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Abstract: Polycyclic aromatic hydrocarbons (PAHs) are widespread environmental contaminants
formed during incomplete combustion or pyrolysis of organic material. The reliable quantification
of PAH in airborne samples is still difficult, costly, and time-consuming due to the use of offline
techniques, including long sampling on filters/adsorbents, laboratory extraction, purification, and
concentration steps before analysis. To tackle these drawbacks, this work focused on the development
of a fully automatic gas chromatograph (GC) equipped with a flame ionization detector (FID) and a
sample preconcentration unit (PC) for gas sampling. This instrument was validated under laboratory-
controlled conditions in the range 0–10 ng for 18 PAH. The chromatographic separation was rather
satisfactory except for two PAH pairs, which were quantified together. For all compounds, the peak
areas increased perfectly with the gaseous PAH concentration (R2 > 0.98), without any significant
memory effect between two consecutive analyses. Considering a gaseous sample volume of 1 L, the
extrapolated limits of detections (LOD) were in the range 19.9–62.6 ng/m3, depending on the PAH.
Its analytical performances were then compared to those of the offline reference UHPLC-fluorescence
method, widely used for airborne PAH monitoring. This was also compared with the very few
portable or continuously operating instruments.

Keywords: polycyclic aromatic hydrocarbons (PAHs); continuous monitoring; GC-FID; UHPLC;
fluorescence; automatic instrument; in-situ monitoring; airborne pollutants

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs), a family of organic compounds with two
or more fused aromatic rings in their structure, are widespread pollutants in major en-
vironmental media (water, air, and soil) [1,2]. Their production rates are known to have
increased after the industrial revolution, and they persist ubiquitously in the environ-
ment [3]. Industrial processes, vehicle exhaust, domestic heating, and biomass combustion
are among the main sources of PAH in the environment [4]. They are mostly introduced
into the environment by their release into the atmosphere [5], but they can also easily enter
soil and water bodies [6]. Therefore, humans can be exposed to them through different
routes. PAHs are of great concern because they are toxic, mutagenic, and carcinogenic, and
some of them are known endocrine disruptors, as is the case for benzo(a)pyrene (BaP) [3].
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Thus, detecting and quantifying these pollutants in the environment is of the utmost im-
portance. More than 100 PAHs are currently known, but the US Environmental Protection
Agency (US EPA) has listed 16 compounds as priority PAHs [1]. Some European health
agencies are now extending the number of PAHs monitored to include benzo(e)pyrene
and benzo(j)fluoranthene [7]. Because of their associated health risks and persistent nature,
they are heavily regulated. For example, the European Union established a mean annual
target of 1 ng/m3 for benzo(a)pyrene (BaP) in the air since BaP is considered the marker
for PAH carcinogenicity [8].

In the air, PAHs are distributed between gaseous and particulate phases, with the latter
corresponding to PAHs that are bound to airborne particulate matter. The low molecular
weight (LMW) (2-ring and 3-ring) PAHs contribute dominantly to the gas phase, while the
particulate phase is associated with HMW (5-ring and 6-ring) [9–11]. The MMW (4-ring)
PAHs are often in both atmospheric phases, and their distribution will depend on the
temperature and therefore on the season [9]. Their individual atmospheric concentrations
are relatively low and typically in the range of pg/m3 to ng/m3 [12–14]. Even in the vicinity
of industrial sites, individual concentrations of PAH remain in the ng/m3 range [15].

When PAH emission from various industrial stacks (blast furnaces, basic oxygen
furnaces, coke ovens, electric arc furnaces, heavy oil plants, power plants, and cement
plants) was studied in southern Taiwan, Yang et al. reported ambient air individual PAH
concentrations in the range 0.136–197 ng/m3, depending on the PAH and sampling site,
and a total PAH concentration between 198 and 298 ng/m3 [16]. Consistently, the average
total PAH concentration in the flue gas of 25 boiler stacks was around 490 µg/m3 in the
same country [17].

Chromatographic techniques are commonly used for the identification and quantifica-
tion of PAH both in air samples and in other media such as water, soil, and food [6,14,18–21].
High-Performance Liquid Chromatography (HPLC) has been widely used for the analysis
of PAHs, leading to highly selective and sensitive methods [3,14,22–24]. For the analysis of
PAHs in air, HPLC is always used in offline mode since air samples must first be obtained
on suitable filters and adsorbents to collect PAHs in the particulate and gas phases, respec-
tively. The PAHs present in the air sample are then extracted, purified, and concentrated
before analysis by HPLC coupled with fluorescence detection (FLD) [14,23–25]. The nu-
merous sample processing steps are complicated procedures that can lead to significant
errors in quantification. Gas chromatography (GC) methods coupled with detection using
a mass spectrometer (MS) or alternatively other types of detectors are also frequently used
and reported in the literature for the analysis of PAHs in the air [3,21,22,26]. All the GC-MS
used are sedentary laboratory gas chromatographs, not able to work in online mode with
continuous air sampling and analysis.

Given the low individual PAH concentrations in the air and their high toxicity at these
low levels, highly efficient and sensitive analytical methods must be developed. As air-
borne PAH levels are generally low, it is necessary to integrate some preconcentration steps
and/or develop some methods capable of detecting trace amounts of these compounds.
Furthermore, most of the methods are offline techniques that can be time-consuming,
expensive, and complicated and do not allow on-site monitoring of PAH [3]. If HPLC-FLD
currently appears as the reference method, the ideal tool for PAH measurement is a portable
(i.e., weight < 10 kg) or transportable (i.e., weight > 10 kg but easy to move, for exam-
ple, with wheels), very sensitive, continuously operating, fully automatic, and remotely
controlled instrument. Clearly, HPLC-FLD and GC-MS do not meet these specifications,
especially if we add the cost aspect that must be considered if a wide deployment of a new
analytical solution is expected. So far, to the best of our knowledge, only a few studies
have reported on portable or transportable instruments for airborne PAH analysis, and
they did not provide the possibility to perform online measurements because they were
not equipped with an automatic sampling device enabling the collection of particulate
and/or gaseous PAH. Conversely, some laboratory instruments have sampling facilities for
either the gas or liquid phases [27,28], but they are not transportable. Despite the efforts of
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scientists, it seems that there is no commercial portable/transportable device for continuous
PAH quantification.

To tackle the drawbacks of the current analytical methods used for PAH quantification
in air, the objective of this work was to develop a transportable instrument for continuous
gas phase PAH analysis for at least the 16 PAHs regulated by the US EPA. The cost
of the instrument and its robustness were also considered, which de facto ruled out the
transportable GC-MS solution. The selected solution was a fully automatic GC-FID coupled
to a preconcentration module already marketed by the company CHROMATOTEC, which
was optimized in this work and evaluated under controlled laboratory conditions.

The analytical performances obtained were also compared to those of the offline
reference method, i.e., UHPLC-FLD, usually used after sampling on adsorbent tubes (gas
phase) or on filters (Particulate Matter (PM)), and further chemical extraction by accelerated
solvent extraction (ASE), for example [14,23,24]. Both methods were evaluated in terms of
sensitivity, repeatability, and linearity range and were compared with methods/instruments
described in the literature that are either portable/transportable or automatic.

2. Materials and Methods
2.1. Development of Analytical Method by UHPLC-FLD/UV

A method for the detection and quantification of PAH was developed using Ultra
High-Performance Liquid Chromatography coupled with fluorescence detection and UV
detection (UHPLC-FLD/UV).

The UHPLC system consisted of a Nexera XR from Shimadzu and was equipped with a
Knauer Ultrasep ES PAH-QC, 4 µm, 2 mm ID × 60 mm analytical column (Lot No.: 869/13)
and its respective guard column. The system was equipped with a RF-20A XS fluorescence
detector (Shimadzu) and a SPD-M30A UV detector (Shimadzu). The UHPLC method was
developed based on recommendations given by KNAUER, and their analytical method
was adapted and modified step by step to optimize the chromatographic separation [29].
The mobile phase was acetonitrile (ACN) and water with a flow rate of 0.5 mL/min and an
elution gradient. The elution started with a ratio of 45:55 (ACN:Water) during the first 5
min; the amount of acetonitrile increased to 100:0 (ACN:Water) for 8 min; was stable for
6 min; before decreasing to 45:55 (ACN:Water) during 7 min. The initial conditions were
reached at 26 min and were stable until the end of the run. The oven temperature was set to
30 ◦C. The sample was injected at 3 min to ensure the gradient had stabilized in the initial
conditions, and the injection volume was fixed at 2 µL.

The compounds quantified in this analysis were the US EPA’s 16 priority PAH: naph-
thalene (NAP), acenaphthylene (ACY), acenaphthene (ACE), fluorene (FLU), phenanthrene
(PHE), anthracene (ANT), fluoranthene (FLE), pyrene (PYR), benzo(a)anthracene (BaA),
chrysene (CHY), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene
(BaP), dibenzo(a,h)anthracene (DahA), benzo(g,h,i)perylene (BghiP), indeno (1,2,3-cd)pyrene
(IcdP). For the detection of PAH, the multi-channel mode of the fluorescence detector was
used. PAH were detected at maximum excitation/emission wavelengths: 275/350 nm
(NAP, ACE, FLU, PHE), 260/420 nm (ANT, PYR, BaA, CHY), 270/440 (FLE), 290/430 nm
(BbF, BkF, BaP, DahA, BghiP), and 305/500 nm (IcdP). For the fluorescence acquisition,
two different channels were used as follows: channel 1 first recorded excitation/emission
wavelengths of 275/350 nm until t = 11.70 min, then switched to excitation/emission
wavelengths of 270/440 nm, and finally to 290/430 nm at t = 18.00 min. For channel 2, it
started with excitation/emission wavelengths of 260/420 nm and changed at 18.00 min to
305/500 nm. Since ACY is not detectable by fluorescence, it was detected and quantified
with the UV detector at 229 nm, which corresponds to its absorbance maximum.

The PAH parent solution used was PAH Mixture 936 10–100 µg/mL in Acetonitrile (DRE-
GA09000936AL) from Dr. Ehrenstorfer GmbH, with the following PAH concentrations (mg/L):
NAP—101.7, ACY—100, ACE—100.4, FLU—101.6, PHE—99.89, ANT—99.6, FLE—9.95,
PYR—10.17, BaA—9.93, CHY—9.907, BbF—10.01, BkF—4.97, BaP—9.94, DahA—9.94,
BghiP—9.934, IcdP—10.01. This sample was further diluted in acetonitrile to obtain the
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following daughter solutions for NAP: 0.515, 1.025, 4.91, 9.25, 20.11, 51.48, and 106.77 µg/L.
For BkF, the corresponding concentrations were as follows: 0.025, 0.050, 0.24, 0.45, 0.98, 2.52,
and 5.22 µg/L. This set of standard solutions was then used to establish the calibration curves
for each PAH. Additionally, a blank with only acetonitrile was performed to account for
interferences in the fluorescence/UV signal due to impurities present in acetonitrile. The
limit of detection (LOD) and limit of quantification (LOQ) were determined based on the
signal-to-noise approach. The LOD was considered to be the concentration for which the
signal-to-noise ratio is 3. Similarly, a ratio of 10 was used for the LOQ.

Resolution (R), which indicates the separation between two peaks, was determined
using the tangent method. The repeatability and reproducibility of the analytical method
were assessed, and the respective RSD (relative standard deviation) was determined.
For repeatability, the same standard sample was analyzed four times on the same day,
while for reproducibility, the same standard sample was analyzed on three different days.
The concentrations of the PAH standard used for the evaluation of repeatability and
reproducibility were in the range 0.98–20.11 µg/L, i.e., 20.11 µg/L for NAP and 0.98 µg/L
for BkF.

2.2. Development of Analytical Method by GC-FID

Based on a commercially available gas chromatograph (GC) equipped with flame
ionization detection (FID) used for the analysis of volatile organic compounds (VOC) with
C6-C12 and equipped with a preconcentrator (Airmo C6–C12), a new GC-FID dedicated
to the analysis of PAHs was developed in this work. Initially, the same components of
the instrument were retained, including the preconcentrator, but they were adapted to
withstand higher temperatures. While adsorption at the preconcentrator was effective,
desorption of the 4–6 rings of PAH remained ineffective. This is why, in a second phase,
a new two-stage preconcentration module was specially designed to finally obtain the
instrument airmo C6-C20+ (CHROMATOTEC, Saint-Antoine, France). The schematic of this
GC-FID is shown in Figure 1, with the instrument being equipped with a syringe injector for
calibration purposes. This is a transportable model (222 mm × 482 mm × 600 mm; 22 kg)
that allows in-situ measuring and remote monitoring (Figure S1).
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Figure 1. Simplified schematic diagram of the instrument airmoVOC C6-C20+ equipped with an FID
detector and a syringe injector.

A method for the analysis of PAH in the air was then developed using the instrument
airmo C6–C20+ (CHROMATOTEC, France). A stock solution containing 18 PAH, i.e., the
same 16 PAH as above plus 1-methyl naphthalene (1Me-NAP) and 2-methyl naphthalene
(2Me-NAP), at 2000 µg/mL each in dichloromethane (Restek), was used to prepare different
daughter solutions in dichloromethane at the following concentrations: 9.91, 5.34, and
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2.14 µg/mL. This last solution of PAH at 2.14 µg/mL was then diluted approximately
10 times in dichloromethane to obtain a 0.23 µg/mL solution. This latter concentration
was chosen because it was slightly higher than the quantification limit (see Section 3.2),
enabling it to display all the peaks on the chromatogram.

For the GC-FID analysis, the timeline of events is shown in Figure S2. The total
duration of a cycle is about 1 h, but it is split into different subparts, i.e., the synchronization
of the different GC elements (1 min), the vaporization of PAH from a liquid solution
manually injected into the GC injector simultaneously with sampling on the preconcentrator
adsorbents (5 min), the desorption step (8 min), and the chromatogram acquisition (45 min).

First, 1 µL of a PAH solution diluted in dichloromethane was manually injected using
a precise liquid syringe (sge TRAJAN 1BR-7—1 µL) into the injector regulated at 250 ◦C to
vaporize the entire mixture, which is swept by a flow of hydrogen at a rate of 7 mL/min for
300 s, thus mimicking a gaseous sample of a PAH mixture. The resulting injected masses
of each PAH were as follows: 9.91 ng, 5.34 ng, 2.14 ng, and 0.23 ng. This gas mixture was
then passed through a two-stage preconcentration device kept at room temperature. The
first stage of the preconcentration unit is made of stainless-steel tubing and is used to cool
down the sample and induce adsorption of non-volatile PAH (more than 3 aromatic rings).
The second stage is a glass tube filled with a mixture of Carbotrap B and C adsorbents to
perform preconcentration and thermodesorption of semi-volatile PAH (2 and 3 aromatic
rings). The composition and geometry of the preconcentration device will not be detailed
here for reasons of confidentiality. No split was used for the transfer of analytes from the
injector to the preconcentrator. The entire PAH content injected into the liquid injector was
thus theoretically transferred to the adsorbent-filled trap.

Once the adsorption stage was complete, the two stages of the preconcentration unit
were then rapidly heated to 350 ◦C in about 60 s. This temperature was maintained for
480 s during the desorption phase of the analytes and flushed with hydrogen carrier gas at
a flow rate of 9 mL/min. Again, no split was used for the transfer from the preconcentrator
to the column. The PAH were then separated using a 30 m long MXT-1 GC column with an
internal diameter of 0.53 mm and a film thickness of 0.25 µm before arriving one by one at
the FID detector. The temperature gradient of the oven was optimized and set as follows:
from 38 to 50 ◦C at a rate of 2 ◦C/min (360 s), from 50 to 80 ◦C at a rate of 10 ◦C/min
for 180 s, from 80 to 220 ◦C at a rate of 15 ◦C/min (560 s), from 220 to 320 ◦C at a rate
of 10 ◦C/min (600 s), and finally 320 ◦C for 1000 s. For detection, the FID temperature
was set at 350 ◦C, and the FID detector was supplied with 350 mL/min of zero air and
50 mL/min of hydrogen, both gases being provided by two generators (airmoPure and
Hydroxychrom from Chromatotec for zero air and hydrogen, respectively). Once the
chromatogram acquisition was complete, the peaks were automatically integrated, and the
data were saved for further data treatment.

The repeatability of the GC-FID analytical method was evaluated, and the correspond-
ing RSD (relative standard deviation) was determined. For this, the same standard PAH
mixture solution was manually injected and analyzed three times on the same day. Peak
resolution (R) was again determined using the tangent method.

2.3. Determination of the Chromatographic Resolution

The chromatographic resolution (R) between two consecutive peaks was calculated
according to the tangent method with Equation (1):

R =
tR1−tR2

1
2 (W 1+W2

) (1)

where tR1 and tR2 are the retention times (min) of two consecutive peaks; and W1 and W2
are the tangent widths of the two consecutive peaks at the baseline.

The software of both instruments provided the values for retention time for each
peak, whereas the tangent widths were either provided by UHPLC software or calculated
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using Excel for the GC-FID. For each compound, the resolution was defined as the lowest
resolution value between the resolution with its preceding peak and the resolution with its
following peak.

3. Results

The reference method currently used is HPLC or UHPLC coupled with fluorescence
detection for the analysis of the 16 USEPA PAHs. For the GC method, EPA method 8310
is commonly used, which incorporates the same 16 PAHs plus two methyl naphthalene
compounds to test for interferences linked to the presence of these compounds. In addition,
it was interesting to add some LMW PAH with high partitioning in air because the GC-FID
technique is devoted to directly analyzing the compounds in the gas phase.

3.1. Development of Analytical Method by UHPLC-FLD/UV

In Figure 2, the typically obtained chromatograms with the UHPLC-FLD/UV method
are presented for the PAH detected by fluorescence. The fluorescence detector allows the use
of up to four channels operating in parallel with different couples of excitation/emission
wavelengths. In the developed method, only two channels were used, which made it
possible to ensure that the change of excitation/emission wavelengths did not occur in the
middle of a peak. This was particularly important for the last three peaks (DahA, BghiP,
and IcdP), which had very close retention times but two different excitation/emission
wavelengths. The method was optimized to ensure good separation, as displayed in
Figure 2 for the 15 peaks detected by fluorescence, where there was only slight co-elution of
the peaks of BaA and CHY and of BkF and BaP, and partial co-elution of DahA and BghiP.
ACY is not fluorescent and was easily detected by UV at 229 nm (Figure S3).
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µg/L depending on the PAH. The chromatograms were obtained with (a) channels 1 and (b) 2. Each
chromatographic peak is labeled with a peak number: 1, injection peak; 2, NAP; 3, ACE; 4, FLU;
5, PHE; 6, ANT; 7, FLE; 8, PYR; 9, BaA; 10, CHY; 11, BbF; 12, BkF; 13, BaP; 14, DahA; 15, BghiP;
16, IcdP; 17, impurity of ACN. Channel 1 recorded excitation/emission wavelengths of 275/350 nm
until t = 11.70 min, then switched to excitation/emission wavelengths of 270/440 nm, and finally
switched at t = 18.00 min to 290/430 nm. Channel 2 started with excitation/emission wavelengths of
260/420 nm and changed at 18.00 min to 305/500 nm.
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In Figure 2, PAH species are visible on the chromatogram used to quantify them.
However, they may also be visible on the other chromatograms despite the non-optimal
excitation/emission wavelengths used for the fluorescence detection. In channel 1, peaks
6, 8, and 10 correspond to ANT, PYR, and CHY, respectively. In channel 2, peaks 5, 7,
11, and 14 correspond to PHE, FLE, BbF, and DahA. Peak 17, displayed at the end of the
chromatogram in channel 1 and 2, correspond to an impurity of Acetonitrile. In channels 1,
peak 1 corresponds to the injection peak, which is almost unseen in channel 2. In Figure 2,
the peaks used for quantification bear the labels of the compounds, i.e., from NAP to BghiP
and from ANT to IcdP for channels 1 and 2, respectively.

To assess the PAH separation provided by UHPLC-FLD/UV, peak resolutions R were
also determined using the tangent method. The values of R, which are gathered in Table 1,
were usually higher than 1.5, indicating a good separation for PAH species. However,
the last three PAH (DahA, BghiP, and IcdP) had the lowest resolution with values of
R(DahA—BghiP) = 0.50 (channel 1) and R(IcdP—Peak 17) = 0.77 (channel 2), where peak
17 corresponded to an unidentified impurity of ACN.

Table 1. Peak resolutions for all PAH obtained with the developed UHPLC-FLD/UV method. The
labels of chromatographic peaks are detailed in the text and the caption of Figure 2.

Channel 1 for Fluorescence R a Channel 2 for Fluorescence R a

Peak 1 (5.27 min)–NAP (5.96 min) 1.87 Peak 5 (10.80 min)–ANT (12.99 min) 3.77
NAP (5.96 min)–ACE (8.39 min) 5.44 ANT (12.99 min)–Peak 7 (14.34 min) 3.02
ACE (8.39 min)–FLU (9.13 min) 1.31 Peak 7 (14.34 min)–PYR (14.95 min) 1.55
FLU (9.13 min)–PHE (10.86 min) 2.74 PYR (14.95 min)–BaA (17.26 min) 6.78

PHE (10.86 min)–Peak 6 (13.07 min) 3.76 BaA (17.26 min)–CHY (17.63 min) 1.15
Peak 6 (13.07 min) –FLE (14.45 min) 3.16 CHY (17.63 min)–Peak 11 (18.93 min) 4.04
FLE (14.45 min)–Peak 8 (15.04 min) 1.56 Peak 14 (21.11 min)–IcdP (21.61 min) 5.64
Peak 10 (17.71 min)–BbF (19.01 min) 3.63 IcdP (21.61 min)–Peak 17 (22.04) 0.77

BbF (19.01 min)–BkF (19.62 min) 1.91
BkF (19.62 min)–BaP (19.99 min) 1.08 UV detection R

BaP (19.99 min)–DahA (20.91 min) 2.05 Peak 18 (5.88 min)–ACY (6.69 min) 2.33
DahA (20.91 min)–BghiP (21.16 min) 0.50

BghiP (21.16 min)–Peak 17 (21.75 min) 1.33
a Background color: green for peak resolution R > 1.5; yellow for 1 < R < 1.5; red for R < 1.

Calibration curves were obtained for the 16 PAH with the UHPLC-FLD/UV method.
Figure 3 shows three representative examples of PAH calibration curves, namely for NAP,
PYR, and BaP. In addition, the individual curve for each PAH can be found in Figure S4.
The obtained linear equations and R2, as well as the range of concentration where the
calibration curve is valid, are listed in Table 2. LOD and LOQ values, as well as RSD values
for repeatability and reproducibility, can also be found in Table 2.

As shown in Table 2, the calibration curves were linear for the studied ranges, with very
good R2 values (>0.998). All the calibration curves were obtained with the y-intercept = 0,
except for IcdP. In fact, for this species, a residual peak was observed in the ACN blank
at the same retention time and excitation/emission wavelengths as IcdP. This result was
considered for the calibration curve, which explains the non-zero y-intercept = 1113.9 (see
Table 2).

LOD and LOQ values of the UHPLC method were obtained for all the PAH (see
Table 2). ACY showed the worst sensitivity, which is not unexpected considering that
this compound was detected by UV and not by fluorescence. For the PAH detected by
fluorescence, the LOD varied between 0.005 and 0.530 µg/L, and BkF, BaP, and IcdP
exhibited the best sensitivity.
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Table 2. Calibration curve equations, LOD and LOQ values (in µg/L, pg, and pg/m3), repeatability,
and reproducibility results of the developed UHPLC-FLD/UV method.

PAH
Calibration Curve

LOD
(µg/L)

LOQ
(µg/L)

LODmass

(pg) a
LOQmass

(pg) a
LODair

(pg/m3) b
LOQair

(pg/m3) b

Repeat-
Ability

(RSD,%) c
Reproducibility

(RSD,%) cEquation R2 Range
(µg/L)

NAP y = 2395.9x 0.9992 0.52–107 0.174 0.580 0.348 1.160 1.16 3.87 1.37 1.77
ACY y = 56.592x 0.9969 0.51–105 1.322 4.407 2.644 8.815 8.81 29.38 1.82 2.54
ACE y = 8180.1x 0.9993 0.51–105 0.292 0.972 0.583 1.943 1.94 6.48 0.04 2.22
FLU y = 2306.6x 0.9996 0.52–107 0.530 1.766 1.059 3.531 3.53 11.77 0.98 6.03
PHE y = 5387.5x 0.9995 0.51–105 0.152 0.506 0.304 1.012 1.01 3.37 0.54 1.41
ANT y = 6010.9x 0.9999 0.51–105 0.136 0.455 0.273 0.909 0.91 3.03 0.57 3.25
FLE y = 5379.8x 0.9982 0.05–10 0.018 0.060 0.036 0.120 0.12 0.40 1.51 9.01
PYR y = 9454.9x 0.9998 0.05–11 0.058 0.193 0.116 0.385 0.39 1.28 0.74 0.65
BaA y = 15785x 0.9993 0.05–10 0.090 0.300 0.180 0.600 0.60 2.00 1.01 0.58
CHY y = 6203.6x 0.9994 0.05–10 0.037 0.124 0.074 0.248 0.25 0.83 6.74 1.78
BbF y = 11839x 0.9994 0.05–11 0.023 0.077 0.046 0.154 0.15 0.51 0.74 0.74
BkF y = 66157x 0.9992 0.025–5 0.005 0.015 0.009 0.031 0.03 0.10 0.81 1.06
BaP y = 19785x 0.9998 0.05–10 0.013 0.043 0.026 0.086 0.09 0.29 2.16 6.17

DahA y = 11429x 0.9982 0.05–10 0.024 0.080 0.048 0.160 0.16 0.53 3.33 1.32
BghiP y = 17895x 0.9997 0.05–10 0.020 0.068 0.041 0.136 0.14 0.45 3.09 12.21
IcdP y = 2010.3x +

1113.9 0.9996 0.05–11 0.008 0.028 0.017 0.056 0.06 0.19 0.37 20.83

a LODmass and LOQmass are the conversion of the LOD and LOQ obtained in µg/L into mass by multiplying by
the injection volume of 2 µL. b LODair and LOQair are the conversion of the LOD and LOQ (in µg/L) into an air
PAH concentration by dividing by a final extract volume (offline preconcentration step) of 1 mL and multiplying
by a sampling volume of air of 150 m3, according to a previous study [24]. c Repeatability and reproducibility
were studied with a PAH mixture concentration of 0.98–20.11 µg/L, depending on the PAH.
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Figure 3. Chromatographic peak area versus PAH concentration (in µg/L) obtained by UHPLC-
FLD/UV. The dashed line corresponds to the linear regression in the investigated concentration
ranges of 0.52–107 µg/L for NAP, 0.05–11 µg/L for PYR, and 0.05–10 µg/L for BaP, with an injection
volume of 2 µL.

Repeatability and reproducibility results are also summarized in Table 2. Good re-
peatability was generally observed with RSD lower than 3.3%, except for CHY, where RSD
reached 6.7%. For CHY, this may be explained by the uncomplete separation with BaA
(R = 1.15) as illustrated in Figure 2b, leading to a higher uncertainty in peak area determi-
nation. Regarding reproducibility, higher RSD values were obtained, with values usually
lower than 6.2% except for FLE, IcdP and BghiP. These two PAHs had the longest retention
time. These two 6-ring PAH showed therefore the worst reproducibility, with RSDs that
reached 20.8 and 12.2%, respectively, which might be related to their poor resolution and
the presence of an impurity in ACN. For FLE, the low intensity of the peak (Figure 2a)
could explain the relatively poor reproducibility with a high RSD of 9.0%.
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3.2. Development of Analytical Method by GC-FID

Figure 4 shows a typical chromatogram obtained by GC-FID for the mixture of the
18 PAH. Unexpectedly, the three last peaks are less intense compared to the others. Typ-
ically, the FID detector response factor is proportional to the number of carbon atoms in
the molecule. But here, the lowering trend in response factors may suggest that the heav-
iest PAHs are partially lost inside the GC-FID instrument. Using the separation method
optimized in this work, 10 of the 18 PAHs are perfectly separated (see Figure 4) with
a chromatographic resolution higher than 1.5 (see Table 3). The retention times of the
18 PAH are reported in Tables 3 and 4. Figure 4 shows that eight species are still par-
tially co-eluted two by two. The two isomers, namely Benzo(k)fluoranthene (tR = 1609.5 s)
and benzo(b)fluoranthene (tR = 1609.5 s), are fully co-eluted and exhibit the same reten-
tion time, leading obviously to a chromatographic resolution of R = 0.00 (see Table 3).
Benzo(a)anthracene (tR = 1460.0 s) and chrysene (tR = 1462.8 s) are then the most co-eluted
with an R value of 0.23. Phenanthrene (tR = 1131.4 s) and anthracene (tR = 1136.9 s) are also
partially co-eluted (R = 1.07). The two last co-eluted species are Indeno(1,2,3-cd)pyrene
(tR = 1786.7 s) and dibenzo(a,h)anthracene (tR = 1795.1 s), which exhibited an insufficient
separation characterized by a chromatographic resolution of R = 1.30.
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Figure 4. Chromatogram obtained with the GC-FID method using the developed AirmoVOC C6-
C20+ instrument and with the injection of 1 µL of a solution of 18 PAH, each with a concentration of
9.9 µg/mL, i.e., 9.91 ng of each PAH.

Table 3. Peak resolutions for all 18 PAH obtained with the GC-FID method using the developed
AirmoVOC C6-C20+ instrument.

Peaks R a

NAP (646.4 s)–2Me-NAP (801.7 s) 21.28
2Me-NAP (801.7 s)–1Me-NAP (816.0 s) 2.32

1Me-NAP (816.0 s)–ACE (930.5 s) 19.34
ACE (930.5 s)–ACY (957.1 s) 4.62
ACY (957.1 s)–FLU (1023.6 s) 11.18
FLU (1023.6 s)–PHE (1131.4 s) 19.09
PHE (1131.4 s)–ANT (1136.9 s) 1.07
ANT (1136.9 s)–FLE (1271.1 s) 26.04
FLE (1271.1 s)–PYR (1294.1 s) 4.36
PYR (1294.1 s)–BaA (1460.0 s) 18.55
BaA (1460.0 s)–CHY (1462.8 s) 0.23

CHY (1462.8 s)–(BbF + BkF) (1609.5 s) 14.01
BkF (1609.5 s)–BbF (1609.5 s) 0.00

(BbF + BkF) (1609.5 s)–BaP (1645.2 s) 4.58
BaP (1645.2 s)–IcdP (1786.7 s) 21.90

IcdP (1786.7 s)–DahA (1795.1 s) 1.30
DahA (1795.1 s)–BghiP 1814.0 s) 2.84

a Background color: green for peak resolution R > 1.5; yellow for 1 < R < 1.5; red for R < 1.



Chemosensors 2023, 11, 496 10 of 19

Table 4. Calibration curves, LOD and LOQ values, and repeatability results of the GC-FID method
using the developed AirmoVOC C6-C20+ instrument.

PAH tR
(s)

Calibration Curve LODmass

(pg)
LOQmass

(pg)
LODair

(ng/m3) a
LOQair

(ng/m3) a

Repeat-
Ability b

(RSD,%)Equation R2 Range (ng)

NAP 646.4 y = 4321.1x −16.919 0.9997 0.230–9.91 39.0 130.0 39.0 130.0 3.54
2Me-NAP 801.7 y = 4136.3x +431.1 0.9996 0.230–9.91 27.2 90.5 27.2 90.5 3.70
1Me-NAP 816.0 y = 4212.8x + 414.45 0.9995 0.230–9.91 26.0 86.4 26.0 86.4 3.72

ACE 930.5 y = 4147x + 428.12 0.9994 0.230–9.91 27.2 90.5 27.2 90.5 2.66
ACY 957.1 y = 4731.4x + 977.82 0.9989 0.230–9.91 22.3 74.3 22.3 74.3 6.20
FLU 1023.6 y = 4365.5x + 549.82 0.9989 0.230–9.91 24.3 81.0 24.3 81.0 4.28
PHE 1131.4 y = 4138.3x + 685.85 0.9992 0.230–9.91 19.9 66.3 19.9 66.3 2.45
ANT 1136.9 y = 4076.6x − 133.46 0.9993 0.230–9.91 25.0 83.4 25.0 83.4 1.34
FLE 1271.1 y = 3334.3x + 180.83 0.9988 0.230–9.91 26.9 89.7 26.9 89.7 3.57
PYR 1294.1 y = 3428.1x + 333 0.9990 0.230–9.91 28.0 93.4 28.0 93.4 2.28
BaA

CHY c
1460.0
1462.8 y = 3813.3x + 1015.1 0.9987 0.460–19.82 42.7 c 142.3 c 42.7 c 142.3 c 5.30

BbF + BkF c 1609.5 y = 3158x + 2081.9 0.9947 0.460–19.82 40.1 c 133.4 c 40.1 c 133.4 c 5.29
BaP 1645.2 y = 2463.9x + 791.54 0.9907 0.230–9.91 29.0 96.4 29.0 96.4 5.56
IcdP 1786.7 y = 1436.4x + 532.49 0.9848 0.230–9.91 48.0 159.8 48.0 159.8 9.84

DahA 1795.1 y = 1477.1x + 317.19 0.9933 0.230–9.91 62.6 208.5 62.6 208.5 8.94
BghiP 1814.0 y = 1719x + 853.67 0.9824 0.230–9.91 42.7 142.3 42.7 142.3 15.44

a LODair and LOQair are the conversion of the LOD and LOQ (in pg) into an airborne PAH concentration,
considering a sampling volume of air of 1 L (1 × 10−3 m3). b The repeatability was studied for injected masses of
each PAH equal to 5.34 ng by repeating the analysis on the same day. c For compounds co-eluted and quantified
together, the LOD calculation was performed taking into account the total concentration of the two compounds.

By varying the injected mass between 0 and 9.91 ng, a linear calibration curve was
plotted for each PAH, as shown in Figure 5 for three representative PAH, namely NAP,
PYR, and BaP, and for all 18 studied PAH (see Figure S5). The details of the linearity results
obtained with the GC-FID method for each PAH are summarized in Table 4. Because of
their non-existent or insufficient separations, the pairs BkF + BbF and BaA + CHY were
quantified together. The slope of the linear regression decreased for the heaviest PAH, which
supports the idea of a partial loss of heavy PAH in the instrument. The linear regression
coefficient R2 was higher than 0.99 in most cases, except for indeno(1,2,3-cd)pyrene (IcdP)
and benzo(g,h,i)perylene (BghiP), with R2 values of 0.984 and 0.982, respectively. Despite
their potential loss inside the GC-FID, the heaviest PAH (DahA, BghiP, and IcdP) exhibited
excellent linearities.
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Figure 5. Chromatographic peak area versus PAH mass injected at the GC injector of the AirmoVOC
C6-C20+ instrument (GC-FID method), allowing vaporization of PAH to mimic gas phase concentra-
tions. The dashed line corresponds to the linear regression in the investigated concentration range,
i.e., between 0 and 9.91 ng for NAP, PYR, and BaP. These PAH masses were obtained by injecting
1 µg/L of a standard PAH mixture solution of 0–9.9 µg/mL.
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The detection and quantification limits were again determined based on the signal-to-
noise approach by considering the signal-to-noise ratios of 3 and 10, respectively. Table 4
reports the LOD, the LOQ, and the repeatability determined in our experimental conditions
for every PAH using the AirmoVOC C6-C20+ instrument (GC-FID method) developed
in this work. The resulting LOD is in the range of 19.9–62.6 pg, depending on the PAH.
Repeatability was evaluated from the analysis of injected masses of each PAH equal to
5.34 ng by repeating the analysis on the same day. Reproducibility was not fully evaluated,
but the linear plot in Figure 5 was obtained from GC analysis performed on different days,
suggesting good reproducibility as well.

4. Discussion

The results are discussed here in terms of chromatographic resolution and sensitivities.
The performance of the two methods developed in this work is compared with each other
and with instruments operating continuously and in real time.

4.1. Chromatographic Resolution of Both Instruments

The chromatographic resolution is plotted against the separated molecules as a bar
graph (see Figure 6). Chromatographic resolution is considered good for R > 1.5 (green
color), relatively satisfactory for 1.5 < R < 1 (orange color), and insufficient for R < 1 (red
color). As illustrated in Figure 6, neither developed method provides a perfect resolution of
all peaks. In terms of resolution, the two methods are comparable. Neither method allows
the complete separation of the PAH analysis. However, higher peak resolution values were
generally obtained with the GC-FID method, a consequence of the much thinner peaks
obtained with this method (see Figures 2 and 4).
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4.2. Sensitivity of Both Instruments

Given the individual concentrations of PAH in the gas phase in the atmosphere, which
generally vary between 0.1 and 1 ng/m3 [12,13,23,24], a quantification limit of the order of
0.1 ng/m3 could be ideally targeted for an online analysis system.

The injected mass quantification limits obtained are compared in Figure 7 for both
instruments, i.e., UHPLC-FLD/UV and GC-FID. In GC-FID, the quantification limit is
of the order of one hundred pg, whereas in UHPLC-FLD, the quantification limit ranges
roughly between 0.03 and 3.5 pg. For ACY, which is detected by UHPLC-UV, the LOQ is
equal to about 8.8 pg in UHPLC-UV.
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Intrinsically, UHPLC is therefore more sensitive. Nevertheless, it does not allow
for online and continuous analysis of PAH in the air with a fully automatic instrument.
UHPLC-FLD generally allows for offline analysis after trapping the gaseous PAH on an
adsorbent and chemical desorption with a suitable solvent before injection of the eluted
solution through the UHPLC injection loop. Although this technology could be automated
with automatic elution of the adsorbent tubes, continuous analysis remains problematic
as the adsorbent would have to be dried between two analyses for reconditioning before
the next air sampling. In addition, this would require a large supply of potentially toxic
solvent to allow operation over long periods, even if the quantity of elution solvent is
limited to 5 mL per analysis. In contrast to offline methods using UHPLC-FLD, a sample
preconcentration step via a fully automated system remains extremely complex.

A quantification limit of 0.3 pg typically obtained in this work by UHPLC-FLD with an
injected volume of 2 µL (see Table 2) corresponds to an individual PAH amount of 750 pg
in 5 mL of a solution resulting from the adsorbent elution. Based on a sampling volume of
1 L (1 × 10−3 m3) and a flow rate of 40 mL/min, a sampling time of 25 min is needed. If no
additional sample preconcentration step is considered between the adsorbent elution and
UHPLC analysis, the resulting LOQ of individual PAH in the air will then be 750 ng/m3

(750 pg/1 × 10−3 m3). This simple calculation tends to show that the UHPLC-FLD method,
with no preconcentration step, does not achieve the target value of the quantification limit
of 0.1 ng/m3.



Chemosensors 2023, 11, 496 13 of 19

In contrast, continuous analysis with the GC-FID instrument developed in this work
seems easily accessible. With a sample of 1 L of air, for example, at a flow rate of 20 mL/min
for 50 min, it is possible to quantify concentrations of PAH by GC-FID varying between
66.3 and 208.5 ng/m3 in the gas phase (see Table 4), depending on the PAH.

With 24 h sampling at a flow rate of 50 mL/min, which corresponds to a single
sampled air volume of 72 L per day, the LOQs for GC-FID and UHPLC-FLD are then equal
to 0.92–2.90 ng/m3 and 10.4 ng/m3, respectively. For GC-FID, these quantification limits
come close to the target sensitivity, but this would imply only one sample per day, which
corresponds to a time resolution that may be insufficient depending on the case and the
needs.

In light of the above arguments, despite a lower intrinsic sensitivity (expressed in pg
injected), GC-FID appears more promising and suitable for online PAH analysis. Indeed, in
continuous mode with a sample volume restricted to 1 L, the sensitivity of UHPLC-FLD is
about 4–12.6 times lower than that of GC-FID, depending on the PAH considered.

4.3. Comparison with the Literature

Some analytical techniques allow real-time measurements of the total amount of PAH
in different matrices. For particle-bound polycyclic aromatic hydrocarbons (PPAH), the
photoelectric aerosol sensor (PAS) is a technique suitable for their online monitoring [30].
For water samples, commercial sensors based on fluorimetry can measure total PAH
concentrations, typically from 0 to 1000 µg/L [31].

When PAH speciation is considered, many studies were carried out on the measure-
ment of PAH in the air [13,23,24,26,32–34] or water [35,36], but the vast majority used
offline and non-automatic methods.

Some studies were already carried out with offline GC-FID PAH measurements for
the analysis of water combined with SPME, SPE, or MSPE [35–37], soil samples after solid-
liquid extraction [38], or food samples after SPE extraction [39,40]. However, none have
integrated an automatic and programmable sampling and extraction module, or portable
instruments for in-situ measurements. Whatever, it is interesting to note that Carvalho et al.
report a chromatogram in their Figure 3 [36] that is very similar to that in our Figure 4,
which tends to confirm that some of the heaviest PAH (DahA, BghiP, and IcdP), which
have the longest retention times, are probably partially lost in the instrument as already
suggested in Section 3.2.

In the following part of this section dedicated to the comparison with the literature, it
was decided to restrict the comparison to methods that had at least one of the two priority
characteristics sought, namely portability/transportability or a fully automatic aspect
for both sampling and analysis. Only a few studies report either automatic or portable
instruments for the measurement of individual PAH in the liquid or gas phase [27,28,41,42]
(see Table 5). In opposition to Section 4.2., LOD was reported instead of LOQ in Table 5
since this value is reported by default in the literature.

About the portable/transportable instrument, Chatzimichail et al. reported the devel-
opment of a handheld HPLC equipped with an absorption detector capable of identifying
24 PAH (including the 16 US EPA ones) based on their characteristic spectral absorption
profiles [41]. This portable HPLC is compact, with the following dimensions: 25.5 cm wide,
25.0 cm deep, and 12.6 cm high. This miniaturized device allows for very good sensitivity
for all the PAH, as illustrated by the BaP LOD value of 0.014 ng/L without any sample pre-
concentration. However, the manual injection of the sample did not allow for continuous
measurement. In general, gas chromatography coupled with mass spectrometry (GC-MS)
allows for the identification and quantification of volatile and semi-volatile organic com-
pounds at low concentration levels [43]. The applicability of portable field GC-MS for the
rapid sampling and measurement of high-boiling semi-volatile organic compounds, includ-
ing PAH, was investigated in environmental samples [42] by using a Torion T-9 portable
GC-MS (PerkinElmer) equipped with a toroidal ion trap mass spectrometer covering a
mass range from 43 to 500 Daltons [44]. Although this portable GC-MS is equipped with a
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compact, battery-operated, robust, and field-usable sampling accessory, this latter was not
used in this study because PAH measurements were made in road gravel samples [42]. A
liquid mixture of 16 PAH at 250 ppb was injected, but the obtained chromatogram showed
low intensity peaks for the heavier PAH while the lighter ones seemed to have a higher
response factor, suggesting some loss of the heaviest PAH inside the instrument.

Table 5. Comparison with the literature with a focus on methods that had at least one of the two
priority characteristics sought, namely portability/transportability or a fully automatic aspect for
both sampling and analysis.

Analytical
Tech-

niques

Sampling
and

Preparation
Targeted

PAH
Desorption
/Injection

Sample
Volume

Injected
Volume

(µL)
Portability On-

line
BaP

LODliq

(pg/L)

BaP
LODmass

(pg)

BaP
LODair

(pg/m3)
References

Hand-
portable
HPLC-

UV-vis a

Syringe for
liquid 24 PAH No - 5 yes no 14.1 ± 0.5 - - [41]

GC-MS Syringe for
liquid 16 PAH Thermal

(290 ◦C) - 20 yes no <250,000 - - [42]

HPLC-
FLD

monolith-
based

in-tube solid
phase

microextrac-
tion

10 PAH Chemical
(ACN)

6 mL
(water) 0.1 no yes 30 [27]

TD/GC-
MS

Adsorption/
desorption - Thermal - - no yes - - <540 b [28]

UHPLC-
FLD

Offline
Chemical

desorption c
16 US
EPA

-
1–72 L
(air)

2 no
No c 13,000 0.026 903–65,000

This work
150,000 L

(air) No d 13,000 0.026 0.09

TD/GC-
FID

Adsorbent
trap at room
temperature

18 PAH Thermal
(350 ◦C)

1–72 L
(air) - yes yes - 29 403–29,000 This work

a Deconvolution of overlapping peaks and a pulsed Xenon light source (Ocean Optics, UK); b The PAH considered
for the LOD is not specified. c A solvent volume of 5 mL is required for the possible automatic elution for online
analysis. d A final solvent volume of 1 mL and a sampling volume of 150 m3 of air according to a previous study
[24].

Regarding the automatic instruments, Pang et al. (2018) have developed an automated
and sensitive benchtop device consisting of monolith-based in-tube solid-phase microex-
traction (IT-SPME) coupled with HPLC-FLD for PAH quantification in water in the range
0.11–5000 ng/L [27]. This type of instrument could be adapted to air analysis, considering
the suggestions made in Section 4.2. related to the air sampling, the solvent elution, and
the subsequent HPLC analysis.

Furthermore, some authors have reported the high-performance analysis of PAH in the
air by thermal desorption (TD) coupled to GC-MS, enabling the continuous measurement
of gaseous PAH with a LOD of 540 pg/m3 [28]. It should be noted that the volume sampled
and the sampling rate are not related. However, these two latter instruments remain
non-portable for easy and fast in situ measurements.

Finally, of all the above-mentioned devices, none combines the following two charac-
teristics for PAH monitoring: transportability and continuous operation for environmental
sample analysis. Table 5 shows that the instrument developed here, i.e., the TD/GC-FID, is
the only one that is both transportable and capable of continuous operation for monitoring
PAH concentration with a minimal time step of 1 h. For BaP, its LOD varies between 403 and
29,000 pg/m3 for time resolutions of 24 h and 1 h for 72 and 1 L of air sampling, respectively.
The lower value of our LOD agrees with that of 540 pg/m3 for an unknown PAH that is not
specified in their document [28]. A fully autonomous HPLC-FLD method with automated
desorption conducted with 5 mL of solvent and the same volumes of air sampled as for
GC-FID would achieve a detection limit ranging between 903 and 65 000 pg/m3 for BaP
in air. Of course, these LOD values are much higher than those of 0.09 pg/m3 obtained
with an offline method combining air sampling with a large volume sampler (average of
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150 m3 over 4–5 days) [24], the solvent elution, the final preconcentration to 1 mL, and the
UHPLC-FLD optimized in this work.

5. Conclusions

This work presents the analytical performance obtained under controlled laboratory
conditions of a new transportable GC-FID capable of continuous operation. To the best
of our knowledge, it could be the first instrument reported in the literature to be both
transportable and continuously operating for air analysis.

With a 1 L air sample (40 mL/min for 25 min), it was possible to quantify PAH
concentrations down to 66–207 ng/m3 in the gas phase by GC-FID. Such sensitivity appears
sufficient to quantify PAH in the effluents of industrial chimneys or in their immediate
vicinity, where individual PAH concentrations are in the µg/m3 range. Such a continuous
analytical method can be very useful to optimize industrial processes or study pollution
control solutions to reduce emissions. For polluted urban atmospheres or heavily trafficked
roads, longer sampling times are required. For instance, daily time steps corresponding
to 72 L of sampled air would achieve a LOD of 1.33 ng/m3 for BaP. The results are thus
very promising: the range of linearity and sensitivity is compatible with airborne PAH
individual concentrations reported in the literature if a sufficient volume of air is sampled.

With the increase from 16 to 18 PAHs regulated in Europe with the addition of
benzo(e)pyrene and benzo(j)fluoranthene [7], a method with satisfactory resolution to
better separate them from benzo(b)fluoranthene is required. For this, longer GC columns
could be tested at the expense of analysis time, and the use of HPLC method develop-
ment and optimization software could be helpful. To limit the loss of heavy PAH due to
adsorption on the walls, adsorbents and GC materials with better thermal conductivity
and thermal resistance should be developed and used. To validate this device with field
samples and given that the FID detector is universal, a PAH-specific adsorbent will be
needed in the future. Alternatively, by keeping the same mixture of adsorbents, which
is non-specific for PAH, this same methodology could be used with a mass spectrometer
instead of the FID detector. With a GC-MS, a 10-fold increase in sensitivity is expected,
which will allow the measurement of concentrations of a few ng/m3 with 1 L of air and
a 1 h time step and down to 0.05 ng/m3 for BaP with a 24 h time step. To maintain a
good temporal resolution of the measurements, several preconcentration systems could be
operated in parallel.

As mentioned earlier, PAH are present in both the gas and particulate phases, so it
will be interesting in the future to sample PAH in both phases. For this purpose, a filter
could be placed upstream of a trap with a mixture of adsorbents, to sample particulate and
gaseous PAH, respectively. These two entities can then be desorbed separately to obtain
the distribution of PAH between the two phases. However, further development would be
needed to remove the particulate matter from the filter to ensure continuous operation.

In addition, one of the obstacles to the development of such devices is the current
non-selectivity of sorbents towards PAH. Indeed, air samples are likely to contain a wide
variety of organic pollutants, which requires a relatively selective preconcentration system
to avoid a multitude of chromatographic peaks when a non-PAH-specific detector such as
an FID is used. The development of adsorbents capable of specifically trapping PAH, or at
least polyaromatic compounds, would be a promising way of solving this issue. Some work
has already been initiated to develop such adsorbents for PAH water depollution [45–48].

Finally, some effort needs to be made to miniaturize the instrument in the future by
reducing the size of the GC key elements (preconcentrator, oven, detector, electronics) and
the gas consumption and by integrating the small-scale gas generators inside for H2 and air.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11090496/s1, Figure S1: Photo of the instrument
Airmo C6-C20+ used for the GC-FID method: (a) general view of the instrument in-place and
operational, and (b) sideview. Different units of the instrument are highlighted: (1) computer interface;
(2) Airmo C6-C20+ unit; (3) mass spectrometer (not used in this application); (4) hydroxychrom—
hydrogen generator; and (5) injector; Figure S2: Time events of the GC-FID method; Figure S3:
Chromatogram the developed UHPLC-FLD/UV method for the UV detection at 229 nm, obtained
with an injection volume of 2 µL and a PAH concentration of 2.52 (BkF) to 51.48 (NAP) µg/L
depending on the PAH. Peak 19 corresponds to acenaphthylene (ACY), while peak 18 is naphtalene
(NAP); Figure S4: Calibration curves for the 16 US EPA PAH were obtained with the UHPLC-
FLD/UV method, using a gradient of ACN: Water from 45: 55 up to 0: 100 as mobile phase, an
oven temperature of 30 ◦C and an injection volume of 2 µL. The dashed line corresponds to the
linear regression in the investigated concentration ranges 0.5–100 µg/L, 0.5–10 µg/L and 0.5–5 µg/L,
depending on the PAH; Figure S5: Chromatographic peak area versus PAH mass injected at the
GC injector of AirmoVOC C6–C20+ instrument (GC-FID method), allowing vaporization of PAH
to mimic gas phase concentrations. The dashed line corresponds to the linear regression in the
investigated concentration range, i.e., between 0 and 9.91 ng for all the PAH. These PAH masses were
obtained by injecting 1 µg/L of a standard PAH mixture solution of 0–9.9 µg/mL. Because of their
co-elutions, the pairs BkF + BbF and BaA + CHY were quantified together. The vertical error bars
correspond to the standard deviation of the peak area determined from triplicates.
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