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Analysis of polycyclic aromatic hydrocarbons in
atmospheric particulate samples by microwave-
assisted extraction and liquid chromatography

A methodology based on microwave-assisted extraction (MAE) and LC with fluores-
cence detection (FLD) was investigated for the efficient determination of 15 polycy-
clic aromatic hydrocarbons (PAHs) regarded as priority pollutants by the US Envi-
ronmental Protection Agency and dibenzo(a,l)pyrene in atmospheric particulate
samples. PAHs were successfully extracted from real outdoor particulate matter
(PM) samples with recoveries ranging from 81.4 + 8.8 to 112.0 = 1.1%, for all the com-
pounds except for naphthalene (62.3 + 18.0%) and anthracene (67.3 + 5.7%), under
the optimum MAE conditions (30.0 mL of ACN for 20 min at 110°C). No clean-up
steps were necessary prior to LC analysis. LOQs ranging from 0.0054 ng/m? for ben-
zo(a)anthracene to 0.089 ng/m?® for naphthalene were reached. The validated MAE
methodology was applied to the determination of PAHs from a set of real world PM
samples collected in Oporto (north of Portugal). The sum of particulate-bound PAHs
in outdoor PM ranged from 2.5 and 28 ng/m>.
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1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
environmental pollutants [1] and some of them are
human genotoxic carcinogens [2]. PAHs are produced
mainly by high-temperature reactions, such as incom-
plete combustion and pyrolysis of fossil fuels and bio-
masses [3, 4]. Major sources of PAHs in urban areas
include automobile traffic, domestic heating, thermal
power stations, and industrial emissions [5]. After forma-
tion and emission, partition of these compounds
between the gaseous phase and the atmospheric aerosols
occurs. Their semi-volatile nature makes them highly
mobile throughout the environment, with deposition
and revolatilization process distributing them between
air, water and soil. Some PAHs are subject to long-range

Abbreviations: ACN, acetonitrile; FLD, fluorescence detection;
MAE, microwave-assisted extraction; PAHS, polycyclic aromatic
hydrocarbons; PM, particulate matter; SRM, standard reference
material

transport through the atmosphere making them a trans-
boundary environmental problem [1].

Particulate matter (PM), which is a mixture of sus-
pended particles and aerosols, can lead to health prob-
lems and even premature mortality. Recent research
studies seem to indicate that PM with aerodynamic diam-
eter less than 10 micrometers (PM,,) are associated with
respiratory responses and PM with aerodynamic diame-
ter less than 2.5 micrometers (PM,s) mainly with cardio-
vascular diseases [6]. Nevertheless, it is not yet clear if it is
the physical or the chemical PM characteristics, or both,
that are responsible for these effects [6]. Most of the PAHs
with low vapor pressure in the air are adsorbed onto PM
[7].

Benzo(a)pyrene is the marker used for the carcinogenic
risk of PAHs in ambient air [1]. Recently and with the aim
of minimizing harmful effects on human health and the
environment as a whole of airborne PAH, the European
Union defined a target value for benzo(a)pyrene: 1 ng/m?
for the total content in the PM,, fraction averaged over a
calendar year [1]. However, the suitability of benzo(a)pyr-
ene as an indicator of carcinogenic PAHs has been ques-
tioned by new findings on the presence of more potent
PAHs such as dibenzo(a,l)pyrene [8]. It has been estimated
to have a carcinogenic potency that is approximately 100
times that of benzo(a)pyrene [9]. Until now, however,



works that include the determination of dibenzo(a,l)pyr-
ene in PM are limited [10].

The extraction of PAHs from atmospheric PM can be
achieved with a number of established methods [11, 12].
Microwave-assisted extraction (MAE) provides a tech-
nique where compounds can be extracted selectively, in
a relatively short period of time compared to conven-
tional extraction methods and allows for an enhanced
extraction yield for the more volatile compounds which
normally require special and separate extraction meth-
ods [13, 14]. This approach supports sustainable develop-
ment as it permits the use of lower toxicity solvents, and
requires less energy and solvent than conventional proc-
esses, while generating fewer wastes [14]. Several authors
explored the possibility of utilizing MAE for the extrac-
tion of PAHs from environmental materials [15]. In this
study, a systematic investigation on the application of
MAE and LC with fluorescence detection (FLD) for the
determination of 15 PAHs regarded as priority pollutants
by the US Environmental Protection Agency (US EPA),
and dibenzo(a,l)pyrene in airborne PM samples was per-
formed. Comparing to previous related MAE works [16 -
19|, only environmental friendly solvents were tested,
dibenzo(a,l)pyrene was studied and the parameters eval-
uated include the temperature instead of the microwave
power. The power is less interesting to control since it
depends on the number of samples to be extracted at one
time and if it is not adjusted accordingly, different tem-
peratures will be reached in each run compromising
extraction efficiency (in modern apparatus 14-40 sam-
ples can be simultaneously extracted). Also, the devel-
oped procedure avoids the need for extract clean-up steps
before instrumental analysis.

For this work, outdoor PM samples from Oporto (north
of Portugal) were collected in PTFE membrane filters for
sampling periods of 12 and 24 h. Usually quartz or glass
fiber filters are used but these filters require a preheating
at 400°C for 24 h prior to use in order to reduce their
water and organic matter blank values [19]. The PTFE fil-
ters do not require this pretreatment and are appropri-
ate to PM sampling at a low air flow and sampling time.

2 Material and methods

2.1 Sampling

For MAE optimization studies, PM sampling was per-
formed in the city of Oporto, north of Portugal, at one
site directly influenced by traffic emissions. The collec-
tion of the different PM fractions was performed using
TCR TECORA Bravo H2 constant flow samplers (with flow
rate 2.3 m*/h) combined with PM;, and PM,s EN LVS sam-
pling heads in compliance with norm EN12341 [20] and
no more than 24 h of sampling by each filter. The par-

ticles were collected on PTFE membrane filters with
2 um porosity [20].

Samples were stored at —-20°C and were protected
from light. Optimal conditions of MAE were applied to
analysis of outdoor PM samples (PM;,and PM;), collected
under the same above conditions, from 17 to 25 February
2008 in Oporto (Portugal).

2.2 Reagents and materials

Certified “EPA 16 PAHs” standard mixture and an indi-
vidual standard of dibenzo(a,l)pyrene (DB(a,1)P) 2000 pg/
ml were purchased from Supelco, Bellefonte, PA, USA.
The certified standard mixture included naphthalene
(Naph) 1000 pg/mL, acenaphthylene (Aci) 2000 pg/mlL,
acenaphthene (Ace) 1000 pg/mL, fluorene (Flu) 199.9 pg/
mlL, phenanthrene (Phe) 99.8 pg/ml, anthracene (Ant)
100.0 pg/mlL, fluoranthene (Fln) 200.1 pg/mL, pyrene
(Pyr) 99.9 ng/mlL, benzo(a)anthracene (B(a)A) 100.1 pg/mL,
chrysene (Chry) 100.0 pg/mlL, benzo(b)fluoranthene
(B(b)Ft)  200.2 pg/ml, benzo(k)fluoranthene (B(k)Ft)
99.9 ug/mL, benzo(a)pyrene (B(a)P) 100.0 pg/mL, diben-
zo(a,h)anthracene (DB(a,h)A) 200.0 ug/mL, benzo(g,h,i)
perylene (B(g,h,i)P) 200.0 pg/mL, and indeno(1,2,3-cd)pyr-
ene (InP) 100.1 pg/mL. Working mixed standard solu-
tions containing all the PAHs were prepared by dilution
of the stock solutions with ACN and stored at -20°C in
darkness to avoid volatilization and photodegradation.

The standard reference material (SRM) 1650b (diesel
PM) was provided by the National Institute of Standards
and Technology (NIST; Gaithersburg, MD, USA).

Acetone (purity 99.8%; Riedel-de Haén, Seelze, Ger-
many), ACN Lichrosol for gradient elution (purity >99.9%
Carlo Erba, Rodano, Italy), methanol Lichrosol. For gra-
dient elution (purity 99.9%; Riedel-de Haén) and n-hexane
Chromasolv (Merck, Darmstadt, Germany) were used.

Ultra-pure water was prepared by a Milli-Q simplicity
185 system (Millipore, Molsheim, France).

The glassware was washed with detergent and water,
rinsed with acetone and n-hexane and dried at 90°C
before use.

2.3 Microwave-assisted extraction

MAE experiments were performed with a MARS-X
1500 W Microwave Accelerated Reaction System for
Extraction and Digestion (CEM, Mathews, NC, USA) con-
figured with a 14 position carousel. During operation,
both temperature and pressure were monitored in a sin-
gle vessel. Magnetic stirring in each extraction vessel and
a sensor registering the solvent leaks in the interior of
the microwave oven were also used.

For optimization studies, each membrane filter after
sampling was cut into two parts having, as much as possi-
ble, the same size which were accurately weighted. One



Table 1. Spiking range tested for each PAH

Compound Spiking range (ug/g)”
Naphthalene 0.916-2.05
Acenaphthene 1.07-2.63
Fluorene 0.196-0.420
Phenanthrene 0.110-0.232
Anthracene 0.123-0.225
Fluoranthene 0.227-0.268
Pyrene 0.101-0.218
Benzo(a)anthracene 0.109-0.226
Chrysene 0.112-0.230
Benzo(b)fluoranthene 0.224-0.487
Benzo(k)fluoranthene 0.120-0.229
Benzo(a)pyrene 0.121-0.232
Dibenzo(a,l)pyrene 0.212-0.538
Dibenzo(a,h)anthracene 0.215-0.444
Benzo(g,h,i)perylene 0.106-0.250
Indeno(1,2,3-cd)pyrene 0.045-0.192

3 The spiking level was calculated as pg of PAH per mass of
particulate matter and filter.

half of the filter was analyzed without fortification
(blank), and the other one was spiked with the standard
solution mixture containing the 16 selected PAHs at lev-
els ranging from 0.045 pg/g for indeno(1,2,3-cd)pyrene to
2.63 ng/g for acenaphthene (Table 1). Spiked samples
were allowed to stand for 30 min before extraction.
Spiked and nonspiked (blank) PTFE filters containing PM
were transferred to the glass extraction vessels. After add-
ing to each sample 30.0 mL of the selected MAE solvent,
the vessels were closed. Three solvents and four extrac-
tion temperatures were tested, namely, hexane/acetone
(1:1 v/v), ACN (100%) and ultra-pure water (100%) at 90,
100, 110, and 120°C. Using the optimum solvent and
temperature, extraction time was varied during 5, 10,
15, and 20 min.

After MAE, the vessels were allowed to cool at room
temperature before opening. The extracts were then
carefully filtered through a PTFE membrane filter
(0.45 um) and reduced to a small volume using a rotary
evaporator (Buchi Rotavapor, R-200) at 20°C. Then, a gen-
tle stream of nitrogen was used to evaporate the extracts
and immediately before chromatographic analysis, the
residue was redissolved in 1000 puL of ACN.

To evaluate the extraction efficiency, recoveries were
calculated after correction for the blank contribution.

2.4 Chromatographic analysis

The extracts were analyzed using a Shimadzu LC system
equipped with an LC-20AD pump, a DGU-20AS degasser
and a fluorescence RF-10AXL detector. The chromato-
graphic separations were carried out using an MP-PAH
C18 (YMC) column (50 mm x 4.0 mm; 3 um particle size).
The injected volume was 15.0 pL. A water/ACN mixture

was used as the mobile phase and different solvent gra-
dient programs were tested to reduce the analysis time
while keeping a good resolution of all PAHs studied. The
following chromatographic conditions were selected:
initial conditions 45:55 ACN/water, then a linear ramp to
100% ACN in 15 min, holding this condition during
7 min. The flow rate was 0.8 mL/min.

The FLD was optimized for each PAH to obtain a good
sensitivity and minimal interferences. The excitation/
emission wavelength pair of 260/315 nm was selected for
initial time, at 8.0 min it was changed to 260/366 nm, at
9.0 min to 260/430 nm and at 18.8 min to 290/505 nm.
Acenaphthylene determination was not performed due
to its absence of fluorescence.

3 Results and discussion
3.1 Chromatographic analysis

The purpose of this study was to develop a simple and
robust method based on MAE and LC-FLD for the determi-
nation of 16 PAHs in atmospheric particulate samples.
The optimized chromatographic program allowed an
efficient separation and quantification of the studied
compounds in only 20 min as it can be observed in Fig. 1.

The linearity range, LOD, LOQ, and quadratic correla-
tion coefficients (R?) for each PAH are shown in Table 2.
Calibration curves obtained using six mixed standard
solutions containing all the PAHs showed good linearity
over the entire range of concentrations with quadratic
correlation coefficients (R% of 0.9999. LODs and LOQs
were calculated expressed as PAH concentration in solu-
tion (ug/L) [21] and in air samples for a flow rate of 2.3 m?/
h, during 24 h, which were the conditions employed
throughout the present study. LODs between 0.0016 ng/
m? (0.090 pg/L) for benzo(a)anthracene and 0.027 ng/m?
(1.5 pg/L) for naphthalene were obtained, with corre-
sponding LOQs in the range of 0.0054-0.089 ng/m?
(0.30-4.90 pg/L).

In contrast to previous published studies [15-18],
clean-up of MAE extracts was not found to be necessary.

3.2 Optimization of MAE procedure

To fully understand the way in which MAE critical varia-
bles affect PAHs extraction yields, three parameters were
considered: solvent, temperature, and extraction time.
The stirring speed (medium; Gfrerer and Lankmayr con-
cluded that stirring during MAE was essential [22]) and
solvent volume (the membrane should be completely
submerged in the solvent; thus 30.0 mL of solvent are
required) were kept constant.

Considering the selection of solvent, hexane—acetone
mixtures, toluene, methylene chloride, benzene, and
dichloromethane are known to be good solvents for
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Table 2. Average retention time and calibration data for the selected PAHs
Compound Retention  Calibration Regression equation®R? LOD LODY LOQ  LOQY
time (min)  range (ug/L; (n=6) (ngll) (ng/m®  (ugll) (ng/m?)
n=6)
Naphthalene 4.3 2.5-200.6 y=6076x + 7276 0.9999 1.5 0.027 4.9 0.089
Acenaphthene 6.9 2.5-200.6 y=700x — 2957 0.9999 0.81 0.015 2.7 0.049
Fluorene 7.4 0.50-39.6 y =102 856x + 6716 0.9999 0.12 0.0022 0.40 0.0072
Phenanthrene 8.2 0.25-20.0 y =26 569x + 6233 0.9999 0.27 0.0049 0.89 0.016
Anthracene 9.1 0.25-20.0 y=11774x - 524 0.9999 0.48 0.0087 1.6 0.029
Fluoranthene 10.0 2.5-39.5 y=7322x — 647 0.9999 0.19 0.0034 0.63 0.011
Pyrene 10.6 1.2-194 y=9045x — 668 0.9999 0.19 0.0034 0.66 0.012
Benzo(a)anthracene 12.9 0.25-19.7 y=22686x - 3894 0.9999 0.09 0.0016 0.30 0.0054
Chrysene 13.4 0.50-19.8 y=8317x — 3810 0.9999 0.26 0.0047 0.88 0.016
Benzo(b)fluoranthene 15.2 0.50-40.2 y=39620x - 3169 0.9999 0.24 0.0043 0.80 0.014
Benzo(k)fluoranthene 16.0 0.25-19.9 y=86758x — 4520 0.9999 0.11 0.0020 0.36 0.0065
Benzo(a)pyrene 16.7 0.25-20.1  y=75249x+2243  0.9999 0.16 0.0029 0.54 0.0098
Dibenzo(a,l)pyrene 17.6 0.50-40.0 y=32021x+10094 0.9999 0.45 0.0082 1.5 0.027
Dibenzo(a,h)anthracene 18.1 1.0-15.0 y=2577x — 1330 0.9999 0.37 0.0067 1.2 0.022
Benzo(g,h,i)perylene 18.4 0.99-29.8  y=22521x - 14665 0.9999 021  0.0038 070  0.013
Indeno(1,2,3-cd)pyrene 19.0 0.25-10.0  y=5304x — 765 0.9999 0.35 0.0063 1.2 0.022

4y, area; x, concentration (ug/L).

Y LOD and LOQ were expressed as PAH concentration in air for a flow rate of 2.3 m?/h, during 24 h.

PAHs extractions and are commonly used worldwide
although some are highly toxic and should be slowly
being phased out from analytical methods [19, 23-29].
In this study, only solvents presenting low toxicity were
tested. When considering MAE, due to the principle of
microwave heating, the choice of the solvent depends on
its ability to absorb microwaves, defined by its dielectric
constant (¢'). Apolar solvents such as hexane do not meet
this requirement and despite the fact that they are
known to be appropriate for aromatic compounds they
cannot be used alone. On the other hand, only a few
works were devoted to find a suitable solvent for the MAE
of PAHs from airborne [19] and diesel [30] PM. In this

study, for selection of the optimum MAE solvent, extrac-
tion efficiency was evaluated testing three solvents,
namely, hexane/acetone (1:1 v/v), ACN and ultrapure
water using spiked samples containing all the PAHs.

The solvent mixture hexane/acetone (1:1 v/v) was
included since it has proven to be an efficient solvent sys-
tem for the extraction of different pollutants from envi-
ronmental samples such as PAHs, organochlorine pesti-
cides, PCBs, phenols, and organophosphorus pesticides
[31].

ACN was selected to be tested as extraction solvent
since it is compatible with the optimized LC-FLD proce-
dure and consequently, no solvent exchange is required



to reduce the loss of analytes during sample preparation.
This is particularly important for PAHs since, some of
these compounds are extremely volatile and if, during
an evaporation step, the extract is taken to complete dry-
ness, naphthalene, acenaphthene, and fluorene can be
totally lost [32]. Also, none of the previous works related
with PAHs MAE tested it as solvent and ACN has a higher
dielectric constant than acetone which is commonly
used (€'acn = 35.9, € acetone = 20.7 at 25°C [33]).

Water was included since PAHs represent a group of
pollutants which include a great range of vapor pres-
sures and water solubilities (as well as solubilities in
extraction solvents) [34, 35]. Thus, PAHs might be
expected to show a wide range of extraction behavior.

According to the literature, only one study was carried
out on the influence of the temperature on extractability
of PAHs by MAE from diesel PM [30]. In this previous
study, methylene chloride, THF, and chloroform were
tested for 37 min at 80, 95, 110, 125, and 140°C. At high
temperatures, the rate of extraction increases because
the viscosity and the surface tension decreases, while sol-
ubility and diffusion rate into the sample increase. How-
ever, draconian extraction conditions (high temperature
and pressure) usually affect negatively the extraction
selectivity and vigorous cleaning steps are required
before the analysis [13]. In our work the three solvents
selected were tested at 90, 100, 110, and 120°C. Figure 2
shows the recovery data obtained after 20 min of extrac-
tion. The fortification range used, calculated as mass of
PAH per mass of PM and filter, are shown in Table 1.

Hexane/acetone (1:1 v/v) and ACN allow the extraction
of all compounds over the entire range of temperatures
studied. Considering the 16 PAHs altogether, it can be
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seen that the highest results were obtained at 110°C. The
mixture of hexane-acetone (Fig. 2a) provided overall
average recoveries of 66.9 =+ 9.7, 63.1 = 10, 84.6 = 6.0, and
50.1 +9.5% at 90, 100, 110, and 120°C, respectively. For
anthracene, fluoranthene, and pyrene, a lower tempera-
ture of 90-100°C seemed to be more appropriate. Using
ACN and at all the temperatures tested (Fig. 2b), higher
overall average results were reached when compared
with those of hexane/acetone (1:1 v/v), namely, 74.6 + 8.4,
72.0 £ 8.1,90.5 £ 5.9, and 68.9 = 5.8% at 90, 100, 110, and
120°C, respectively. The four PAHs which have lower
retention time and boiling point, i.e., naphthalene, ace-
naphthene, fluorene, and phenanthrene, are the most
affected by the variation of temperature. All analytes are
acceptably extracted at 110°C with ACN. The recoveries
of all the targeted contaminants were in the range of
81.4+8.8-112.0 +1.1% except for naphthalene (62.3 =
18.0%) and anthracene (67.3 +5.7%) (Fig. 2b). On the
other hand, at the optimum extraction temperature
(110°C) for the mixture hexane/acetone (1:1 v/v), recovery
values lower than ca. 70% were obtained for naphthalene
(41.0 + 14.0%), acenaphthene (62.4 = 5.1%), phenanthrene
(56.7 + 2.1%), and anthracene (21.3 = 1.1%) (Fig. 2a).

When extractions were performed with water (Fig. 2¢),
and although naphthalene, acenaphthene, fluorene, and
phenanthrene have water solubility higher than 1 mg/L
(32, 4, 2, and 1.3, respectively) [34], the first seven PAHs
were not detected and for the other analytes very poor
recoveries (3% for benzo(a)anthracene to 35% for diben-
zo(a,l)pyrene) were attained.

Taking all these observations into consideration, the
chosen solvent was ACN at 110°C. Then, the influence of
the extraction time on the recovery of the selected group

Table 3. Recoveries obtained from PM samples (PM;,) using ACN as extraction solvent at 110°C during several extraction times

Compound Recovery = RSD (%; n = 3)
5 min 10 min 15 min 20 min

Naphthalene 9.90 £ 0.50 13.9+13.0 23.6+5.0 62.3+£18.0
Acenaphthene 52.8+17.0 74.3+2.3 84.6+0.7 100.0 £2.3
Fluorene 78.8+15.0 87.1+2.3 108.0+7.8 112.0+1.1
Phenanthrene 79.6 +11.0 859+13 101.0+2.0 89.0 +19.0
Anthracene 48.0 + 4.8 58.9+2.0 74.7 + 4.4 673 £5.7
Fluoranthene 62.3+9.7 102.0 £ 3.5 124 2.7 81.4+8.8
Pyrene 96.2+0.8 90.3 +4.6 91.4+84 90.6 £ 5.5
Benzo(a)anthracene 95.1+14.0 99.5+5.0 106.5+1.4 90.8+7.5
Chrysene 104.0 + 4.8 101.0+4.4 103.0+2.2 90.4 £ 6.3
Benzo(b)fluoranthene 80.9=+13 112.0+1.8 85.7+5.0 97.1+21
Benzo(k)fluoranthene 98.0+5.4 106.0 + 3.6 104.0 £ 3.2 97.0+1.9
Benzo(a)pyrene 78.7 + 8.3 102.0 + 3.4 87.6+10 93.6+2.8
Dibenzo(a,l)pyrene 97.0+5.9 92.1+1.8 989+3.1 93.1+5.6
Dibenzo(a,h)anthracene 57.1+8.7 68.4+5.3 94.5+3.7 91.1+2.7
Benzo(g,h,i)perylene 91.7+3.9 107.0 0.8 90.5+12.0 952+1.2
Indeno(1,2,3-cd)pyrene 67.6 +16 69.5+1.4 99.1 + 8.6 96.4 + 3.6

n, Number of samples.
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Figure 2. Effect of solvent and temperature on MAE of the studied PAHs: (



Table 4. Recoveries obtained with the optimal extraction
conditions for PM samples having different sizes (PM;, and
PM5)

Compound Recovery + RSD (%; n = 3)
PM; 5 PMo
Naphthalene 56.7+9.1 62.3+18.0
Acenaphthene 88.5+3.2 100.0+2.3
Fluorene 98.2+3.9 112.0+1.1
Phenanthrene 101.0 £ 4.7 89.0 +19.0
Anthracene 66.7 +7.2 67.3+5.7
Fluoranthene 84.2+5.5 81.4+88
Pyrene 87.5+4.7 90.6 + 5.5
Benzo(a)anthracene 82.8+4.5 90.8 +7.5
Chrysene 86.3+3.3 904 +6.3
Benzo(b)fluoranthene 88.6+5.7 97121
Benzo(k)fluoranthene 88.6+4.6 97.0+1.9
Benzo(a)pyrene 90.4+2.7 93.6 +2.8
Dibenzo(a,l)pyrene 90.5+1.8 93.1+5.6
Dibenzo(a,h)anthracene 96.4+21 91.1+2.7
Benzo(g,h,i)perylene 86.5+2.6 952+1.2
Indeno(1,2,3-cd)pyrene 95.2+3.2 96.4+3.6

n, Number of samples.

of PAHs was examined. Mass transfer is a time dependent
process and, as it can be seen from Table 3, extraction
times in the range of 5-15 min lead to an increase in
extraction efficiency whereas with a further prolonga-
tion of extraction time (15-20 min) no significant effect
was observed for most compounds except for naphtha-
lene, acenaphthene, and fluoranthene. The overall mean
recoveries obtained at 5, 10, 15, and 20 min were
74.9 + 8.7, 85.5+4.3, 92.3 + 5.0, and 90.5 = 5.9%, respec-

tively. Although the extraction time of 15 min provided
the maximum global value, the recovery reached using
20 min for naphthalene, which is the PAH more difficult
to extract, was significantly higher and in agreement
with other authors that applied other extraction tech-
niques [36, 37]. Therefore, and since acceptable recov-
eries for the remaining compounds were attained,
20 min was selected as optimal time. Moreover, this
extraction time is short especially when compared to the
duration of the traditional Soxhlet process.

As the size of the particles could affect the extraction
of PAHs, the optimum conditions of MAE for PM;,
(30.0 mL ACN at 110°C during 20 min) were applied to
PM,s (“respirable” particles that can penetrate into the
gas-exchange region of the lung [6]). The results obtained
are showed in Table 4. Statistical analysis was carried out
on the analytes investigated using a nonparametric test
(Mann-Whitney) at 95% confidence level [38]. No signifi-
cant differences (p > 0.05) were found in PAH extraction
efficiency between both sizes of PM.

Table 5 summarizes the data obtained for the MAE of
the studied group of PAHs from SRM 1650b “Diesel par-
ticulate matter” (only dibenzo(a,l)pyrene is not present).
This material is the representative of heavy duty diesel
emissions and it was certified for all analyzed com-
pounds except for acenaphthene and fluorene. Quantita-
tive extraction (>72%) succeeded for eight PAHs. For the
nine compounds with lower retention times (naphtha-
lene, acenaphthene, fluorene, phenanthrene, anthra-
cene, fluoranthene, pyrene, benzo(a)anthracene, and
chrysene) similar recoveries as those reached with PM
samples were attained validating the developed proce-

Table 5. Certified, reference (noncertified) and measured concentrations of native PAHs (mean, SD, and RSD) in the NIST refer-

ence material SRM 1650b (n = 4)

Compound Mass fraction, mean = SD (ug/g)
Certified or reference Measured values Recovery = RSD (%)
values

Naphthalene 5.07 + 0.40Y 2.35+0.26 463+9.4

Acenaphthene 0.223 = 0.020” 0.220 = 0.020 98.3+6.9

Fluorene 1.26 = 0.090” 1.16 £ 0.09 92.4:5.8

Phenanthrene 69.5 + 1.99 57.8 4.1 83.2+5.3

Anthracene 7.67 + 0.47% 5.51+0.65 71.8+8.2

Fluoranthene 47.3 +0.80Y 43.8+2.0 92.6+3.4

Pyrene 43.4+1.6% 42140 97.1+6.9

Benzo(a)anthracene 6.18 + 0.30Y 5.96 +0.38 96.4+5.1

Chrysene 13.3+1.1% 11506 86.2 + 4.4

Benzo(b)fluoranthene 6.77 + 0.84% 1.41£0.24 20.9=+13.0

Benzo(k)fluoranthene 2.37+0.21 0.510 +0.030 21.4+3.9

Benzo(a)pyrene 1.17 + 0.09 0.260 = 0.020 226+6.8

Dibenzo(a,h)anthracene 0.365 = 0.071% 0.220 +0.020 61.1+7.3

Benzo(g,h,i)perylene 5.91+0.18% 1.03 £0.07 17.4+53

Indeno(1,2,3-cd)pyrene 4.44+0.28Y 0.690 = 0.020 155+2.3

3 Certified values.
Y Reference values.



22500
ny
20000
17500
15000
12500
10000

7500

5000

2500

Figure 3. LC-FLD chromatogram
of a PM;, sample collected in the
city of Oporto.

Cwe n12s
dure. Referring to the other analyzed PAHs, except for
dibenzo(a,h)anthracene, a drastic reduction in the
extraction efficiency was observed and all yields are
lower than 23%. These results are in accordance with
those reported by Pifieiro et al. [16] for the same SRM.
These authors tested also the SRM 1648 “Urban particu-
late matter” (actually no SRM of natural atmospheric PM
is available) and concluded that the nature of SRM 1650b
was quite different from real atmospheric particulate
samples, because this diminution effect was not appreci-
ated for SRM 1648 and real atmospheric PM [16]. Regard-
ing the repeatability of the optimized methodology,
expressed as RSD, values were lower than 13%.

3.3 Application to outdoor PM samples collected
in Oporto

The developed analytical protocol was applied for the
quality control of outdoor PM samples (PM,s and PM;).
The monitoring campaign was from 17-25 of February
2008 (for a period of nine consecutive days), in a site
directly influenced by traffic emissions in the city of
Oporto (north of Portugal).

Particulate PAHs concentrations are summarized in
Table 6 and a representative chromatogram is shown in
Fig. 3. The average value for each compound, with the
minimum and maximum values and the total PAHs con-
centrations (sum of the 15 compounds since acenaph-
thene was not detected) are reported for the 9 days of
sampling in PM,sand PM,,. Results are presented in mass
of PAH per cubic meter of air. Concentrations of individ-
ual compounds are in a range up to 10.5 ng/m? (diben-
zo(a,h)anthracene in PM;;s). The most abundant PAHs in
PM samples (PM,s and PM,,) during the campaign were,

| e
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by descending order: dibenzo(a,h)anthracene (ca. 40% of
total PAHs), indeno(1,2,3-cd)pyrene (ca. 10%), benzo(b)-
fluoranthene (ca. 9%), benzo(g,h,i)perylene (ca. 8%), and
benzo(a)pyrene (ca. 7%). The sum of particulate-bound
PAHs in outdoor PM ranged from 2.5 to 28 ng/m?®.
Because PAHs are generally considered as typical prod-
ucts of incomplete combustion of organic matter, the
increased concentrations in atmospheric particulate
samples are readily associated to the intense traffic
which takes place during working days. During the
period under study, and in the site where the sampling
was done, the average level of benzo(a)pyrene in PM;,
was above the legal limit in EU (1 ng/m?) [1] which is a
worrying factor. Also, the detection of dibenzo(a,l)pyr-
ene, despite the low levels determined, is of special inter-
est since it is considered one of the most carcinogenic [8|.
The mean concentrations of almost the individual
PAHs and consequently the total PAHs (Zpag) at the traffic
site were similar for both PM,sand PM;, fractions. There-
fore, it was concluded that the PAHs were mainly present
in fine fractions. This fact supports the importance to
monitor this fraction in order to better understand PM, s
impacts to consequently develop appropriate policies to
protect public health.

4 Conclusions

It can be stated that MAE provides a fast, simple, and effi-
cient procedure for the extraction of PAHs from real
atmospheric particulate samples (PM;s and PM,,, the size
of PM did not influence the efficiency of the extraction)
with a low consumption of toxic solvents and environ-
mental burden, nowadays two crucial parameters in the
choice of the extraction technique. Considering the



Table 6. Average concentrations of PAHs (n=3) measured in outdoor PM,s and PM,, samples collected in the city of Oporto
(Portugal, traffic site) during a period of nine consecutive days

Compound Mean concentration = SD (ng/m?) Min - max (ng/m?®)

PM; s PMio PM, s PMio
Naphthalene 0.0372 + 0.0420 0.0339 + 0.0360 0.000-0.0910 0.000-0.1000
Acenaphthene n.d. n.d. n.d. n.d.
Fluorene 0.0435 £ 0.035 0.0573 + 0.036 0.00400-0.108 0.0070-0.0950
Phenanthrene 0.435 +0.31 0.505 +0.39 0.0330-0.891 0.0870-1.290
Anthracene 0.343 +0.25 0.341 £ 0.32 0.0610-0.793 0.0530-0.975
Fluoranthene 0.144+0.110 0.165+0.16 0.008-0.321 0.0230-0.408
Pyrene 0.476 = 0.330 0.636 +0.42 0.061-1.000 0.0850-1.23
Benzo(a)anthracene 0.695 + 0.490 0.687 = 0.50 0.0820-1.35 0.0730-1.38
Chrysene 0.870 +0.580 0.905 + 0.62 0.0960-1.64 0.106-1.84
Benzo(b)fluoranthene 1.63+0.88 1.58+0.91 0.250-2.93 0.262-2.98
Benzo(k)fluoranthene 0.599 = 0.33 0.582 +0.34 0.0960-1.11 0.102-1.16
Benzo(a)pyrene 1.23+0.67 1.16 + 0.67 0.194-2.16 0.198-1.99
Dibenzo(a,l)pyrene 0.0158 £ 0.0130 0.0198 = 0.022 0.002-0.0400 0.0020-0.0700
Dibenzo(a,h)anthracene 6.68 +2.90 6.17+2.9 0.946-10.5 1.07-9.64
Benzo(g,h,i)perylene 1.45+0.70 1.41+0.72 0.298-2.31 0.311-2.39
Indeno(1,2,3-cd)pyrene 1.69+0.76 1.62+0.79 0.366-2.58 0.358-2.83
~PAHs 16.3+8.0 159+ 84 2.51-26.2 2.79-27.9
n, Number of samples; n.d., not detected.
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