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ABSTRACT

The sampling of polycyclic aromatic hydrocarbons (PAHs) in the atmosphere is often performed on filters, which retain
only aerosol particles, disregarding the vapor fraction; after the filter, an adsorbent (e.g., polyurethane foam, PUF, or
styrene/divinylbenzene, XAD) is sometimes used for sampling vapors not retained from the filter. However, the use of an
adsorbent may lead to many disadvantages: contaminations, analysis time and costs, and size problems when developing
automated or personal samplers. In this work, a functionalized glass fiber filter for the simultaneous sampling of aerosol
particles and vapor fraction is presented for the sampling of PAHs in air. A low sampling efficiency was observed for 3
ring PAHs, but all carcinogenic PAHs (according to IARC) were totally retained on functionalized filters. On the other
hand, a comparison with normal filter sampling was performed, and results obtained confirm that > 10% of
benzo(a)pyrene can be lost from normal filters. Together with size reduction, another advantage of the functionalized filter
is an enhancement in the extraction and purification recovery.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are a class of
air pollutants of great interest because of their toxicity and
widespread sources (Kim et al., 2013). As well as many
other organic pollutants (e.g., polychlorinated biphenyls,
dioxins, brominated flame retardants, phthalates, pesticides,
perfluorinated substances etc.) PAHs belong to the group of
semivolatile organic compounds (SVOCs), according to the
WHO definition (WHO, 1989). In the atmosphere, SVOCs
are widely known to be partitioned between aerosol particles
and a vapor phase, on the basis of their vapor pressure
(Pankow, 1994; Tsapakis and Stephanou, 2005).

Even though the gas/particle partitioning is well known,
PAHs sampling is often performed only on filters (usually
quartz fiber filters, glass fiber filters or teflon filters) (Mastral
et al., 2003; Li et al., 2009; Shi et al., 2010; Herlekar et al.,
2012; Da Limu ef al., 2013), disregarding the vapor fraction,
which is not retained on the filter itself (Pandey et al.,
2011). Even legislations follow this approach: EU Directive
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2004/107/EC defines the concentration of benzo(a)pyrene
as the target value for all PAHs, and requires its sampling on
a simple filter media according to EN 12341 method. This
approach is justified by the widespread belief that the vapor
fraction of the most harmful PAHs with 5—6 aromatic rings
is negligible (Liu et al., 2001a; Lu and Chen, 2008; Pandey et
al, 2011; Slezakova et al., 2011; Szulejko et al., 2014).
However, it has been observed that, even for benzo(a)pyrene,
the vapor fraction can sometimes constitute a significant
amount of the total concentration (Possanzini et al., 2004;
Temime-Roussel et al., 2004; Masih et al., 2012; Delgado-
Saborit et al., 2014). Additionally, a significant amount of
pollutants could be desorbed from the aerosol particles
collected on the filter during the sampling, (Zhang and
McMurry 1991, Delgado-Saborit ef al., 2014).

In order to collect vapors not retained by the filter, a solid
sorbent can be used downstream the filter itself. The most
commonly used adsorbents are polyurethane foam cartridges
(PUF) and poly(styrene-divinylbenzene) porous particles
(commercially known as XAD-2™). PUF is an efficient
sorbent even for the most volatile PAHs: thanks to its
relatively high capacity, low cost and small impedance, it is
widely used in air sampling (Park et al., 2002; Bi et al., 2003;
Du Four et al., 2005; Miller et al., 2010; Anastasopoulos et
al., 2012; Kavouras et al., 2015; EPA method TO-13A).
XAD is a valid alternative to PUF, due to its high adsorption
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capacity for aromatic compounds (Bartkow et al., 2004a,
b; Ré-Poppi and Santiago-Silva 2005; Masih et al., 2012;
Liu et al., 2014). The filter-XAD configuration has also been
investigated for personal samplers (Preuss et al., 2006) and
for indoor air sampling (Chuang et al., 1991). Combinations
of PUF and XAD downstream the filter are also used (Iavicoli
et al.,2007; Liu et al., 2010; Xie et al., 2014).

In summary, the combined filter-adsorbent -cartridge
sampler allows to collect the total amount of PAHs in the air,
but these adsorbent materials have some limitations that
should not be neglected: the clean-up and the extraction of
both PUF and XAD require a large consumption of time and
solvents (in order to overcome this problem, solvent bubbling
has been proposed; Portet-Koltalo et al., 2011); if adsorbents
are reused, there are serious risks of contamination (thermally
regenerable adsorbents, such as polydimethylsiloxane and
Tenax™ might be a possible solution to this problem, as
highlighted by Liu et al. (2001b), Wauters et al. (2008) and
Lazarov et al. (2013). Moreover, adsorbent cartridges are
bulky compared to filters, and difficult to be used in
personal and automated samplers. A disposable device able
to simultaneously act both as a filter and as an adsorbent
would prevent all the mentioned disadvantages, allowing a
simultaneous sampling of both vapor- and particle-phase
PAHs, leading to faster and cheaper analyses, lower
contamination risks, and making personal and automated
samplers easier to be developed.

Several commercially available disposable devices are
known for liquid matrices, comprising ENVI-Disk™ (Sigma
Aldrich™, Saint Louis, MO, USA), Empore™ disks (3M™,
Saint Paul, MN, USA) and Atlantic SPE disks™ (Horizon
Technology™, Salem, NH, USA).

ENVI-Disk™ is a filter with adsorbent microparticles
dispersed on it. The filter is made of glass fibers, and the
adsorbent microparticles are silica microspheres grafted
with octadecyl and octyl functional groups, for ENVI-18
DSK disks and ENVI-8 DSK, respectively. ENVI-Disk™
are commonly used for solid phase extraction (SPE) of
organic compounds from liquid samples, and PAHs can be
extracted from water using these devices (Urbe and Ruana,
1997). However, to this day, there are no studies in which
ENVI-Disks™ are used for the sampling of SVOC:s in air.

Empore™ are constituted by adsorbent particles
incorporated in a teflon network. Empore™ disks are
commonly used for SPE of organic compounds from liquid
matrices (Van Loon ef al., 1996), and have been used as a
low volume active air sampler of organic micropollutants
(Sanchez et al., 2003; Tollbéck et al., 2006) including PAHs
(Tollbéack et al., 2008). However, as well as for ENVI-
Disk™, no studies are available for the use of Empore™ in
commercial PM sampler.

The adsorbent material in Atlantic™ SPE disks is not
incorporated in a teflon network but is located between
two layers of glass fiber. These devices are used for SPE of
organic compounds from liquid matrices (Leandro et al.,
2006), but have never been used for the sampling in air of
SVOCs.

Aim of this work is to investigate a new sampling
method for PAHs, based on an innovative filtering and

adsorbing device: a functionalized glass fiber filter. In the
proposed method, commercial glass fiber filters are
functionalized with phenyl moieties and used for the
atmospheric sampling of PAHs.

METHODS

Functionalization and Characterization of Filters

Glass microfiber filters GF/D™ (47 mm diameter, Sigma
Aldrich™) were heated at 400°C for 24 h and then soaked
in a NaOH (analytical grade, Sigma Aldrich™) 2M aqueous
solution, at 25°C for 24 h; the filters were then rinsed with
water, acetone and toluene (Super Purity Solvent, Romil™,
Cambridge, UK), and functionalized with a solution of
phenyltriethoxysilane (PTES, Sigma Aldrich™) 5% in
toluene at 80°C for 24h. Finally, filters were rinsed with
toluene and acetone. Both functionalized and standard GF/D
filters were analyzed by thermogravimetric and differential
thermal analysis, using a calorimeter/thermobalance SDT
Q600™ (TA Instruments™, New Castle, DE, USA).
Analyses were performed with a heating rate of 5 °C min '
in air (SIAD™, purity 99.9995%).

Air Sampling

Ten parallel experimental air samplings (sampling time:
24 h) were performed in a sub-urban location (Monterotondo,
00015, Rome, Italy) both in summer (June 2014, minimum
temperature +14°C, maximum temperature +35°C) and in
winter (January 2015, minimum temperature —2°C, maximum
temperature +17°C). Two Skypost PM™ HV samplers
(Tecora™, Fontenay sous Bois Cedex, France), equipped
with a PM,, inlet were used with a flow rate of 38.33 L min .
In particular, one air sampler was used with functionalized
filters, the other with normal GF/D™ filters. Downstream
the filters, a cylindrical polyurethane foam cartridge (density
0,022 gem', 1 cm diameter per 5cm length; Tisch
Environmental™, Cleves, OH, USA) was used to collect
vapors not retained from filters (Park et al., 2002; Bi et al.,
2003; Du Four et al., 2005; Miller ef al., 2010; Pandley et al.,
2011, Anastasopoulos et al., 2012). The sampling geometry is
described by Fig. 1.

The same parallel sampling experiments were performed
using ENVI-Disk™ (Sigma Aldrich™, Saint Louis, MO,
USA), Empore™ disks (3M™, Saint Paul, MN, USA) and
Atlantic SPE disks™ (Horizon Technology™, Salem, NH,
USA).

Sample Analysis

The following PAHs were considered: acenaphthene,
acenaphthylene, fluorene, phenanthrene, anthracene,
fluoranthene, pyrene, benzo(a)anthracene, chrysene,
benzo(b)fluoranthene, benzo(j)fluoranthene,
benzo(k)fluoranthene, benzo(e)pyrene, benzo(a)pyrene,
perylene, indeno(1,2,3,c,d)pyrene, dibenzo(a,h)anthracene,
benzo(g,h,i)perylene. Higher molecular weight PAHs (e.g.,
dibenzopyrenes and coronene) were not included because
they were expected to be totally collected on normal filters
(Park et al, 2002; Ohura et al, 2004; Tsapakis and
Stephanou, 2005, Ravindra et al., 2006, Ras et al., 2009).
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Fig. 1. Sampling geometry for normal and functionalized fiber filters.

PAHs were quantified by GC/MS with isotopic dilution
method: after the sampling and before the extraction, filters
and PUF were spiked with 5 ng of perdeuterated PAHs
(LA429-IS Internal Standard D-IPA Stock Solution, Wellington
Laboratories™, Guelph, Canada) as an internal standard.
In order to evaluate the sampling efficiency, filters and PUF
were separately analyzed. PAHs were Soxhlet-extracted in
hexane for 24 h. Extracted samples were concentrated by
rotary evaporator (40°C, 3.00-10* Pa) to 3-5 mL, and then
automatically purified by gel permeation chromatography
and concentrated, using an AccuPrep MPS™ & AccuVap
Inline™ (J2 Scientific™, Columbia, MO, USA) (Guerriero
et al., 2009).

GC/MS analysis was performed on an Ultra Trace™ gas
chromatograph coupled to a TSQ™ mass spectrometer
(Thermo Fischer Scientific™, St Peters, MO, USA) used in
single ion monitoring (SIM) mode. The column Meta-XLB™
(60 m length, 0.25 mm internal diameter, 0.25 um film
thickness; Teknokroma™, Barcelona, Spain) was used for
the separation, and He (99.9995% purity) was used as carrier
gas. The temperatures for the injector, transfer line and ion
source were 260°C, 280°C and 250°C, respectively. The
oven temperature program was the following: isothermal at
60°C for 1 min; gradient at 20 °C min ' up to 250°C;
isothermal at 250°C for 10 min; gradient at 15 °C min™' up
to 300°C; isothermal at 300°C for 15 min; gradient at 5
°C min" up to 325°C; isothermal at 325°C for 10 min.

Each native PAH was quantified using its perdeuterated
isotologues as internal standard, except for acenaphthene
(quantified using perdeuterated acenaphthylene), fluorene,
anthracene (quantified using perdeuterated phenanthrene),
pyrene (quantified using perdeuterated fluoranthene) and
benzo(e)pyrene (quantified using perdeuterated
benzo(a)pyrene).

Extraction and Purification Recovery

In order to calculate the extraction and purification
recovery, 5 ng of recovery standard (L429-RS Recovery
Standard D-IPA Stock Solution, Wellington Laboratories™)
were added before injection in GC/MS. Recovery was
calculated as the percentage ratio between the internal
standard (added before the extraction) and the recovery
standard (added before the injection in GC/MS).
Perdeuterated acenaphthene was used for calculating the
recovery of acenaphthylene and phenanthrene; perdeuterated
pyrene was used for -calculating the recovery of
fluoranthene, benzo(a)anthracene and chrysene; perdeuterated
benzo(e)pyrene was used for calculating the recovery of
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene,
perylene, indeno(1,2,3,c,d)pyrene, dibenzo(a,h)anthracene,
benzo(g,h,i)perylene.

RESULTS AND DISCUSSION

Characterization of Filters

Fig. 2 shows the simultaneous differential thermal and
thermogravimetric analysis of both a functionalized filter
(Fig. 2(a)) and a blank Wha™ an GF/D glass fiber filter
(Fig. 2(b)). A rapid weight loss associated with a calorimetric
peak can be observed at 225°C, in the thermal analysis of
the functionalized filter, while this signal in absent in the
blank filter analysis. Such a weight loss associated to a
calorimetric peak in the range 150-300°C can be associated
to the functionalization of the silica surface (Bugrayev et
al., 2008 Cataldo et al., 2008). An organic carbon content of
6% can be estimated using the thermogravimetric analysis
(Dufaud et al. 2003; Cousini¢ et al., 2007). It can be also
observed that the signal associated to desorption of water
(below 100°C) is lower for the functionalized filter: this
phenomenon can also be attributed to the functionalization,
which lead to a less hygroscopic surface.



178 Paolini et al., Aerosol and Air Quality Research, 16: 175-183, 2016

100 55
(@)
98
5.0
=
£
=
I =
96 @
— Q
) o
= F4.5 2
G )
= 2
94 2
o
0]
Q
£
O]
'7
4.0
92
90 —— 1 T - 1 v r 1T T T r T 1T v ‘v T T T T T 3.5
0 100 200 300 400 500 600 700
Exo Up Temperature (°C) Universal V4.7A TA Instruments
102 5.0
b
4.5
100 ~ r
I ©
3
>
=
r40 o
— 8]
S 3
£ 984 H L
G L @]
= o
F35 2
o
L [
Q
€
[ [
[
96 r
3.0
94 —+ 1 - - 1 r r 1 v r T T ' 1T T T 1T T T T 2.5
0 100 200 300 400 500 600 700
Exo Up Temperature (°C) Universal V4.7A TA Instruments

Fig. 2. Thermogravimetric and differential thermal analysis of (a) a functionalized glass fiber filter and (b) blank glass
fiber filter (5 °C min" in air). The black line represents weight variations as a function of temperature (thermogravimetric
analysis), while the grey line identifies the temperature difference measured (differential thermal analysis).
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Sampling efficiency

The sampling efficiency (E%) was calculated by the
following equation (1), where Qr and Q, are the amount of
PAHs collected on the filter and on the adsorbent (i.e.,
PUF), respectively:

(M

Table 1 shows a comparison of the sampling efficiencies
of standard and functionalized filters. During the summer,
as expected, the sampling efficiency is reduced, due to the
higher atmospheric temperature. Even if a total sampling of 3-
ring PAHs cannot be performed on the proposed device,
PAHs from benzo(a)anthracene to benzo(g,h,i)perylene are
almost totally retained on functionalized filters: this result
is very interesting since all carcinogenic PAHs (according to
IARC reports, 1987; 2010; 2012) can be sampled without
using an adsorbent cartridge (e.g., PUF or XAD), leading to a
more compact sampling line and easier extraction procedures.

Compared to method involving Empore disk™ proposed
by Tollbéck et al. (2008), a very higher flow rate can be used
(38.33 L min "' instead of 1.2 L min""). The same applies to
PAH sampling methods based on Tenax adsorbents proposed
by Wauters et al. (2008) and Lazarov et al. (2013), in which
the flow rate was 0.1 L min! and 0.098-0.254 L min ',
respectively.

Comparison with Glass Fiber Filters

As for standard glass fiber filters, data on sampling
efficiency are in good agreement with literature (Park, 2002;
Tsapakis and Stephanou, 2005; Ravindra ef al., 2006; Ras
et al., 2009; Xie et al., 2014), and confirm that a significant

amount of PAHs is not retained on normal filters. It is very
important to remark that, in the summer period, significant
losses from the filter are observed even for the heaviest
PAHs, including also the most toxic benzo(a)pyrene (more
than 10% collected on the PUF downstream the filter).
Similar results were obtained by Ravindra ef al. (2006) and
by Tsapakis and Stephanou (2005), who found 7% and more
than 8% of benzo(a)pyrene downtream the filter, respectively.

These losses are the effect of two different phenomena:
gas/particle partitioning and desorption artifacts. Denuder
sampling experiments (Possanzini et al., 2004; Temime-
Russel et al. 2004; Masih 2012; Delgado-Saborit, 2014)
have shown that the vapor fraction of 4- and 5-rings PAHs
cannot always be neglected: since vapors are not retained
on the filter, they are collected on the PUF cartridge.
Furthermore, particulate PAHs can be partially desorbed
from aerosol particles during the sampling (Zhang and
McMurry, 1991; Delgado-Saborit ef al., 2014) and collected
on the PUF cartridge. As expected, both the phenomena
are enhanced during the summer (Ravindra et al., 2006;
Tsapakis and Stephanou, 2005), leading to a lower efficiency
of normal glass fiber filter.

In summary, it was confirmed that significant amounts
of carcinogenic PAHs are lost from normal filters, while
the proposed functionalized fiber filters allow to minimize
these losses without using a PUF of a XAD cartridge. This
allows to reduce time and costs of analyses, and to reduce
the size of the sampling line.

As a further consideration, an apparent disadvantage of
the functionalized fiber filters is the lack of information on
the gas/particle partitioning. Actually, it is important to
remark that vapor/particle partitioning cannot be simply
calculated by sampling on a normal filter followed by an
adsorbent: indeed, compounds originally sorbed on aerosol

Table 1. Sampling efficiency of functionalized and normal glass fiber filters. IARC classification stands for “carcinogenic
to humans” (1), “probably carcinogenic to humans” (2A), “possibly carcinogenic to humans” (2B) and “not classifiable as

to its carcinogenicity to humans” (3).

Summer sampling Winter sampling

Compound Rings Claslﬁfli{c (Ejltion Normal Functionalized Normal Functionalized
filter filter filter filter
Acenaphthylene 3 (not classified) 5+£6)% 26 = 7)% (7£5% (Bl1+4)%
Acenaphthene 3 3 (5+8)% 24 £4H% 9+6)% (B4+7)%
Fluorene 3 3 8+6)% 35+ 8)% 12+ 7% (41 £5)%
Phenanthrene 3 3 (12+4)% 41 £6)% (18 +£4)% (48 £5)%
Anthracene 3 3 (15+£6)% (42 £ 5% 21 +£5)% (52 £ 4)%
Fluoranthene 4 3 19+ 11)% 52+ 7% (29 + 6)% (56 £ 7)%
Pyrene 4 3 (35+£6)% (62 +7)% (40 £ 5)% (72 £ 6)%
Benzo(a)anthracene 4 2B (M1 £7% (76 £5)% B3+£7)% >99%
Chrysene 4 2B B1£5% B5£6)% B7+£6)% >99%
Benzo(b+j)fluoranthene 5 2B 88+ 9% 95£4)% >99% >99%
Benzo(k)fluoranthene 5 2B (88+£6)% >99% >99% >99%
Benzo(e)pyrene 5 3 85+3)% >99% >99% >99%
Benzo(a)pyrene 5 1 87+ 6)% >99% >99% >99%
Perylene 5 3 92+£7)% >99% >99% >99%
Indeno(1,2,3,c,d)pyrene 5 2B 93+3)% >99% >99% >99%
Dibenzo(a,h)anthracene 5 2A 96 £ 7Y% >99% >99% >99%
Benzo(g,h,i)perylene 6 3 98 +4)% >99% >99% >99%
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particles are partially desorbed from the filter and then
retained on the adsorbent, leading to an overestimation of
the vapor fraction (Zhang and McMurry, 1991; Goriaux et
al., 2006; Delgado-Saborit et al., 2014); moreover, vapor
phase compounds can be adsorbed on the filter, leading to
an underestimation of the vapor fraction (Hart and Pankow,
1994; Xie et al. 2014).

Therefore, sampling vapors and particles on a single
device would not lead to a loss of information on the
atmospheric vapor/particle partitioning partitioning, since
this information is anyway not available with a conventional
filter/adsorbent sampling: an accurate vapor/particle
partitioning measurement can only be performed with a
denuder (Possanzini ef al., 2004; Temime-Russel et al., 2004;
Masih et al., 2012; Delgado-Saborit et al., 2014).

Extraction and Purification Recovery

In order to compare the analytical performances of these
new functionalized fiber filters with classical sampling
devices (standard filters and PUF cartridges), extraction
and purification recovery was evaluated. Results are shown
in Table 2. The extraction of PAHs from PUF was confirmed
to be less efficient than the extraction from glass fiber
filters. This is due to the strong interactions between PAHs
and polyurethane. Conversely, higher recoveries were
observed from functionalized fiber filters, without significant
differences with standard glass fiber filters. Thus,
functionalized fiber filters can be handled in laboratory as the
normal fiber filters. This may be probably due to a weaker
interaction between PAHs and functionalized fiber filters.
Functionalized fiber filters give higher recoveries when
compared to ENVI™ (78-93%, Urbe and Ruana, 1997) and
Empore™ disks (80-130%, Tollbéck et al., 2008).

Comparison with ENVI™, Empore™ and Atlantic™
Filters

SPE devices described in the Introduction paragraph,
including ENVI™, Empore™ and Atlantic™ filters could
be used for a simultaneous sampling of vapor and particle
phase PAHs. Unfortunately, the high impedance of these
devices led to a shutdown of the air sampler pump, when
used at the flow rate of 38.33 L min'. Of course, it is
possible to perform an air sampling with a lower flow rate

with these filters, but in these conditions the sampling of
PM,, and PM, s cannot be performed on the considered
commercial air samplers. Nevertheless, lower flow rates
lead to higher sampling time to reach detection limits. In a
previous work by Sanchez et al. (2003), Empore™ disks
have been successfully used for the sampling of nitroaromatic
compounds, with a relatively high flow rate: the flow rate
was set to 20 L min ', yielding a sampling capacity of 15 L
min', as a result of the backpressure of the Empore™
disk. Such a pressure drop would not be acceptable for the
sampling of PAH, because it is demonstrated that pressure
drop is the main cause of volatilization artifacts (Goriaux
et al., 2006; NIOSH, 2014).

A more specific issue occurred for ENVI™ disks:
microparticles on which analytes are adsorbed can be lost
during the time elapsing between sampling and analysis,
since microparticles are not bonded to the filter. This is not
a problem in SPE from water media, for which this device
is designed, but it is a serious problem when it is used in air
sampling. Finally, the thickness of Empore™ and Atlantic™
disks is higher than 2 millimeters, so that they can hardly
be inserted in commercial air sampling instruments.

All the mentioned difficulties are confirmed in the previous
work of Tollbédck et al. (2008), in which Empore™ disks
have been used for the sampling of PAHs: it was necessary
to design a dedicated sampling line, with a specific pump
(VDE 0530 KNF, Neuberger, Freiburg, Germany), and the
sampling flow rate was only 1.2 L min .

In light of what we have shown up to this point, it was
not possible to perform a direct comparison between
ENVIdisks™, Empore™, and Atlantic SPE disks™, because
all of these devices cannot be used with a flow rate of
38.33 L min ', which is commonly used for PAHs sampling.
Sampling at a lower flow rate would make lose the
aerodynamic selection of aerosols and would provide not
comparable results in terms of sampling efficiency (which
is a function of the face velocity, according to McDow and
Huntzicker, 1990). Hence, a direct comparison between
functionalized fiber filters and commercial SPE filters cannot
be shown. However, it is possible to state that none of
those systems (ENVIdisk™, Empore™ disks, Atlantic SPE
disk™) allows to perform a PM sampling on common air
samplers.

Table 2. Average recoveries of PAHs from the sampling devices used.

Compound PUF cartridges Functionalized filters Normal filters
Acenaphthylene-Dg 41 £ 9% B34+ 15)% (36 +£12)%
Phenanthrene- Dy 61 £7)% (52+12)% B7£9%
Fluoranthene-Dj, (58 £ 7)% (72 +9)% (76 £5)%
Benzo(a)anthracene-D (69 +9)% 85+3)% (94 £ 5)%
Chrysene-D, (60 + 6)% (75£3)% 80+ 7)%
Benzo(b)fluoranthene- Dy, (68 +5)% 81 +5)% 83+4)%
Benzo(k)fluoranthene-D;, (75 +£6)% B5+7)% 80£3)%
Benzo(a)pyrene-D, (71 £3)% 83+£3)% (89 £8)%
Indeno(1,2,3,c,d)pyrene-D, (96 +9)% 98+ 11)% 95+ 9)%
Dibenzo(a,h)anthracene-D 4 67 £4)% (65+6)% (50 £3)%
Benzo(g,h,i)perylene-D;, (78 £ )% (93 £ 7)% 91 £ 11)%

Average PAHs

(68 = 11)%

75+ 11)% (76 = 14)%
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CONCLUSIONS

A functionalized fiber filter was developed and tested
for the simultaneous sampling of vapor-phase and particle-
phase carcinogenic PAHs in the atmosphere. Unlike other
commercial SPE disks, the proposed devices are compatible
with the high sampling flow rates of PM samplers. All
carcinogenic PAHs were efficiently collected on
functionalized filters, while normal filters showed significant
losses.

Sampling PAHs on functionalized fiber filters allows to
avoid the use of PUF, XAD and other adsorbents, leading to a
more compact and cost-saving sampling method. Therefore,
personal and automated samplers might be developed without
the encumbrance of the adsorbent cartridge. Moreover,
since functionalized fiber filters are disposable, blank
artifacts are lower and smaller limits of detection and
quantification can be reached. Compared to PUF cartridges,
the extraction of analytes from these devices leads to
higher recoveries and lower solvent consumption, because
they are smaller and the adsorptive interaction is weaker.

Finally, functionalized fiber filters are likely to be
suitable for the sampling of other SVOCs, maintaining all
the mentioned advantages. In conclusion, the functionalized
fiber filters described are a novel, promising device for the
sampling of SVOCs, and interesting applications on
automated samplers and personal samplers are expected.

ACKNOWLEDGMENTS

Functionalized fiber filters and their use in environmental
sampling are object of a patent application (International
application number: PCT/182013/058813; Publication
number: W02014/049522 Al), and the authors express
their gratitude to dr. Giulio Bollino (CNR - Responsible for
Intellectual Property) and dr. Luisa Currado (Cantaluppi &
Partners s.r.1.) for their invaluable technical assistance. The
authors also thank Dr. Cristina Riccucci and Dr. Gabriel M.
Ingo of the Institute for the Study of Nanostructured Materials
(CNR ISMN) for their help in thermal characterization of
filters.

DISCLAIMER
The authors declare that there is no conflict of interest.
REFERENCES

Anastasopoulos, A.T., Wheeler, A.J., Karman, D. and
Kulka, R.H. (2012). Intraurban Concentrations, Spatial
Variability and Correlation of Ambient Polycyclic
Aromatic Hydrocarbons (PAHs) and PM,s. Atmos.
Environ. 59: 272-283.

Bartkow, M.E., Hawer, D.W., Kennedy, K.E. and Muller,
J.F. (2004a). Characterizing Uptake Kinetics of PAHs
from the Air Using Polyethylene-based Passive Air
Samplers of Multiple Surface Area-to-volume Ratios.
Environ. Sci. Technol. 38: 2701-2706.

Bartkow, M.E., Huckins, J.N. and Muller, J.F. (2004b)

Field-based Evaluation of Semipermeable Membrane
Devices (SPMDs) as Passive Air Samplers of Polyaromatic
Hydrocarbons (PAHS). Atmos. Environ. 38: 5983-5990.

Bi, X., Sheng, G., Peng, P., Chen, Y., Zhang, Z. and Fu, J.
(2003). Distribution of Particulate- and Vapor-phase n-
alkanes and Polycyclic Aromatic Hydrocarbons in Urban
Atmosphere of Guangzhou, China. A¢mos. Environ. 37:
289-298.

Bugrayev, A., Al-Haq, N., Okopie, R.A., Qazi, A,
Suggate, M., Sullivan, A.C. and Wilson, J.R.H. (2008).
Covalently Linked Ethylmercaptophenyl Sulfonic Acid
and Ethylmercaptobenzyl Sulfonic Acid Silica Materials
- Synthesis and Catalytic Activity. J. Mol. Catal. A:
Chem. 280: 96-101.

Cataldo, F., Ursini, O., Lilla, E. and Angelini, G. (2008).
Radiation-induced Polymerization and Grafting of B(-
)pinene on Silica Surface. Radiat. Phys. Chem. 77: 561—
570.

Chuang, J.C., Mack, G.A., Kuhlman, M.R. and Wilson,
N.K. (1991). Polycyclic Aromatic Hydrocarbons and
their Derivetives In indoor and Outdoor Air in an Eight-
home Study. Atmos. Environ. 25: 369-380.

Cousinié, S., Gressier, M., Alphonse, P. and Menu M.J.
(2007). Silica-Based Nanohybrids Containing Dipyridine,
Urethan, or Urea Derivatives. Chem. Mater. 19: 6492—
6503.

Da Limu, Y.LM.B., LiFu, D.LN.T., Miti, A.B.L.Y,,
Wang, X. and Ding, X. (2013). Autumn and Wintertime
Polycyclic Aromatic Hydrocarbons in PM, 5 and PM, s
10 from Urumgqji, China. Aerosol Air Qual. Res. 13: 407—
414.

Delgado-Saborit, J.M., Stark, C. and Harrison, R.M. (2014).
Use of a Versatile High Efficiency Multiparallel Denuder
for the Sampling of PAHs in Ambient Air: Gas and Particle
Phase Concentrations, Particle Size Distribution and
Artifact Formation. Environ. Sci. Technol. 48: 499-507.

Du Four, V.A., Janssen, C.R., Brits, E. and Van Larebeke,
N. (2005). Genotoxic and Mutagenic Activity of
Environmental Air Samples from Different Rural, Urban
and Industrial Sites in Flanders, Belgium. Mutat. Res.
588: 106-117.

Dufaud, V. and Davis, M.E. (2003). Design of Heterogeneous
Catalysts via Multiple Active Site Positioning in Organic-
inorganic Hybrid Materials. J. Am. Chem. Soc. 125: 9403—
9413.

EPA (U.S. Environmental Protection Agency). Compendium
Method TO-13A Determination of Polycyclic Aromatic
Hydrocarbons (PAHs) in Ambient Air Using Gas
Chromatography/Mass Spectrometry (GC/MS).
http://www3.epa.gov/ttnamtil/files/ambient/airtox/to-
13arr.pdf, Last Access: 10 October 2015.

EU (European Union) Directive 2004/107/EC of the
European Parliament and of the Council of 15 December
2004 Relating to Arsenic, Cadmium, Mercury, Nickel
and Polycyclic Aromatic Hydrocarbons in Ambient Air.
http://eur-lex.curopa.eu/, Last Access: 10 October 2015.

Goriaux, M., Jourdain, B., Temime, B., Besombes, J.L.,
Marchand, N., Albinet, A., Leoz-Garziandia, E. and
Wortham, H. (2006). Field Comparison of Particulate PAH



182 Paolini et al., Aerosol and Air Quality Research, 16: 175-183, 2016

Measurements Using a Low-Flow Denuder Device and
Conventional Sampling Systems. Environ. Sci. Technol.
40: 6398-6404.

Guerriero, E., Rotatori, M., Mosca, S., Rossetti, G. and
Pomponio, S. (2009). Comparison of Different Methods
of Purification of Environmental Samples for Analysis
of Polycyclic Aromatic Hydrocarbons. Organohalogen
Compd. 71: 2167-2171.

Hart, K.M. and Pankow, J.F. (1994). High-volume Air
Sampler for Particle and Gas Sampling 2. Use of backup
Filters to Correct for the Adsorption of Gas-phase
Polycyclic Aromatic Hydrocarbons to the Front Filter.
Environ. Sci. Technol. 28: 655-661.

Herlekar, M., Joseph, A. E., Kumar, R. and Gupta, L
(2012). Chemical Speciation and Source Assignment of
Particulate (PM;,) Phase Molecular Markers in Mumbai.
Aerosol Air Qual. Res. 12: 1247-1260.

IARC Monographs, Sup7 (1987). http://monographs.iarc.fr
/ENG/Monographs/suppl7/Suppl7.pdf. Last Access: 20
July 2015.

IARC (International Agency for Research on Cancer)
Monographs, Volume 92 (2010). http://monographs.iarc.f
r/ENG/Monographs/vol92/, Last Access: 20 July 2015.

IARC (International Agency for Research on Cancer)
Monographs, Vol 100F (2012). http://monographs.iarc.fr/
ENG/Monographs/vol100F/. Last Access: 20 July 2015.

lavicoli, 1., Chiarotti, M., Bergamaschi, A., Marsili, R. and
Carelli, G. (2007). Determination of Airborne Polycyclic
Aromatic Hydrocarbons at an Airport by Gas
Chromatography—Mass Spectrometry and Evaluation of
Occupational Exposure. J. Chromatogr. A 1150: 226—
235.

Kavouras, 1.G., DuBois, D.W., Nikolich, G. and Etyemezian,
V. (2015). Monitoring, Source Identification and Health
Risks of Air Toxics in Albuquerque, New Mexico, U.S.A.
Aerosol Air Qual. Res. 15: 556-571.

Kim, K.H., Jahan, S.A., Kabir, E. and Brown, R.J.C.
(2013). A Review of Airborne Polycyclic Aromatic
Hydrocarbons (PAHs) and their Human Health Effects.
Environ. Int. 60: 71-80.

Lazarov, B., Swinnen, R., Spruyt, M., Goelen, E.,
Stranger, M., Desmet, G. and Wauters, E. (2013).
Optimisation Steps of an Innovative Air Sampling
Method for Semi Volatile Organic Compounds. Atmos.
Environ. 79: 780-786.

Leandro, C.C., Bishop, D.A., Fussell, R.J., Smith, F.D. and
Keely, B.J. (2006). Semiautomated Determination of
Pesticides in Water Using Solid Phase Extraction Disks
and Gas Chromatography-Mass Spectrometry. J. Agric.
Food. Chem. 54: 645-649.

Li, Z., Porter, E.N., Sjodin, A., Needham, L.L., Lee S.,
Russell, A.G. and Mulholland, J.A. (2009).
Characterization of PM;s-bound Polycyclic Aromatic
Hydrocarbons in AtlantadSeasonal Variations at Urban,
Suburban, and Rural Ambient Air Monitoring Sites.
Atmos. Environ. 43: 4187-4193.

Liu, H.H., Yang, H.H., Chou, C.D., Lin, M.H., Chen, H.L.
(2010). Risk Assessment of Gaseous/Particulate Phase
PAH Exposure in Foundry Industry. J. Hazard. Mater.

181: 105-111.

Liu, K., Han, W., Pan, W.P. and Riley, J.T. (2001D).
Polycyclic Aromatic Hydrocarbon (PAH) Emissions
from a Coal-fired Pilot FBC System. J. Hazard. Mater.
84:175-178.

Liu, L.Y., Kukucka, P., Venier, M., Salamova, A., Klanova, J
and Hites, R.A. (2014). Differences in Spatiotemporal
Variations of Atmospheric PAH Levels between North
America and Europe: Data from Two Air Monitoring
Projects. Environ. Int. 64: 48-55.

Liu, Y., Zhu, L. and Shen, X., (2001a). Polycyclic Aromatic
Hydrocarbons (PAHs) in Indoor and Outdoor Air of
Hangzhou, China. Environ. Sci. Technol. 35: 840-844.

Lu, H. and Chen, S. (2008). Pollution Level, Phase
Distribution and Health Risk of Polycyclic Aromatic
Hydrocarbons in Indoor Air at Public Places of
Hangzhou, China. Environ. Pollut. 152: 569-575.

Masih, J., Singhvi, R., Taneja, A., Kumard, K. and Masihe,
H. (2012). Gaseous/particulate Bound Polycyclic Aromatic
Hydrocarbons (PAHs), Seasonal Variation in North Central
Part of Rural India. Sustainable Cities Soc. 3: 30-36.

Mastral, A.M., Lopez, J.M., Callén, M.S., Garcia, T.,
Murillo, R. and Navarro, M.V. (2003). Spatial and
Temporal PAHs Concentrations in Zaragoza, Spain. Sci.
Tot. Environ. 30: 111-124.

McDow, S.R. and Huntzicker, J.J. (1990). Vapor
Adsorption Artifact in the Sampling of Organic Aerosol:
Face Velocity Effects. Atmos. Environ. 24: 2563-2571.

Miller, L., Lemke, L.D., Xu, X., Molaroni, S.M., You, H.,
Wheeler, A.J., Booza, J., Grgicak-Mannion, A., Krajenta,
R., Graniero, P., Krouse, H., Lamerato, L., Raymond,
D., Reiners, J. and Weglicki, L. (2010). Intra-urban
Correlation and Spatial Variability of Air Toxics across
an International Airshed in Detroit, Michigan (USA)
and Windsor, Ontario (Canada). Atmos. Environ. 44:
1162-1174.

NIOSH (National Institute for Occupational Safety and
Health) Manual of Analytical Methods (Last Update:
October 8“‘, 2014), Part D: General Considerations for
Sampling Airbone Contaminants, http://www.cdc.gov/ni
osh/docs/2003-154/pdfs/chapter-d.pdf, Last Access: 10
October 2015.

Ohura, T., Amagai, T., Fusaya, M. and Matsushita, H.
(2004). Polycyclic Aromatic Hydrocarbons in Indoor
and Outdoor Environments and Factors Affecting Their
Concentrations. Environ. Sci. Technol. 38: 77-83.

Pandey, S.K., Kim, K.H. and Brown, RJ.C. (2011) A
Review of Techniques for the Determination of Polycyclic
Aromatic Hydrocarbons in Air. 7rAC, Trends Anal.
Chem. 30: 1716-1739.

Pankow, J.F. (1994). An Absorption Model of Gas/Particle
Partitioning of Organic Compounds in the Atmosphere.
Atmos. Environ. 28: 185-188.

Park, S.S., Kima, Y.J. and Kang, C.H. (2002). Atmospheric
Polycyclic Aromatic Hydrocarbons in Seoul, Korea.
Atmos. Environ. 36: 2917-2924.

Portet-Koltalo, F., Preterre, D. and Dionnet, F. (2011). A
New Analytical Methodology for a Fast Evaluation of
Semi-volatile Polycyclic Aromatic Hydrocarbons in the



Paolini et al., Aerosol and Air Quality Research, 16: 175-183, 2016 183

Vapor Phase Downstream of a Diesel Engine Particulate
Filter. J. Chromatogr. A 1218: 981-989.

Possanzini, M., Di Palo, V., Gigliucci, P., Tomasi Sciano,
M.C. and Cecinato, A. (2004). Determination of Phase-
distributed PAHs in Rome Ambient Air by Denuder/GC-
MS Method. Atmos. Environ. 38: 1727-1734.

Preuss, R., RoBbach, B., Wilhelm, M., Briining, T. and
Angerera, J. (2006). External and Internal Exposure to
Polycyclic Aromatic Hydrocarbons (PAH) among Workers
in the Production of Fire-proof Materials - Proposal of a
Biological Monitoring Guidance Value. Int. J. Hyg.
Environ. Health 209: 575-580.

Ras, M.R., Marcé, R.M., Cuadras, A., Mari, M., Nadal, M.
and Borrull, F. (2009). Atmospheric Levels of Polycyclic
Aromatic Hydrocarbons in Gas and Particulate Phases
from Tarragona Region (NE Spain). Int. J. Environ.
Anal. Chem. 89: 543-556.

Ravindra, K., Bencs, L., Wauters, E., de Hoog, J., Deutsch,
F., Roekens, E., Bleux, N., Berghmans, P. and Van
Grieken, R. (2006). Seasonal and Site-specific Variation in
Vapor and Aerosol Phase PAHs over Flanders (Belgium)
and their Relation with Anthropogenic Activities. Atmos.
Environ. 40: 771-785.

Ré-Poppi, N. and Santiago-Silva, M. (2005). Polycyclic
Aromatic Hydrocarbons and Other Selected Organic
Compounds in Ambient Air of Campo Grande City,
Brazil. Atmos. Environ. 39: 2839-2850.

Sanchez, C., Carlsson, H., Colmsjo, A., Crescenzi, C. And
Batlle, R. (2003). Determination of Nitroaromatic
Compounds in Air Samples at Femtogram Level Using
C18 Membrane Sampling and On-Line Extraction with
LC-MS. 4nal. Chem. 75: 4639-4645.

Shi, J., Peng, Y., Li, W., Qiu, W., Bai, Z., Kong, S. and
Jin, T. (2010). Characterization and Source Identification
of PM,p-bound Polycyclic Aromatic Hydrocarbons in
Urban Air of Tianjin, China. Aerosol Air Qual. Res. 10:
507-518.

Slezakova, K., Castro, D., Delerue-Matos, C., Alvim-Ferraz,
M.C., Morais, S. and Pereira, M.C. (2011). Air Pollution
from Traffic Emissions in Oporto, Portugal: Health and
Environmental Implications. Microchem. J. 99: 51-59.

Szulejko, J.E., Kim, K.H., Brown, R.J.C. and Bae, M.S.
(2014). Review of Progress in Solvent-extraction
Techniques for the Determination of Polyaromatic
Hydrocarbons as Airborne Pollutants. 7rAC, Trends
Anal. Chem. 61: 40-48.

Temime-Roussel, B., Monod, A., Massiani, C. and Wortham,
H. (2004) Evaluation of an Annular Denuder Tubes for
Atmospheric PAH Partitioning Studies-1: Evaluation of the

Trapping Efficiency of Gaseous PAHs. Atmos. Environ.
38:1913-1924.

Tollbdck, J., Tamburro, D., Crescenzi, C. and Carlsson, H.
(2006). Air Sampling with Empore Solid Phase
Extraction Membranes and Online Single-channel
Desorption/Liquid Chromatography/Mass Spectrometry
Analysis: Determination of Volatile and Semi-volatile
Organophosphate Esters. J. Chromatogr. A 1129: 1-8.

Tollback, J., Bigata, M.B., Crescenzi, C. and Strom, J.
(2008). Feasibility of Analyzing Fine Particulate Matter
in Air Using Solid-phase Extraction Membranes and
Dynamic Subcritical Water Extraction. Anal. Chem. 80:
3159-3167.

Tsapakis, M. and Stephanou, E.G. (2005). Occurrence of
Gaseous and  Particulate  Polycyclic ~ Aromatic
Hydrocarbons in the Urban Atmosphere: Study of Sources
and Ambient Temperature Effect on the Gas/Particle
Concentration and Distribution. Environ. Pollut. 133:
147-156.

Urbe, 1. and Ruana, J. (1997). Application of Solid-phase
Extraction Discs with a Glass Fiber Matrix to Fast
Determination of Polycyclic Aromatic Hydrocarbons in
Water. J. Chromatogr. A 778: 337-345.

Van Loon, W.M.G.M., Wijnker, F.G., Verwoerd, M.E. and
Hermens, J.L.M. (1996). Quantitative Determination of
Total Molar Concentrations of Bioaccumulatable Organic
Micropollutants in Water Using C18 Empore Disk and
Molar Detection Techniques. Anal. Chem. 68: 2916-2926.

Wauters, E., Van Caeter, P., Desmet, G., David, F., Devos,
C. and Sandra, P. (2008). Improved Accuracy in the
Determination of Polycyclic Aromatic Hydrocarbons in
Air Using 24 h Sampling on A Mixed Bed Followed by
Thermal Desorption Capillary Gas Chromatography—
Mass Spectrometry. J. Chromatogr. A 1190): 286-293.

WHO, World Health Organization (1989). Indoor Air
Quality: Organic Pollutants. EURO Reports and Studies
No. 111. Copenhagen.

Xie, M., Hannigan, M.P. and Barsanti, K.C. (2014). Gas/
Particle Partitioning of n-alkanes, PAHs and Oxygenated
PAHs in Urban Denver. Atmos. Environ. 95: 355-362.

Zhang, X. and McMurry, P.H. (1991). Theoretical Analysis
of Evaporative Losses of Adsorbed or Absorbed Species
during Atmospheric Aerosol Sampling. Environ. Sci.
Technol. 25: 456-459.

Received for review, July 23, 2015
Revised, October 20, 2015
Accepted, October 21, 2015



	methods
	ACKNOWLEDGMENTS
	DISCLAIMER
	REFERENCES

