
RESEARCH ARTICLE

Time-resolved monitoring of polycyclic aromatic hydrocarbons
adsorbed on atmospheric particles

Gustavo Sousa1 & Denis Kiselev1 & Jérôme Kasparian1
& Christian George3 &

José Ferreira2 & Philippe Favreau2
& Benoît Lazzarotto2 & Jean-Pierre Wolf1

Received: 8 March 2017 /Accepted: 21 June 2017 /Published online: 5 July 2017
# Springer-Verlag GmbH Germany 2017

Abstract Real-time monitoring of individual particles from
atmospheric aerosols was performed by means of a specifical-
ly developed single-particle fluorescence spectrometer
(SPFS). The observed fluorescence was assigned to particles
bearing polycyclic aromatic hydrocarbons (PAH). This as-
signment was supported by an intercomparison with classical
speciation on filters followed by gas chromatography-mass
spectrometry (GC-MS) analysis. As compared with daily av-
eraged data, our time-resolved approach provided information
about the physicochemical dynamics of the particles. In par-
ticular, distinctions were made between background emis-
sions related to heating, and traffic peaks during rush hours.
Also, the evolution of the peak fluorescence wavelength pro-
vided an indication of the aging of the particles during the day.
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Introduction

In the recent years, air pollution by particulate matter (PM) has
become a major health issue in large urban areas (Pope and

Dockery 2006; Ito et al. 1995). In particular, combustion-
related carbonaceous particles, which contain polycyclic aro-
matic hydrocarbons (PAH), are recognized as hazardous for
human health since they increase the risk of respiratory tract
cancers. Since 2004, the EU Commission has fixed a target
value for the benzo(a)pyrene concentration in air at 1 ng/m3

for the total content in PM10 (particulate matter with aerody-
namic diameter up to 10 μm) averaged over a calendar year
(2004/107/EC (EU-Commission 2004) and 2015/1480
(Commission directive 2015)). EU directives also identify a
series of similar PAH species that should be monitored, in-
cluding benzo(a)anthracene, benzo(b)fluoranthene,
benzo(j)fluoranthene, benzo(k)fluoranthene, indeno(1,2,3-
cd)pyrene, and dibenz(a,h)anthracene.

The official monitoring method according to the EU is
described in the directives 2004/107/EC (EU-Commission
2004) and 2015/1480 (Commission directive 2015). Taking
into account, these directives, PM10, are collected on filters
during 24 h and a composite sample representing a month
period is subsequently analyzed in the laboratory by means
of chromatography coupled to mass spectrometric detection.
However, these methods are expensive and time consuming,
so that permanent monitoring with a higher time resolution is
often impossible.

Still, considering the fast dynamics of the atmosphere, real-
time measurements would be highly valuable for identifying
emission sources (for instance traffic vs. heating), as well as to
characterize actual exposure levels. For this reason, substantial
effort has been dedicated to the development of optical coun-
ters, able to identify PAH-containing particles using fluores-
cence detection (Pinnick et al. 2004; Pinnick et al. 2013;
Robinson et al. 2013; Pan 2015; Miyakawa et al. 2015). The
most advanced methods use spectrally resolved fluorescence
measurements of individually illuminated particles, which al-
lows sorting the signatures into Bclusters^ featuring similar
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spectra (Pan et al. 2003; Pinnick et al. 2004; Pinnick et al.
2013). These signatures may in principle be subsequently at-
tributed to specific fluorophore mixtures.

In the present paper, we report the results of an almost 1-
month long campaign during winter 2013–2014 at an urban
location of Geneva, Switzerland, near to moderated traffic
roads, using a dedicated, specifically developed single-
particle fluorescence spectrometer (SPFS) (Kiselev et al.
2013). We checked that the daily averaged concentration of
PAH-bearing particles from the SPFS was consistent with the
PAH load in the atmosphere as measured by filter sampling.
Furthermore, the high temporal resolution offered by the iden-
tification of individual particle could provide access to the
dynamics of both emission and aging of particle-adsorbed
PAH.

Materials and methods

PAH contained in PM10 were investigated in an urban location
of Geneva at the BSainte-Clotilde^ station of the Geneva state
air quality monitoring network (ROPAG), 7 m away from a
street with moderate traffic (estimated ~5′000 vehicles/day)
and 3 m above ground. The instruments themselves were lo-
cated in a shelter that protected them from precipitation but
kept them close to the outside temperature. The measurement
station was also equipped with particle analyzers (high vol-
ume sampler—Digitel DA80; optical particle analyzer—
Grimm EDM #180). Measurements took place from 27/11/
2013 to 19/12/2013, for a total of 532 h. Table 1 summarizes
the main specifications of the instruments that have been de-
ployed simultaneously.

The GAP-SPFS (Fig. 1) (named in analogy to Pinnick et al.
2013) recorded both the scattering intensity and the full visible

fluorescence spectrum of each individual particle in real time.
As described in Kasparian et al. (2017), it measured the scat-
tering and the fluorescence spectrum of individual aerosol
particles in a concentrated air flow. In order to achieve this,
the air was sampled at 60 L/min, concentrated by a 10× aero-
dynamic lens, and then focused by a sheath nozzle into a
stream of 500 μm diameter (Kiselev et al. 2013). This stream
crossed infrared laser beams for the scattering measurements,
as well as a UV laser beam for exciting the fluorescence (Hill
et al. 1999 and Pan et al. 2001) that was detected by a multi-
angle laser scattering module (Bonacina et al. 2013). This
procedure also allowed measuring simultaneously the aerody-
namic size of each particle. Active Bon the fly^ modulation of
the UV laser intensity was also applied to prevent saturation,
so that particles between 1 and 60 μm diameter could be
analyzed. Scattering signals were also used to trigger the
pulsed UV laser (337 nm), which excited the fluorescence of
the same individual particle. The fluorescence was retrieved
by a reflective lens and analyzed in the 360–650-nm spectral
region with a 32-channel spectrometer based on a multi-anode
photomultiplier (Hamamatsu H7260-03).

We detected and sorted the individual particles accord-
ing to their spectrum through a self-referencing procedure.
First, fluorescent particles were selected among all parti-
cles, based on a threshold in the total fluorescence spec-
trum, ensuring an adequate signal to noise ratio to allow
spectrum analysis. Then, the particle spectra were
smoothed using a third-order polynomial and normalized
to a peak value of 1. If the particle spectrum was similar
to a previously detected one, it was assigned to the same
cluster. If not, this spectrum was used as the prototype to
define a new cluster. The procedure was then applied a
second time after averaging all spectra within each cluster,
so as to avoid over-weighting the particle that initially
defined the cluster prototype. In this procedure, spectra

Table 1 Instruments and data available during the measurement
campaign

Device Measured parameters Remarks

Optical particle analyzer
(Grimm EDM #180)

PM10 mass
concentration

Continuous
measurement
(6-s resolution),
1/2-h average

PM10 exposed filters
(24-h collectionwith a
Digitel high volume
sampler DA80)

Mass concentration in air
of 16 individual PAH
species quantified by
GC-MS analysis in
PM10 collected on
filters

Daily
accumulation

Single-particle
fluorescence
spectrometer
(BGAP-SPFS^) (Pan
et al. 2001)

Particle concentration
and UV fluorescence
spectra of individual
particles between 1
and 60 μm diameter

Continuous
measurement,
hourly average Fig. 1 Principle of the single-particle fluorescence spectrometer. I1, I2:

air inlet; Y1, Y2: infrared laser diodes; D1, D2: photomultipliers; L1:
reflective objective; L2: bi-convex lens; F1, F2: filters; G1: diffraction
grating; D3: 32-anode photomultiplier
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were considered similar if (i) their intensity had a corre-
lation coefficient over 0.85 and (ii) the relative difference
between their respective spectrally averaged intensities
was less than 30%. As the spectra are normalized to a
peak value of 1, this latter criterion distinguishes between
spectra displaying sharp peaks and those with a smooth
maximum over a wide background. This procedure
allowed us to identify 15 particle clusters accounting for
1% or more of the fluorescent particles, with some over-
lap. The thresholds of 0.85 and 0.3 on correlation and
relative intensity differences have been chosen to keep a
reasonable number of families while limiting the overlap
between them, i.e., the risk that a given spectrum is si-
multaneously assigned to two or more families.

In addition, the average particle fluorescence spectra varied
during the day, evidencing an overall evolution of the popu-
lation of fluorescent particles. To characterize this evolution,
we considered the wavelength λmax of the maximum of each
particle fluorescence spectrum. The average of λmax over all
particles during the considered time interval was taken as the
characteristic wavelength of the particle population.

Over the same time period, PM10 were collected daily
on glass fiber filters using a high volume sampler. Before
and after the exposition, the filters were weighed at fixed
temperature and relative humidity. Taking into account the
volume of ambient air probed, the daily concentration of
PM10 could be calculated. The exposed filters were kept
at 4 °C until analysis. They were subsequently prepared
for the characterization of the Environmental Protection
Agency’s 16 priority pollutant PAH. Each filter was
spiked with 13C4-benzo(a)pyrene that was used as an in-
ternal standard and extracted with dichloromethane by
sonication. The extract was then concentrated and ana-
lyzed by gas chromatography-mass spectrometry (GC-
MS) following a validated operating procedure. Results
were obtained for all individual compounds and day av-
eraged to get the total particulate PAH content in nano-
grams per cubic meter.

Meteorology and air pollution
during the measurements

The following meteorology summary is mainly based on
MeteoSwiss data and reports. The entire period was mainly
dry—few rainfalls occurred on the 30th of November and on
the 14th of December, 2013—and the temperature was be-
tween −5 and +5 °C. Two significant periods of temperature
inversion occurred from the 1st to the 5th of December, with
some north wind at the beginning and then from the 9th to the
17th of December with a high-pressure situation and no wind.
The PM10 daily maximum concentrations measured at the
ROPAG’s Sainte-Clotilde station during these two inversion
periods were 62 μg/m3 on the 4th of December and 72 μg/m3

on the 11th of December.

Results and discussion

A total of 5.449.801 particles were detected by the SPFS, corre-
sponding to an average of 10.244 particles per hour. Among
them, ~2% were fluorescent. Figure 2 displays the spectra of
the 10most abundant clusters. Due to the wide variety of emitted
PAH species, each individual particle carried a cocktail of species
rather than a single one. The observed fluorescence spectrum
was therefore a weighted average of all adsorbed molecules.
Furthermore, no reference spectrum is available in the literature
for adsorbed PAH, since published reference spectra have been
measured in cyclohexane (Finlayson-Pitts and Pitts 2000). For
these two reasons, a direct identification in terms of individual
PAH species was impossible. Still, their peaks between 450 and
550 nm corresponded to PAH of various sizes, from bicyclic to
polycyclic molecules (Hayashida et al. 2006). In particular, the
clusters peaking around 450 and 500 displayed similarities with
fluoranthene and pyrene and with benzo(a)pyrene, respectively
(Pöhlker et al. 2012). The 550 nm band corresponds to fulvic
acid, although the latter does not belong to PAH (Pöhlker et al.
2012). The extension of spectra up to the green spectral region

Fig. 2 The spectra of the ten most significant clusters
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may be due to contributions from charge-transfer complexes
(Phillips and Smith 2015). It should be noted that none of these
families can be identified with bacterial fluorescent spectra as
measured by Saari et al. (2013).

Interference with biological aerosols (Pan et al. 2001; Pan
et al. 2003; Kiselev et al. 2013; Pinnick et al. 2013) or biolog-
ical material adsorbed on mineral particles (Maki et al. 2008)
that can be transported by wind (Miyakawa et al. 2015) may
have occurred. However, the density of fluorescent particles
(see Fig. 5) changes quickly. As the measurements were re-
corded in a street canyon far from biogenic emitters that would
induce quick changes (Huffman et al. 2013), such fast dynam-
ics call for attributing them mainly to anthropogenic sources
rather than to biological particles. This is also consistent with
the finding by Herrmann et al. (2006) that biogenic aerosols
can be neglected in an European winter urban environment,
and with the immediate proximity of the sampling site to road
traffic and domestic heating sources, as well as the low level
of biological material (especially pollens) in winter. Therefore,
in the following, we considered the fluorescent particles as
mostly anthropogenic PAH-bearing particles.

The relative abundance of the different clusters, hence of
the different particle types, stayed quite constant along the
whole campaign. Indeed, pairwise correlations of the temporal
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series of all clusters and of the total of fluorescent (i.e., PAH-
bearing) particles showed very significant positive correla-
tions coefficients (mostly above 0.9). In the following, we
therefore focused on the count of fluorescent particles, rather
than on individual clusters. However, the cluster spectra
displayed in Fig. 2 allow comparison with previous data ac-
quired by the ARL-Yale group in US cities (Pan et al. 2012). It
is interesting to observe some very similar fluorescence
shapes (like clusters 1, 3, and 6), although both the cluster
identification algorithm and the automotive park and
gasoline/diesel cocktails were different.

To assess the validity of the GAP-SPFS measurements, we
compared the day-to-day evolution of the PAH-bearing parti-
cles with that obtained from filter samples (Fig. 3a). In spite of
completely different sampling methods and rates, the evolu-
tions were parallel, with simultaneous maxima and minima
still their respective amplitudes were different, so that the cor-
relation coefficient between the two curves was 0.41 only. The
amplitude discrepancy may be related to the different particle
size ranges detected by both instruments. Furthermore, the
filters yielded dry diameters while the SPFS measured the
particle on the fly without drying. As expected for an urban
site where PAH emissions are dominant, the fluorescent par-
ticles accounted most of the time for 5 to 10% of all detected
particles, with peaks of up to 20% (Fig. 4b).

Similarly, the total particle concentration detected by the
GAP-SPFSwas correlatedwith the PM10 (r = 0.64), asmeasured
by the Grimm EDM #180 standard optical particle monitor/
analyzer (Fig. 3b). Both devices measured the same decay in

the aerosol load during the weekends, due to a lower traffic.
Again, remaining discrepancies may be attributed to the differ-
ences in the size sensitivity ranges of the two instruments.

Unlike the filter sampling and GC-MS analysis of the PAH,
the single-particle fluorescence spectrometer offered a virtually
infinite temporal resolution as it measured and identified each
particle individually in real time, hence delivering the intra-day
dynamics of the fluorescent particles. Figure 4 displays the cor-
responding hourly averaged values. The results gave access to
the dynamics of the aerosols, which was governed by the particle
emission, dispersion, and chemical evolution including aging.
The latter refers to the chemical evolution of the organic-
bearing particles, mostly governed by (photo)oxidation (Kim
et al. 2009). In particular, the average day (Fig. 5) displayedmore
PAH-bearing particle at high traffic emission times. Themorning
and evening traffic peaks were clearly visible on week days. In
contrast, during week-ends, where traffic was lower, the concen-
tration stayed flat over the entire day. Such intra-day temporal
dynamics could not be observed with filter measurements that
required 24-h accumulation.

The high temporal resolution of the GAP-SPFS also evi-
denced a specific behavior of the fluorescence spectrum dur-
ing fog episodes, where the average peak fluorescence wave-
length was blue-shifted by more than 40 nm each night
(Fig. 6), and red-shifts back at day. This oscillation widely
exceeds the standard deviation associated to this average, that
is, slightly below 20 nm. Such red-shift in humid conditions in
the presence of ozone has indeed been observed by Pan et al.
(2014) due to selective oxidation of peptides, especially tryp-
tophan into kyunerenine. Simultaneously, the relative abun-
dance of particles larger than 1 μm decayed or kept low
(Fig. 4a). The nighttime frequency shift could therefore also
be influenced by the maximum emission of biomass burning
associated with heating (Mohr et al. 2013; Healy et al. 2012).

Indeed, the uptake of organics into fog particles (Birdwell and
Valsaraj 2010) can be expected to concentrate these species as
well as to allow aqueous-phase reactions to occur (Herckes et al.
2013), increasing the rate of reactions leading to the formation of
brown carbon (Laskin et al. 2015), with time constants of a few
hours or less (Lee et al. 2014). At day, this brown carbon may
undergo aging, both in and outside fog particles. Such aging of
brown carbon and its constituents has a time constant of several

Fig. 5 Average intra-day evolution of the concentration of fluorescent
(PAH-bearing) particles. NB: Figures will be polished once we validate
the contents

Fig. 6 Evolution of the peak
wavelength of the fluorescence
spectrum and fog episodes
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hours (Kim et al. 2009) comparable to the sedimentation time of
micrometer-sized particles (Seinfeld and Pandis 2006) and is
generally associated with a red-shift of the fluorescence spectrum
(Chang and Thompson 2010; Rincón et al. 2009). It could there-
fore explain the observed red-shift of the particle fluorescent
spectrum at daytime.

Although the above interpretations would need confirma-
tion, such observation of the aging dynamics illustrates the
potential of real-time fluorescence analysis to reveal fast and
complex events at the particulate level.

Conclusion

As a conclusion, a single-particle fluorescence spectrometer
allowed to sort individual PAH-bearing particles in real time.
The time-averaged results were consistent with classical particle
detectors as well as optical particle analyzer or filter measure-
ments and subsequent analysis in the laboratory. Furthermore,
the real-time resolution provided information on the particle
physicochemical dynamics, governed by their emission, disper-
sion, and chemical evolution. The latter included aging of the
atmospheric PAH adsorbed on aerosol particles. In particular, it
offered a distinction between background emissions related to
heating, and the traffic peaks during rush hours. It also evidenced
the aging of the particles during the day.

Further work will be required to associate fluorescent clus-
ters with specific sources of aerosols as well as to determine in
detail their fate in the atmospheric compartment. Such detailed
characterization could rely on the sampling and chemical anal-
ysis of individual particles, or on more advanced optical char-
acterization currently under development (Sousa et al. 2016).
It would refine the characterization of the adsorbed PAH, e.g.,
by allowing the measurement of their aging. It may therefore
ultimately provide both a better understanding of the PAH
dynamics in the atmosphere, and a more precise evaluation
of population exposure under emission conditions.
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