of the 1 ppb BTEX gas standard (Table 3). The detection limit (DL) was
defined as 3.143 times the standard deviation (SD) of the 7 replicates (DL = SD × 3.143)
following the recommended protocol from CARB [42]. The sample volume at which the
detection limit was computed was at 1 L, which represents the volume at which field
measurements will be taken. A 1 ppb BTEX sample was introduced into the GC inlet
through a Tedlar bag followed by a cleaning step. The detection limit of the GC system
depends on preconcentration of the sample. A lower limit of detection can be achieved
by introducing larger sampling volumes; however as seen in Figure 5, linearity may not
hold beyond sample volumes of 2 L. With a 1 L sampling volume we achieve sub-ppb level
detection limits on all compounds for both GC’s.

Table 3. BTEX detection limits for each BTEX GC-PID instrument referred to as GC1 and GC2.

Compound GC1 (ppb) GC2 (ppb)

Benzene 0.06 0.19

Toluene 0.10 0.28

Ethylbenzene 0.37 0.18

m,p-Xylene 0.33 0.32

o-Xylene 0.21 0.16

3.1.4. System Drift

We evaluated the possibility of the system drift in time using a 1 ppb gas standard
to assess instrument response. Table 4 shows the peak area of benzene with the standard
deviation of the mean where replicates when performed. The random variation suggests
there was no systematic drift over this period of time, however more experiments are
required for to explore drift at a shorter time scale.

Table 4. Drift experiments using a 1 ppb BTEX gas standard organized by date. Observed benzene
reported in area units (a.u.). For dates where number of 1 ppb gas standard samples (N) were > 1,
the standard deviation is shown in parentheses.

Date N Benzene (a.u.)

10/9/2019 7 13.51 (0.19)

11/25/2019 1 19.24 NA

1/7/2020 1 15.72 NA

1/14/2020 4 12.42 (0.11)

2/19/2020 1 16.92 NA

2/20/2020 3 14.94 (0.47)

2/22/2020 4 14.15 (0.51)

2/24/2020 1 10.65 NA

2/27/2020 1 13.59 NA

3/5/2020 3 11.45 (0.11)
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3.1.5. Humidity Effects

Water vapor and condensation is known to reduce PID lamp response, therefore
relative humidity (RH) effects on detection signal were explored. In the first experiment,
we explore the influence that moist carrier gas may have on the analyte detection signal by
removing the Nafion dryer from the system. We measured the same BTEX gas standards
with moist carrier gas and dry carrier gas. We find that a moist carrier gas reduces the
peak areas by 39.5%, 31.9% and 67.6% for benzene, toluene, and ethylbenzene-xylenes,
respectively. This experiment demonstrates the importance of drying the carrier gas and
the effectiveness of the Nafion dyer for reducing water vapor interferences.

The second experiment was performed outdoors during a precipitation event where
humidity levels were recorded to be higher than usual (Figure 7). Ambient outdoor air
was used as the carrier gas and dried as it passed through sample stream dryer (Nafion
dryer in desiccant). We repeatedly measured the 1 ppb gas standard while using outdoor
ambient air as a carrier gas. This experiment explored whether high humidity would affect
detected signal isolating the influence of water vapor and possible condensation on the
PID lamp. The measured RH ranged from 40% to 80%, pressure and temperature varied
as well. A paired t-Test was performed on the measured concentrations pre-precipitation
and post-precipitation event to test whether the rain events were significantly different.
The t-test showed there was no statistically significant difference between pre- and post-
rain event in measured benzene and toluene mixing ratios with two-tail p-values of 0.4255
and 0.0853, respectively. However, the t-Test showed statistically significant difference in
ethylbenzene, m,p-xylenes and o-xylene measured before and after precipitation event with
two-tail p-values of 0.0133, 1.977 × 10−6, and 1.641 × 10−4. This indicates that humidity
has a significant impact on the detection of ethylbenzene, m,p-xylenes and o-xylene.

Figure 7. BTEX measured concentration of 1 ppb gas standard. Measured pre-rain event relative
humidity (RH) was 30–50%, while the post-rain event occurred during the increased relative hu-
midity >50% RH. Error bars represent propagation of uncertainties from gas standard and random
instrument error.

3.1.6. Validation with Conventional Canister Sampling

To validate the performance of the BTEX GC-PID system, we compared the GC-
PID measurements to the conventional approach of collecting air in canisters followed
by measurement in the lab by a traditional benchtop GC. Two whole air samples were
collected in an evacuated 2 L electropolished stainless steel canisters then returned to the
University of California, Irvine for analysis of BTEX on a multicolumn, multidetector GC
system further described elsewhere [43]. Vehicle exhaust from a gasoline-powered car
was collected with the whole air canister at the same time that the GC’s were sampling
at the same location. The canister was filled within 1 min of opening the valve while the
GC trapped the sample for 2 min. While it is difficult to compare the measured BTEX
values because of this difference in timing of sample collection, BTEX measurements
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from canisters are bracketed by the measurements made by the field-deployable GC-PID
system (Figure 8). Although emissions of vehicle exhaust were not uniform in time, the
slope of the non-benzene compounds to benzene in Figure 8 are similar between both
measurement methods. The toluene to benzene (T/B) ratio was 1.76, within range of
reported T/B literature values of close to 2 for traffic emissions in urban areas [19,32].
This gives confidence that the GC-PID instruments are not only capable of quick BTEX
analyses, but also capable of measuring at high BTEX mixing ratios accurately before
saturation occurs.

Figure 8. Regression plots of BTEX compounds from vehicle exhaust measured by the compact GC-
PID instrument (blue) and samples collected in canisters (red) followed by analysis in a traditional
benchtop GC. Error bars for the GC-PID are errors propagated from the calibration curve and error
bars for the canister samples represent 5% precision accuracy from the benchtop GC.

3.2. Mobile Measurements of Traffic Emissions

The GCs were placed aboard a mobile platform to demonstrate the ability of the
compact GC-PID to measuring environmentally relevant BTEX patterns in a field setting.
Ambient outdoor samples were drawn in from outside through Teflon tubing connected to
the GC inlet. On 24 February 2020, we sampled ambient outdoor air with the GC before rush
hour (15:00 to 16:00 PST) and during the afternoon rush hour (16:00 to 20:00 PST) at three
locations: on the California State Route (SR) 60, a heavily trafficked multi-lane highway in
Riverside, California (24 samples); a local background measurement site location 6.5 km
east of the SR 60 (9 samples); and at nearby gas stations (5 samples) as shown on Figure 9.
The local background site was chosen to be at a residential zone with minimum vehicle
traffic and away from the major traffic source. Background measurements were taken
before, during, and after the freeway transects to get an idea of the enhancement in BTEX
produced by the afternoon rush hour. A GPS tracker was used alongside the GCs to
measure location of measurements on and off the freeway.

We observed systematic differences between locations and over the course of the rush
hour (Figure 10). As expected, gas stations had the highest measured BTEX levels from
evaporating fuels. Benzene was always higher at gas stations than on freeway or at the
local background site, and other species tended to be higher at the gas station as well.
On-freeway levels tended to be higher than background when comparing similar time
periods, but the increase in emissions over the rush hour was larger than the differences
between locations. BTEX mixing ratios increased as SR 60 became congested as the day
progressed. A similar increase was observed at the background site, with close to doubling
of the benzene mixing ratio from the start of rush hour to the end (Figure 10). We plotted
ratios of benzene for on-freeway samples, and generally saw a strong, linear relationship
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between benzene and toluene, ethylbenzene and the xylene isomers, giving confidence
that the emissions were emitted from the same source (Figure 11). The observed T/B ratio
for on-freeway measurements was 1.47. This value is lower than what has been observed
in studies from urban traffic, but in accordance with observations of a lower value when
a strong diesel contribution is present [44]. The SR 60 is a main route for diesel trucks
transporting goods to and from warehouses in the area.

Figure 9. Map of freeway route on SR 60 with targeted gas stations and the local background
measured 6.5 km east of the SR 60.

Figure 10. Timeseries of BTEX compounds detected by both GC1 and GC2 abroad a mobile platform before rush hour (15:00
to 16:00 PST) and during the afternoon rush hour (16:00 to 20:00 PST). These results show the portability of the compact
GC-PID for mobile applications. Error bars represent error propagated from instrument calibration.
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Figure 11. Benzene ratios for on-freeway emissions measured by GC1 and GC2 shown with a linear
regression fit.

4. Discussion

In this study, we demonstrated the capability of a small field-deployable GC-PID for
measurements of ambient BTEX levels in field and mobile campaign settings. Although the
compact build of the instrument allows for portability that is ideal for field measurements
and screening analysis, there are disadvantages to having a small instrument footprint.
The chassis can only accommodate a small oven, thus limiting column diameter and
temperature programming. The BTEX compounds have a wide range of boiling point
temperatures (80 to 138 ◦C), while the isothermal oven was set to 60 ◦C. The oven was set
closer to the benzene boiling point temperature, explaining why the heavier molecules are
slow to elute and have broader peaks. A longer column gives better separation; however,
the size of the oven limits the length and diameter of a column. Temperature programming
was not included in this design due to added cost estimated at 5k USD.

Toxic VOC’s in urban air are of low concentration in often complex mixtures. Com-
pounds with a similar structure as benzene (cyclopentane, pentane and cyclohexane) may
show up as a small peak before benzene in the chromatogram. In our experiments, small
unknown peaks were observed before the benzene peak. This becomes a concern when
measuring polluted atmospheres because the area under the peaks can merge, resulting in a
loss of the ability to resolve benzene. In addition, when higher mixing ratios are measured,
carry-over from the previous sample is observed to influence the subsequent measurement.
Regular heating of the trap is recommended to remove adsorbent from the trap. Tenax-GR
material is commonly used as the adsorbent material for preconcentration of BTEX, but
other studies have shown that basolite C300 and ZSM-5 zeolites can be a more effective
adsorbent material [39,45].

The instrument was developed for near-real time analysis, using ambient air as a
carrier gas to reduce the need for consumables. The purity of the carrier gas is an important
factor to consider, such as presence of VOC’s and water vapor. The Tenax-GR trap amplifies
the amount of BTEX in the sample, thus when measuring in polluted atmospheres, BTEX
in the carrier gas would be of a negligible amount compared to that reaching the detector
desorbed off the trap. Any contamination would show up as a constant background and
not as a peak. However, an addition of a carbon trap may help reduce VOC impurities in
the carrier gas which can be explored in future studies [46]. Although, commonly used
carrier gases like He and N2 are more efficient at pushing molecules through the capillary
columns and give a better separation of peaks in the chromatogram, these gases need
constant replacement and are not ideal to take to the field.
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Humidity has been shown to decrease the detected BTEX signal [47]. We used several
preventative measures in the design of the GC to remove water influence, such as: trap
desorption to remove water in the sample, the precolumn backflush and the Nafion dryer
which significantly decreases the amount of water in the sample. These measures all
prevent water from reaching the detector; however, we saw that high humidity does
indeed reduce the signal detected of ethylbenzene, m,p-xylene and o-xylene. Additionally,
saturation of desiccant can affect the amount of water being removed from the stream of
air. Daily calibrations done in the field include these uncertainties introduced by relative
humidity and other environmental factors.

5. Conclusions

This study characterized the performance of a small field-deployable GC as a BTEX
screening tool in the field at near-real time measurements. Working closely with the
manufacturer we were able to optimize the configuration for speciation of the BTEX
compounds and detect at the expected atmospheric background levels. Monitoring of
BTEX background levels requires instrumentation that is sensitive to ppb or sub-ppb levels.
We demonstrate the detection range of the compact GC-PID to be below 1 ppb for all BTEX
compounds and up to 500 ppb. Compared to other commercial systems available and
laboratory prototypes, the BTEX GC-PID performs remarkably well.

Three configurations were tested to determine the best selectivity and sensitivity.
Two column configurations and flushing methods were explored: precolumn backflush
method and backflush to detector. We observed a more stable baseline with the precol-
umn backflush; thus, we retained the precolumn to detector plumbing with capillary
columns MXT-5 with 15 m length (0.53 mm ID × 0.25 µm) and MXT-1301 with 30 m
length (0.53 mm ID × 0.3 µm). This strategy allows for minimal equipment and relies on
ambient air as the carrier gas. We show that linear calibrations can be achieved within
0–100 ppb using the single line through origin (Ax) calibration method on PeakSimple.
When expected concentrations are above this range, a non-linear method can be applied.

We demonstrate that the compact design of this GC-PID is ideal for stationary and
mobile measurements. The design presents the opportunity to screen for BTEX at a higher
spatial resolution with possibility of establishing dense networks of VOC measurements.
Field-deployable GCs have the potential to aid in emergency air quality responses (e.g.,
refinery fires) and give near real-time air pollution measurements. Inexpensive GCs offer an
exciting alternative to conventional bench-top equipment accessibility allowing monitoring
of pollutants with higher spatial resolution in impacted communities that can aid in air
quality assessments in support of current regulations (e.g., Assembly Bill 617).

Author Contributions: Conceptualization, H.G., Y.-K.H.; data curation, A.M.; formal analysis, I.F.-V.
and A.M.; funding acquisition, Y.-K.H. and F.M.H.; investigation, I.F.-V.; methodology, I.F.-V. and
H.G.; project administration, Y.-K.H. and F.M.H.; resources, Y.-K.H. and F.M.H.; software, H.G.;
supervision, F.M.H.; validation, A.M.; writing—original draft, I.F.-V.; writing—review and editing,
A.M., H.G., Y.-K.H. and F.M.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the California Air Resource Board (CARB) under Contract
17MLD040. I.F.-V. received funding from the National Science Foundation (NSF) Graduate Research
Fellowship Program (GRFP) under Grant No. 17-123. A.M. received funding from the Linda M.
Williams Scholarship for Pipeline Programs at the University of California, Riverside School of
Medicine. We declare that opinions, findings, and conclusions or recommendations expressed in this
material are those of the authors and do not necessarily reflect the views of the sponsors.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in OSF at DOI,
reference number 10.17605/OSF.IO/7EW8V.



Sensors 2021, 21, 2095 17 of 18

Acknowledgments: We acknowledge assistance in analyzing the flask samples from the Blake
Laboratory at the University of California, Irvine. We thank Michelle Carr, Leoncio Lagarde, Neha
Khushalani, and Kelly Perez for their help in data collection.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. WHO IARC Monographics on the Evaluations of Carcinogenic Risks to Humans. Available online: https://monographs.iarc.fr/

wp-content/uploads/2018/06/mono98.pdf (accessed on 6 January 2021).
2. Calvert, J.G.; Atkinson, R.; Becker, K.H.; Kamens, R.M.; Seinfeld, J.H.; Wallington, T.H.; Yarwood, G. The Mechanisms of Atmospheric

Oxidation of the Aromatic Hydrocarbons; Oxford University Press: Oxford, UK, 2002; ISBN 978-0-19-977154-7.
3. Interaction Profile for: Benzene, Toluene, Ethylbenzene, and Xylenes (BTEX); Agency for Toxic Substances and Disease Registry:

Atlanta, GA, USA, 2004.
4. Bretón, J.G.C.; Bretón, R.M.C.; Ucan, F.V.; Baeza, C.B.; de la Luz Espinosa Fuentes, M.; Lara, E.R.; Marrón, M.R.; Pacheco, J.A.M.;

Guzmán, A.R.; Chi, M.P.U. Characterization and Sources of Aromatic Hydrocarbons (BTEX) in the Atmosphere of Two Urban
Sites Located in Yucatan Peninsula in Mexico. Atmosphere 2017, 8, 107. [CrossRef]

5. Koss, A.R.; Sekimoto, K.; Gilman, J.B.; Selimovic, V.; Coggon, M.M.; Zarzana, K.J.; Yuan, B.; Lerner, B.M.; Brown, S.S.;
Jimenez, J.L.; et al. Non-Methane Organic Gas Emissions from Biomass Burning: Identification, Quantification, and Emis-
sion Factors from PTR-ToF during the FIREX 2016 Laboratory Experiment. Atmos. Chem. Phys. 2018, 18, 3299–3319. [CrossRef]

6. Marrero, J.E.; Townsend-Small, A.; Lyon, D.R.; Tsai, T.R.; Meinardi, S.; Blake, D.R. Estimating Emissions of Toxic Hydrocarbons
from Natural Gas Production Sites in the Barnett Shale Region of Northern Texas. Environ. Sci. Technol. 2016, 50, 10756–10764.
[CrossRef] [PubMed]

7. O’Dell, K.; Hornbrook, R.S.; Permar, W.; Levin, E.J.T.; Garofalo, L.A.; Apel, E.C.; Blake, N.J.; Jarnot, A.; Pothier, M.A.;
Farmer, D.K.; et al. Hazardous Air Pollutants in Fresh and Aged Western US Wildfire Smoke and Implications for Long-Term
Exposure. Environ. Sci. Technol. 2020, 54, 11838–11847. [CrossRef] [PubMed]

8. Houghton, M.; Dodge, D.; Krieger, R.; Johnson, J.; Mazur, L.; Pomales, T. Update to the Toxic Air Contaminant List; California Air
Resources Board: Sacramento, CA, USA, 1999; p. 44.

9. Sekar, A.; Varghese, G.K.; Ravi Varma, M.K. Analysis of Benzene Air Quality Standards, Monitoring Methods and Concentrations
in Indoor and Outdoor Environment. Heliyon 2019, 5, e02918. [CrossRef]

10. Bolden, A.L.; Kwiatkowski, C.F.; Colborn, T. New Look at BTEX: Are Ambient Levels a Problem? Environ. Sci. Technol. 2015,
49, 5261–5276. [CrossRef] [PubMed]

11. ATSDR—Toxic Substances—Benzene. Available online: https://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid=14
(accessed on 5 February 2021).

12. Bolden, A.L.; Schultz, K.; Pelch, K.E.; Kwiatkowski, C.F. Exploring the Endocrine Activity of Air Pollutants Associated with
Unconventional Oil and Gas Extraction. Environ. Health 2018, 17, 26. [CrossRef]

13. Wilbur, S.; Wohlers, D.; Paikoff, S.; Keith, L.; Faroon, O. ATSDR Evaluation of Health Effects of Benzene and Relevance to Public
Health. Toxicol. Ind. Health 2008, 24, 263–398. [CrossRef]

14. ATSDR Toxicological Profile: Toluene. Available online: https://www.atsdr.cdc.gov/toxprofiles/tp.asp?id=161&tid=29 (accessed
on 5 February 2021).

15. ATSDR—Toxic Substances—Ethylbenzene. Available online: https://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid=66
(accessed on 5 February 2021).

16. ATSDR—Toxic Substances—Xylenes. Available online: https://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid=53
(accessed on 5 February 2021).

17. Weisel, C.P. Benzene Exposure: An Overview of Monitoring Methods and Their Findings. Chem.-Biol. Interact. 2010, 184, 58–66.
[CrossRef]

18. Karl, T.; Apel, E.; Hodzic, A.; Riemer, D.D.; Blake, D.R.; Wiedinmyer, C. Emissions of Volatile Organic Compounds Inferred from
Airborne Flux Measurements over a Megacity. Atmos. Chem. Phys. 2009, 9, 271–285. [CrossRef]

19. Liu, J.; Mu, Y.; Zhang, Y.; Zhang, Z.; Wang, X.; Liu, Y.; Sun, Z. Atmospheric Levels of BTEX Compounds during the 2008 Olympic
Games in the Urban Area of Beijing. Sci. Total Environ. 2009, 408, 109–116. [CrossRef]

20. Zeng, P.; Guo, H.; Cheng, H.; Wang, Z.; Zeng, L.; Lyu, X.; Zhan, L.; Yang, Z. Aromatic Hydrocarbons in Urban and Suburban
Atmospheres in Central China: Spatiotemporal Patterns, Source Implications, and Health Risk Assessment. Atmosphere 2019,
10, 565. [CrossRef]

21. Baker, A.K.; Beyersdorf, A.J.; Doezema, L.A.; Katzenstein, A.; Meinardi, S.; Simpson, I.J.; Blake, D.R.; Sherwood Rowland, F.
Measurements of Nonmethane Hydrocarbons in 28 United States Cities. Atmos. Environ. 2008, 42, 170–182. [CrossRef]

22. Gilman, J.B.; Kuster, W.C.; Goldan, P.D.; Herndon, S.C.; Zahniser, M.S.; Tucker, S.C.; Brewer, W.A.; Lerner, B.M.; Williams, E.J.;
Harley, R.A.; et al. Measurements of Volatile Organic Compounds during the 2006 TexAQS/GoMACCS Campaign: Industrial
Influences, Regional Characteristics, and Diurnal Dependencies of the OH Reactivity. J. Geophys. Res. Atmos. 2009, 114. [CrossRef]

23. Sultana, D.; Hoover, S. GASOLINE-RELATED AIR POLLUTANTS IN CALIFORNIA-TRENDS IN EXPOSURE AND HEALTH RISK,
1996 TO 2014; Office of Environmental Health Hazard Assessment: Sacramento, CA, USA, 2018; p. 423.

https://monographs.iarc.fr/wp-content/uploads/2018/06/mono98.pdf
https://monographs.iarc.fr/wp-content/uploads/2018/06/mono98.pdf
http://doi.org/10.3390/atmos8060107
http://doi.org/10.5194/acp-18-3299-2018
http://doi.org/10.1021/acs.est.6b02827
http://www.ncbi.nlm.nih.gov/pubmed/27580823
http://doi.org/10.1021/acs.est.0c04497
http://www.ncbi.nlm.nih.gov/pubmed/32857515
http://doi.org/10.1016/j.heliyon.2019.e02918
http://doi.org/10.1021/es505316f
http://www.ncbi.nlm.nih.gov/pubmed/25873211
https://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid=14
http://doi.org/10.1186/s12940-018-0368-z
http://doi.org/10.1177/0748233708090910
https://www.atsdr.cdc.gov/toxprofiles/tp.asp?id=161&tid=29
https://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid=66
https://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid=53
http://doi.org/10.1016/j.cbi.2009.12.030
http://doi.org/10.5194/acp-9-271-2009
http://doi.org/10.1016/j.scitotenv.2009.09.026
http://doi.org/10.3390/atmos10100565
http://doi.org/10.1016/j.atmosenv.2007.09.007
http://doi.org/10.1029/2008JD011525


Sensors 2021, 21, 2095 18 of 18

24. Propper, R.; Wong, P.; Bui, S.; Austin, J.; Vance, W.; Alvarado, Á.; Croes, B.; Luo, D. Ambient and Emission Trends of Toxic Air
Contaminants in California. Environ. Sci. Technol. 2015, 49, 11329–11339. [CrossRef]

25. Halliday, H.S.; Thompson, A.M.; Wisthaler, A.; Blake, D.R.; Hornbrook, R.S.; Mikoviny, T.; Müller, M.; Eichler, P.; Apel, E.C.;
Hills, A.J. Atmospheric Benzene Observations from Oil and Gas Production in the Denver-Julesburg Basin in July and August
2014. J. Geophys. Res. Atmos. 2016, 121, 11055–11074. [CrossRef]

26. Dickinson, G.; Bajracharya, A.; Durbin, T.A.; McGarry, J.K.; Miller, D.D.; Moser, E.P.; Nunez, L.A.; Pukkila, E.J.; Scott, P.S.;
Sutton, P.J. Ground-Based Measurements of Volatile Organic Compounds in Wildfire Smoke during FIREX-AQ Campaign. In
Proceedings of the Americal Geophysical Union Fall Meeting, 1–17 December 2020. Available online: https://agu.confex.com/
agu/fm20/meetingapp.cgi/Paper/755061 (accessed on 16 March 2021).

27. USGCRP Fourth National Climate Assessment. Available online: https://nca2018.globalchange.gov (accessed on 5 Febru-
ary 2021).

28. Liaud, C.; Nguyen, N.T.; Nasreddine, R.; Le Calvé, S. Experimental Performances Study of a Transportable GC-PID and Two
Thermo-Desorption Based Methods Coupled to FID and MS Detection to Assess BTEX Exposure at sub-ppb Level in Air. Talanta
2014, 127, 33–42. [CrossRef]

29. Scott, P.S.; Andrew, J.P.; Bundy, B.A.; Grimm, B.K.; Hamann, M.A.; Ketcherside, D.T.; Li, J.; Manangquil, M.Y.; Nuñez, L.A.;
Pittman, D.L.; et al. Observations of Volatile Organic and Sulfur Compounds in Ambient Air and Health Risk Assessment near a
Paper Mill in Rural Idaho, USA. Atmos. Pollut. Res. 2020, 11, 1870–1881. [CrossRef] [PubMed]

30. Parsons, M.T.; Sydoryk, I.; Lim, A.; McIntyre, T.J.; Tulip, J.; Jäger, W.; McDonald, K. Real-Time Monitoring of Benzene, Toluene,
and p-Xylene in a Photoreaction Chamber with a Tunable Mid-Infrared Laser and Ultraviolet Differential Optical Absorption
Spectroscopy. Appl. Opt. 2011, 50, A90–A99. [CrossRef] [PubMed]

31. Young, C.R.; Menegazzo, N.; Riley, A.E.; Brons, C.H.; DiSanzo, F.P.; Givens, J.L.; Martin, J.L.; Disko, M.M.; Mizaikoff, B. Infrared
Hollow Waveguide Sensors for Simultaneous Gas Phase Detection of Benzene, Toluene, and Xylenes in Field Environments. Anal.
Chem. 2011, 83, 6141–6147. [CrossRef]

32. Sahu, L.K.; Pal, D.; Yadav, R.; Munkhtur, J. Aromatic VOCs at Major Road Junctions of a Metropolis in India: Measurements
Using TD-GC-FID and PTR-TOF-MS Instruments. Aerosol Air Qual. Res. 2016, 16, 2405–2420. [CrossRef]

33. Warneke, C.; De Gouw, J.A.; Holloway, J.S.; Peischl, J.; Ryerson, T.B.; Atlas, E.; Blake, D.; Trainer, M.; Parrish, D.D. Multiyear
Trends in Volatile Organic Compounds in Los Angeles, California: Five Decades of Decreasing Emissions. J. Geophys. Res. Atmos.
2012, 117. [CrossRef]

34. Warneke, C.; Roberts, J.M.; Veres, P.; Gilman, J.; Kuster, W.C.; Burling, I.; Yokelson, R.; De Gouw, J.A. VOC Identification and
Inter-Comparison from Laboratory Biomass Burning Using PTR-MS and PIT-MS. Int. J. Mass Spectrom. 2011, 303, 6–14. [CrossRef]

35. Yuan, H.; Li, N.; Linghu, J.; Dong, J.; Wang, Y.; Karmakar, A.; Yuan, J.; Li, M.; Buenconsejo, P.J.S.; Liu, G.; et al. Chip-Level
Integration of Covalent Organic Frameworks for Trace Benzene Sensing. ACS Sensors 2020, 5, 1474–1481. [CrossRef] [PubMed]

36. Sydoryk, I.; Lim, A.; Jäger, W.; Tulip, J.; Parsons, M.T. Detection of Benzene and Toluene Gases Using a Midinfrared Continuous-
Wave External Cavity Quantum Cascade Laser at Atmospheric Pressure. Applied Optics 2010, 49, 945–949. [CrossRef]

37. Bill Text-AB-617 Nonvehicular Air Pollution: Criteria Air Pollutants and Toxic Air Contaminants. Available online: https:
//leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=201720180AB617 (accessed on 6 January 2021).

38. Spinelle, L.; Gerboles, M.; Kok, G.; Persijn, S.; Sauerwald, T. Review of Portable and Low-Cost Sensors for the Ambient Air
Monitoring of Benzene and Other Volatile Organic Compounds. Sensors 2017, 17, 1520. [CrossRef]

39. Lara-lbeas, I.; Rodríguez-Cuevas, A.; Andrikopoulou, C.; Person, V.; Baldas, L.; Colin, S.; Le Calvé, S. Sub-Ppb Level Detection of
BTEX Gaseous Mixtures with a Compact Prototype GC Equipped with a Preconcentration Unit. Micromachines 2019, 10, 187.
[CrossRef]

40. Skog, K.M.; Xiong, F.; Kawashima, H.; Doyle, E.; Soto, R.; Gentner, D.R. Compact, Automated, Inexpensive, and Field-Deployable
Vacuum-Outlet Gas Chromatograph for Trace-Concentration Gas-Phase Organic Compounds. Anal. Chem. 2019, 91, 1318–1327.
[CrossRef]

41. Jian, R.-S.; Huang, Y.-S.; Lai, S.-L.; Sung, L.-Y.; Lu, C.-J. Compact Instrumentation of a µ-GC for Real Time Analysis of Sub-Ppb
VOC Mixtures. Microchem. J. 2013, 108, 161–167. [CrossRef]

42. Laboratory Quality Control Manual; California Air Resources Board: Sacramento, CA, USA, 2018.
43. Colman, J.J.; Swanson, A.L.; Meinardi, S.; Sive, B.C.; Blake, D.R.; Rowland, F.S. Description of the Analysis of a Wide Range of

Volatile Organic Compounds in Whole Air Samples Collected during PEM-Tropics A and B. Anal. Chem. 2001, 73, 3723–3731.
[CrossRef] [PubMed]

44. Li, B.; Ho, S.S.H.; Xue, Y.; Huang, Y.; Wang, L.; Cheng, Y.; Dai, W.; Zhong, H.; Cao, J.; Lee, S. Characterizations of Volatile Organic
Compounds (VOCs) from Vehicular Emissions at Roadside Environment: The First Comprehensive Study in Northwestern
China. Atmos. Environ. 2017, 161, 1–12. [CrossRef]

45. Megias-Sayago, C.; Lara-Ibeas, I.; Wang, Q.; Le Calvé, S.; Louis, B. Volatile Organic Compounds (VOCs) Removal Capacity of
ZSM-5 Zeolite Adsorbents for near Real-Time BTEX Detection. J. Environ. Chem. Eng. 2020, 8, 103724. [CrossRef]

46. Sorrels, J.L.; Baynham, A.; Randall, D.D.; Schaffner, K.S. Chapter 1—Carbon Adsorbers. In EPA Air Pollution Control Cost Manual;
U.S. Environmental Protection Agency: Washington, DC, USA, 2018.

47. You, D.W.; Seon, Y.S.; Jang, Y.; Bang, J.; Oh, J.S.; Jung, K.W. A Portable Gas Chromatograph for Real-Time Monitoring of Aromatic
Volatile Organic Compounds in Air Samples. J. Chromatogr. A 2020, 1625, 461267. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.est.5b02766
http://doi.org/10.1002/2016JD025327
https://agu.confex.com/agu/fm20/meetingapp.cgi/Paper/755061
https://agu.confex.com/agu/fm20/meetingapp.cgi/Paper/755061
https://nca2018.globalchange.gov
http://doi.org/10.1016/j.talanta.2014.04.001
http://doi.org/10.1016/j.apr.2020.07.014
http://www.ncbi.nlm.nih.gov/pubmed/33162775
http://doi.org/10.1364/AO.50.000A90
http://www.ncbi.nlm.nih.gov/pubmed/21283225
http://doi.org/10.1021/ac1031034
http://doi.org/10.4209/aaqr.2015.11.0643
http://doi.org/10.1029/2012JD017899
http://doi.org/10.1016/j.ijms.2010.12.002
http://doi.org/10.1021/acssensors.0c00495
http://www.ncbi.nlm.nih.gov/pubmed/32367715
http://doi.org/10.1364/AO.49.000945
https://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=201720180AB617
https://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=201720180AB617
http://doi.org/10.3390/s17071520
http://doi.org/10.3390/mi10030187
http://doi.org/10.1021/acs.analchem.8b03095
http://doi.org/10.1016/j.microc.2012.10.016
http://doi.org/10.1021/ac010027g
http://www.ncbi.nlm.nih.gov/pubmed/11510840
http://doi.org/10.1016/j.atmosenv.2017.04.029
http://doi.org/10.1016/j.jece.2020.103724
http://doi.org/10.1016/j.chroma.2020.461267
http://www.ncbi.nlm.nih.gov/pubmed/32709320

	Introduction 
	Materials and Methods 
	Prototype of a Compact BTEX GC-PID System 
	System Integration and Instrument Operation 
	Sampling Module 
	Preconcentration Module: Tenax-GR Trap 
	Separation Module 
	Detection Module 

	Gas Standards and Carrier Gas 
	Calibration Methods 
	Field Deployments 

	Results 
	Instrument Characterization 
	Linearity of the System 
	Detector Signal vs. Sample Volume 
	Detection Limit 
	System Drift 
	Humidity Effects 
	Validation with Conventional Canister Sampling 

	Mobile Measurements of Traffic Emissions 

	Discussion 
	Conclusions 
	References

