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Abstract

Interests in PAHs and their derivatives (NPAHs, OPAHSs, Azaarenes and PASHSs) have been
growing because of their toxicity.

The second part of this review gathers information on the separation and detection of Polycyclic
Aromatic Compounds (PACs) and on their occurrence levels in airborne particulate matter, dust
and soot.

Chromatography is used to separate PACs before their identification and quantification. For
both GC and LC, the choice of the stationary phase is crucial to obtain good resolution of PACs,
which can be difficult when a lot of compounds are included in the same analysis.

Mass Spectrometry is ideal for PACs detection. It can be hyphenated to both GC and LC, is
applicable to all subclasses of PACs and its sensitivity and specificity enables environmental
assessment of ultratrace levels.

PACs are generally around the ngsm level in atmospheric PM and at several ugeg* in dust and

soot. Some geographical and seasonal trends of their occurrence can be highlighted.

Keywords
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1. Introduction

Polycyclic Aromatic Hydrocarbons (PAHs) mainly occur in the environment due to incomplete
combustion processes, either related to natural sources such as wildfires, volcanism, etc. [1—
3] or more frequently to anthropogenic sources such as industrial processes, fuel
combustion, vehicular transport, tobacco smoking, cooking, etc. [1-6]. PAHs sources can be
identified thanks to individual “tracer” PAHSs, diagnostic ratios, or thorough statistical studies
[6-10].

PAHSs have been reported as major hazardous compounds in various environments for
decades. From the 1970s, efforts have been made in the United States of America to define
a list of priority pollutants, finally resulting in the well-known U.S. EPA's 16 PAH Priority
Pollutants list [11]. However, this list omits some very potent pollutants, either high molecular
weight (HMW) non-polar PAHs, alkylated PAHSs, or polar Polycyclic Aromatic Compounds
(PACs) [12].

Among those polar PACs, nitrated PAHs (NPAHSs) and oxygenated PAHs (OPAHS) are the
most studied [13-15]. Their formation can result from reactions between “parent” PAHs and
oxidative agents in the environment, especially in indoor and outdoor air, as well as in
atmospheric particulate matter (PM), where hydroxyl radical (OH-), ozone (O3), and nitrogen
oxides (NOy) reactivities play a crucial role [1,2,16,17]. They can also be directly released in
the environment by the same kind of combustion processes as those responsible for PAHs
occurrence: burning of coal or wood for heating and cooking, industrial processes, vehicular
emissions, etc. [1,13-15,18-21].

Source apportionment of polar PACs has been studied with particular tracers such as 1-
nitropyrene, typical of diesel emissions, or 2-nitropyrene and 2-nitrofluoranthene, typical of
secondary formation from their parent PAH. Based on this knowledge, some diagnostic ratios
have been implemented to characterize the main origins of such PACs in a complex
samples, as well as for PAHs, mainly to characterize primary versus secondary formation of
NPAHSs [13,20-24]. Another approach to assess the predominance of primary or secondary
formation of PAHSs derivatives is to study the ratio of the sum of OPAHs or NPAHSs to the sum
of parent PAHs and alkylated PAHs [19].

In addition to NPAHs and OPAHSs, other polar PACs are of a growing interest: azaarenes
(AZAs), sometimes alternatively referred to as Polycyclic Aromatic Nitrogen Heterocycles
(PANHSs), and Polycyclic Aromatic Sulfur Heterocycles (PASHSs). While AZAs are quite
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similar to the above-mentioned PAHs, NPAHs and OPAHSs in terms of sources and
toxicology [25—-27], PASHSs are particularly typical of petrogenic emissions and have been
studied sooner in the evolution of environmental analysis of PACs [28,29]. Both categories
have also been studied by the IARC and some of their compounds have been classified as
possible or probable carcinogens [30].

Naturally, all these different compounds of interest lead to analytical complexity if one wants
to gather them in a single analytical method.

After having discussed sampling of particulate samples and extraction of PACs from these
matrices in the first part of our article, we will here review the state of the art and the
perspectives of instrumental analysis of PACs, in terms of separation and detection. Typical

concentrations reported in the literature for the different classes of PACs will also be given.

2. Separation: Chromatography

Nowadays, analytical methods focused on the PAC content of particulate matters rely on a
chromatography step whose aim is to separate the individual compounds belonging to the
various PAC categories in order to quantify them. This involves many challenges,
considering:

- the high complexity of such environmental matrices in terms of chemical composition
(interferences can be expected even after sample clean-up)

- the high amount of compounds, including isomers, composing each of the PAC classes
mentioned in this article. There is a significant risk of quantifying by mistake several

individual compounds together if the chromatography method is not efficient enough.

In this section, we will discuss the application of both gas and liquid chromatography for the

determination of polar and non-polar PACs.

2.1. Gas chromatography (GC)

GC is the most widely used separation technique for the determination of PACs. It is of a
particular interest for this family of compounds because of its ability to separate structural
isomers thanks to their difference in boiling point, whereas it can be tough to resolve them
based on their chemical affinity with a stationary phase of liquid chromatography (LC), which

is frequently identical for structural isomers.
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The application of GC for PACs determination has been developed for decades. With the
technical developments of gas chromatography, protocols have evolved towards almost
standardized methods.

At least, some highlights and common points between the vast majority of GC methods for
PACs can be noted: the use of polysiloxane capillary columns, the use of an inert carrier gas,
usually helium, at flow rates from 1.0 to 1.5 mL-min, and temperature programs ranging
from 40 to 100°C at the beginning of the run and from 270 to 325°C at the end of the run.
The chosen column is in the vast majority of cases a capillary column of length 30 m,
diameter 0.25 mm, and film thickness 0.25 pm [31-36]. Less usual alternatives to these
dimensions are 60 m columns [29,37-39] or even more rarely shorter lengths (15 m, 12 m)
[40,41].

Another option is the use of thinner liquid films (0.1 — 0.15 um), to decrease the retention of

the less volatile PACs, to improve peak shapes and to decrease background noise [37,41].

Similarly to guard columns in LC methods, retention gaps can be inserted between the
injector and the GC analytical column. These retention gaps are designed to retain non-
volatile compounds, thus minimizing contamination of the column, and to reconcentrate
analytes for a better peak shape [42,43]. They are made up of uncoated, deactivated fused

silica capillaries of 0.25 to 0.5 mm diameter and 2 to 5 m length.

In the subsections below, we detail the typical parameters and the main issues of a GC
method development for the different groups of PACs.

2.1.1. PAHs

PAHSs have been the most studied PACs in a lot of different environmental samples. For
particulate matrices alone, dozens of articles using GC for the determination of PAHs can be
found in the literature. This led to the standardization of PAH analysis methods in the United
States of America as well as in Europe, with a choice to promote GC as the separation
technique in these standards [44—-47]. It can explain the relative uniformity in various

methods developed for the analysis of PAHSs in particulates.

For what regards the stationary phase of the columns, a global consensus is the use of non-
polar 5% phenyl — 95% dimethylpolysiloxane, that we can almost qualify as universal
[32,34,35,39,48].

However, it can still be interesting to test other phases, as shown by the study of Sauvain et

al. who reported a better resolution of benzofluoranthene b, j and k isomers and of

5



153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187

dibenzopyrene [a,€], [a,i] and [a,h] isomers on a medium polarity column : 50% phenyl — 50%
dimethylpolysiloxane [43]. Such a stationary phase was also used with success for the
determination of PAHs, OPAHs and PASHs by Wang et al. [49]. Similarly, Sklorz et al. were
not enable to resolve chrysene and triphenylene, as well as b and j isomers of
benzofluoranthene, and dibenz[a,h]anthracene and indeno[1,2,3-cd]pyrene on a 5% phenyl
column [50]. For these reasons, Poster et al. considered 50% phenyl — 50% methyl
polysiloxane columns as the best choice for GC resolution of PAHSs in their review [42].

In several works, analysts of the National Institute of Standards and Technology presented
the use of liquid crystalline columns for the separation of PAHSs, a solution offering a unique
selectivity based on molecular shape [51,52]. But because of its poor thermal stability, and of
the huge development of capillary polysiloxane columns, this phase has not been widely

applied in other recent works and is no longer commercially available [53].

The injection of liquid extracts in the GC instrument has not been stated as a major issue in
related articles. It is often performed with “classical” parameters, i.e. temperatures above
250°C, up to 320°C [54-56].

In spitless mode, a pressure pulse can be applied to “push” the sample and reduce peak
broadening. When around one minute of injection is completed, the split valve should be re-
opened to avoid clogging of the injector.

The split ratio applied in the injector usually depends on the expected PAHs concentrations
and matrix contaminations: the more concentrated the PAHs in the sample and the more
highly loaded the matrix, the higher the applied split ratio. The majority of the developed
methods involve splitless mode, but split ratios up to 1:20 can be expected [32-34,56,57].
Nonetheless, Poster et al. rather advised for cold on-column (COC) injection for PAH
analysis, stating that the resolution of low-molecular-mass PAHs could be improved [42].
Programmable Temperature Vaporizer (PTV) can also be interesting, as it enables to inject
larger volumes when expected levels are very low, and protects thermolabile compounds by
heating and vaporizing them progressively. Scipioni et al. have implemented PTV for the
simultaneous determination of PAHs and NPAHSs (which are more sensitive than PAHS) [58].
Norlock et al. applied successfully PTV-GC-MS to 16 PAHs, demonstrated the enhancement
of sensitivity thanks to higher injected volumes, and detailed the critical PTV parameters to

improve sensitivity and robustness of the method [59].

2.1.2. OPAHs
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Several categories of oxygenated PAHs should be distinguished: this class is composed of
carbonyl, hydroxyl and carboxyl PAHs. Among those, only carbonyl PAHS, i.e. ketones and
guinones, can be directly analyzed by GC.

On the other hand, carboxyl and hydroxyl PAHs require derivatization (silylation) in order to
increase their volatility and thermal stability. This derivatization step is usually performed with
N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA) and trimethylchlorosilane (TCMS) to obtain
the trimethylsilyl derivatives (ethers or esters) [60—62]. Another possibility is to use
pentafluorobenzoyl chloride (PFBCI), as presented by Lin et al. [41]. In this case, hydroxyl
functions are acylated.

Because of the polar character of OPAHSs, the choice of the best stationary phase requires
more consideration for OPAHs determination than for PAHs. Indeed, 5% phenyl and 50%
phenyl phases have both been implemented by various labs [17,49,60,63,64].

Nocun and Schantz compared polar DB-17ms (50% phenyl) with non-polar DB-XLB and
reported a better resolution on the more polar column, whereas several compounds such as
1,4-phenantrenequinone, 9,10-anthraquinone, benzofluorenone, benzanthrone and
cyclopentaphenanthrenone could not be quantified on the DB-XLB column because of co-
elutions [38]. The same co-elution between 1,4-phenantrenequinone and 9,10-anthraquinone
was reported by Liu et al. [65].

These results tend to orient the column choice towards intermediate polarity columns for
OPAHSs.

The sample injection is not anecdotal in the case of OPAHSs. Indeed, there is a risk of thermal
degradation of OPAHSs during injection at high temperature, as reported by various groups for
different compounds such as phenanthrenequinone or acenaphthenequinone [38,65].
Because of this, Nocun and Schantz implemented cold on-column injection [38]. Similarly,
Albinet and co-workers developed methods with cool injections either programmed from 40
to 320°C (PTV) or set at 140°C [31,63].

Yet, there is still a majority of works on OPAHs which report classical splitless injections at
temperatures above 250°C [33,60,66—68].

2.1.3. NPAHs

In the case of nitrated PAHs GC separation, reference works have been published by the
groups of Holly A. Bamford and Dawit Z. Bezabeh in the United States [69,70]. In their
articles, they presented a comparison of 5% phenyl and 50% phenyl stationary phases for

resolution of NPAHs. On the less polar columns such as 5% phenyl, 2-nitrofluoranthene and

7
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3-nitrofluoranthene cannot be satisfyingly resolved. This is troublesome because they are
often used as tracers of primary vs. secondary formation of NPAHS, so they need to be
reliably quantified individually (see Section 4.3.). Bamford et al. reported a better separation
of nitrofluoranthene isomers on 50% phenyl columns [69]. In addition, other isomers such as
those of nitropyrene, nitroanthracene and nitrophenanthrene showed a better resolution on
these more polar columns, encouraging the use of such stationary phases.

However, the same authors reported the poor resolution of nitrobenzo[a]pyrene and
nitrobenzo[e]pyrene on a 50% phenyl column. For this reason, Albinet et al. chose to work on
a 5% phenyl column. They wanted to study closely the degradation products of
benzo[a]pyrene which is the reference compound in terms of toxicity for PACs [31].
Therefore, the definition of priority compounds in an analytical study of NPAHSs is the key
factor to settle the choice of the GC column. This explains why, similarly to what we
described for OPAHSs, both 5% phenyl [31,58,64,71] and 50% phenyl [36,56] columns have

been implemented in NPAHSs studies.

Another similarity between OPAHs and NPAHSs is the risk of degradation in the injector. This
was stated, among others, by Albinet et al. who chose to perform cool injections in their
studies on polar PAHs derivatives [31,63], and by Zielinska and Samy in their review of the
early works about nitrated PAHSs [24]. Cool injections were also advised by Bamford et al. in
what we called above a “reference work” [69].

Apart from Scipioni et al. and Tutino et al. who implemented a PTV injector from 90 to 290 °C
and from 50 to 300°C, respectively, so that degradation of the most volatile and
thermosensitive NPAHSs could be avoided [36,58], most of the recent analytical methods still
rely on traditional injections above 250°C [41,56,66]. These injections should be performed in
splitless mode, because concentrations of NPAHSs in particulates are usually very low, so

injection parameters should be chosen to enhance the sensitivity.

2.1.4. AZAs

Although interests in this class of compounds showed up relatively early in the history of
environmental analysis of PACs, especially by gas chromatography [72,73], only a few works
report the analysis of azaarenes. For these compounds, one can consider the article of Chen
and Preston from 1998 as a reference. In their study, they detected as much as 47
azaarenes individuals in ambient aerosol samples, and the separation was performed with a
non-polar 5% phenyl stationary phase [25].

A few years later, Sauvain et al. compared 5% phenyl and 50% phenyl stationary phases

without observing a major difference in terms of recovery for the three studied AZAs [43].

8
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The work of Delhomme and Millet in 2008 had the purpose of comparing the performance of
GC and LC for azaarenes determination. Their stationary phase was trifluoropropylmethyl
polysiloxane, and enabled to separate 20 different azaarenes in less than 30 minutes, with
slight overlaps for the dibenzacridine isomers but still a better resolution than the one
obtained with the LC method, as presented in Figure 1. This work can therefore be
considered as a good starting point for the development of a method targeting AZAs [74].
Vicente et al. and Alves et al. included quinoline, benzo[h]quinoline, acridine and carbazole
in their analysis campaigns of PAHs and derivatives in atmospheric PM, based on the GC
method developed by Bandowe and Wilcke for PAHs and OPAHSs, involving the use of a
classical 5% phenyl column [60,75,76].

In the works of Delhomme and Millet, Vicente et al. and Alves et al. mentioned above,
injections were performed classically, at a temperature of 280°C, and no potential
degradation of the AZAs was reported [74—76]. Only Sauvain et al. chose to inject their

samples with a temperature ranging from 40 to 300°C in the course of the injection [43].

2.1.5. PASHs

Reference works for the GC separation of PASHs have been based on the analysis of fossil
fuel or coal-tar SRMs [29,77]. In both of these articles, authors presented comparisons of
different stationary phases. Their conclusions were consistent, because both studies
reported the better suitability of polar columns for the resolution of PASHSs.

Schmid and Andersson observed coelutions of dibenzothiophene with naphtho[1,2-
b]thiophene and of phenanthrene with naphtho[2,1-b]thiophene on a low-polarity column
(30% biphenyl), but these compounds were well resolved on a polar column (100%
cyanopropyl) [77].

Maossner and Wise also reported this same coelution between dibenzothiophene and
naphtho[1,2-b]thiophene on the non-polar DB-5MS, a problem solved with the use of a 50%
phenyl column [29].

On the other hand, Zeigler et al. studied retention behaviors of PASHs on various columns,
and did not quite reach the same results. They stated the coelution of dibenzothiophene with
naphtho[1,2-b]thiophene both on the 5% phenyl and on 50% phenyl column. Among the four
stationary phases they compared, the lowest proportion of coelutions was obtained on a
trifluoropropylmethyl phase, followed by the 5% phenyl and the cyanopropylmethyl phases
[78].
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Following these statements, part of the GC methods for PASHs separation in the literature
involve the use of polar columns [49,79], and another part the use of non-polar columns
[40,80,81]. Anyway, the coeluting molecules should be known in advance or searched
carefully in order to avoid analytical errors. Moreover, according to Andersson et al., even
keeping the same phase, results can be different depending on the commercial column used
and some coelutions can be fixed by using a different column of the same category [82].
Wilson et al. listed some other examples of stationary phases used to resolve PASHs such
as 50% liquid crystalline-dimethylpolysiloxane and poly-cationic ionic liquids, but these are
far less current [53].

To our knowledge, no particular issue has been described until now concerning a suspected
thermal sensibility of SPAHs during the injection. Zeigler et al. reported both injections with a
classical injector at 300°C and with a PTV heated from 20 to 300°C [78]. The former solution
was applied by Liang et al. at 280°C, the latter by Vu-Duc et al. from 40 to 300°C [79,81].

2.2. Liquid chromatography (LC)

LC offers the advantage of enabling analysis of lowly volatile and/or thermo-sensitive
compounds. This can be very interesting in the case of OPAHs or NPAHSs, as explained
above.

However, the resolving power of LC methods is not consistently as good as the one of GC
methods, especially for isomers [74]. Moreover, an important difference between both
techniques when it comes to multiresidue analysis of complex samples is the lower peak
capacity of LC which makes the determination of a high amount of different molecules
difficult [42].

Studies reporting the use of LC to separate and quantify PACs in particulates generally rely
on a separation on reversed-phase Cig stationary phases with acetonitrile/water or
methanol/water mobile phases operated in gradient mode with decreasing proportion of
water. Regarding other parameters, in most of the studies the column is not heated above
35°C and volumes injected are between 15 and 25 L.

Several works advise for the use of a guard column to clean further up the sample before its
separation on the analytical column in order to preserve the analytical equipment. This guard
column should be composed of a stationary phase similar to the one of the analytical column
(i.e. Cig), with a similar diameter and particle size. Its length is usually around 10 mm [83,84].

Further details on this “general scheme” are discussed below.

10
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2.2.1. PAHs

As reported by Poster et al. in their review, both LC and GC methods are applied in standard
analytical methods approved by US federal agencies for the determination of PAHs [42].

For instance, the EPA Method 610 is able to resolve all of the 16 EPA’s PAHSs, whereas the
GC column described together with this LC method does not adequately resolve as much as
four pairs of PAHs: anthracene and phenanthrene; chrysene and benz[a]anthracene;
benzo[b]fluoranthene and benzo[k]fluoranthene; dibenz[a,h]anthracene and indeno[1,2,3-
cd]pyrene [42]. Nonetheless, these results are to be balanced by the use of a 1.8 m x 2 mm
GC glass column packed with 3% OV-17 (50% phenyl methylsilicone) instead of a capillary
column, which we now know as more effective, in this EPA Method 610.

In their comparison of GC-MS and LC-FD (see the subsection on fluorescence detection,
3.2.2.), Wise et al. stated that the first technique is very selective and enables a
determination without too much sample handling and upstream clean-up, whereas LC
requires more clean-up, but coupled detection technigues such as fluorescence can
differentiate some isomers, which is not the case with classical Single lon Monitoring (SIM)
detection in GC-MS. In their study, GC-MS and LC-FD provided comparable results [85].
The choice of the most suitable analytical technique depends on the priority compounds
researched: benz[a]anthracene, anthracene and perylene present a more sensitive and
selective detection by LC-FD, whereas GC-MS is more interesting for benzo[ghi]perylene for
example [42]. As stated in section 2.1.1, GC on capillary columns remains the more common
method for PAH analysis.

If LC separation is wished, Cis is the most appropriate stationary phase, and several
suppliers have developed reversed-phases based on cross-linked C1s which display a
particular specificity for PAHs separation [37,84,86—88]. The typical dimensions of these
columns are between 3.0 and 4.6 mm diameter, between 50 and 250 mm length, and
between 4.0 and 5.0 um particle size.

Of course, the recent technological developments encourage the implementation of Ultra-
High Performance Liquid Chromatography (UPLC), for which columns have smaller

diameters (< 2.5 mm) and patrticle sizes (< 2 um) [37,88].

Elution programs are all based on a mobile phase composed of water with acetonitrile or
methanol, flowing at a rate of 0.8 to 1.5 mL-mint. The proportion of the less polar solvent is
usually set to increase from 40 to 50% at the beginning of the run to 100% at the end of the

program to ensure the elution of non-polar PAHs. Depending on the number of target

11
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compounds and on the complexity of the matrix, run times can vary from half an hour to an

hour, broadly speaking [86—89].

2.2.2. OPAHs

LC can be very interesting for the analysis of hydroxyl and carboxyl PAHs which require
derivatization to be separated by gas chromatography (see Section 2.1.2). Thanks to LC,
they can be directly analyzed [90,91]. Another advantage of this method for hydroxyl PAHs is
their good sensitivity to fluorescence detection.

Moreover, LC is also suitable for ketones and quinones analysis [92—94]. Thus, Letzel et al.
have been able to analyze acids, lactones, hydroxides, ketones, quinones and
hydroxyquinones derivatives of PAHs together by LC-APCI-MS [95].

Cis phases generally offer a good separation efficiency, but Letzel et al. reported coelutions
of the most polar degradation products of benzo[a]pyrene on such columns. Therefore, they
have compared in their study four types of stationary phases: octadecyl (Cis), octyl (Csg), ethyl
(C2-3), cyanopropyl (CN) and phenyl (CeHs) [93]. They concluded that the best results were
obtained with the phenyl column, because the polar substances could be separated in less
than 30 minutes with a methanol/water gradient and kept this phase for further studies
[93,96]. In these studies, they reported a general elution scheme of OPAHSs in decreasing
order of polarity: carboxylated PAHs < dihydroxylated PAHs < hydroxylated PAHs =< PAH
guinones < PAH ketones. They added that inside a sub-category of compounds, the
retention time increases with increasing size of aromatic system. These statements are
perfectly consistent with the expectations in the case of reversed phase liquid
chromatography.

Delhomme et al. proposed two different gradients for the separations of ketones and for the
separation of diketones (quinones): from 60 to 100% methanol in 8.5 minutes and from 30%
to 100% methanol in 30 minutes, respectively [92].

The run time highly depends on the number of different compounds included in the method.
Whereas Barrado-Olmedo et al. determined their two only compounds of interest, 1-
hydroxypyrene and 2-hydroxyphenanthrene, in 7 minutes in isocratic conditions, Lintelmann
et al. needed 47 minutes to separate their 10 OPAHs and 17 PAHs [90,94].

2.2.3. NPAHs

12
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A major drawback of NPAHs for the implementation of their LC determination is their poor
fluorescence sensitivity (see section 3.2.). Therefore, they require post-column reduction to
be analyzed by LC-FD, and similar LC systems with post-column reactions also need to be
set up if chemiluminescence is chosen as detection method. To this end, Hayakawa et al.
developed a method, later taken over in studies of Kojima et al. and Pham et al. among
others, involving four pumps, a pre-column, two analytical columns and a post-column
chemiluminescence reaction system [17,83,97]. Such systems require multiple pumps,
columns, switching valves, etc. This represents an important technical complexity and
several problems to solve during the method development and during the routine operation
of the method.

Furthermore, the peaks obtained after LC separation and derivatization of NPAHs in a
supplemental column can be broad. This leads to overlaps of peaks and even coelutions, in
addition to a higher uncertainty in the quantification.

This is why the choice of mass spectrometry (MS) as detection technique after LC separation
of NPAHSs has gained a lot of interest [13,98].

Cis phases enable the resolution of a lot of NPAHSs, even if in studies where many different
NPAHSs are separated (especially in higher mass ranges), reported run times are relatively
long [89,90,97,99].

Apart from post-column reagents required for the detection of the analytes, mobile phases for
NPAHSs analysis are similar to those described for PAHs and OPAHs analysis:
methanol/water or acetonitrile/water with proportions varying from 30 to 60% organic solvent
at the beginning and from 90 to 100% organic solvent at the end of the run when a gradient
is applied [90,99]. Isocratic elution procedures have also been proposed [89,97].

Schauer et al. reported the successful use of a phenyl column with a methanol/water eluent
for the separation of NPAHSs, except for isomers of nitrobenzo[a]pyrene which could not be
resolved. The total run time for the determination of 15 individual NPAHs in their conditions
was around 50 minutes [98]. As they used the same stationary phase as Letzel et al. for
OPAHSs (see Section 2.2.2), they could compare the retention behavior of NPAHs with the
one of OPAHSs, and concluded that the increase of retention time with molecular mass inside
the NPAHs category was very similar to the observations of Letzel et al. on OPAHSs [93,98].
Adding NPAHs and NPAHSs quinones to the previous model, the following order of increasing
retention time for polar PAHs derivatives on reversed-phase columns was described: NPAHs

guinones < dihydroxylated PAHs < hydroxylated PAHs < NPAHs = PAH quinones.
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It is interesting to note that in this study of Schauer et al., results obtained for the
measurement of diesel soot SRM 1650a by HPLC-reduction-fluorescence deviated
significantly from GC-NCI-MS results from previous works, without the possibility of
pinpointing precisely the source of these variations for the authors [98]. This example
highlights the variability of PACs determination depending on the chosen analytical method.

2.2.4. AZAs

Because of the very few existing publications on the topic of azaarenes analysis in
environmental samples, we only have two articles to discuss in this section, those of
Delhomme and Millet, and Lintelmann et al. [74,100].

Both relied on the same kind of LC column: Cis phases with 250 mm length and 5 pm
particle size. Both reported similar run times for a similar number of analytes, respectively the
separation of 13 analytes in 35 minutes and 17 analytes in 30 minutes. However, the elution
program differed between these studies: whereas Delhnomme and Millet started the
separation from 70% methanol, Lintelmann et al. started from 5% methanol, but both final
conditions were 100% methanol to ensure the elution of most retained compounds.

These works are also complementary because Delhomme and Millet implemented
fluorescence as the detection method, and Lintelmann et al. presented the hyphenation of
LC with APPI-MS/MS detection.

Delhomme and Millet described their GC method as more appropriate for the analysis of
azaarenes because of a better separation than with the LC method, for which coelutions
were noticed, particularly between phenanthridine and benzo[h]quinoline. These ones are
clearly visible in Figure 1. Other coelutions were observed by Lintelmann et al. between
isomers of dibenzacridine.

On the other hand, Delhomme and Millet reported that the detection limits of the LC method
were lower than those of the GC method, highlighting a major benefit of LC-FD determination
of azaarenes. But the problems of resolution, especially between isomers (see Figure 1), and
of lesser specificity of the fluorescence detection, rather influence the choice of instrument in

the favor of GC-MS, hence the higher amount of works reviewed in Section 2.1.4.

2.2.5. PASHs

The separation of PASHSs in environmental samples is not frequently performed by HPLC
either. As stated by Andersson et al., its relatively low resolving power complicates the
analysis of complex samples when several different compounds are targeted, unless a prior

fractionation of the PAC content of the sample is performed [82].
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Still, Wilson et al. studied extensively the retention of PASHs on reversed-phase LC columns
[101]. Because PAHs and PASHSs are comparable in terms of LC retention, Cig columns is
the more appropriate stationary phase for PASHs resolution by LC.

Wilson et al. classified the PASHSs in six different categories from three to six rings and
defined retention models depending on the length-to-breadth ratios of the compounds, i.e. on
their molecular shape. Importantly, they could not resolve satisfyingly the three-ring PASHs,
i.e. dibenzothiophene, [1,2-b], [2,1-b] and [2,3-b] isomers of naphthothiophene. These
molecules were already defined as problematic in case of GC separation (see Section 2.1.5),
but the results of Wilson et al. showed no improvement when LC was used. Several other

coelutions were observed for bigger PASHs [101].

2.3. Two-dimensional chromatography

Samples such as airborne particulate matter or diesel exhaust particulate matter show a very
high chemical complexity. In particular, PACs which are widely present in these matrices
regroup hundreds of components, with variable molecular size, volatility or polarity.
Therefore, although it is rarely implemented because of its high technical sophistication,
comprehensive two-dimensional chromatography can be a solution to resolve various PACs
which could not be determined reliably with classical LC or GC. In this purpose, various
works using GCxGC or LCxGC systems have been published. They will be the topic of this

section.

2.3.1. GCxGC

According to what we discussed in Section 2.1., it can be difficult to resolve simultaneously
polar and non-polar PACs on the same GC column, or to find an ideal temperature program
to resolve PAC isomers with very similar physicochemical properties.

Thanks to the capabilities of two-dimensional GC (GCxGC), Fushimi et al. published a
method where a lot of PAHs, OPAHs and NPAHSs could be determined simultaneously, with
very good limits of detection [102]. Manzano et al. developed the same kind of method, but
added to their list of analytes PASHs and halogenated PAHSs, which brought the number of
analytes up to 85 [103].

They took profit of the orthogonality of 5% phenyl and 50% phenyl stationary phases. This
hyphenation is the most commonly implemented, because the difference of polarity between

the two columns enables to separate in the second dimension (50% phenyl column) groups
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of peaks which are known to coelute in the first dimension (5% phenyl column). The same
combination of 5% phenyl and 50% phenyl columns was used the other way round by Zeigler
et al. for the resolution of 119 PASHSs [78].

Manzano et al. proposed an even more orthogonal combination, between a liquid crystal
column (LC-50) in the first dimension and a nano-stationary phase column (NSP-35) in the
second dimension [104]. With this combination, they reported significantly shorter analysis
times for complex PAH mixtures compared to 1D GC/MS and potentially reduced sample
preparation. They compared this method with the combination of 5% phenyl and 50% phenyl
phases and advised for the LC-50 / NSP-35 system because of its better resolution and more
accurate quantification of complex PAH mixtures in environmental samples, including
extracts with no silica gel clean-up [103,104]. The lesser need of sample clean-up is another
advantage of comprehensive GCxGC, which is able to resolve a higher number of

compounds and is therefore less sensitive to matrix composition.

Even if the above-cited works offer promising possibilities, we should mention once again
that GCxGC is far more difficult to implement than traditional one-dimension GC. It requires a

lot of technical knowledge and a longer method development.

2.3.2. LCxGC

A Swedish research group has developed for years a LCxGC analytical system and applied it
for the determination of PAHs [105,106] and AZAs [107] in various particulate matter
samples and SRMs.

This uncommon hyphenation enabled Tollback et al. to separate AZAs in two groups,
acridines and carbazoles, in the first dimension (LC with a polar dimethylaminopropy! phase),
and then to resolve the different compounds of the carbazole group in the second dimension
(GC with non-polar 5% phenyl phase) after back-flush of the LC column. The time required
for a complete analysis was less than 40 minutes. According to the authors, this system
offers a far better sensitivity than if the LC fractionation is performed off-line, and the
automation reduces sample handling and time consumption [107].

The instrumentation presented by Christensen et al. also relies on a polar column
(nitrophenylpropyl) in the LC dimension, which was used for the fractionation of PAHs and
aliphatic / olefinic / mono- and di-aromatic compounds, with application of a back-flush to
recover the PAHSs fraction, and then the injection of this fraction on a non-polar GC column
(5% phenyl) for separation and MS detection. The main instrumental difference between their
work and the one of Tollback et al. was the use of PTV injector which offers a good

reproducibility even when large volumes are to be injected [105].
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Similarly to what we discussed with two-dimensional GC, the analytical possibilities of on-line
LC-GC are really interesting in terms of reducing interferences in complex samples and
enhancing sensitivity, but it requires much technical ability and experience for its
development and for troubleshooting on daily applications.
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3. Detection

3.1. Mass Spectrometry (MS)

3.1.1. GC-MS

In accordance with the observations reported in the previous section, gas chromatography
can be considered as the major separation method for PACs.

Mass spectrometry is the preferable detection method after a GC separation, because it is
universal and offers a combination of selectivity and sensitivity with which no other GC

detector can compete.

In the GC-MS coupling, regardless of the target compounds, an ionization source is largely
predominant over the others: Electron lonization (El). Among PACs, the prevalence of El is
verified for PAHs, PASHs and AZAs [29,35,43,74,78,108].

Generally, the ionization energy is standardized at 70 eV, and the ionizing current, which is
only rarely documented, is around 35 pA [19,102]. The EI source temperature is commonly
set at 230°C [48,53,60,78], but some works report a higher heating of the source, up to
300°C [36,102,109].

A possible justification for using a hotter source is the risk of deposition within the instrument
of the less volatile analytes (such as HMW PAHS), which can rapidly cause decreases in
sensitivity and reproducibility. To this purpose, Anderson et al. developed a “self-cleaning”
ion source with in-source hydrogen injection and a coarser extraction lens, which they

operated at 340°C, therefore enhancing sensitivity and reproducibility [54].

The exception to the use of El for PACs ionization regards NPAHs. These compounds give
higher MS responses when Negative lon Chemical lonization (NICI) is used instead of EI.
Indeed, according to Bezabeh et al., negative ions formation from NPAHSs is favored over
positive ions formation, and the electron-withdrawing character of the NO; group promotes
electron capture [70].

With methane (CH,) as reagent gas in the source, highly electronegative compounds are
readily ionized by resonance capture of the thermal electron, whose low energy induces very
few fragmentation. NICI yields sensitivities two orders of magnitude greater than those
obtained with EI [69]. Furthermore, it is particularly selective towards molecules bearing such
electron-withdrawing groups, which leads to a great reduction of background noise and
interferences [110]. Therefore, this ionization method has been implemented in lots of
studies on NPAHs [19,31,64,108,111].
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Yet, El can still be used to detect NPAHs with satisfying signals, though lower than those
obtained with NICI [36,58,102,112]. The use of El is appropriate in analytical methods
associating NPAHSs to other PACs.

NICI operating conditions are less standardized than EI parameters. From the data gathered
in our references, NICI electron energy can vary from 45 eV to 207 eV and source
temperature from 150 to 300°C [19,31,61,71,108].

Electron Capture Negative lonization (ECNI) has been reported by Lin et al. for the
determination of NPAHs [41]. The main difference between ECNI and NICI is that the
electrons responsible for the ionization of the analytes are not provided by a reagent gas in
this case. In ECNI, the only role of the reagent gas is to decelerate the electrons from the
filament to close to thermal energy. Nonetheless, considering that the ionization energies of
ECNI and NICI are very close, the ion source conditions to achieve ECNI and NICI are
identical, so both can compete in the same source for a single mass spectrometry acquisition
[113].

The remaining PAC category which we did not mention above is OPAHSs. Indeed, the
electronic properties of these molecules make them appropriate to both El
[17,19,38,102,112] and NICI [31,64,71,111].

They can be included in GC-MS methods either with PAHs or with NPAHs without requiring a
major change of ionization technique. However, Cochran et al. found that the detection limits
obtained when analyzing OPAHs with EI were lower than when NICI was applied [61].

El, Cl and ECNI sources are operated under vacuum (although the pressure in an El source
is about 10° times lower than in Cl sources). They correspond to classical setups of GC-MS
and have been implemented for decades. On the other hand, more recently, some analytical
scientists have adapted atmospheric pressure sources, generally coupled to liquid
chromatography (see Section 3.1.2.), to gas chromatography. These works were reviewed
by Li et al. [114].

The main example of such setups is GC-APCI-MS. It was recently applied by Lammel et al.
for the determination of OPAHs and NPAHSs [67]. Atmospheric Pressure Chemical lonization
(APCI) was operated under dry source conditions with nitrogen. This method enabled them
to reach low limits of quantification (LOQ), even for high-molecular weight compounds,

whose LOQ were below the pg-m-2level in the particulate phase and in the gas phase.

Even more sensitive and selective for PAHs, Atmospheric Pressure Laser lonization (APLI)

has been presented in hyphenation with GC by Schiewek et al. and Grofe Brinkhaus et al.
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[115,116]. This source is far less common than APCI, it was first presented by Constapel et
al. in hyphenation with LC [117]. APLI is particularly adapted to non-polar and HMW
molecules containing aromatic systems. Therefore, Schiewek et al. applied successfully GC-
APLI-MS to PAHs and AZAs, GroBe-Brinkhaus et al. to PAHs and PASHSs [115,116].
However, this source is particularly specific to PAHs and not to a lot of other compounds,
thus the lack of commercial availability. In the above-quoted works, GC-APLI-MS systems
where “homemade” starting from commercial APCI designs. As well as GC-APCI-MS, these
systems require an additional nitrogen flow to work similarly to a LC sprayer and match the
pumping speed of the MS. More details about this ionization source are presented in Section
3.1.2.

In their work, Schiewek et al. compared sensitivities obtained with APLI and EI. The result
was outstanding: with GC-APLI-TOF-MS, they reported a sensitivity 102 times superior to
classical GC-EI-TOF-MS [116]. With a concomitant enhancement of the sensitivity and
reduction of background noise because of the selectivity of APLI towards PAHs, Grofe
Brinkhaus et al. highlighted the possibility of a higher dilution of samples to reduce
degradation of the chromatographic system. The concentrations that they measured in coal

and suspended PM samples were consistent with GC-EI-MS results [115].

When simple “1D” MS is performed, Single lon Monitoring (SIM) mode (or equivalents such
as Single lon Storage (SIS) in lon Traps) is used for the analytes detection.

It enables to “focus” the detection on only one compound with its characteristic ion, therefore
increasing sensitivity and selectivity, but Andersson et al. warned against the inability of SIM
mode to distinguish between co-eluting isomers, which is likely for PASHSs for instance, or for

PAHSs pairs such as chrysene/triphenylene or benzofluoranthenes [82].

The monitored ions depend on the nature of the source, which determines if fragmentation
takes place, if the molecular ion is ionized by charge transfer, by protonation or
deprotonation, etc. A summary of characteristic ions for various PAC categories, various ion

sources and MS? or MS? setups can be found in Table 1.

Quadrupole (Q), ion trap (IT), and increasingly time-of-flight (TOF) are the most frequent GC-
MS analyzers. The capabilities of the analyzer also has an influence on the performance of
the analytical method. For instance, in their review of GC-MS methods for PAHs
determination, Poster et al. stated that the implementation of an ion trap increased selectivity
compared to a quadrupole, and that with an IT, the Full Scan (FS) mode could be used
instead of SIM without losing sensitivity. On the other hand, linearity issues can arise with ion
traps [42].
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The implementation of TOF analyzers seems to be promising, since TOF associates a full
spectral sensitivity with a high resolving power, increasing signal-to-noise (S/N) ratios [42],
and presents a very high acquisition rate, enabling to distinguish peaks which could not be
totally resolved by GC thanks to very low cycle times in the MS [113].

3.1.2. LC-MS

LC-MS hyphenations have been developed for decades with the implementation of
Atmospheric Pressure lonization (API) methods, comprising Electrospray lonization (ESI)
and Atmospheric Pressure Chemical lonization (APCI), the two major sources used in LC-
MS. These are particularly suitable for polar compounds, capable of undergoing acid-base
ionization reactions. However, to analyze non-polar, aprotic species, some alternatives are to
be studied [117,118].

Among those alternatives, Atmospheric Pressure Photoionization (APPI) is the most
developed. It is based on a single-photon ionization process [114,117].

The main issue with APPIl when coupled to LC is the multitude of reactions (such as
clustering) due to the mobile phase. Combined to a limited photon flux, it reduces the total
ion yield, especially for the molecular ion.

Dopant Assisted APPI (DA-APPI) has been developed to enhance the ionization thanks to a
photoionizable compound (e.g. acetone or toluene) which can become a reactant to ionize
analytes by charge exchange or proton transfer, similarly to Cl. Nonetheless, the formation of

adducts complicates the mass spectra interpretation [114,117].

To overcome the drawbacks of APPI and DA-APPI, Constapel et al. developed a novel
source in 2005 : APLI [117]. With the use of a near-UV (A=248 nm) laser beam, APLI relies
on resonantly-enhanced multi-photon ionization (REMPI). As its ionization reactions are
specific to PAHs and similar molecules, it disables adsorption of photons and energy transfer
steps from the LC mobile phase. The resonant enhancement of the ionization process leads

to a great sensitivity for PACs and for PAHs in particular.

The choice of the appropriate source is essential to yield an ionization as complete as
possible. In the following paragraphs, we review studies where comparisons of the efficiency

of different sources for LC-MS analysis of PACs were performed.

To our knowledge, the only successful application of LC-MS for determination of PAHS in

environmental samples was obtained with APLI, because their non-polar character prevents
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an efficient ionization with the most classical commercially available API sources, i.e. ESI
and APCI. LC separation of PAHs is preferentially followed by fluorescence detection (see
Section 3.2.2.).

LC-APLI-TOF-MS determination of PAHs was first developed by Constapel et al [117]. The
authors obtained LOD at least two orders of magnitude lower than LOD from LC-APCI-TOF-
MS [117]. More recently, Thiéner et al. applied this method to analyze PAHs with a particular
focus on HMW PAHSs (from 6 to 8 rings), which are difficult to analyze by GC-MS because of
their low volatility, and reached excellent instrumental detection limits, from 0.008 pg to 1.842
pg [119]. The main problem remaining with APLI is its lack of commercial availability.

OPAHSs are slightly more polar than PAHSs, thus it is possible to detect them with more
familiar sources, i.e. ESI, APCI and APPI. Comparative studies of these sources were
performed by Grosse and Letzel and Delhomme et al. [92,96].

Their conclusions were broadly consistent, as both articles reported that ESI was ineffective
for OPAHSs ionization. In contrast, APCI enables a good formation of both positive and
negative ions. This duality is important because among OPAHSs, great differences are
observed: hydroxy-PAHs are only detected in negative mode, whereas ketones and lactones
are only detected in positive mode.

APPI can also be implemented for OPAHSs ionization thanks to its ability to form negative

ions, but APCI is preferable for its more efficient ionization in positive mode [96].

While De Guidi et al. reported the use of ESI for NPAHs analysis, Schauer et al. used APCI
in both positive and negative modes [89,98]. LOD obtained by Schauer et al. were higher
than LOD of LC-FD methods for NPAHSs, but mass spectrometry enables a supplemental

distinction of signals and the identification of compounds [98].

Lastly, azaarenes analysis by LC-MS has been described by Lintelmann et al. with the use of
an APPI source in positive mode [100]. More precisely, in this work, DA-APPI was performed

with toluene preferred to acetone because of the lower background noise it induced.

In order to present a comprehensive information in our review, the major ions obtained for
each PAC category with its corresponding source are reported in Table 1.

Furthermore, in Table S.1., we review the important API source setups optimized in various

studies to enhance the detection of PACs by LC-MS.

Table 1: Major ions monitored in MS methods for the determination of PACs
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PAHs OPAHSs NPAHs AZAs PASHs
El M*; M+ ; M*; M*; M*
[M-H]*; [M-COJ*; [M-NOJ*; [M-CHN]*; M2+ ;
[M-2H]* ; [M-2(CO)]* ; [M-CH2N]* ; [M-H]*;
[M+H]*; [M-CO2]*; [M-(CH2)2N] * [M-CS-Hz]*
[M-CO2-COJ*
NICI / M- M- / /
[M+H] ;
APCI / M*; [M+H]*; / /
+ [M+H]*; [M+H-OH]";
[M+H-NOJ* ;
[M+H-HNO2]* ;
MSt  APCI / M- ; M- ; / /
. [M-H]- [M-NOJ-
APPI / M*; / [M+H]* /
+ [M+H]";
APPI [ M- / / /
- [M-HJ
APLI M* / / M* M*
MS2  CID -H(D; -CO (-28); - C2H2 (-26) ; - CH2N (-28) ; - C2H2 (-26) ;
-H2(-2); - (CO+H) (-29) ; - NO (-30) ; - C2HsN (-33) ; - CS (-44);
- C2oH2 (-26) ; - (CO2+H) (-45) ; - NO2 (-46) - C4Hs (-53) - CSH (-45)
- C4H2 (-50) - 2(CO) (-56) ;
- (2(CO)+H) (-57)
Refs [19,34,54,79,109,11 [17,19,31,92,94,9 [19,36,98,102,110] [74,100,116] [78,115,122]
7,120] 6,121]
746 * In Table 1, alkylated PACs are not taken into account. In the case of the MS detection of these
747 compounds, the loss of the alkyl substitutes (CHs, CzHs, etc ...) gives birth to the major fragments,
748 either in-source or collision-induced.
749
750 3.1.3. Tandem Mass Spectrometry (MS/MS)
751
752  Asdiscussed in Section 3.1.1, SIM mode can be problematic for isomers, which are frequent
753  in PACs analyses. In fact, Antle et al. reported that between 1995 and 2014, up to 75% of
754  analytical studies on PAHs and PASHs using GC-MS in SIM mode with the detection of one
755  ion only resulted to incorrect peak assignments and false positives [80].
756  To monitor multiple ions simultaneously for each analyte is a possible solution, but it
757  sometimes does not eliminate all the possible confusions, because some isomers have a
758  very similar structure and therefore exhibit the same fragmentation patterns in the source.
759
760 Tandem Mass Spectrometry (MS/MS or MS?) has been applied successfully to PAHs
761  [34,54,102,109,112], OPAHSs [67,71,92,94,102,112], NPAHSs [36,67,71,102,112], AZAs [100]
762  and PASHSs [122]. This technique offers more specificity than MS?.
763
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For PACs detection after chromatographic separation, MS/MS is often performed with a triple
guadrupole used in Multiple Reaction Monitoring (MRM) mode. MRM generally takes profit of
Collision Induced Dissociation (CID) processes. Depending on the stability of the ion,
collision energies from 5 to 50 eV have to be applied in the collision cell to perform

fragmentation.

While compounds of the same molecular mass exhibit disturbing signals in SIM mode (either
noise at different retention times or interferences at the same retention time), these signals
will be reduced with the use of MRM mode. Thus, S/N are generally increased and detection
limits reduced with the use of MS/MS.

As stated above, a large majority of Tandem Mass Spectrometers are Triple Quadrupole
(QQQ) devices. The use of Quadrupole — Time-Of-Flight (Q-TOF) instruments is increasing
because of the enhancement of sensitivity and resolving power and the reduction of cycle
time brought by the TOF analyzer (see Section 3.1.1.). lon Trap also offers the possibility of
performing MS/MS in a sole analyzer thanks to the application of collision energies inside the
IT.

For what regards PACs, fragmentation patterns found in MS/MS experiments are given in

Table 1, with the functional groups cleaved by CID and their associated mass losses.

Among PACs, one group is particularly resistant to CID: parent PAHs. They are only
constituted of aromatic rings, do not comprise any heteroatom or alkyl group. Therefore, their
structure is very stable, even when CID is applied. This phenomenon complicates their
analysis in MRM mode. This is why Lian et al. implemented a “pseudo-MRM” method [34].
This means that the monitoring of the intact molecular ion selected in the first analyzer was
also performed in the second analyzer. No fragmentation was targeted in the collision cell,
even if mild energies were still applied. Transitions with non-zero mass losses, which give a
less intense signal in the case of PAHs, were only used as confirmation. It is worth noting
that these transitions corresponded to very small mass losses (mainly the elimination of one
or two hydrogen atoms, more rarely of a C,H, moiety) [34].

Villanueva et al. chose to apply “classical” MRM instead of pseudo-MRM for their analysis of
PAHSs, but they had to apply high CEs (from 18 to 40 eV for LMW PAHs and from 30 to 40
eV for HMW PAHS) to obtain fragments from CID [109]. The predominance of H and CzH;

knockouts was also observed and is explained in the work of Stockett et al. [120].

3.2. Other detectors
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Even though MS has become extensive in the field of environmental analysis, other
possibilities exist to detect PACs after a chromatographic separation.

They usually offer less sensitivity and do not enable an identification of unknown compounds
as MS does.

Still, it can be interesting to implement them on economic grounds or because of their ease
of use. In the subsections below, these alternatives to MS and some of their operating
parameters are detailed.

3.2.1. After GC separation

The traditional detector for GC determination of organic molecules is the Flame lonization
Detector (FID). Only carbon-based molecules can be detected by FID, and their response is
approximately proportional to the amount of carbon atoms, which is interesting for PACs and
more particularly for PAHs detection [40,42,123]. However, a major inconvenient of FID is
that all organic molecules give responses. This is problematic for complex matrices such as
atmospheric PM or diesel particulates for instance. These kinds of samples would therefore
require a very intensive clean-up before analysis, so that aliphatic compounds and lipids for

example can be removed [124].

Moreover, Cox and Earp have reported a better sensitivity of PAHs determination with a
Photoionization Detector (PID) [123]. It is appropriate for volatile and semi-volatile organic
compounds whose ionization energy is lower than the energy of emitted photons (from 8 to

12 eV). Its use for PAHs analysis has also been reported by Poster et al. [124].

A wider variety of detectors is available for polar PACs, especially NPAHSs. Indeed, for
nitrogen-containing analytes, the use of a nitrogen—phosphorus detector (NPD) can be
interesting. This detector works with a flame ionization, similarly to FID, but redox reactions
take place selectively with N or P atoms. Therefore, NPD has been broadly applied for
NPAHs and AZAs determination [24,40,107].

The Electron Capture Detector (ECD) is specific to electronegative molecules, which is why it
has been used for NPAHs and OPAHSs detection [13,24,70].

For PASHSs analysis, the preferred detector is the Atomic Emission Detector (AED).
Wavelengths specific to single atoms can be monitored, and AED proved itself particularly

efficient for PASHs determination when both carbon (A=193 nm) and sulfur (A=181 nm)
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selective modes were applied [29,81,82]. The simultaneous recording of carbon emission
enables to check the presence of a PASH responsible for the sulfur signal, because
otherwise, false positives can occur because of non-sulfur compounds present in high

concentrations which may create interferences [82].

3.2.2. After LC separation

Like GC, LC can be followed by a selective detector other than MS. To our knowledge, three
different kinds of detectors have been implemented for PACs detection after LC separation:
ultraviolet (UV), fluorescence (FLD) and chemiluminescence (CLD) detectors.

In the general rule, UV detection is the method of the choice after LC separation. It was
applied by Dong and Lee for the determination of PAHs (A = 260 nm) and by Wilson et al. for
the determination of PASHs (A = 254 nm ; 294 nm ; 313 nm) [101,125].

However, the vast majority of PAHs and derivatives exhibit fluorescence, therefore this latter
is preferred because it increases significantly the selectivity and the sensitivity compared to
UV [124,126]. Among PAHSs, acenaphthylene is the only non-fluorescent molecule, and it is
therefore the only one detected by UV in LC analysis methods of PAHs [86,87].

OPAHs and NPAHSs are the exceptions to the fluorescence properties of PACs. Indeed,
these compounds are not fluorescent and require reduction, either before their LC separation
or after it.

Barrado-Olmedo et al. implemented an off-line reduction of NPAHs to amino-PAHs (APAHS)
with NaBH4 and CuCl,, but the additional time required for such derivatization methods is a
major drawback when large sample sets have to be analyzed [24,90]. According to
Delhomme et al., if the reduction column is positioned before the separation column, one
obtains a decrease in peak areas and a higher variability of retention times. Moreover, the
simultaneous injection of all OPAHs and NPAHSs of the sample on the reduction column
saturates the latter much sooner than if individual PACs reach the reduction column
separately [99]. Therefore, on-line post-column reduction of OPAHs and NPAHSs is generally
favored [92,98,99]. This way, they are reduced to hydroxy-PAHs and amino-PAHS,
respectively. A 50 mm long column filled with a Pt catalyst on a y-Al.Os support is ideal for
the conversion of NPAHSs into amino-PAHs [98,99].

Excitation and emission wavelengths stated in works using LC-UV and LC-FLD for the

determination of PACs are transcribed in Table S.2.
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Finally, chemiluminescence detection (CLD) has been used many times for the analysis of
NPAHSs following the same initial method [17,83,97]. Similarly to FLD, it requires a prior
derivatization of NPAHSs, because chemiluminescence is more intense with amino-PAHS. In
the method developed by Hayakawa et al., the mobile phase in the separation column is
composed of acetonitrile and an aqueous solution of imidazole and perchloric acid buffer at
pH 7.6. Then, the post-column chemiluminescence reagent solution is composed of
bis(2,4,6-trichlorophenyl)oxalate (TCPO) and hydrogen peroxide. The amino-PAHSs thus
formed are in an excited state thanks to energy transfer from the simultaneous dissociation
of TCPO, and exhibit chemiluminescence responsible for their detection [97]. This process
and its application to LC-CLD determination of NPAHs was described in detail by Hayakawa
[127].

The sensitivity of CLD has been reported as close to or higher than the sensitivity of FLD for
NPAHSs [24,127].

To our knowledge, among PACs, only NPAHs have been extensively analyzed thanks to

chemiluminescence detection.

To conclude this section, we would like to highlight that we have presented several different
detectors which are each intended for a special class of PACs. Therefore, it is not possible to
obtain a sensitive detection of all PACs categories reviewed here in a unique

chromatography run if MS is not the detection method.
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4. Occurrence

4.1. PAHs

Among PACs, PAHs are by far the most extensively studied compounds. They have been
measured in airborne particulate matter and dusts of indoor and outdoor environments in the

last decades.

The main issue when one wants to compare PAHs levels reported in different studies is that
such levels are generally summarized in the form of a sum of all analyzed PAHs (ZPAHS),
but the total number of analyzed PAHs can significantly vary. Indeed, while occurrence
studies have long been based on the list of EPA’s 16 priority PAHs, it has recently been
highlighted that this list is relatively flawed and that some PAHSs outside this list are worthy of
a more extensive analytical evaluation [12]. This explains why some lists of target
compounds have been opened up to more than sixteen, whereas others are reduced due to
analytical constraints such as standards availability or robustness of the method.

Therefore, in the sum-up tables reported in the Supplement of this article (Table S.3.), we will
report mean concentrations of all measured PAHSs (total PAHs concentration stated in each
study divided by the number of PAHSs individual compounds).

In settled dust, PAHs concentrations are below or around the sub-ug-g* range (see Table
S.3.C.) [4,39,128].

In atmospheric PM, PAHs are commonly found at the ng-m level. According to the work of
Cave et al. who informatically reviewed about 3 000 papers dealing with PAHs in particulate
samples, most of concentrations given in abstracts where between 0 and 10 ng-m but some
outlier data points where in the range 500 — 2 000 ng-m [129]. This conclusion is illustrated
by Figure 2, presenting the range of data reported in papers where the most frequently used
unit was ng-m~3. However, the role of this figure is limited to providing a broad overview of
PAHSs occurrence values. Cave et al. cannot be sure that each of these data points refer to
PAH concentrations and, if they do, which PAH compound it refers to. Still, the overall
distribution trend of PAHs concentrations inside the ng-m- order of magnitude is interesting

to notice.
Among recent works, whereas concentrations in the order of 0.1 ng-m have been measured

in southern Europe [35,56,108] and Chile [58], levels of several ng-m= have been obtained in

China [68,130-132] and Afghanistan [133]. Hypotheses concerning the regulations of each
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932  country on major PAHs sources such as industrial activities, vehicular emissions from traffic
933 and domestic heating can explain these differences.

934

935 In addition to international differences regarding PAHSs levels, it is also interesting to take a
936  closer look on local variations between sampling locations from the same study. In particular,
937  major differences can be obtained between samples from remote areas and samples

938  collected in urban environments, close to PAHs main sources.

939  Forinstance, Schauer et al. reported a tenfold increase in PAHs concentration in an urban
940  area of Munich compared to rural and mountainous environments of the same region [98]. In
941  Chile, Scipioni et al. measured a PAHs concentration about 18 times higher in the urban site
942  of Concepcion than in the remote site of Coyhaique [58].

943

944  Other trends to be studied are seasonal variations. As a general rule, PAHs levels are lower
945 in summer than in winter, mainly because of the reduced emissions due to residential

946  heating, and also due to a higher atmospheric degradation of PAHs into derivatives with the
947  increase of temperature and sunlight. These hypotheses are coherent with results in Table
948  S.3.[68,89,108].

949

950 Nonetheless, Kim et al. reported that indoor sources of pollution in indoor public facilities
951 affect more PAHSs levels than seasonal trends [134], consistently with the conclusions of

952  Delgado-Saborit et al. who reported a possible prevalence of indoor sources (tobacco

953  smoke, wood burning, heating, cooking, ...) over outdoor infiltration of PAHs [135].

954  When comparing indoor environments of urban and rural areas, Liaud et al., as well as Anh
955 etal., observed higher PAH levels in rural houses, contradictory to common PAH trends in
956  outdoor environments, with a possible higher contribution of coal and biomass combustion
957  for heating and cooking [55,136].

958

959  Among indoor sources, cigarette smoke seems to be the most crucial one. Indeed, in the
960 study of Delgado-Saborit et al., the highest PAHs concentrations were measured in airborne
961  particulates from pubs where Environmental Tobacco Smoke (ETS) was present [135] and in
962 the study of Castro et al., PAHs levels in PMio and PM.s were twice higher in smoker homes
963 than in non-smoker homes [86]. In the United States, Hoh et al. also established the

964  correlation between ETS and PAHSs in settled house dust (SHD) [137]. In a previous study,
965 Mitra and Ray identified ETS as the most significant indoor PAHs source, contributing to

966  almost 87% of the PAHs measured in air of smokers’ homes [3].

967  As suggested by the very high levels of PAHs measured by Li et al. in PM 2.5 close to

968  cooking sources which were up to 36 times higher than the associated background levels,
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cooking activities, and particularly roasting and frying, are also major PAH sources in indoor

environments [9].

Methods used to assess the source apportionment of PAHs have been reviewed by
Tobiszewki and Namiesnik [10].

First, the predominance of high molecular weight (HMW) over low molecular weight (LMW)
PAHSs indicates an origin from high temperature combustion processes (e.g. fuels in
engines), while the opposite rather suggests a major contribution of low temperature
combustions (e.g. wood burning) [10].

Then, it is common that ratios of pairs of PAHs which have the same molecular weight are
calculated to assess the preponderance of particular sources. In that respect, ratios of
isomers such as indeno[1,2,3-cd]pyrene / (indeno[1,2,3-cd]pyrene + benzo[ghi]perylene),
fluoranthene / (fluoranthene+pyrene) or benz(a)anthracene / (benz(a)anthracene+chrysene)
for instance can characterize the carburant responsible for PAHs emission (petrol, diesel,
coal, wood, ...) [6,8-10,75].

Moreover, the concentrations of several individual PAHs are handled because they give
special information: for example, chrysene can be used to estimate infiltration ratios between
indoor and outdoor air because its only possible source in indoor environments is cigarette
smoke [7], and retene is characteristic of cellulose burning [138], even if Alves et al. have
reported its occurrence in an urban road tunnel, suggesting that vehicular exhausts are
probably another source of retene emission and that its use as a wood combustion tracer
should be performed with great caution [75].

The main drawback of these approaches is the atmospheric reactivity of PAHs which
disables a certain identification of the source of a PAH mixture, because if they have been
emitted long ago, and that their decay rate constants are different, their ratio is not
conservative over time. Furthermore, other biases such as gas/particle partitioning or
seasonal variations can affect these ratios [10].

A possible improvement to decrease the uncertainty related to these diagnostic ratios is the
use of cross-plots of two diagnostic ratios versus each other [48,57,75,130].

For the purpose of a more accurate source attribution of PAHs, other research groups have
oriented their efforts towards source apportionment based on different methods involving
molecular markers outside the PAH category [139], and statistical methods such as Cluster

Analysis (CA) and Principal Component Analysis (PCA) have also been implemented [140].

Besides the mean PAH concentration, we report in Table S.3. the most concentrated PAH

measured, to give an additional overview of the most important compounds to include in risk
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assessment studies. These major PAHSs are, in most environmental samples, compounds
from the list of 16 priority PAHSs, with the exception of benzo(e)pyrene in the studies of Di
Filippo et al., Kim et al. and Li et al., and retene in the study of Alves et al [9,108,134,141].
Methylated PAHs such as 2,6-dimethylnaphthalene and 1-methylpyrene have also been
found preponderant in combustion exhausts and soots [102,142].

However, we want to highlight that the sole concentration of a PAH in a sample does not
account for the real hazard related to it. Indeed, PAHSs toxicities vary significantly inside the
group. The most widely used method to assess the toxicity of a sample containing PAH is to
use the Toxic Equivalency Factor with respect to B[a]P (TEF = 1). The work taken as
reference in most cases for the use of TEFs is the one of Nisbet and LaGoy, where TEFs are
attributed to the 16 EPA’s priority PAHs. They range between 0.001 and 5 [143]. This
explains why dibenz[a,h]anthracene (DB[a,h]A), the only PAH to be associated to a TEF
superior to B[a]P, frequently accounts the most for the global toxicity of a PM sample while it
is often one of the less concentrated compounds. Furthermore, in their study, Collins et al.
added the dibenzopyrene isomers, which are 6-rings PAHs known for their acute toxicity and
possible carcinogenicity, and reported PEFs from 1 to 10 for these compounds [26]. Similarly
to DB[a,h]A, these HMW PAHSs, because of their known toxicological properties, should be

included in environmental analyses of PAHSs.

4.2. OPAHs

Interests in OPAHSs have been lower than those in PAHs up to now, but they have been
measured in outdoor atmospheric PM around the world.

On the other hand, only Du et al. measured OPAHSs in indoor PM, reporting a higher
concentration than in their associated outdoor measurements [111]. Therefore, analysis of
OPAHSs in indoor environments is a critical lack in the current knowledge of the occurrence of
these compounds. Moreover, no data on OPAHSs concentrations in settled dusts have been
published, and only two articles report OPAHs concentrations in combustion exhausts
particulates [61,102].

For what regards outdoor levels of OPAHSs in atmospheric PM, Walgraeve et al. pooled a lot
of results and concluded that for individual oxy-PAHs, 50% of the reported concentrations
were between 0.080 and 0.960 ng-m= (median: 0.270 ng-m=; n = 689), whereas for
individual hydroxylated PAHSs, 50% of the reported concentrations were between 0.013 ng-m-
3 and 14.1 ng-m (median: 0.090 ng-m3; n = 31) [15].
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1042  Interms of geographical variations, while mean concentrations of OPAHs in airborne PM
1043  reported in France and Germany for instance were around or below 0.1 ng-m [23,37,64,88],
1044  they reached from 1 to 10 ng-m in China and Afghanistan [111,131,133]. These results are
1045 gathered in Table S.4.

1046

1047  Local trends of OPAHSs follow those of PAHSs: rural and remote areas are in the general rule
1048 less affected by OPAHSs pollution, as shown by the study led in Czech Republic by Lammel
1049 et al. who compared samples from the rural town of Kosetice with samples from Kladno,
1050 where important industrial activities are located, and Ostrava, one of the biggest Czech cities
1051  with an important industrial activity as well. OPAHSs levels in PM were far lower in Kosetice
1052  [67]. Similarly, Ringuet et al. reported a 15-fold increase between OPAHSs levels in PM of a
1053  suburban site in the region of Paris and those of an urban traffic site [23].

1054

1055  The results of many studies match to confirm the seasonal pattern described in Section 4.1:
1056  ambient concentrations of PACs are higher in winter than in summer [67,68,88,108].

1057 First, ambient conditions in winter favor the enrichment of PACs in PM. Furthermore, for
1058 OPAHSs, this seasonal difference highlights an important observation: higher concentrations
1059 in winter imply a predominance of primary emissions of these compounds over secondary
1060 formation from atmospheric degradation of PAHs, which would be their main origin in

1061  summer [15,19].

1062  Such conclusions can be confirmed or rejected by the study of some diagnostic ratios,

1063  namely the ratio of OPAHSs over their corresponding “parent” PAH, such as 9-

1064 fluorenoneffluorene or 9,10-anthraquinone/anthracene for instance [131,133]. According to
1065 the review of Walgraeve et al., one can expect to find these ratios around 0.1 in winter, and
1066  about 20 times higher in summer, when secondary formation of OPAHSs due to

1067  photochemical activity is the highest [15]. These ratios can also be complemented by the
1068  ratio of benzo(e)pyrene over benzo(a)pyrene, which is around 1 close to emission sources,
1069  and increases with photochemical aging of PAHSs, to which benzo(a)pyrene is particularly
1070  sensitive [131].

1071

1072 4.3. NPAHs

1073

1074 In Table S.5. are reviewed reported levels of NPAHSs in airborne PM and in combustion
1075 exhausts particulates.

1076 In general, NPAHSs levels are lower than PAHs and OPAHSs. One exception is the “outlier”

1077  study of Keyte et al. in which reported NPAHs concentrations were up to 287 ng-m=3, which is
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huge but partly explicable by the sampling place, a road tunnel with heavy traffic in Paris
[37].

Otherwise, typical levels of NPAHs in airborne PM are typically in the pg-m=range
[23,64,71,88,99], occasionally closer to the ng-m level [108,111,131]. In remote or rural
areas where few sources of PACs are found, mean levels of the measured NPAHs can even
be below the pg-m= threshold [58,67,98].

Nevertheless, toxicological properties of a lot of NPAHs are stronger than those of PAHs for
instance, particularly in terms of mutagenicity and carcinogenicity. Indeed, their mutagenicity
has been confirmed, some PEFs higher than those of PAHs have been attributed to NPAHs
and several NPAHSs are classified as probable or possible carcinogens [13,26].

This is why even at such low concentrations, NPAHs need to be analyzed in atmospheric
PM, but also in PM and settled dusts of indoor environments, which has not been the case
up to now, except for the study of Du et al. where NPAHSs levels were higher indoors than

outdoors, a result increasing the interests in such environments, as well as for OPAHs [111].

Winter concentrations of NPAHSs in airborne PM are clearly above summer concentrations
[67,99,108]. This observation results from a combination of meteorological parameters
(inversion temperature layers for instance), increased emissions, and gas/particle partitioning

(higher proportion of NPAHSs in the gas phase in summer).

In NPAHs assessment studies, particular interests are drawn in the nature of their source,
mainly primary versus secondary formation. For this purpose, one can focus on the 2-
nitrofluoranthene to 1-nitropyrene ratio which gives information about the predominance of
primary or secondary sources, and on the 2-nitrofluoranthene to 2-nitropyrene ratio which
tells if secondary formations of polar PACs are mainly OH-initiated or NOs-initiated [13,19-
21,23,24,71]. Similarly to OPAHSs, it can also be interesting to study the ratio of NPAHSs to
their parent PAHSs to get information about the atmospheric degradation of PAHs into NPAHs
[108,131].

Moreover, for apportionment between sources of airborne NPAHs, Ma et al. used PMF and
Beta statistical methods, and Lin et al. developed a statistical approach based on the

correlation coefficient between log-transformed NPAHs and NO, concentrations [20,144].

4.4. AZAs
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AZAs have been less determined in environmental samples than the previously introduced
PACs. Nonetheless, their occurrence has been shown in several studies. Because of the
small amount of such studies, a major challenge for their comparison is the variability of the
target molecules. Indeed, while Alves et al., Bandowe et al. and Wei et al. only measured
three to four AZAs, Chen and Preston performed a more comprehensive work on 47 AZAs,
without being able to identify precisely each isomer (which is why they gathered compounds
in groups of isomers) and Delhomme and Millet analyzed 20 AZAs, reporting "group”
concentrations depending on the molecules’ number of rings [25,27,74,108,131,145].
Therefore, to review the results with the highest possible representativeness, we present in
Table S.6 a mean concentration of azaarene individual compounds in airborne PM, either
directly reported in the literature or calculated from global results. These levels are generally
in the sub-ng-m= range, close to those of OPAHs and NPAHS.

To the best of our knowledge, no result has been published regarding AZAs levels in dusts or
soots, else than Sauvain et al. who measured dibenzacridine and dibenzocarbazole in outlet
particulates of a diesel van, but did not detect any of these above their limit of detection
(LOD) [43]. Therefore, more studies are required to assess the ubiquity of AZAs in various

environments.

AZAs levels in PM increase in winter, due to more important direct emissions, a greater
fraction of AZAs in the particulate phase, and less photochemical degradation among others
[25,27,145].

As described for other PACs, the ratio of AZAs to their related parent PAHs can be
interesting for source apportionment. Indeed, AZAs are considered as typical of coal
combustion and a predominance of this source can be characterized by high values of the
individual AZA / related PAH ratio [145].

4.5. PASHs

PASHs is the class of PACs for which the fewest occurrence data are available for
particulate matters. These compounds have mainly been determined in coal- and oil- related
samples because they are characteristic of these materials [29,80-82,122]. Other samples

studied are generally sediments, natural water or wastewater samples [80,82].

To the best of our knowledge, the only analytical study reporting concentrations of PASHs in

environmental particulate matter was conducted by Wang et al. [49]. In the total airborne PM

sampled near a roadside of a national route in Japan, they measured from 0.01 to 0.03 ng-m-
3 of three PASHs: dibenzothiophene, benzo[b]naphtho[1,2-d]thiophene and

34



1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164

benzo[b]naphtho[2,1-d]thiophene. These concentrations are lower than the vast majority of
PAHs which were determined simultaneously. Of course, this sole result is not sufficient to
characterize the atmospheric pollution caused by PASHS, indoors as well as outdoors, and
we encourage analysts willing to study PACs in environmental particulate matters in the
future to include PASHSs in their projects.

Vu-Duc et al. analyzed 37 PAHs and 5 PASHSs in the aerosol of laboratory generated
bitumen fumes [79]. They obtained relatively high levels of dibenzothiophene (384 + 38 pg/g
of fumes) and lower levels of benzonaphthothiophene isomers. In their sample, PASHs
concentrations were far below those of the 9 major PAHSs, but above those of 22 non-
detected PAHSs, emphasizing once more the need of further assessment of PASHs in the

environment due to their existing emissions in various combustion processes.
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5. Conclusion

Airborne particulate matter, dust and other particulates such as soot or combustion exhaust
particulate matter are major emission sources of organic pollutants, some of them exhibiting
a strong toxicity.

Among these compounds raising concerns, PACs constitute an important category. This
class of compounds is made up of hundreds of molecules differing in their polarity, volatility,
toxicological properties, etc. Thus, their analysis in environmental studies is a major
challenge. While lists of compounds of interest were too much restricted in the past,
particularly due to the flawed definition of a single list of 16 compounds of interests, the
EPA’s 16 priority PAHs list, we propose in the present paper to enlarge the amount of PACs

studied in environmental assessments, outside the subclass of non-polar PAHs.

Obviously, this goes together with an increased analytical difficulty. In the present review, we
highlight the technical trends which are, in our opinion, the most promising to solve the
analytical issues related to trace and ultratrace levels of a huge amount of compounds,
including isomers, in complex samples.

Maximizing the number of analytes gathered in a single analytical run similarly to the
sensitivity of their detection is the most important challenge of future developments in the
field of PACs environmental analysis. To this purpose, current instrumental limitations are
expected to be reduced in the coming years.

Among those improvements, the performance of the separation column in terms of number
of plates, thus giving higher resolving powers and higher peak capacities, is crucial. This
tendency steers the choice of the separation method to GC rather than LC because of their

respective peak capacities.

However, the acquisition of a lot of very thin peaks leads to an additional issue for what
regards MS detection. Indeed, it requires a very high mass spectral acquisition rate. This
parameter is particularly enhanced with TOF analyzers (around 102 Hz), which we expect to
be increasingly used in hyphenation with GC for PACs analysis. Reaching huge resolutions
as it could be done with Orbitrap and FT-ICR analyzers is of no real use for PACs, whereas
an optimal cycle time is crucial.

MS/MS is also necessary to obtain fragmentation patterns enabling the differentiation of
isomers which are numerous among PACs. Therefore, IT and QQQ are not obsolete at all,
but Q-TOF can be preferred.
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Apart from the technical evolutions, the future of PACs environmental analysis resides in the
adjustments of standards and in the transfer of novel methods towards routine control
laboratories. A lot of assessment studies performed in such laboratories still focus on the
EPA'’s list and on other elementary compounds. It is necessary that the forthcoming analysis
methods include as many compounds as possible, and that they are then rapidly adapted to
be used routinely with appropriate analytical equipment, following precise guidelines in terms
of method validation and quality control among others.

We reported typical levels of PACs which can vary from the sub-pg-m=level to several ng-m-
%in atmospheric particulate matter and in the pg-g* range in settled dusts and combustion
exhausts particulates. These occurrence values have to be critically interpreted depending
on the sampling location and time because of geographical and seasonal variations, and
their health and environmental relevance is strongly related to the individual toxicity of the

PACs in question.
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Figures

Figure 1

Comparison of separation of 20 azaarenes obtained with: a) a GC-MS method with a 50%
trifluoropropyl, 50% methylpolysiloxane column (30m x 0.32mm x 0.25um) (total analysis
time = 30 min), and b) a LC-FLD method with a C1s-PAH column (250mm x 4mm i.d.) (total
analysis time = 35 min).

In c), LC-FLD chromatogram (b) is zoomed in on co-eluting peaks (resolution inferior to 1.5).

Adapted from Delhomme and Millet [74].
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1753  Figure 2

1754  Range of data reported in abstracts dealing with PAH levels where units of ng-m™= are used.
1755 A “count” refers to the occurrence of a value inside a range in one of the reviewed abstracts.
1756  To obtain these data, around 3 000 articles about PAHs were reviewed by data and text
1757  mining. Reproduced from Cave et al. [129].
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