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This work describes the optimization of an extraction method for the determination of
polycyclic aromatic hydrocarbons (PAHs) and their nitro- and oxy-PAH derivatives in
atmospheric particulate matter (PM) samples, and demonstrates that this method is also
effective for the determination of levoglucosan. The optimization of the extraction solvents
was performed using a three-component mixture design with the solvents
dichloromethane, methanol, and acetonitrile. The number of extractions, volume of
solvent, and duration of extraction in an ultrasonic bath were optimized using a full
factorial design followed by a central composite design. The analyses were performed
by gas chromatography coupled with mass spectrometry. The optimized conditions of the
method were three extractions using 4.0 ml of acetonitrile, with ultrasonication for 34 min.
The proposed method presented good linearity (r > 0.990) and acceptable precision for
low (100 ng ml−1, RSD: 1–16%), medium (300 ng ml−1, RSD: 1–19%), and high (500 ng
ml−1, RSD: 2–16%) concentrations of PAHs. The limits of quantification for different PAHs
ranged from 10 to 50 ngml−1, which were suitable for atmospheric PM. Assessment of the
method using sample matrix spiking/recovery assays, as well as use of a reference
method, showed good recoveries for levoglucosan and for most of the PAHs and their
derivatives, except for the most volatile compounds, which were lost during the
evaporation of the solvent. The results for PM samples extracted by the optimized
method and the reference method were in good agreement. The proposed method
required 97% less solvent than the reference method, shortened the analysis time by 85%,
and proved to be accurate and precise for the determination of at least 27 PAHs and their
derivatives present in PM samples collected with a low-volume sampler.
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1 INTRODUCTION

Atmospheric particulate matter (PM) has been widely studied
worldwide due to its impact on the environment, reduction of
visibility, and effects on human health (Rodrí guez-Urrego and
Rodr í guez-Urrego, 2020; Zheng et al., 2020). It is estimated that
the number of deaths in the world due to long-term outdoor
exposure to PM ≤ 2.5 μm (PM2.5) was approximately 4.14 million
in 2019 (Health Effects Institute, 2020). The high socio-
environmental impact is linked to the physicochemical
characteristics of PM, with these particles having different
chemical compositions and sizes, depending on their
formation processes (Alves, 2005; Harrison, 2020). It has been
shown that PM2.5 has carcinogenic potential, mainly resulting in
lung cancer (Khan et al., 2018; Senthil Kumar et al., 2018).

In general, PM consists of inorganic species (sulfates, nitrates,
metals, etc.) and carbonaceous material that is a complex mixture
of organic molecules and elemental carbon (Alves, 2005). Several
studies have indicated that the carcinogenic potential of these
particles is mainly due to the presence of polycyclic aromatic
hydrocarbons (PAHs) and their oxy- and nitro-PAH derivatives
in the organic fraction of PM (Kelly and Fussell, 2012; de Oliveira
Alves et al., 2017; de Oliveira Galvão et al., 2018; Nováková et al.,
2020).

PAHs are a class of organic compounds that contain only
carbon and hydrogen atoms, consist of two or more aromatic
rings condensed together, and are formed during incomplete
combustion or pyrolysis of organic material (Kim et al., 2013).
Oxy- and nitro-PAHs have substitutions of one or more
hydrogen atoms by carbonyl and nitro functional groups,
respectively, and are either directly formed during combustion
or are products of secondary reactions in the atmosphere (Abbas
et al., 2018; Idowu et al., 2019).

The distribution of PAHs between the particulate and gaseous
phases is determined by their vapor pressure, which decreases
drastically with increasing molecular weight. Consequently, at
room temperature, two-ring PAHs are mostly found in the gas
phase, while carcinogenic five-ring PAHs, such as benzo [a]
pyrene, are mostly adsorbed on airborne particles
(IARC–International Agency for Research on Cancer, 2010;
Kameda, 2011).

Biomass burning is a major source of PAH emissions, so the
use of a chemical tracer capable of identifying this origin of PM is
of great relevance (Urban et al., 2014). Levoglucosan is an
anhydrosaccharide produced by the pyrolysis of cellulose at
high temperatures (>300°C) and has been proposed as a
specific tracer for biomass burning (Simoneit et al., 1999;
Urban et al., 2012).

Existing methods reported in the literature for simultaneous
extraction of levoglucosan and PAHs, prior to determination by
gas chromatography-mass spectrometry (GC-MS), are scarce and
involve additional experimental steps, such as fractionation, or
use of a thermal desorption injection system (Van Drooge and
Ballesta, 2009; Sevimoglu and Rogge, 2015; Turap et al., 2018; van
Drooge et al., 2018).

It is evident that knowledge of the origins, characteristics, and
concentrations of PAHs and their derivatives in atmospheric PM

is necessary for the purposes of monitoring and subsequent
mitigation of the concentrations of these chemical species in
the environment. Among the analytical methods most commonly
used to identify and quantify PAHs are GC-MS and high-
performance liquid chromatography with fluorescence
detection (HPLC-fluorescence) (Eiguren-Fernandez and
Miguel, 2003). The use of other methods, such as HPLC-MS,
is also possible and can be very efficient, but the associated costs
may be prohibitive for many laboratories (Ohno et al., 2009).

HPLC-fluorescence is widely used for PAHs determination,
due to its high sensitivity and excellent resolution (Liaud et al.,
2015; Boongla et al., 2017). However, the use of the fluorescence
detector necessitates the addition of a clean-up column to
minimize matrix interferences, as well as a pre-column or on-
line derivatization for nitro-PAHs, due to their low or zero
fluorescence emission (Delhomme et al., 2007; Sun et al.,
2020). These additional experimental steps in the sample
preparation procedure increase the time and cost of the analysis.

The use of GC-MS for separation and quantification of PAHs
and their derivatives can reduce the coefficients variation (Gratz
et al., 2000). The combination of the two techniques (GC andMS)
enables the detection and accurate quantification of the
compounds, even when present in complex matrices (Abbas
et al., 2018; Zhang et al., 2020).

The extraction methods reported in the literature for use with
GC-MS usually involve the use of high volumes of organic
solvents (>300 ml) and lengthy extraction procedures to enable
the detection and quantification of these molecules (Guo et al.,
2003; Machado et al., 2009; Marques et al., 2009; Alves et al., 2011;
de Oliveira Alves et al., 2015; Song et al., 2018). Several organic
solvents have already been used individually or in mixtures to
extract PAHs and derivatives from PM, such as acetone,
acetonitrile, dichloromethane, hexane, methanol and toluene
(Santos et al., 2016; Balducci et al., 2018; Ma et al., 2020;
Nováková et al., 2020; Hong et al., 2021; Lim et al., 2021).

Extraction methods that use micro-volumes of solvent are
only suitable for the analysis of aerosol samples collected by high-
volume air samplers, where there is a large mass of PM deposited
on the sampling filter (Santos et al., 2016). Therefore, an
extraction method enabling reduction of organic solvent
volumes, the use of low-volume samplers, and the
simultaneous quantitative extraction of levoglucosan would be
highly desirable.

Multivariate techniques such as factorial, central composite,
Box-Behnken, Doehlert, and mixture designs have been used to
optimize sample preparation procedures, offering advantages
such as short optimization times, acquisition of a greater
quantity of experimental data using a relatively small number
of experiments, and lower reagent consumption (Ferreira et al.,
2007; Santos et al., 2016; Gamela et al., 2020).

The objective of this study was to use design of
experiments to optimize an extraction method using small
solvent volumes for simultaneous determination of PAHs and
their oxy- and nitro-derivatives by GC-MS, and to investigate
its application for the simultaneous extraction of
levoglucosan. This new procedure enables the use of
organic solvents to be minimized, while maintaining good
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accuracy and precision in the analysis of PM collected with
low-volume air samplers.

2 EXPERIMENTAL

2.1 Standards
For the construction of analytical curves and for carrying out the
recovery tests, a stock standard solution containing all the PAHs,
nitro-PAHs, and oxy-PAHs at 1,000 ng ml−1 (individual
concentrations) was prepared in dichloromethane:toluene (1:
1). A stock internal standard solution containing all the
deuterated PAHs, nitro-PAHs, and oxy-PAHs at 1,000 ng ml−1

was also prepared in dichloromethane:toluene (1:1). Solutions of
levoglucosan and its internal standard, levoglucosan-C13, were
prepared inmethanol, both at a concentration of 100,000 ngml−1.
A complete list of the standards used is available in
Supplementary Tables S1, S2 shows the internal standards
used for each analyte.

2.2 Aerosol Sampling
Aerosol samples used to test the accuracy and the application of
the optimized method were collected in two cities, São Carlos and
Ribeirão Preto, both located in São Paulo State, Brazil, where
biomass burning is an important source of aerosol.

PM10 was collected in the city center of São Carlos
(−22.01973S, −47.89009W) on April 27th, 2017, during 24 h,
using a high-volume sampler with a size-selective inlet for
particles less than 10 μm in diameter (model GS-2310, Accu-
vol) fitted with a 509 cm2 glass fiber membrane and operated at a
flow rate of 1 m³ min−1. This sample was used to perform the
recovery test employing the sample matrix. A high-volume
sample was chosen for this test, because the large area of the
membrane made it possible to analyze three replicates of three
different concentrations, as suggested by IUPAC—International
Union of Pure and Applied Chemistry (2002).

For the accuracy test performed by comparison with a
reference extraction method, two samples of fractionated PM
were collected in parallel at the campus of the University of São
Carlos (−21.97812S, −47.88422W), during 7 days from August
20th to 27th, 2020. The sampling was performed with two
identical low-volume impactor samplers (MOUDI 100S4, MSP
Corporation) with aerodynamic cutoffs for the individual stages
of 18, 10, 2.5, and 1.0 μm. The samples were collected on quartz
fiber membranes (47 mm diameter, Whatman), at a flow rate of
30 L min−1.

To test the application of the method, a fractionated
particulate matter sample was collected using the 4-stage
MOUDI impactor at the campus of the University of São
Paulo in Ribeirão Preto (−21.16140S, −7.85768W), during
5 days from June 15th to 20th, 2020.

All the membranes containing the particulate matter were
wrapped in aluminum foil, placed in plastic bags, and stored at
−22°C until analyzed.

Blank tests performed with both types of membranes (glass
and quartz fibers) resulted into low or below LOD signals for all

studied PAHs and levoglucosan, showing that different
membrane types did not present a relevant matrix effect.

2.3 Analytical Instrumentation
Analyses were performed using a gas chromatograph coupled to
a mass spectrometer (GCMS-QP2010, Shimadzu). Injections
were performed using an autosampler (AOC-20i, Shimadzu).
The column used was an SLB®-5 ms Capillary GC
Column (Sigma-Aldrich) composed of 5% diphenyl and
95% dimethylpolysiloxane, with dimensions of L × I.D. 30 m
× 0.25 mm, df 0.25 μm.

The chromatographic parameters were as described by Santos
et al. (2016), with minor changes. The GC oven was programmed
as follows: 70°C (2 min); 30°C min−1 to 200°C (5 min); and
5°C min−1 to 320°C (3 min). The carrier gas was helium, at a
constant flow rate of 1.0 ml min−1. The injector was operated at
300°C, in splitless mode, with 0.80 min sampling time. The mass
spectrometer was operated in electron impact mode, with 70 eV
ionization energy and source and interface temperatures of 250
and 320°C, respectively. The analyses were performed in selected
ion monitoring (SIM) mode. For each PAH and derivative, at
least two ions with different m/z were selected (Supplementary
Table S3).

2.4 Extraction Procedure
The experimental optimization of the extraction procedure was
performed using blank glass fiber membranes with area of
17.3 cm2 (Gelman Sciences Inc.), which were spiked with
standard solutions of PAHs, their nitro- and oxy-derivatives,
and the deuterated internal standards, all to final concentrations
of 1,000 ng ml−1. The spiked membranes were cut into small
pieces directly into a glass vessel and were extracted with organic
solvent, using an ultrasonic bath (Unique). When the extraction
procedure was repeated, the extracts were combined and then
evaporated down to approximately 0.5 ml, under reduced
pressure, using a Büchi evaporator. The extract was filtered
using a 0.22 μm pore size PTFE filter unit (Analítica), followed
by complete evaporation under a gentle flow of nitrogen. The
dried material was resuspended in 100 μl of acetonitrile (Supelco)
and a 2 μl aliquot was injected into the GC-MS system. In order to
obtain the recoveries of each PAH and derivative, the ratio
between the peak areas of the analyte and its corresponding
internal standard was compared to the corresponding value for a
control solution that was directly injected into the GC-MS.

2.5 Experimental Optimization
Firstly, a three-component mixture design was used in order to
identify the best extraction solvent, considering acetonitrile,
dichloromethane, and methanol (Merck). These solvents were
chosen due to their relatively high polarity, which allow for the
extraction of more polar derivatives of PAHs, and due to their
wider use in works that determined these compounds. Ten
experiments were performed according to a simplex-centroid
design with axial points. The experimental error was evaluated
using three replicates at the central point, increasing the total
number of experiments to twelve. In order to determine only the

Frontiers in Environmental Science | www.frontiersin.org November 2021 | Volume 9 | Article 7422513

Scaramboni et al. Extraction of PAHs From Aerosol

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


effect of the solvents, the total volume of solvent was fixed at
3 × 5.0 ml and the ultrasonication time was fixed at 30 min.

After selection of the optimal solvent, the parameters that had
previously been fixed in the mixture design were then optimized
using a full factorial design (2³) with a central point. Nine
experiments were performed, varying the extraction solvent
volume (3.0, 4.0, and 5.0 ml), the number of extractions (1, 2,
and 3), and the sonication time (10, 20, and 30 min). Three
replicates at the central point were performed and the total
number of experiments was 11. A further refinement was
performed using a central composite design in which two
variables were tested at five different levels, considering the
extraction solvent volume (2.6, 3.0, 4.0, 5.0, and 5.4 ml) and
the sonication time (6, 10, 20, 30, and 34 min). A further four
experiments were performed in the refinement process.

The recoveries of all the analytes were converted to values
between zero (completely undesirable response) and 1 (desirable
response), using a desirability function (Pereira-Filho, 2015). The
desirability function considered the amplitude of the recovery
range obtained (from 0 to 300%) and the desirable range (from 70
to 130%), and was calculated according to Eq. 1, where di
represents the individual desirability for each PAH, and y
represents the recovery.

di �
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

y

0.7
if y< 0.7

1 if 0.7< y< 1.3
3.0 − y

3.0 − 1.3
if y> 1.3

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

(1)

The individual desirability for each PAH (di) was converted to
the overall desirability (OD) for each experiment, according to
Eq. 2, where k is the number of individual desirabilities.

OD � 									
d1d2 . . . dk

k
√

(2)

The overall desirability value of each experiment was then
used to calculate the effect of each condition on the model
response, as well as to calculate the single regression model
that represented the best extraction condition. The model was
calculated using the freeware Octave [graphical user interface
(GUI) version], with the computational routines proposed by
Pereira and Pereira-Filho (2018).

2.6 Method Validation
2.6.1 Limits of Detection and Quantification
The limit of detection (LOD) was calculated using the signal-to-
noise approach, by gradually decreasing the concentration of the
analyte until achieving a signal-to-noise ratio between 3:1 and 2:1
(Jatinder, 2005). The LOD was calculated by directly injecting the
standard solutions into the GC-MS system, so the concentration
values obtained were related to the detectability power of the
chromatographic instrumentation.

The limit of quantification (LOQ) was set as the lowest
concentration of the analytical curve, which is the minimum
level at which the analyte can be quantified with acceptable
accuracy and precision (Jatinder, 2005).

2.6.2 Linearity
The analytical curves were obtained, in triplicate, by spiking blank
glass fiber membranes with different volumes of a standard
solution containing all the PAHs and derivatives, together
with a fixed volume of the standard solution containing the
internal standards (final concentration of 200 ng ml−1). The
spiked membranes were submitted to the complete extraction
process. The filtered extracts were injected into the GC-MS and
the analytical curves were obtained by plotting the ratio between
the areas of the analyte and the corresponding internal standard
against the concentration.

2.6.3 Precision
The precision of the method was obtained by considering the
repeatability of nine different determinations covering the
analytical range. For this, the relative standard deviation
(RSD) was calculated for three replicates at three different
concentrations: low (100 ng ml−1), medium (300 ng ml−1) and
high (500 ng ml−1) (Jatinder, 2005).

2.6.4 Accuracy
The accuracy of the optimized method was assessed in two ways,
using spiking/recovery of the sample matrix and a reference
method (IUPAC—International Union of Pure and Applied
Chemistry, 2002).

The recovery test using the sample matrix was performed by
cutting the 509 cm2 membrane containing the PM10 sample into
twelve 17.3 cm2 discs. Three of the discs were extracted and
analyzed without spiking, while the other nine were spiked with
standard solutions of the PAHs and the derivatives. Three discs
were spiked with a final concentration of 100 ng ml−1 (lowest
concentration of the analytical range), another three with 300 ng
ml−1 (intermediate concentration), and the last three with 500 ng
ml−1 (highest concentration). The percentage recovery was
calculated by subtracting the concentration for the spiked
sample from that for the sample that had not been spiked.

The accuracy test using the reference method (Alves et al.,
2011; Urban et al., 2016) was performed using the fine fraction
(<1.0 μm) of the two fractionated PM samples collected in
parallel with two identical low-volume samplers. One
membrane was extracted using the optimized method and the
other was extracted using the reference method described in
detail by Urban et al. (2016). Briefly, the latter extraction was
performed by refluxing the membrane with the collected sample
for 24 h in a Soxhlet apparatus containing 300 ml of
dichloromethane. The solvent phase was transferred to a clean
round-bottom flask and the remaining membrane was extracted
with 25 ml of methanol, for 10 min, in an ultrasonic bath.
Another two extractions were performed with 25 ml of
methanol. The combined dichloromethane and methanol
extracts (375 ml) were concentrated to approximately 1 ml,
under reduced pressure. The extract was filtered (0.22 μm
PTFE membrane) and then completely evaporated under a
gentle flow of ultrapure nitrogen. The dried material was
resuspended in 100 μl of acetonitrile and a 2 μl aliquot was
injected into the GC-MS system. The agreement between the
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methods was calculated using the ratio between the areas of the
analyte and the corresponding internal standard obtained using
the optimized method, divided by the ratio obtained using the
reference method.

2.7 Levoglucosan Determination
Although the focus of this work is to analyse PAHs and their
derivatives in PM samples, the optimized extraction method was
applied to the determination of levoglucosan, given the
importance of biomass burning as a source of PAHs.

For the recovery test, three blank quartz fiber membranes were
spiked with both levoglucosan and levoglucosan-C13, to a final
concentration of 1,000 ng ml−1 of each standard, and the
extraction was made using the optimized method.

Before injection into the GC-MS system, the dried extracts
were derivatized for 3 h, at 70°C, with 40 μl of N,O-bis-
(trimethylsilyl)-trifluoroacetamide (BSTFA) containing 1%
trimethylchlorosilane (TMCS, Sigma-Aldrich) and 10 μl of
pyridine (Merck). After derivatization, a 950 μl volume of
hexane was added to the derivatized extract, the mixture was
homogenized, and 1 μl was injected into the GC-MS system. The
chromatographic parameters for levoglucosan analysis were as
described by Urban et al. (2012).

The recoveries were calculated by dividing the ratio between
the peak areas of the sugar and the internal standard, obtained
after extraction, by the ratio obtained for a control solution that
was directly injected into the GC-MS after derivatization.

3 RESULTS AND DISCUSSION

3.1 Optimization of the Extraction Method
The solvent was optimized using a mixture design. The
experimental conditions for each component of the mixture
design (real and coded values) are shown in Table 1, together
with the overall desirability (OD).

Based on the data shown in Table 1, it was possible to calculate
the cubic regression model using the computational routine
“regression2,” proposed by Pereira and Pereira-Filho (2018).

The binary interaction coefficients for all possible pairs of
components and the tertiary interaction coefficient for the
three components simultaneously were not significant
(confidence level � 95%). Thus, the model was recalculated
with the individual coefficients, which remained significant
after the recalculation (confidence level � 95%).

A short description of the analysis of variance (ANOVA) for
the linear model calculated is presented in Supplementary Table
S4. The Fisher distribution test (F-test) was used to examine the
significance of the difference between the ANOVA parameters.
The linear regression model was significant (Fcalculated > Fcritical)
and there was no lack of fit (Fcalculated < Fcritical). The model was
able to explain 63% of the variation (R2 � 0.6280), with a
maximum explicable variation of 79% (R2max � 0.7924).
Therefore, the regression model was able to satisfactorily
describe the data behavior.

The linear equation obtained (Eq. 3) was used to calculate the
optimal experimental conditions and to draw the response
surface (Figure 1).

R � 0.692v1 + 0.541v2 + 0.768v3 (3)

where, R is the response (overall desirability), v1 corresponds to
variable 1 (dichloromethane), v2 to variable 2 (methanol), and v3
to variable 3 (acetonitrile).

Methanol was the least favorable solvent, while acetonitrile
was the most important solvent in the extraction. The proportion
with the highest response (i.e., desirability closest to 1) was 100%
acetonitrile, so this condition was chosen to continue the
extraction optimization process.

The experimental conditions were codified between −1 and +1
in order to estimate the optimal conditions for the number of
extractions, solvent volume, and sonication time, using the full
factorial design (2³) with central point. The real and coded values,
as well as the overall desirability values are shown in Table 2.

Based on the data shown in Table 2, it was possible to calculate
the effects that the individual variables and their interactions had

TABLE 1 | Experimental conditions of the mixture design performed for the
extraction solvent optimization, and the responses in terms of overall
desirability (OD). The coded values are shown within parentheses.

Experiment Volume of solvent (ml)

Dichloromethane Methanol Acetonitrile OD

1 0.83 (0.167) 3.40 (0.667) 0.83 (0.167) 0.571
2 3.40(0.667) 0.83 (0.167) 0.83 (0.167) 0.670
3 0.00 (0) 2.50 (0.5) 2.50 (0.5) 0.637
4 0.00 (0) 5.00 (1) 0.00 (0) 0.587
5 0.00 (0) 0.00 (0) 5.00 (1) 0.761
6 0.83 (0.167) 0.83 (0.167) 3.40 (0.667) 0.765
7 2.50 (0.5) 2.50 (0.5) 0.00 (0) 0.601
8 2.50 (0.5) 0.00 (0) 2.50 (0.5) 0.743
9 5.00 (1) 0.00 (0) 0.00 (0) 0.711
10 1.70 (0.333) 1.70 (0.333) 1.70 (0.333) 0.635
11 1.70 (0.333) 1.70 (0.333) 1.70 (0.333) 0.570
12 1.70 (0.333) 1.70 (0.333) 1.70 (0.333) 0.752

FIGURE 1 | Response surface for the overall desirability obtained from
the solvent mixture design experimental data.
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on the response. Seven effects, with three being first order (1, 2,
and 3–individual variables), three second order (12, 13, and
23–interaction between two variables), and one third order
(123–three variables), were calculated using the computational
routine “fabi_efeito” (Pereira and Pereira-Filho, 2018). As shown
in Figure 2, the most important effect, with a relative percentage
of 67%, was for the interaction of variables 2 and 3, solvent

volume and sonication time, respectively. Therefore, these two
variables were tested at a greater number of levels, in a refinement
process. Variable 1 (number of extractions) was the least
important effect, so for the refinement process, the number of
extractions was kept constant at its high level (+1), because
despite being small, the effect was positive (Figure 2).

The refinement was performed using a central composite
design. With the exclusion of one variable, some experiments
from the previous full factorial design were duplicated, so the
overall desirability was calculated as the arithmetic mean. The
experimental conditions of the central composite design (real and

TABLE 2 | Experimental conditions of the full factorial design (2³) with central point performed for optimization of the number of extractions, solvent volume, and sonication
time, and the responses in terms of overall desirability (OD). The coded values are within parentheses.

Experiment Number of extractions Solvent volume (ml) Sonication time (min) OD

1 1 (−1) 3.00 (−1) 10 (−1) 0.647
2 3 (1) 3.00 (−1) 10(−1) 0.640
3 1 (−1) 5.00 (1) 30 (1) 0.715
4 3 (1) 5.00 (1) 10 (−1) 0.601
5 1 (−1) 3.00 (−1) 30 (1) 0.541
6 3 (1) 3.00 (−1) 30 (1) 0.607
7 1 (−1) 5.00 (1) 10 (−1) 0.583
8 3 (1) 5.00 (1) 30 (1) 0.652
9 2 (0) 4.00 (0) 20 (0) 0.584
10 2 (0) 4.00 (0) 20 (0) 0.589
11 2 (0) 4.00 (0) 20 (0) 0.529

FIGURE 2 | Percentage effects of variables 1 (number of extractions), 2
(solvent volume), and 3 (sonication time), and their interactions. The calculated
effect values are provided next to each column.

TABLE 3 | Central composite design used for the refinement process of the
extraction conditions (solvent volume and sonication time), and the responses
in terms of overall desirability (OD). The coded values are within parentheses.

Experiment Solvent volume (ml) Sonication time (min) OD

1 and 2 3.00 (−1) 10 (−1) 0.644
3 and 8 5.00 (1) 30 (1) 0.684
4 and 7 5.00 (1) 10 (−1) 0.593
5 and 6 3.00 (−1) 30 (1) 0.575
9 4.00 (0) 20 (0) 0.568
10 2.60 (−1.41) 20 (0) 0.674
11 4.00 (0) 6 (−1.41) 0.747
12 5.40 (1.41) 20 (0) 0.629
13 4.00 (0) 34 (1.41) 0.673

FIGURE 3 | (A) Response surface and (B) contour graph for the model
generated by the refinement of the extraction conditions optimization.
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coded values) used for the refinement process are shown in
Table 3, together with the overall desirability values.

A regression model was generated from the data in Table 3,
using the computational routine “regression2” (Pereira and
Pereira-Filho, 2018). The model showed a slight lack of fit, as
the ratio between the calculated and tabulated F values was
slightly greater than 1 (Supplementary Table S5). Despite
this, the coefficients were calculated considering that there was
no lack of fit in the model. The model was able to explain 48% of
the variation (R2 � 0.4768), with a maximum explicable variation
of 87% (R2max � 0.8720).

Considering only significant coefficients (confidence level
� 95%), the following regression equation was obtained:

R � 0.568 + 0.052v22 (4)

where, R is the response (overall desirability) and v22 corresponds
to the square of variable 2 (sonication time). Thus, the solvent
volume was not important in terms of desirability, but the
sonication time was. Eq. 4 was used to draw the response
surface and the contour graph (Figure 3).

Since the volume of solvent did not influence the response, the
intermediate volume of 4.0 ml was chosen, which minimized the
volume of solvent, while ensuring that the entire filter was
covered. The extraction time influenced the overall desirability,
with the maximum responses obtained at the two extremes (6 and
34 min).

In order to determine the most appropriate time for the
extraction, a sample of PM10 was analyzed, in triplicate,
maintaining fixed the extraction solvent (acetonitrile), the
solvent volume (4 ml), and the number of extractions (3), but
using the two different sonication times. Most peak areas (74%)
corresponding to the PAHs and their derivatives for the
extraction times of 6 and 34 min were not statistically
different (t-test, p � 0.05). The peak areas corresponding to
pyrene, benzo[a]anthracene, chrysene-d12, chrysene, benzo[k]
fluoranthene, benzo[e]pyrene, indeno-[1,2,3-cd]-pyrene,
dibenzo [a,h]anthracene, and benzo[g,h,i]perylene were
larger after 34 min of extraction (t-test, p � 0.05). Hence, the
34 min sonication extraction time was selected, since
greater detectability may be essential for the determination of
PAHs in particulate matter samples, due to their low
concentrations in this matrix. Therefore, the final optimized
method was:

1. The sampled membrane (area of 17.3 cm2) was cut into small
pieces directly into a glass vessel.

2. A volume of 4.0 ml of acetonitrile was added into the vessel
and ultrasonicated for 34 min.

3. After sonication, the solvent was transferred to a round-
bottom flask.

4. Steps 2 and 3 were repeated twice, and the extracts were
transferred to the same flask.

5. The combined solution was evaporated down to
approximately 0.5 ml using a rotary evaporator.

6. The concentrated extract was filtered (0.22 μm) and dried
under a gentle flow of nitrogen.

7. The remaining material was resuspended in 100 μl of
acetonitrile and homogenized.

8. A volume of 2 μl of the final extract was injected into the
GC-MS.

As described previously (Section 2.6.4), the commonly used
extraction procedure is time-consuming and uses a total solvent
volume of 375 ml (Alves et al., 2011; Urban et al., 2016). In
comparison, the optimized method developed here uses 97% less
solvent and shortens the analysis time by about 85%.
Furthermore, the proposed method does not require an
additional clean-up step, such as fractionation using a silica
column, which is normally performed after Soxhlet extraction.

Another extraction method commonly used for the
determination of PAHs in particulate matter by GC-MS is the
one based on the ultrasonic extraction method number 3550C
described by USEPA—United States Environmental Protection
Agency (2007). In this method, four extractions with 50 ml of
dichloromethane are performed in an ultrasonic bath, each for
15 min, followed by an additional extraction with 100 ml of
dichloromethane for 20 min (Machado et al., 2009; Marques
et al., 2009). This method is less time-consuming, compared
to Soxhlet extraction, and the total extraction time is similar to
that of the method proposed here. However, a relatively high
amount of solvent is required for only one sample (total of 300 ml
of dichloromethane). Guo et al. (2003) used an extraction method
similar to the one based on USEPA method 3550C, with three
ultrasonic extractions using 150 ml of dichloromethane for
30 min. However, a fractionation step was performed after the
extraction, using a silica alumina column.

Other extractions have been proposed with the aim of
minimizing the use of organic solvents, such as the one
developed by Pereira et al. (2001), involving a single extraction
with 4 ml of a mixture of acetonitrile:dichloromethane (3:1) in an
ultrasonic bath. More recently, Ferreira et al. (2021) proposed a
3 min ultrasonic extraction using 50 ml of a 1:1 mixture of
n-hexane:acetone. However, both methods were validated
solely for determination of the 16 priority PAHs and were
applied for the analysis of samples collected using high-
volume samplers. A reported miniaturized extraction method
with micro-extractors uses only 500 μl of 18% acetonitrile in
dichloromethane (Santos et al., 2016). However, in the present
work, previous recovery tests resulted in peak areas too close to
the LOD, demonstrating that this method was unsuitable for
samples collected using low-volume samplers (data not shown).

Despite the use of acetonitrile (which is potentially hazardous,
since it can be metabolized to cyanide), the proposed method
differed from the vast majority of the reported methods by being
100% free from dichloromethane, considered a red category
chlorinated solvent, according to the principles of Green
Chemistry (Joshi and Adhikari, 2019).

3.2 Method Validation
Validation of the method was performed according to the
International Conference on Harmonization guidelines and the
criteria suggested by IUPAC and AOAC International
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(IUPAC—International Union of Pure and Applied Chemistry,
2002; Jatinder, 2005; AOAC International, 2016).

The LOD was 1.0 ng ml−1 for most of the PAHs, 5.0 ng ml−1

for dibenzo [a,h]anthracene and some oxy-PAHs [1,4-
benzoquinone, 1,4-naphthoquinone, 1-naphthaldehyde,
6H-benzo (cd)pyren-6-one] and nitro-PAHs (9-
nitroanthracene and 9-nitrophenanthrene), and 10 ng ml−1 for
5-nitroacenaphthene, 2-nitrofluorene, 3-nitrofluoranthene, 1-
nitropyrene, and 6-nitrobenzo [a]pyrene. The LOQ was 10 ng
ml−1 for all the analytes, with the exception of 5-
nitroacenaphthene (50 ng ml−1). The linear working range was
from 10 to 500 ng ml−1 for all the analytes, with the exception of
5-nitroacenaphthene (from 50 to 500 ng ml−1). All the analytical
curves presented good linearity, with linear correlation
coefficients ranging from 0.990 to 0.999. All the LODs, LOQs,
linear working ranges, equations, and correlation coefficients (r)
are provided in Supplementary Table S6.

LOQs and linear correlation coefficients were not assigned for
the following analytes: 1,4-benzoquinone, acetophenone,
naphthalene, 1,4-naphthoquinone, acenaphthylene,
acenaphthene, and 1-naphthaldehyde. These PAHs and oxy-
PAHs have the lowest molecular weights of the compounds
analyzed and are the most volatile. Consequently, they were
probably lost during the solvent evaporation steps of the
method and could not be quantified.

The relative standard deviations (RSDs) were in the ranges
1–16%, 1–19%, and 2–16% for low (100 ng ml−1), medium
(300 ng ml−1), and high concentrations (500 ng ml−1),
respectively (Supplementary Table S7). Considering that the
concentrations of the analytes were low (100–500 ng ml−1) and
that a variation of up to 21% is permissible at this level (AOAC
International, 2016), it could be considered that the RSDs were
within an acceptable range and that the optimized method
presented satisfactory precision.

The accuracy of the method was assessed in two ways, by
spiking/recovery assays, employing the sample matrix, and by
comparison with a reference method. The mean recoveries of the
compounds from the sample matrix were in the ranges 76–128%
(PAHs), 80–117% (oxy-PAHs), and 48–113% (nitro-PAHs)
(Table 4). Although the recovery range normally accepted is
from 80 to 110% for analytes present in low concentrations
(∼100 ng ml−1), the recoveries obtained here could be
considered satisfactory, since determination was made of a
large number of analytes in a complex matrix, as is the case
for atmospheric particulate matter (IUPAC—International
Union of Pure and Applied Chemistry, 2002; AOAC
International, 2016). Furthermore, in order to correct for low
or high recovery of some analytes, analytical curves were
constructed with standards that passed through the extraction
process.

TABLE 4 | Mean recoveries of the analytes determined (in triplicate) in spiked PM10 samples, at three different concentrations. Accuracy test is also presented and it was
evaluated by the ratios of the signals obtained using the optimized method here proposed and the reference method according to Alves et al., 2011.

Recovery test Accuracy test

Analyte Mean recovery (%) (n = 3) Optimized
method/Reference method100 ng ml−1 300 ng ml−1 500 ng ml−1

Fluorene 98 ± 16 91 ± 6 102 ± 2 0.77
9,10-phenanthrenequinone 84 ± 4 117 ± 14 97 ± 16 0.94
Phenanthrene 102 ± 9 122 ± 4 128 ± 12 1.12
Anthracene 123 ± 9 122 ± 6 125 ± 13 1.09
9,10-anthraquinone 105 ± 18 106 ± 13 100 ± 8 1.13
5-nitroacenaphthene 97 ± 18 113 ± 7 110 ± 13 1.07
Fluoranthene 110 ± 31 123 ± 21 108 ± 5 1.19
2-nitrofluorene 86 ± 6 107 ± 5 108 ± 10 1.15
Pyrene 101 ± 28 118 ± 18 111 ± 4 0.72
9-nitroanthracene 76 ± 9 92 ± 13 88 ± 10 1.11
9-nitrophenanthrene 79 ± 10 108 ± 8 93 ± 8 0.85
Retene 94 ± 20 105 ± 12 97 ± 1 0.73
Benzo[a]fluorenone 85 ± 15 106 ± 15 100 ± 12 0.79
Benzo[a]anthracene 92 ± 18 110 ± 8 106 ± 5 0.76
Chrysene 97 ± 8 101 ± 3 108 ± 7 0.72
3-nitrofluoranthene 85 ± 11 61 ± 11 74 ± 16 1.09
1-nitropyrene 82 ± 14 100 ± 3 109 ± 17 0.94
Benzo[b]fluoranthene 113 ± 17 114 ± 12 119 ± 2 0.71
Benzo[k]fluoranthene 105 ± 15 104 ± 11 111 ± 1 0.86
Benzo[e]pyrene 91 ± 24 110 ± 14 105 ± 7 0.75
Benzo[a]pyrene 90 ± 21 102 ± 12 101 ± 8 0.71
6H-benzo[cd]pyren-6-one 80 ± 9 102 ± 15 96 ± 13 0.98
Indeno-[1,2,3-cd]-pireno 92 ± 13 97 ± 13 104 ± 7 0.75
Dibenzo[a,h]anthracene 76 ± 9 90 ± 9 95 ± 5 0.89
Benzo[g,h,i]perylene 91 ± 4 106 ± 14 102 ± 5 0.73
6-nitrobenzo[a]pyrene 76 ± 7 57 ± 6 48 ± 9 0.63
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The fine fractions (d < 1 μm) of two PM samples collected in
parallel at the same site, using two identical low-volume samplers,
were extracted according to the optimized method and the
reference method. The methods were in good agreement, as
shown by the ratios between the signal responses obtained for
the two methods, which ranged from 0.63 to 1.19 (Table 4).

The optimized extraction method also proved to be suitable
for the determination of levoglucosan at a concentration of
1,000 ng ml−1 (at the low end of concentrations expected for
this type of sample), with a recovery of 93 ± 6%. This showed the
capacity for expanding the application range of the optimized
method. The same extract used for determination of the PAHs by
GC-MS could subsequently be derivatized and used for the
determination of levoglucosan, also by GC-MS.

3.3 Application of the Method Using an
Environmental Sample
In order to illustrate the application of the optimized extraction
method, one outdoor PM sample collected in the city of Ribeirão
Preto (São Paulo State, Brazil), using a low-volume impactor, was

extracted and analyzed. Table 5 presents the mass of each sample
fraction, and the concentrations of PAHs and derivatives. It was
possible to quantify the analytes in the PM fractions analyzed, at
very low concentrations (on the order of pg m−3).

The sum concentrations of the PAHs and derivatives found in
the present work were within the concentration ranges generally
reported in the literature for Brazilian and other Latin-American
cities (Souza et al., 2014; de Oliveira Alves et al., 2015; Urban et al.,
2016; de Oliveira Galvão et al., 2018; Pereira et al., 2019; Ferreira
et al., 2021).

The sum concentration of levoglucosan obtained here was
within the lower portion of the range found for other semi-
industrial cities in São Paulo State (Urban et al., 2014), but was
similar to the concentrations reported for PM10 samples collected
in the Amazon in the wet season (de Oliveira Alves et al., 2015). A
larger number of results and an environmentally relevant
discussion will be presented elsewhere.

4 CONCLUSION

The selection of a suitable extraction method depends on a variety
of factors, including the amount of available sample matrix, the
expected concentration of the analytes, and the availability and
cost of the instrumentation.

The extraction method proposed here for the determination of
PAHs and their derivatives (nitro- and oxy-PAHs) in aerosol
samples was optimized using multivariate design of experiments.

The final optimized conditions were three extractions of a
membrane area of 17.3 cm2 with 4.0 ml of acetonitrile, under
sonication for 34 min.

The method presented here is based on ultrasonic extraction,
which is simpler and less time consuming, compared to other
extraction techniques, such as Soxhlet refluxing. The newmethod
enabled economization of 97% in the solvent volume, with no
need to use dichloromethane, a potentially hazardous chemical.

The method showed good accuracy and precision, with low
limits of quantification, and can be applied for the analysis of
particulate matter samples collected by both high- and low-
volume samplers. It is an excellent alternative to the extraction
methods most commonly reported in the literature.
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Anthracene 23 9 10 42
Fluoranthene 176 72 60 308
Pyrene 175 81 70 326
Retene <LOQ <LOQ <LOQ <LOQ
Benzo[a]anthracene 30 23 31 84
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Benzo[b]fluoranthene 86 86 187 359
Benzo[k]fluoranthene 28 31 53 112
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Levoglucosan (ng m−3) 1.8 15.7 42.0 59.5
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