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A B S T R A C T

Accurate, continuous long-term measurements of aromatic volatile organic compounds with known health
impacts are needed for comprehensive assessments of air quality in the vicinity of industrial and vehicular
emission sources. Historically, evacuated canister sampling and on-line gas chromatography (GC) have been the
most popular approaches applied by government institutions in North America to measure benzene, toluene,
ethylbenzene and xylenes (BTEX) in ambient air. Canister sampling is labour-intensive and typically does not
provide the continuous data needed for epidemiological studies, while on-line GCs are costly and require shelter
and power. In this work, the accuracy and suitability of three techniques for generating long-term ambient BTEX
datasets are assessed. The first is a passive sampling method involving sorbent-packed thermal desorption tubes,
the second is an on-line miniature gas chromatograph (miniGC) coupled with a photoionization detector (PID)
and the third is a more traditional on-line gas chromatograph coupled with a flame ionization detector (GC-FID).
These three techniques were deployed at an air quality monitoring station located adjacent to a busy highway for
six weeks in summer 2018 to compare method performance and accuracy. Ambient mean concentrations of
BTEX determined from the three methods for the entire study period were found to agree within 7% for benzene
and within 30% for the other species. Interestingly, a temperature dependent positive bias previously identified
for 14-day passive tube sampling for ethylbenzene and xylenes under cold wintertime conditions was found to be
negligible under summertime conditions.

1. Introduction

Exposure to aromatic volatile organic compounds (VOCs) in air is a
concern for those living in environments impacted by industrial, vehi-
cular traffic and combustion emissions (Lau and Chan, 2003; Shine,
2007; Correa et al., 2012; Gilman et al., 2015; Shuai et al., 2018;
McMullin et al., 2018). Several aromatic VOCs are associated with
negative health outcomes and identified as hazardous air pollutants by
the United States Environmental Protection Agency (USEPA, 2018).
Chronic exposure to benzene, in particular, is associated with increased
cancer risk in humans (Loomis et al., 2017). Effective epidemiological
assessment of the risks associated with chronic exposure to benzene and
other aromatic VOCs in ambient air requires long-term continuous
monitoring data.

Under Title III of the Clean Air Act Amendments of 1990, the USEPA

was required to develop approaches to reduce toxic air pollutants, in-
cluding VOCs, in ambient air. This led to the development of EPA
Method TO-15 (USEPA, 1999a), which involves the use of clean pre-
evacuated canisters to slowly sample a known volume of air over a
defined time period. Canisters are subsequently analyzed off-line by gas
chromatography-mass spectrometry (GC-MS). Common applications of
the method include point-of-impingement testing in the vicinity of in-
dustrial facilities and monitoring of VOCs in urban environments
(Conley et al., 2005; WDNR, 2007; Ras et al., 2009; Mukerjee et al.,
2018). A modified version of the method is also used by the Canadian
federal government for monitoring VOCs at sites across the country
under the National Air Pollution Surveillance (NAPS) program (Wang
and Austin, 2006). However, canister data are typically not continuous,
often involving 24-h deployments covering only one out of every six
days, for example.
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Several other technologies exist for the measurement of VOCs in
ambient air, including on-line chemical ionization mass spectrometers
(Warneke et al., 2003; Badjagbo et al., 2009; Karellas and Chen, 2013;
Healy et al., 2017a), membrane introduction mass spectrometers
(Davey et al., 2011; Krogh and Gill, 2014), on-line gas chromatographs
(GC) with a variety of detectors (Rappenglück and Fabian, 1999; Liaud
et al., 2014; Nasreddine et al., 2016), actively pumped sorbent-packed
tubes that require off-line analysis (USEPA, 1999b; Durmusoglu et al.,
2010), and passive sampling devices that also require off-line analysis
(McClenny et al., 2005; Zabiegała et al., 2010; USEPA, 2015; McAlary
et al., 2014).

The need for continuous, long-term aromatic VOC data for effective
exposure assessment rules out expensive research-grade instruments
such as real-time mass spectrometers, and thus less expensive, more
robust passive samplers and on-line GC systems represent the most
promising alternatives to canister sampling.

Passive sampling thermal desorption (TD) tubes packed with
Carbopack X have been deployed for one-week periods as part of a
summertime study in Michigan and the results were compared with
both on-line gas chromatograph-flame ionization detector (GC-FID)
measurements and traditional evacuated canister analysis for benzene,
toluene, ethylbenzene and xylenes (BTEX). While the passive tube BTEX
measurements were found to be precise, compound-specific positive
and negative biases were observed for the tube method relative to the
on-line GC and evacuated canister methods (Mukerjee et al., 2009).
More recently, the same one-week tube deployment method was again
found to be precise for BTEX, but statistically significant positive biases
were observed relative to canister analysis at a refinery site in Indiana
in the fall, although differences between the methods remained within
0.1 ppbv (Mukerjee et al., 2018). Two-week passive tube deployments
were demonstrated to agree quite well with on-line gas GC-FID mea-
surements during a year-round study at a refinery site in Texas, how-
ever only benzene was investigated in that case and the two-week
sampling duration was found to hinder source apportionment applica-
tions (Thoma et al., 2011).

Traditionally, on-line GC-FID systems have been favoured for ac-
curate continuous BTEX monitoring at locations where air quality sta-
tions are available (Oliver et al., 1996; Brown et al., 2007), however GC
instruments featuring photoionization detectors (PID) are becoming
more prevalent, typically using pressurized nitrogen or purified air as a
carrier gas (Liaud et al., 2014; Marć et al., 2015; Nasreddine et al.,
2016; Zhang et al., 2017). Recent advances in micro-electro-mechanical
systems (MEMS) have led to the development of miniature GC-PID
(miniGC) instruments that do not require any external pressurized
gases, providing greater portability (Zampolli et al., 2009). To the best
of our knowledge, there has only been one field assessment of the
performance and accuracy of the miniGC system relative to routine
evacuated canister measurements for BTEX, with no statistically sig-
nificant differences observed (Healy et al., 2018).

In this work, the suitability of three methods for the continuous
monitoring of BTEX in ambient air are assessed: an on-line miniGC
featuring a PID detector, an on-line GC-FID system, and a passive
sampling tube method involving off-line thermal desorption gas chro-
matography mass spectrometry (TD-GC-MS). These methods were de-
ployed concurrently in Ontario for six weeks in summer 2018 to in-
vestigate their accuracy and their suitability for ambient air monitoring
applications requiring different temporal resolutions. Comparisons with
a previous wintertime study at the same site involving two of the three
methods are also discussed.

2. Methods

2.1. Sampling site

All measurements were performed at an air quality station operated
by the Ontario Ministry of the Environment, Conservation and Parks

(MECP) located adjacent to a major highway (HWY401) in Toronto,
Ontario, Canada. This site has been described in detail previously
(Healy et al., 2017b), and this section of highway is characterized by
very high daily traffic volumes (MTO, 2017). The passing vehicles re-
present a near-continuous source of BTEX suitable for investigating
traffic-related emissions. The on-line GC-FID was rack-mounted within
the air quality station, the miniGC system was housed in a temperature-
controlled portable enclosure beside the station and the passive sam-
pling tubes were housed in outdoor shelters on the roof of the station.
The three methods were calibrated using independent certified BTEX
gas standards and independent gas dilution systems. Measurements
were performed for a six-week period from 10 July - 21 August 2018.
Mean 24-h ambient temperatures were in the range of 20–29 °C during
this study.

2.2. Passive tubes and TD-GC-MS system

The passive tube method is based on EPA Method 325 and has been
described in detail previously (Healy et al., 2018). Briefly, stainless
steel TD tubes packed with Carbopack X sorbent are fitted with diffu-
sion endcaps and placed in basic outdoor shelters to provide protection
from precipitation. In this study, tubes were deployed for 24-h periods
and 14-day periods. BTEX species diffuse to the sorbent and are re-
tained; published uptake rates (McClenny et al., 2005) and ambient
temperature data are then applied to back-calculate ambient con-
centrations from the mass of each analyte measured on the TD tubes.
For each 14-day deployment triplicate samples and a single field blank
were used, and for 24-h deployments one duplicate sample and one
field blank were deployed once every seven days in line with Method
325 requirements (USEPA, 2015). Where duplicate or triplicate samples
were deployed, the final reported concentration is the mean of the in-
dividual sample concentrations, and precision for replicates was less
than 13%. Calibrations were performed by doping TD tubes with
600mL of a 1 ppmv VOC standard (Praxair) diluted in nitrogen using an
Environics Series 2014 computerized VOC gas dilution system. BTEX
signals in the field blanks were subtracted from the corresponding field
sample signals, but were below the method detection limit in every
case. A laboratory blank and a calibration check were also included in
each TD-GC-MS sequence.

2.3. miniGC system

The Airpointer miniGC BTEX analyzer (mlu-recordum
Environmental Monitoring Solutions GmBH, Austria) has been de-
scribed in detail previously (Healy et al., 2018). Briefly, the miniGC
samples VOCs in ambient air onto a preconcentrator at 300mLmin−1

for 9.7min. The preconcentrator temperature is increased from 23 to
105 °C at ∼27 °C s−1 and held at 105 °C for 4min. The MEMS chip GC
column is ramped from 32 to 45 °C at ∼7 °C s−1, held at 45 °C for
0.5 min, then ramped from 45 to 175 °C at 24 °C min−1, and held at
175 °C for 2.5 min. BTEX species are quantified upon elution using a
PID (10.6 eV). Air is used as the carrier gas with a flow rate of
6mLmin−1 and no pressurized cylinders are required for this instru-
ment, providing mobility and reducing siting requirements. The in-
strument was calibrated immediately prior to the study period using a 1
ppmv BTEX standard (Praxair) diluted in zero air using an Environics
6100 gas dilution system. Internal permeation tubes containing ben-
zene and toluene were used for concentration span checks at midnight
every 24 h. The miniGC provides BTEX concentration data at 15-min
resolution, but data were averaged to hourly, 24-h and 14-day resolu-
tion for direct comparison with the other methods.

2.4. GC-FID system

An AMA GC5000 series on-line GC-FID (AMA Instruments GmbH,
Germany) was also deployed consisting of two separate GC-FID
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modules; one for the measurement of more volatile C2-C6 VOCs, and a
second for the measurement of less volatile C6-C12 VOCs. We will report
data from the second module only as this study is focused exclusively on
BTEX; the only four species that can be measured using all three
methods. The instrument is described in detail elsewhere (An et al.,
2014). Briefly, the instrument samples ambient air at a flow rate of
12mLmin−1 for 40min of each hour onto an integrated pre-
concentrator. The preconcentrator is then rapidly thermally ramped
and the desorbed VOCs are separated using a capillary column with the
following temperature program: 50 °C held for 15min, ramped to 80 °C
at 6 °C min−1 and held for 0.05min, ramped to 100 °C at 10 °C min−1

and held for 7min, then finally ramped to 180 °C at 10 °C min−1 and
held for 8min. Eluting VOCs are quantified by FID, with the detector
held at 180 °C. The rack-mounted system requires pressurized gases for
operation, and includes an on-board hydrogen generator and a gas-di-
lution system used to dilute a 100 ppbv VOC mixture for three-point
calibrations. Calibrations were performed immediately prior to, and
two months after, the study period with minimal differences observed
between the concentration-response profiles. While the GC-FID system
has a larger footprint and poorer temporal resolution than the miniGC,
it offers the advantage of a much wider compound list. The instrument
provides BTEX concentration data at hourly resolution, and these data
were averaged to 24-h and 14-day resolution for comparison with the
other methods.

3. Results and discussion

Air quality at the sampling location is strongly influenced by the
local continuous traffic source. As shown in the hourly resolution
average diurnal trends from the two on-line GC systems (Fig. 1), BTEX
concentrations peak during the morning rush hour period
(05:00–09:00), decrease during the afternoon due to increased atmo-
spheric mixing and dispersion, before increasing again in the evening
with increasing atmospheric stability. This temporality is consistent
with other primary traffic-related pollutants measured at the same lo-
cation, including black carbon (Healy et al., 2017b).

The 14-day passive tube deployment BTEX concentrations and the

mean concentrations from the two online GC instruments for the three
14-day periods of the study are shown in Table 1. The overall six-week
mean concentrations determined using the three methods agree within
7%, 15%, 14% and 8% for benzene, toluene, ethylbenzene and m,p-
xylene, respectively. Statistically significant differences between the
three datasets were investigated using the Kruskal-Wallis test (Kruskal
and Wallis, 1952), a non-parametric one-way ANOVA, coupled with a
post-hoc Dunn multiple comparison test (Dunn, 1964), to compare pair-
wise differences between the methods (error rate, α=0.05). No sta-
tistically significant differences were observed between the three da-
tasets using this approach. 14-day resolution temporal agreement was
also good between all three methods (R2=0.84–0.99,
slope=0.91–1.27). Thus, for continuous monitoring under summer-
time ambient conditions the three methods provide comparable results.

In a previous evaluation of the passive tube method under winter-
time conditions using evacuated canister samples for reference, 14-day
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Fig. 1. Average hourly resolution diurnal trends for BTEX measured using the on-line GC-FID and miniGC systems. Data for 00:00–01:00 are excluded from this
comparison due to the automated daily internal miniGC span check.

Table 1
Concentrations determined for each 14-day period and overall study mean
concentrations (± 1σ) determined using the three methods. All values are in
units of ppbv.

Period 1 (14
days)

Period 2 (14
days)

Period 3 (14
days)

Entire study (6
weeks)

Benzene
Passive Tubes 0.13 0.16 0.18 0.16 ± 0.03
miniGC 0.14 0.16 0.19 0.16 ± 0.03
GC-FID 0.14 0.17 0.20 0.17 ± 0.03
Toluene
Passive Tubes 0.44 0.50 0.55 0.50 ± 0.06
miniGC 0.49 0.56 0.65 0.57 ± 0.08
GC-FID 0.50 0.58 0.65 0.58 ± 0.08
Ethylbenzene
Passive Tubes 0.06 0.07 0.08 0.07 ± 0.01
miniGC 0.07 0.08 0.10 0.08 ± 0.02
GC-FID 0.06 0.07 0.08 0.07 ± 0.01
m,p-Xylene
Passive Tubes 0.22 0.26 0.29 0.26 ± 0.04
miniGC 0.19 0.24 0.30 0.24 ± 0.06
GC-FID 0.22 0.26 0.31 0.26 ± 0.05
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concentrations derived using the passive tubes were found to be accu-
rate for benzene and toluene, but biased high (by up to 90%) for
ethylbenzene and m,p-xylene, necessitating the development of tem-
perature-dependent uptake rates (Healy et al., 2018). This was attrib-
uted to direct deposition of the less volatile VOCs on the tube surfaces
under low-temperature sampling conditions (< 7 °C). In that study the
miniGC was found to be accurate under low temperature conditions
(the system is housed in a temperature-controlled enclosure). The GC-
FID system is also expected to be unaffected by wintertime conditions
because it is also housed in a temperature-controlled environment.
Thus, for continuous, long-term year-round monitoring, the three
methods are expected to be equally valid for monitoring benzene and
toluene; however the passive tube method may be biased high for
ethylbenzene and m,p-xylene when ambient temperatures are lower
than approximately 7 °C and changes in uptake rates are not accounted
for (Healy et al., 2018).

24-h passive tube samples were also collected on 22 days of the six-
week study. A comparison of the distribution of results for the three
methods for days when 24-h passive tubes were deployed is shown in
Fig. 2. The mean tube and on-line GC concentrations for the 22 days
when 24-h tube samples were deployed are also provided in Table 2.
The mean concentrations for all three methods agree within 6% for
benzene, 23% for toluene, 27% for ethylbenzene and 30% for m,p-xy-
lene. Again, no statistically significant differences were observed be-
tween the three methods. Temporal agreement is high between the two
online GCs for all four species at 24-h resolution (R2= 0.80–0.96,
slopes= 0.85–1.08). Temporal agreement is also high between the 24-h
passive tubes and the two online GCs for benzene (R2= 0.80–0.90,

slope=0.85–1.14) and toluene (R2= 0.83–0.96, slope=0.83–1.13),
but poorer for ethylbenzene (R2=0.59–0.62, slope=0.46–0.57) and
m,p-xylene (R2=0.42–0.68, slope= 0.51–0.62). The poorer temporal
agreement observed for these two species suggest that positive bias,
although minimal, may be occurring for 24-h passive tube sampling for
less volatile aromatic compounds under summertime conditions.
However, any potential positive bias observed for these two species in
the summertime 24-h samples is not statistically significant, and if
present would be minor (≤30%) relative to the positive bias previously
observed for 24-h mean concentrations under low-temperature win-
tertime conditions (185–272%) (Healy et al., 2018).

4. Conclusions

The three methods investigated here are all suitable for accurate
long-term continuous monitoring of BTEX in ambient air, and differ-
ences between the methods during this six-week study are not statisti-
cally significant. The on-line GC-FID and miniGC instruments require
power and temperature-controlled environments, and are therefore
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Fig. 2. Box plots of 24-h concentrations determined using the three methods. Horizontal lines represent the median, boxes represent the 75th percentile and vertical
lines represent the 90th percentile.

Table 2
Mean concentrations (± 1σ) determined using the three methods for the 22
days when 24-h tube samples were deployed. All values are in units of ppbv.

Benzene Toluene Ethylbenzene m,p-Xylene

Passive Tubes 0.16 ± 0.04 0.49 ± 0.22 0.09 ± 0.04 0.35 ± 0.16
miniGC 0.16 ± 0.05 0.62 ± 0.27 0.09 ± 0.03 0.26 ± 0.09
GC-FID 0.17 ± 0.05 0.62 ± 0.23 0.07 ± 0.03 0.28 ± 0.10
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limited to fixed site or portable air quality monitoring stations with
access to electricity. However, these instruments offer the advantage of
finer temporal resolution, 1 h and 15min for the GC-FID and miniGC,
respectively, and are thus well suited to monitoring short-lived or in-
termittent emission events. The passive tube method offers the ad-
vantage of greater spatial coverage at minimal cost, and 14-day de-
ployments generate only 26 samples for analysis per site per year.
However, the tube method has much poorer temporal resolution than
the on-line GCs, with 24 h deployments likely representing the shortest
viable sampling time possible due to the associated method detection
limits. While 14-day deployment periods are optimal for passive sam-
pling, 24-h deployments can also be accurate, provided that measure-
ments are limited to the warmer seasons (temperatures above 7 °C). 24-
hour passive tube measurements are expected to be particularly useful
for air quality compliance and source apportionment applications.
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