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Abstract
The development of methods for determining volatile and semi-volatile organic compounds in public spaces has become 
necessary to identify potential health and environmental risks. This study presents a practical methodology for sampling, 
extracting, detecting, and identifying these compounds in a vehicular traffic region in Belo Horizonte, Brazil. The method-
ology uses direct-immersion solid phase microextraction (DI-SPME) and static headspace (SHS) to extract SVOCs/VOCs. 
Comprehensive time-of-flight gas chromatography mass spectrometry (GC×GC/Q-TOFMS) and gas chromatography cou-
pled to mass spectrometry (GC/MS) were used to detect and identify compounds. The analysed samples, collected with a 
high-volume sampler (Hi-Vol) with quartz filters and in which particulate matter (PM2.5) was retained, showed the presence 
of more than 200 compounds, both biogenic (natural origin) and anthropogenic (human origin). Regarding the distribution 
of chemical classes, aromatic compounds were predominantly found at 29.2%, followed by esters at 20.8%, non-aromatic 
hydrocarbons at 5.6%, and carboxylic acids at 9.4%. Static headspace gas chromatography (HS-GC) enabled the identifica-
tion and quantification of 21 volatile compounds, including BETX, dichloromethane, chloroform, and naphthalene, which 
are currently regulated by the US Environmental Protection Agency (EPA).
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Introduction

Volatile organic compounds (VOCs) have a boiling point 
between 50/100 °C and 240/260 °C, while semi-volatile 
organic compounds (SVOCs) have a boiling point range of 
240/260 °C to 380/400 °C, measured at 101.3 kPa (EPA 
2024). These groups of compounds consist primarily of car-
bon and hydrogen atoms (alkanes, olefins, aromatic hydro-
carbons), but oxygen, nitrogen, sulphur, and halogen atoms 
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(halogenated hydrocarbons) such as chlorine, bromine, and 
fluorine are also frequently found in their compositions.

SVOCs/VOCs are generated in various ways by natural 
sources and human activities. In human activities, SVOCs/
VOCs are widely used in the footwear, steel, wood, cosmet-
ics, and pharmaceutical industries through paints, solvent-
based coatings, solvents, adhesives, dispersants, degreasers, 
and detergents. Evaporation, combustion, or transportation 
of these products is known to be an anthropogenic source 
(Dai et al. 2021). Many VOCs present in the atmosphere 
are of natural origin and are related to the decomposition 
processes of organic matter, such as methane (from rumi-
nants), or are formed by vegetation, such as essential oils 
(biogenic volatile organic compounds, BVOCs), the ocean 
and volcanic activity (Li et al. 2020). Additionally, some 
VOCs originate from the consumer product sector, such as 
fragrances, skin creams, or cleaning products (Gerster et al. 
2014).

Increased concentrations of SVOC/VOC in the air impact 
the environmental and health sectors. These compounds con-
tribute to climate change, tropospheric ozone formation, 
and particulate matter (PM2.5) (Guan et al. 2016; Li et al. 
2023). This situation leads to respiratory problems such as 
acute lower respiratory tract infections (ALRTIs) (Lyu et al. 
2020), chronic obstructive pulmonary disease (COPD) (Li 
and Ma 2021) as well as cardiovascular problems (Pathak 
and Viphavakit 2022), eye diseases (Yang et al. 2023) and 
negative impacts on agriculture (Wang et al. 2020). Certain 
SVOCs, such as polycyclic aromatic hydrocarbons, have 
been linked to mutations, male infertility (Kakavandi et al. 
2023), and some cancers, such as lung cancer (LC) (Schme-
kel et al. 2014).

Destructive methods such as catalytic oxidation and 
biofiltration and recovery methods such as absorption, 
adsorption, condensation, and membrane separation have 
been developed to treat SVOCs/VOCs in air analysis (Zhu 
et  al. 2020). Gas chromatography combined with mass 
spectrometry (GC/MS) is the applied technique for detect-
ing and identifying SVOCs/VOCs (Lim et al. 2023). This 
technique offers many practical advantages, such as a large 
separation capacity, high sensitivity, and class chemical 
separation, mainly when an orthogonal second column is 
used (comprehensive two-dimensional gas chromatography, 
GC×GC) (Ieda and Hashimoto 2023). GC×GC with Q-TOF 
analyser is particularly advantageous for identifying many 
compounds at high resolution, allowing for the precise dif-
ferentiation of individual substances in complex mixtures, 
which is essential for conducting comprehensive analyses in 
diverse environments.

There are several classical procedures for VOCs/SVOCs 
extraction and analysis, some of which commonly include 
thermal desorption (TD) (Kaikiti et al. 2022), liquid–liq-
uid extraction (LLE) (Murrell and Dorman 2021), static 

headspace extraction (SHS) (Cardador and Gallego 2017), 
dynamic headspace extraction (DHS), also called purge 
trap (PT) (Moser et al. 2023), solid-phase extraction (SPE) 
(Liu et al. 2021), magnetic solid-phase extraction (MSPE) 
(Nie et al. 2016), and stir bar sportive extraction (León 
et al. 2006). The use of microextraction techniques, such as 
solid phase microextraction (SPME) (Martínez et al. 2022), 
needle trap device (NTD) (Jeong et al. 2024), liquid phase 
microextraction (LPME) (Sarafraz-Yazdi et al. 2008), and 
single-drop microextraction (SDME) (Delove Tegladza 
et al. 2020), has increased significantly in recent years for 
the analysis of SVOCs/VOCs. All these techniques have 
shown higher sensitivity, extraction efficiency, versatility, 
environmental friendliness, and selectivity than conventional 
methods (Jalili et al. 2019).

Traditionally, air sampling involves taking a representa-
tive sample volume using pumps that draw air and collect 
it in cylinders or sampling bags. These samples are then 
directly injected into the gas chromatograph for analysis. 
Although this approach is a good option for the analysis of 
indoor air, it is not recommended for the analysis of outdoor 
air, as obtaining a representative sample would require large 
sample volumes. In recent years, the analysis of particu-
late matter (PM), including PM2.5 and PM10 (particles with 
aerodynamic diameters less than 2.5 and 10 μm, respec-
tively), in outdoor air has been introduced as a more prac-
tical alternative (Murillo et al. 2017; Evagelopoulos et al. 
2022). These atmospheric particles can originate from natu-
ral and anthropogenic sources and contain many chemical 
substances, including heavy metals and various volatile and 
semi-volatile organic compounds (Murillo et al. 2017; Mac-
eira et al. 2020). In this way, the use of particulate filters in 
high-volume samplers enables analysis and a comprehensive 
understanding of the air we breathe.

The present study proposes the determination of SVOCs 
and VOCs in PM2.5 samples collected in a vehicle traffic 
region in Brazil and analysed by direct-immersion solid- 
phase microextraction (DI-SPME) using GC×GC/Q-
TOFMS. Furthermore, a complementary analysis was 
performed to quantify VOCs regulated by different envi-
ronmental agencies, using HS-GC/MS, to identify potential 
exposure levels. The SVOC/VOC separation processes and 
multivariate statistical analysis were considered to optimise 
the parameters of GC×GC system, together with the valida-
tion of the analytical method HS-GC/MS.

Methodology

Chemicals and materials

Acetonitrile was purchased from J. T. Baker (New Jersey, 
USA), ultrapure water from Elga (Lane End, UK), HPLC 
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grade acetone from Merck (Darmstadt, Germany), and 
70% alcohol solution from (CRQ, Brazil). Quartz filters 
(20.3 cm × 25.4 cm × 47 mm) were purchased from What-
man (Clifton, NJ, USA). SPME fiber made of polyacrylate 
(PA) (85 μm, 24 Ga, Fused Silica/SS) was purchased from 
Supelco (Bellefonte, EUA). SPME flasks (20 mL) were pur-
chased from Filtrilo (Colombo, Brazil). Acquired analyti-
cal standards were described in the Supplementary Material 
(SM).

Sampling

The samples consisted of quartz fiber filters with retained 
PM2.5 fraction and were collected in Belo Horizonte, Minas 
Gerais/Brazil, according to the methodology described by 
dos Santos et al. (2020). The sampling occurred between 
March 10 and April 7, 2022, on non-sequential days (an 
average of four collections per week). Two collection points 
were selected on the UFMG Pampulha campus: Antônio 
Carlos entrance (19°51′47.3″S 43°57′30.2″W), referred 
to as PAC (16 samples) in the rest of the text, located on 
Av. Antônio Carlos, with high vehicle traffic and Ecologi-
cal Park (19°87′34.7″S, 43°97′24.8″W), abbreviated ECO 
(17 samples), with less vehicle traffic and rich vegetation. 
Filters were previously calcined in a muffle furnace at 450° 
C for 4 h. This pre-treatment had the function of removing 
organic contaminants and removing moisture from the fil-
ters. The filters were then stored in a silica gel desiccator for 
24 h. Then, each one was sampled for 24 h in a high-volume 
(Hi-Vol) sampler (Energética, Rio de Janeiro, Brazil), using 
active sampling with a flow rate of 1.1 m3 min−1, totaling 
1584 m3 of air sampled per filter.

Solid phase microextraction

The filter samples were extracted by DI-SPME, according to 
a procedure adapted from dos Santos et al. (2020) and Valen-
zuela et al. (2020), using polyacrylate (PA) as a coating fibre. 
Each filter containing PM was divided into 6 mm diameter 
circles, using a hole puncher, taken from homogeneously 
distributed regions on the filter surface. The six circles of 
each sample were placed in a glass flask, to which 150.0 μL 
of acetonitrile was added, and the volume was increased to 
20.0 mL with ultrapure water. Acetonitrile had the function 
of changing the polarity of the medium. Pure water has a 
high polarity, which would hinder the solubilisation of the 
less polar compounds and, consequently, the partition of the 
compounds between the medium and the SPME fiber. Each 
vial contained one sample, totaling 33 samples analysed. 
Manual SPME extraction was performed for 45 min under 
magnetic stirring (250 rpm) and heating at 70 °C. Subse-
quently, the SPME fiber was exposed in the GC×GC injector 

system for 3 min at 250 °C with 1 min of desorption (2 min 
was added to the fiber cleaning).

Quality control

After the treatment in the muffle furnace, the filters were 
individually packed in hermetically sealed bags (aluminium 
coated) to avoid cross-contamination. All procedures were 
performed with clean nitrile gloves on cleaned benches 
with a 70% ethyl alcohol solution, using plastic tweezers 
to manipulate filters. The hole puncher was cleaned with 
HPLC acetone between one filter and another. Furthermore, 
the SPME fiber was preconditioned to eliminate interferents 
in a dedicated SPME oven (270 °C for 2 min), with subse-
quent blank analysis to confirm that the fiber was suitable 
for extraction. A matrix blanks (non-sampled filters) analysis 
and the SPME extraction solvent blanks were performed to 
verify the background interferences (Fig. S2 and S3). The 
blank analysis followed the same extraction and chromato-
graphic procedures.

GC×GC/Q‑TOFMS analysis

The untargeted determination of the compounds contained 
in the particulate matter samples was carried out using 
GC×GC. The equipment used was a gas chromatograph 
(Agilent, model 7890B) coupled to a mass spectrometer 
with a hybrid quadrupole time of flight analyser (Q-TOFMS/
MS, Agilent, model 7250) made in Wilmington (DE, US), 
equipped with the NIST 17 Mass Spectra Library, version 
2.3 (2017). In the GC×GC system, a thermal loop modula-
tor (Zoex, model ZX2) made in Houston (TX, USA) was 
used. GC Image software (version 2.9r2 GC×GC-HRMS) 
was used to acquire and process the colour plots (two-dimen-
sional chromatograms).

The chromatograph injector operated at 250 °C in split-
less mode for 1 min. The first dimension 1D column was HP-
5MS (30 m × 250 μm × 0.25 μm), and the second dimension 
2D column was Rxi-17Sil MS (2 m × 0.15 mm × 0.15 μm). 
Helium was a carrier gas in the 1.0 mL min−1 flow. The oven 
started at 50 °C, then increased to 150 °C at 20 °C min−1, 
then up to 180 °C (1 min), at 3 °C min−1, and then up to 
280 °C (2 min) at 7 °C min−1. The transfer line operated at 
280 °C, the ionisation source at 200 °C, and the quadrupole 
at 150 °C. The ionisation was performed by electron ioni-
sation (EI) in positive mode at 70 eV, and MS operated in 
full scan mode, sweeping the ion band from m/z 50 to m/z 
550. The TOF operated at an acquisition rate of 50 Hz, and 
the detector voltage was 800 V for the microchannel plate 
(MCP) and 551 V for the photomultiplier tube (PMT). The 
temperature of the cold jet was −80 °C.

The parameters affecting the modulation process were 
optimised through the Design of Experiments (DoE) and 
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Response Surface Methodology (RSM) using a filter sample, 
and the results were: + 30 °C for the hot jet temperature off-
set, a hot jet duration of 393 ms, a cold jet flow rate of 12.5 
L min−1, and a modulation period of 6 s.

Design of experiments and optimisation of the response 
surface methodology

The choice of modulation parameters is crucial for good 
two-dimensional separation. However, combining the 
parameters is difficult as many variables must be controlled 
simultaneously. Therefore, DoE in selecting parameters 
that affect modulation and RSM in optimising important 
parameters is very useful in reducing the number of experi-
ments and achieving the best combination of parameters. 
Many studies have used DoE and RSM in the optimisation 
of two-dimensional chromatographic separation parameters, 
including modulation (Gaines 1998; Skartland et al. 2011; 
Stefanuto et al. 2017; Kulsing et al. 2020; Zou et al. 2021; 
Boegelsack et al. 2021; Vyviurska et al. 2022) and as in 
the optimisation of extraction procedures used in GC×GC 
(Cheong et al. 2011; Salvador et al. 2013; Setyaningsih 
et al. 2019; Drabińska and Jeleń 2022; Bhatt et al. 2022). 
However, no studies were found that optimised modulation 
parameters for analysing VOCs/SVOCs in atmospheric par-
ticulate matter. Therefore, an investigation in this sense is 
proposed in this paper using a fractional factorial design, 
as DoE, and Doehlert matrix as RSM. Doehlert design is a 
modeling technique widespread in optimisation procedures. 
This model is based on the arrangement of data in poly-
gons (e.g., triangular face, square face, and the apex of the 
cuboctahedron) surrounding a central point, indicating the 
optimal region (Cerqueira et al. 2021). A fractional facto-
rial design has the advantage of requiring fewer experiments 
than a complete factorial design. In the same sense, the Doe-
hlert matrix provides optimisation results like those of other 
methods, such as Box-Behnken and Central Composite, but 
with a much smaller number of experiments than required 
to build these other optimisation models.

A two-level fractional factorial design, with resolution IV 
( 24−1

IV
 ) and three central points, was constructed to select sig-

nificant variables and comprise 11 experiments (Table S1). 
From the fractional factorial experimental design results 
analysis, the cold jet flow, and the hot jet duration (with three 
central points) were selected as variables for the Doehlert 
matrix (Table S2).

Data processing

The two-dimensional chromatograms were processed with 
the software GC Image, version 2.9r1 GC×GC. Baseline 
correction of all chromatograms was performed first 
using the MS data channel, with a median mean filter, 

five deadband data points, a distribution equal to 7, a filter 
window size equal to 7, and 1 stride per modulation cycle. 
The MS data were divided into integer intervals with the 
rounding parameter for the integer mass equal to 0.5. Sub-
sequently, all plots were aligned with the mass spectra and 
retention times 1tR and 2tR, with Δ1tR %RSD < 3.03% and 
Δ2tR %RSD < 4.84%. After pre-processing, an attempt was 
made to identify the compounds.

The aligned data were imported into the MATLAB soft-
ware, version R2010a, as a matrix containing the samples in 
the rows and the peak intensity of the identified compounds 
in the columns. This data set was used to build a PCA (prin-
cipal component analysis) model using the PLS Toolbox, 
version 5.2.2. The pre-processing used for the PCA model 
was mean centering. Samples with abnormal values of Q 
residual and Hotelling T2 (outliers) were removed.

Compounds identification attempt

The attempt to identify the compounds present in the PM 
was made by automatical comparison of the raw spec-
tra with the NIST 17 library, using MS peak signal-to-
noise ratio (S/N) > 500 and a match factor ≥ 750. The 
confirmation of compounds identified was performed 
manually by linear retention indexes  (I) comparison 
with ∆Ierror ≤ 3%. The retention indexes were calculated 
according to the methodology developed by van Den 
Dool and Kratz (1963) and searched in NIST web book 
database (NIST 2017).

HS‑GC/MS analysis

The full methodology and method validation for extrac-
tion through static headspace are presented in the SM. The 
methodology was developed considering 67 VOCs regulated 
by environmental agencies such as EPA and the Conselho 
Nacional do Meio Ambiente (CONAMA) in Brazil.

Results and discussion

Thermal modulation process optimisation

Untargeted analyses require chromatographic methods capa-
ble of detecting the maximum number of compounds in the 
sample with the best resolution. In GC×GC, the “heart” of 
the system is the modulator. Therefore, optimising the mod-
ulation parameter is crucial to comprehensively analysing 
the total compounds.

A quartz filter sample from the PAC set was used for 
the optimisation experiments. Replicates were performed 
at the central point to assess the model’s lack of fit. The 
number of peaks with a resolution (Rs) > 1.2 and SNR > 500 
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was chosen as the combined response (R). The response 
was normalised by square root, and the residuals showed 
homoscedasticity. The effects that were significant in the 
fractional factorial design were cold jet flow (fcj), hot jet 
duration (thj), and modulation period (PM), as shown in the 
Pareto diagram (Fig. 1). Analysis of variance (ANOVA) 
for the selected factorial model shows that the regression 
was significant (p < 0.05), non-significant for lack of fit 
(p > 0.05), and sufficient fit (R2 = 0.9323). The equation 
related to the factors was then R = 9.52 + 0.46PM − 0.03
thj − 0.27fcj.

Figure 2a–e shows the variations of the factors in the 
responses. Higher values for the modulation period increase 
the response (Fig. 2a). This can be explained by the pro-
longed contact time of the analytes with the second-dimen-
sion column, which can increase to enhance the number of 
peaks with higher resolution. Lower values for the duration 
of the hot jet (Fig. 2b) showed an increased response. Since 
most of the analytes that make up the sample do not have 
high boiling temperatures, a very long hot jet pulse is not 
required to efficiently release the analytes from the loop in 
the 2D column. High hot-jet pulse values can lead to volatil-
ity losses for these compounds. Lower values for cold jet 

flux (Fig. 2c) also increased the response, indicating that no 
long cold jet time is required for compounds focusing on the 
modulator (Snow 2020).

Based on the Pareto diagram of the factorial design 
(Fig. 1), the duration of the hot and cold jet flow was the 
two factors that most influenced the response, so they were 
selected for optimisation using the Doehlert matrix. The 
modulation period was set to 6 s, and the offset of the hot jet 
was set to + 30 °C (non-significant variable). The response 
chosen for the construction of the model was the same as 
that of the factorial design. A quadratic model was fitted 
to the experimental data, with R2 = 0.9915. The terms of 
the model were statistically significant (p < 0.05), and there 
was no lack of fit (p > 0.05). Furthermore, the model was 
fit for prediction, with a difference of less than 0.2 between 
the predicted R2 and the adjusted R2. The residuals showed 
a homogeneous distribution, and no outliers were detected. 
Thus, the final equation of the model in terms of the statis-
tically significant factors was R = –27.9768 + 0.2461thj + 9.
2258fcj + 0.0058thjfcj − 0.0004thj

2 − 0.4566fcj
2. The response 

surface of the fitted model is shown in Fig. 2f.
The optimal region (with maximal number of peaks, 

N, with Rs > 1.2 and SNR > 500) of the response surface 

Fig. 1   Pareto chart with the sig-
nificant effects of the fractional 
factorial design
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(red colour, 75 < N < 80) shows that the optimal condi-
tions were 393 ms hot jet flow and cold jet flow of 12.5 
L min−1. These conditions were applied to analyse some 
filter samples, and the response was within the optimal 
range. Therefore, the optimised conditions were applied 
to analyse all filter samples.

Multivariate analysis

A total of 189 VOCs and SVOCs were identified in the 
samples (Table 1), and the representative chromatograms 
are shown in Fig. S1. The heat map showing the distribu-
tion of compounds by sampling point is shown in Fig. 3. 

Fig. 2   Optimisation graphi-
cal results: a influence of 
the modulation period in the 
factorial response; b influence 
of the hot jet duration in the 
factorial response; c influ-
ence of the cold jet flow in the 
factorial response; d, e response 
surfaces for the factorial design; 
f response surface for the 
Doehlert matrix design with PM 
fixed in 6 s
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Table 1   Probable identification of compounds found in all PM2.5 samples, with compared retention data

N° Compound CAS number 1tR (min) 2tR (s) Calculated1 I Literature I

1 4-Nitro-2H-benzotriazole 6299–39-4 5.70 1.93 920 -
2 3-Amino-7-nitro-1,2,4-benzotriazine 1-oxide - 5.70 4.87 920 -
3 Fumaronitrile 764–42-1 6.00 4.99 980 917
4 (4-Hydroxyphenyl)phosphonic acid 33795–18-5 6.60 1.89 1100 -
5 Pentadecafluorooctanoic acid, 2-ethylhexyl ester - 6.80 1.91 1129 1145
6 2-Bromo-4,6-difluoroaniline 444–14-4 7.20 3.04 1186 1262
7 Decanal 112–31-2 7.40 1.95 1213 1206
8 2,5-Furandione, 3-(1,1-dimethylethyl)- 18261–07–9 7.50 1.93 1225 1282
9 2-(6-Methoxypyridin-3-yl)ethanamine 579515–25-6 8.20 2.11 1309 1319
10 Oxirane, decyl- 2855–19-8 8.30 2.03 1318 1307
11 10-Undecen-1-ol 112–43-6 8.40 1.93 1327 1347
12 Benzene, 1-isocyanato-2-methoxy- 700–87-8 8.50 2.09 1336 -
13 Benzaldehyde, 2-hydroxy-4-methoxy- 673–22-3 8.60 2.94 1345 1348
14 4,6-Dimethylpyridine-3-carboxylic acid 22047–86-5 8.90 1.83 1373 1370
15 n-Decanoic acid 334–48-5 9.00 2.01 1382 1373
16 1-Tetradecene 1120–36-1 9.20 2.01 1400 1392
17 Pyrrole, 2-methyl-5-phenyl- 3042–21-5 9.30 5.37 1408 1462
18 Dodecanal 112–54-9 9.40 2.11 1417 1409
19 1,9-Nonanediol 3937–56-2 9.40 2.01 1417 1416
20 1H-Indene-1-methanol, α-methyl-, acetate 51926–98-8 9.50 2.35 1425 1491
21 1-Adamantyl methyl ketone 1660–04-4 9.80 0.68 1450 1462
22 Benzoic acid, 4-formyl- 619–66-9 10.00 2.51 1467 1452
23 Undecanoic acid 112–37-8 10.10 2.09 1475 1475
24 Ethanone, 1-(2,3-dihydro-1H-inden-5-yl)- 4228–10-8 10.30 2.37 1492 1546
25 1-Pentadecene 13360–61-7 10.40 2.07 1500 1492
26 Methyl hydrogen phthalate 4376–18-5 10.50 2.58 1506 1530
27 Undecanoic acid, ethyl ester 627–90-7 10.50 2.19 1506 1494
28 1,4-Benzenedicarboxaldehyde, 2,5-dimethyl- 7044–92-0 10.50 2.39 1506 1510
29 2,4-Dimethoxyamphetamine 23690–13-3 10.60 2.60 1513 1550
30 1-Pentadecyne 765–13-9 10.70 2.13 1519 1518
31 Dimethylsulfoxonium formylmethylide - 10.80 1.77 1525 -
32 Vanillin, acetate 881–68-5 10.80 2.68 1525 1536
33 Propiophenone, 2,2′,4′,6′-tetramethyl- 2040–22-4 11.30 2.76 1556 1503
34 1H-Pyrazole, 3-methyl-5-phenyl- 3347–62-4 11.50 2.66 1569 1584
35 2-Naphthalenamine, N-methyl- 2216–67-3 11.60 2.76 1575 1543
36 1,10-Dichlorodecane 2162–98-3 11.70 2.23 1581 1536
37 n-Tridecan-1-ol 26248–42-0 11.70 2.19 1581 1577
38 Cetene 629–73-2 12.00 2.05 1600 1592
39 1 s,4R,7R,11R-1,3,4,7 Tetramethyltricyclo[5.3.1.0(4,11)]undec-2-en-8-one - 12.00 2.29 1600 1587
40 2(3H)-Benzoxazolone, 3-(hydroxymethyl)- - 12.10 1.49 1605 1628
41 1-Propanamine, 3-dibenzo[b,e]thiepin-11(6H)-ylidene-N,N-dimethyl-, 

S-oxide
1447–71-8 12.20 2.09 1610 -

42 Tetradecanal 124–25-4 12.30 2.27 1615 1613
43 Phenol, 3,5-bis(1,1-dimethylethyl)- 1138–52-9 12.40 2.41 1620 1555
44 Phthalamic acid 88–97-1 12.60 3.08 1630 1673
45 S(-)-Methcathinone 112117–24-5 12.90 1.81 1645 1632
46 N-ethyl-2,3-methylenedioxyphenethylamine - 13.10 2.76 1655 1634
47 Tridecanoic acid 638–53-9 13.20 2.35 1660 1666
48 Tridecane, 1-bromo- 765–09-3 13.30 2.39 1665 1651
49 3-Trifluoromethylbenzoic acid, 2-octyl ester - 13.60 2.41 1680 1680
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Table 1   (continued)

N° Compound CAS number 1tR (min) 2tR (s) Calculated1 I Literature I

50 3-Trifluoromethylbenzoic acid, 2-octyl ester - 13.60 3.88 1680 1639
51 Aniline, N-methyl-N-(2,2,2-trichloroethoxycarbonyl)- 62–53-3 13.70 1.79 1685 1696
52 1-Heptadecene 6765–39-5 13.90 2.15 1695 1692
53 2,6-Difluoro-3-methylbenzoic acid, hexyl ester - 14.00 3.80 1700 1698
54 Propanoic acid, 2-methyl-, 2-ethyl-1-propyl-1,3-propanediyl ester - 14.10 2.37 1704 1690
55 Pentadecanal 2765–11-9 14.30 2.39 1713 1715
56 Chloroacetic acid, 10-undecenyl ester 79–11-8 14.70 2.33 1730 1696
57 1-Phenyl-2-(2-pyridyl)ethanedione 13474–48-1 15.00 3.34 1743 1832
58 Succinic acid, 2,3-dichlorophenyl 2,2,3,3,3-pentafluoropropyl ester - 15.00 2.43 1743 1780
59 Benzophenone dimethyl ketal 2235–01-0 15.10 3.44 1748 1733
60 Diethylene glycol adipate 58984–19-3 15.10 3.54 1748 1858
61 1,3-Dioxolane-2,2-dipropanoic acid, diethyl ester 19719–88-1 15.20 3.64 1752 1842
62 2-Trifluoromethylbenzoic acid, 2-methyl ester 433–97-6 15.20 6.02 1752 1767
63 Sulfurous acid, nonyl 2-propyl ester - 15.30 2.25 1757 1773
64 Isocitronellol 18479–52-2 15.40 2.94 1761 1854
65 Hexanoic acid, 3,5,5-trimethyl-, octyl ester - 15.40 2.39 1761 1737
66 4-Pentadecyne, 15-chloro- 56554–70-2 15.80 2.45 1778 1755
67 Carbonic acid, dodecyl ethyl 35108–03-3 15.80 2.35 1778 1755
68 4,6,6-Trimethyl-7-morpholino-1,4-oxazepane 76503–76-9 15.80 2.47 1778 1739
69 Cyclopentanecarboxylic acid, 3-methylene-, 1,7,7-trimethylbicyclo[2.2.1]

hept-2-yl ester
- 15.90 2.74 1783 1785

70 3-Octadecene, (E)- - 16.10 2.23 1791 1785
71 1,4-Benzenediol, 2,5-bis(1,1-dimethylethyl)- - 16.20 2.49 1796 1823
72 Tetradecane, 1-iodo- 19218–94-1 16.30 2.19 1800 1827
73 Heptadecane, 2,6-dimethyl- 54105–67-8 16.50 2.23 1808 1782
74 E-11(13-Methyl)tetradecen-1-ol acetate - 16.70 2.58 1815 1822
75 Heptadecanal 629–90-3 16.70 2.47 1815 1899
76 Benzoic acid, octyl ester 94–50-8 16.80 2.82 1819 1792
77 Disulfide, bis(1,1,3,3-tetramethylbutyl) 16.90 2.37 1823 1775
78 1-(7-Methyl-4,8-diphenyl-pyrazolo[5,1-c][1,2,4]triazin-3-yl)-ethanone - 17.10 3.04 1831 -
79 Naphthalene, 2,7-bis(1,1-dimethylethyl)−1,2,3,4-tetrahydro- - 17.30 2.70 1838 1768
80 Oxalic acid, isobutyl nonyl ester 959275–48-0 17.40 2.31 1842 1783
81 2-Methoxy-2′-methyl-stilbene - 17.60 3.28 1850 1876
82 Pentadecanoic acid 1002–84-2 17.80 2.64 1858 1867
83 1,2,4-Benzenetricarboxylic acid, 1,2-dimethyl ester 54699–35-3 17.90 2.52 1862 1910
84 Methyl 4-bromo-5-phenylisoxazole-3-carboxylate - 18.10 1.79 1869 1896
85 Hexadecanal, 2-methyl- 55019–46-0 18.10 2.39 1869 1835
86 4-tert-Butyl-2,6-diisopropylphenyl acetate - 18.20 3.16 1873 1883
87 1-Naphthol, 1,2,3,4-tetrahydro-2-(methylsulfonyl)- - 18.80 3.56 1896 1922
88 5-Octadecene, (E)- 18899–24-6 18.80 2.39 1896 1818
89 5-(Phenylsulphonyl)dihydro-1,3,5-dioxazine - 18.80 3.84 1896 1891
90 Nonadecane 629–92-5 18.90 2.23 1900 1900
91 2-Heptadecanone 2922–51-2 19.00 2.60 1904 1904
92 2-Pentyl methylphosphonofluoridate - 19.10 3.24 1909 -
93 5-(2,4-Dimethyl-phenyl)−2H-pyrazol-3-ol - 19.10 3.80 1909 1850
94 Sulfurous acid, 2-ethylhexyl isohexyl ester - 19.20 2.29 1913 1908
95 Salicylic acid, 2-methylbutyl ether, 2-methylbutyl ester - 19.20 2.70 1913 1929
96 1,14-Tetradecanediol 19812–64-7 19.40 2.58 1922 1924
97 Benzoic acid, 2-phenoxy- 2243–42-7 19.40 3.50 1922 1913
98 3,5-di-tert-Butyl-4-hydroxyacetophenone 14035–33-7 19.60 3.04 1930 1903
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Table 1   (continued)

N° Compound CAS number 1tR (min) 2tR (s) Calculated1 I Literature I

99 1,2-Naphthalenedione, 3,8-dimethyl-5-(1-methylethyl)- 5574–34-5 19.90 2.66 1943 1942
100 Anthracene, 9-ethyl-1,2,3,4,5,6,7,8-octahydro- - 19.90 2.56 1943 1865
101 2,15-Hexadecanedione 18650–13-0 20.10 2.49 1952 1884
102 Bis[(2-chlorocyclopentyl)methyloxy]methane - 20.30 2.13 1961 2007
103 Palmitic acid 57–10-3 20.40 2.47 1965 1968
104 1,9-Bis(formamido)nonane - 20.40 2.82 1965 1888
105 Caffeine 58–08-2 20.40 4.08 1965 1835
106 Phthalic acid, isobutyl 2-pentyl ester - 20.70 3.40 1978 2008
107 Dibutyl phthalate 84–74-2 20.70 3.02 1978 1965
108 N-[[2-Morpholino]ethyl]succinamic acid - 20.90 4.16 1987 2075
109 Acetamide, N-(5-methylisoxazol-3-yl)−2-morpholin-4-yl- - 20.90 2.43 1987 1970
110 Propan-1-ol, 1-ethyl-1-phenyl-3-(1-piperidyl)- 6853–22-1 21.00 4.79 1991 1995
111 Oxamide, N-(2-morpholinoethyl)- - 21.00 2.52 1991 1929
112 9-Phenanthrenecarbonitrile, 9,10-dihydro- 56666–55-8 21.00 3.62 1991 1920
113 Eicosane 112–95-8 21.10 2.23 1996 2000
114 3,3,5-Trimethylcyclohexyl 2-acetoxybenzoate - 21.10 2.66 1996 2047
115 Heptadecanenitrile 5399–02-0 21.30 2.49 2005 1956
116 4,5-Dimethyl-4-nitro-2-phenyl-2,4-dihydro-pyrazol-3-one - 21.40 2.74 2010 2020
117 Acetohydrazide, 2-hydroxy-2-phenyl-N2-but-2-enylideno- - 21.50 1.01 2015 2077
118 9-Eicosyne 71899–38-2 21.70 2.35 2025 2027
119 Hexadecane, 1-iodo- 544–77-4 21.80 2.17 2030 2038
120 Coumarin-6-ol, 3,4-dihydro-4,4,5,7-tetramethyl- - 21.80 2.78 2030 1974
121 Heptadecanoic acid, methyl ester 1731–92-6 21.90 2.43 2035 2028
122 Palmitoleic acid 373–49-9 22.10 2.43 2045 1951
123 Pyracarbolid 24691–76-7 22.10 3.72 2045 1943
124 2,4′-Dichloro-4-methoxydiphenyl ether - 22.20 2.27 2050 1992
125 Benzamide, N-(tetrahydro-4-oxo-3-thienyl)- 62578–77-2 22.50 1.87 2065 2046
126 Propanedinitrile, cyclohexyl(2-methylcyclohexyl)- 74764–55-9 22.50 5.59 2065 2106
127 Heptadecanoic acid 506–12-7 22.50 2.45 2065 2071
128 Heneicosane 629–94-7 23.30 2.19 2106 2100
129 Stearic acid 57–11-4 23.60 2.29 2124 2153
130 2,3,3′,4-Tetrachloro-1,1′-biphenyl 41464–43-1 23.60 2.82 2124 2109
131 Hexadecanoic acid, 2-methylpropyl ester 110–34-9 23.70 2.33 2129 2135
132 1,16-Hexadecanediol 7735–42-4 23.70 2.39 2129 2130
133 9,10-Dimethylanthracene 781–43-1 23.80 3.20 2135 2136
134 Oleic acid 112–80-1 24.00 4.81 2147 2141
135 2-(5-Chloro-1H-1,2,4-triazol-3-yl)benzoic acid - 24.20 3.50 2159 2144
136 Phthalic acid, 2-methylbutyl pentyl ester - 24.50 2.64 2176 2171
137 Benzene, 1,1′-(1,3-butadiyne-1,4-diyl)bis- 886–66-8 24.60 3.38 2182 2142
138 Acridin-9-amine, 1,2,3,4-tetrahydro-5,8-dimethyl- - 24.70 3.06 2188 2249
139 1-Docosene 1599–67-3 24.70 2.39 2188 2193
140 cis-13-Octadecenoic acid 13126–39-1 24.70 2.90 2188 2179
141 1-Morpolino-2,3-butadiene - 24.80 2.31 2194 -
142 Sulfurous acid, butyl undecyl ester - 25.00 2.19 2207 2235
143 Oxalic acid, dodecyl isohexyl ester - 25.10 2.66 2213 2280
144 Nonadecanoic acid, methyl ester 1731–94-8 25.40 2.35 2233 2228
145 1H-Phenanthro[9,10-c]pyrazole - 25.60 3.24 2247 2275
146 cis-10-Nonadecenoic acid 73033–09-7 25.60 2.35 2247 2256
147 2H-Pyran-2-one, tetrahydro-6-tridecyl- 1227–51-6 25.60 2.62 2247 2199
148 5-Methyl-Z-5-docosene - 25.70 2.70 2253 2292
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As can be seen, the PAC point had some samples with 
high peak intensities (orange to red colour), which was 
to be expected as this point is closer to sources of air 

pollution, such as a high volume of vehicle. However, 
some samples of the ECO point also presented high peak 
intensities, suggesting that atmospheric phenomena 

Table 1   (continued)

N° Compound CAS number 1tR (min) 2tR (s) Calculated1 I Literature I

149 Pentadecanamide, 15-bromo- - 26.20 2.54 2287 2218
150 Sulfurous acid, butyl tridecyl ester 959067–51-7 26.50 2.19 2307 2334
151 Pyrene, 2-methyl- 3442–78-2 26.50 3.26 2307 2254
152 Benzamide, 4-ethyl-N-(2-ethylphenyl)- - 26.80 1.91 2329 2292
153 2-Anilino-4,6-di-tert-butylphenol - 26.90 3.68 2336 2440
154 Cyclohexane, (1-octylnonyl)- 55124–77-1 26.90 2.35 2336 2307
155 Fumaric acid, 2-ethylhexyl octyl ester - 26.90 2.25 2336 2288
156 Phenanthrene, 2,4,5,7-tetramethyl- 7396–38-5 27.00 3.00 2343 2235
157 1,3,5-Triazine-2,4,6-triamine, N-(4-methylphenyl)- - 27.30 3.36 2364 2284
158 D-Mannopentadecane-1,2,3,4,5-pentaol - 27.70 0.26 2393 2404
159 Tetracosane 646–31-1 27.80 2.11 2400 2400
160 Kaur-16-en-18-ol, (4α)- - 27.90 2.90 2408 2400
161 5-Methoxy-[1,2,3]oxadiazole - 27.90 2.29 2408 -
162 Benzoic acid, 2,4-dichloro-, 4-acetylphenyl ester - 28.20 3.76 2431 2342
163 Benzoic acid, 2,6-dichloro-, 2-acetylphenyl ester - 28.20 2.90 2431 2342
163 Heneicosanoic acid, methyl ester 6064–90-0 28.30 2.33 2438 2429
165 Sulfurous acid, pentadecyl 2-propyl ester - 28.40 2.19 2446 2370
166 Arachidic acid 506–30-9 28.40 2.07 2446 2564
167 Heneicosanoic acid 2363–71-5 28.60 2.07 2462 2463
168 trans-8,9-Dihydro-11-methylbenz(a)anthracene-8,9-diol 83462–60-6 28.70 3.28 2469 2593
169 Dodecanoylhydrazide, N2-(1-methylpentylideno)- - 28.70 2.84 2469 2403
170 Oleamide 301–02-0 28.70 2.58 2469 2397
171 Sulfurous acid, butyl tetradecyl ester - 29.10 2.11 2500 2434
172 2,2′-Bibenzimidazole 14468–52-1 29.20 3.50 2508 2502
173 2H-1-Benzopyran, 2,2-diphenyl- 4222–08-6 29.20 3.10 2508 2419
173 p-Cyanophenyl p-(2-propoxyethoxy)benzoate - 30.00 0.76 2575 2574
175 Di-n-decylsulfone 500026–38-0 30.0 2.23 2575 2516
176 Sulfurous acid, octadecyl 2-propyl ester - 30.70 2.13 2636 2668
177 4-Trifluoromethylbenzoic acid. heptadecyl ester - 30.70 2.51 2636 2598
178 Heptacosane 593–49-7 31.40 2.17 2700 2700
179 Succinic acid, 4-chloro-3-methylphenyl 2-methoxyphenyl ester - 31.80 5.59 2736 2745
180 Cyclodocosane, ethyl- 296–86-6 31.90 2.31 2745 2798
181 4,4′-bi-4H-pyran, 2,2′,6,6′-tetrakis(1,1-dimethylethyl)−4,4′-dimethyl- - 32.00 5.49 2755 2608
182 Sulfurous acid, butyl heptadecyl ester - 32.10 2.15 2764 2732
183 7-Hydroxybenzo[b]thiophene-3-carboxylic acid, 2-acetylamino-6-dimeth-

ylaminomethyl-, ethyl ester
- 32.40 3.84 2791 2796

184 Quinoline, 4-(2-hydroxy-2-methoxy-1-thioxoethyl)−2-phenyl- - 32.4 3.02 2791 2848
185 Octacosane 630–02–4 32.0 2.21 2800 2800
186 Terephthalic acid, 2-ethylhexyl octyl ester - 33.10 3.04 2855 2768
187 Terephthalic acid, 6-methylhept-2-yl octyl ester - 33.10 2.60 2855 2860
188 Octacosane, 2-methyl 1560–98-1 33.20 2.25 2864 2859
189 Sulfurous acid, butyl octadecyl ester - 33.30 2.37 2873 2831

1 tR is the retention time of a peak in the first dimension of a comprehensive two-dimensional system, 2tR is the retention time of a peak in the sec-
ond dimension, and 1I is the retention index of a peak eluting from the first-dimension column. Nomenclature according to Wu et al. (2012). Lit-
erature I and CAS number: the values were from the PubChem database and NIST 2017. MS identification based on NIST 2017 mass spectral 
database
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contributed to the transport of pollutants from anthropo-
genic regions to the natural ambient ECO.

The compounds were divided into several chemical 
classes, as shown in Fig. 4. The largest class was aromatic 
compounds, which accounted for 29.2% of the total.

Among the leading representatives of this class, they 
stood out for their toxicity: PAH derivatives, aniline deriva-
tives, and other aromatic compounds (Fig. 5).

PAHs are compounds formed during the incomplete 
combustion of organic material (pyrolysis). They are mainly 

Fig. 3   Heatmap of the peak intensities of the most abundant compounds identified in PM2.5 samples. ECO01 to ECO17 represent the filter sam-
ples of the ECO point; PAC01 to PAC16 represent the filter samples of the ECO point (the number after ECO and PAC is the sampling day)
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emitted during the combustion of fossil fuels and anthro-
pogenic activities (Buczyńska et al. 2013), but also from 
natural sources such as volcanic eruptions and accidental 
forest fires (Srogi 2007). PAH derivatives are referred to as 
OPAH (oxygenated PAH) and NPAH (nitrated PAH) and are 
formed in the atmosphere by reactions of PAH with hydroxyl 
radicals, nitrate, among others, and ozone or by photochemi-
cal processes (Andreou and Rapsomanikis 2009).

Some PAHs and their derivatives (such as benzo[a]pyr-
ene and nitro-PAHs) have a carcinogenic/mutagenic effect 
on humans (Pedersen et al. 2004), and studies have already 
shown that derivatives are more toxic than PAHs (Albinet 
et al. 2008; Zhao et al. 2019; Ma et al. 2022). Of the deriva-
tives identified in this study, the following were found in 
less than 3 days of sampling: 1H-phenanthro[9,10-c]pyra-
zole (PAC only); 2,2-diphenylchromene (PAC and ECO); 
6-tridecyloxan-2-one (ECO only); 2,6-ditert-butyl-4-(2,6-
ditert-butyl-4-methylpyran-4-yl)-4-methylpyran (PAC 
only); 9,10-dimethylanthracene (only PAC); 1-(2,3-dihydro-
1H-inden-1-yl)ethanone (PAC and ECO); 2,4,5,7-tetrameth-
ylphenanthrene (only PAC) and 2-methylpyrene (only PAC). 
The others were identified in more than 3 days, and their dis-
tribution is shown in the box plots in Fig. 6. It is interesting 
to note that, except for 2,2-diphenylchromene, 9,10-dimeth-
ylanthracene, and 2-methylpyrene, the other compounds 
have not been reported to be detected in atmospheric PM, 
although they might have been detected previously. Deriva-
tives, except for (8S,9S)−11-methyl-8,9-dihydrobenzo[b]
phenanthrene-8,9-diol, were detected at both sampling 
points with no statistical difference between the PAC and 
ECO groups (p > 0.05). Although the ECO sampling point 
is a natural region, roads with high vehicle and factory traf-
fic are nearby. Therefore, the identification of derivatives 
at the ECO point can also be explained by pollution from 
these anthropogenic sources. Identifying derivatives at the 

PAC point can be related to the sources of vehicle pollution 
characteristic of the avenue near this point.

In addition to compounds characteristic of anthropogenic 
activities, including caffeine, compounds of natural origin, 
known as biogenic semi-volatile compounds (BSVOCs), 
were also identified in the samples. Some of the identified 
BSVOCs were oleic acid, palmitoleic acid, stearic acid, van-
illin acetate, isocitronellol, kaurenol, 1,14-tetradecanediol, 
1,16-hexadecanediol, 10-undecen-1-ol, and n-tridecan-1-ol. 
As expected, most of these compounds were found in ECO, 
a dense forest region.

Some plasticisers were identified in the samples examined 
in this work, such as dibutyl phthalate, monomethyl phtha-
late, 2-methylbutylpentyester phthalic acid, isobutyl-2-pen-
tylester phthalic acid, 2-ethylhexyl-octylester terephthalic 
acid, and 6-methylhept-2-yl-octylester terephthalic acid. 
These are esters derived from phthalic acid that are widely 
used in polymeric materials such as flooring, wallpaper, and 
food packaging and are also used in solvents, fragrances, 
repellents, shampoos, and other personal products (Afshari 
et al. 2004; Wang et al. 2018). Some of these compounds 
have endocrine effects in animals and humans and act as 
allergens (Marsee et al. 2006; Zhou et al. 2017, 2020).

Among the plasticisers identified in this study, dibutyl 
phthalate (DBP) is one of the most well-known because of 
its high toxicity. This compound was present in both the 
PAC and ECO samples. Fig. S4 shows that although the 
PAC samples had sampling days with higher peak intensity 
values for DBP, there was no statistical difference between 
the mean values of the samples (p > 0.05). The PAC site is 
more affected by pollution sources, as it has a high vehicle 
flow. It is also a region with a high concentration of build-
ings and residences that can release plasticisers from their 
components. These characteristics justify sampling days on 
which the DBP concentration in these samples is higher than 

Fig. 4   Distribution by chemical 
class of compounds identified in 
PM2.5 samples
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Fig. 5   Representative toxic 
compounds identified in PM2.5 
samples according to their 
chemical classes
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in the sample from ECO. A non-sampled filter was analysed 
to exclude the background effect of phthalates, and no DBP 
was identified.

The peak intensities of the 189 compounds listed in 
Table 1 were used to build a PCA model. Four PCs were 
selected after analysing the eigenvalue curve. The con-
structed model captured 72.56% of the cumulative variance. 
PC 1 and PC 2 captured 52.02% of the total variance. The 
graph PC 1 × PC 2 is shown in Fig. 7A.

As can be seen in Fig. 7A, most of the samples of the 
PAC set were located on the negative side of PC 1, while 
the ECO samples were distributed mainly along the posi-
tive part of PC 1. This observation demonstrated a statisti-
cal difference between the two sets of samples. The loading 
plots (Fig. S5-A) can be used to determine which com-
pounds are related to the separation observed in Fig. 7A. 
The charges on the right side of PC 1 are mainly associ-
ated with ECO samples that are responsible for the signifi-
cant difference observed in PC 1. The main compounds 
that differentiate these samples in importance order are 
terephthalic acid, 6-methylhept-2-yl octyl ester; quino-
line, 4-(2-hydroxy-2-methoxy-1-thioxoethyl)−2-phenyl-; 
1-pentadecyne; and 2,15-hexadecanedione. These com-
pounds chemically characterise the samples from ECO. 
The loadings related to the negative side of PC 1 were less 
critical for the PAC samples discrimination. The repre-
sentative compounds were arachidic acid and benzoic acid, 
2,6-dichloro, 2-acethylphenyl ester.

In the graph of PC 2 × PC 3 (Fig. 7B), it was observed 
that the pairs PAC07/PAC12 and PAC01/PAC04, on the 
negative side of PC 3 and ECO08/ECO10 on the positive 

side of PC 3 had very close scores, indicating a high simi-
larity between these samples. On the other hand, in PC 
1 × PC 3 (Fig. 8A), the ECO samples were distinguished 
by the first quadrant (formed by the positive sides of the 
PCs), and in PC 1 × PC 4 (Fig. 8B), the ECO samples 
were grouped in the second quadrant (positive side of PC 
1 × negative side of PC 4). The proximity of the samples 
in each of these situations can be related to the similar-
ity of climatic conditions and pollution levels on these 
sampling days, which allowed for similar profiles of the 
compounds in these samples. The proximity of the PAC 
and ECO samples is due to the fact that these samples 
had common compounds and likely similar weather con-
ditions on the sample days. All these conclusions were 
drawn solely by visual inspection of the score plots. Since 
the PCA model is unsupervised, in other words, explora-
tory, the model cannot serve as a classification tool. For 
this, it would be necessary to create a supervised model, 
such as PLS-DA (partial least squares discriminant analy-
sis), which requires a much higher number of samples 
than those collected in this work to construct the calibra-
tion and validation sets. However, the graphs of the PCA 
model provide exciting information about the behaviour 
of the samples.

The compounds with the highest loading values 
were selected for discussion. Thus, the top three com-
pounds associated with the ECO samples were tereph-
thalic acid, 6-methylhept-2-yl octyl ester; quinoline, 
4-(2-hydroxy-2-methoxy-1-thioxoethyl)−2-phenyl- and 
1-pentadecyne. Terephthalic acid, 6-methylhept-2-yl 
octyl ester is associated with plasticising materials and 

Fig. 6   Boxplots of some PAH 
derivatives identified in PM2.5 
samples (after outlier remo-
tion). 9-ethyl-1,2,3,4,5,6,7,8-
octahydroanthracene (n = 16 
for ECO and n = 15 for PAC); 
2,7-ditert-butyl-1,2,3,4-tetrahy-
dronaphthalene (n = 5 for ECO 
and n = 8 for PAC); 9,10-dihy-
drophenanthrene-9-carbonitrile 
(n = 17 for ECO and n = 16 for 
PAC); (8S,9S)−11-methyl-8,9-
dihydrobenzo[b]phenanthrene-
8,9-diol (n = 13 for PAC)
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found in indoor dust samples (Pourasil et  al. 2022). 
Although there have been no studies on the toxicity of 
this compound yet, some plasticisers represent toxicity 

of concern to humans, as mentioned earlier in this text. 
Quinoline derivatives, such as quinoline, 4-(2-hydroxy-
2-methoxy-1-thioxoethyl)−2-phenyl-, are used as 

Fig. 7   Score plots of the PCA 
model. A PC 1 × PC 2; B PC 
2 × PC 3. ECO (red), PAC 
(blue)
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intermediates in polymer synthesis, and their emission 
into the air can occur from building materials (Poura-
sil et al. 2022). Hydrocarbons such as 1-pentadecyne, a 
long-chain alkyne, can be emitted from petrochemical 
sources, and the identification of this compound in sam-
ples can be linked to vehicle emissions from fossil fuel 
combustion (Feng et al. 2021). The unusual presence 
of these compounds in a natural region, such as ECO, 
could be related to the ubiquitous transport phenomena 
in the atmosphere, which are responsible for the reloca-
tion of pollutants from a polluted region to regions with 
low pollution or even to distant regions (Burkow and 
Kallenborn 2000; Tirabassi et al. 2020). ECO is sur-
rounded by urban and industrial areas, which supports 
the hypothesis of atmospheric transport of pollutants.

The loading graph for the PAC samples showed that the 
compounds arachidic acid and benzoic acid, 2,6-dichloro-, 

2-acethylphenyl ester were the most representative. Ara-
chidic acid is a fatty acid found in plants and has already 
been found in the composition of biodiesel oil extracted 
from the seeds of the Maesopsis eminii tree (Joven et al. 
2020). The compound also produces polymer films for elec-
tronic applications (Ren et al. 2005). Although PAC is in 
a region characterised mainly by high traffic volume and 
civil constructions, there is also a forest area near the sam-
pling point. Therefore, the presence of arachidic acid may 
be related to natural emissions from the forested region or 
biodiesel vehicles. Compounds derived from benzoic acid, 
such as benzoic acid, 2,6-dichloro-, 2-acethylphenyl ester, 
are used as preservatives in the food industry and as food 
flavourings (Pourasil et al. 2022). The presence of this ester 
in the samples could be related to the food industries near 
the sampling points.

HS‑GC/MS analysis

The HS-GC/MS analysis results differed from those 
obtained by DI-SPME-GC×GC/Q-TOFMS. Despite the 
high resolving power, sensitivity, and separability of 
GC×GC, the technique reached its limits in identifying 
certain compounds with higher volatility. However, these 
compounds could be effectively identified by HS-GC/MS. 
This limitation could be due to the extraction method used 
in the sample preparation, particularly the direct immer-
sion mode with SPME and the extraction temperature. 
These favourable characteristics include the removal of 
more volatile compounds in the headspace and the extrac-
tion of semi-volatile compounds in an aqueous medium. 
In this respect, analysis with HS-SPME and DI-SPME 
could allow a more detailed identification of SVOCs/
VOCs.

Table 2 shows the VOCs determined with the validated 
analytical method of HS-GC/MS. Most compounds can 
be attributed to PAC samples collected in a high-traffic 
environment (Fig. 9). However, ECO samples collected in 
a greener environment showed a significant decrease in the 
identification and concentrations of these VOCs. Although 
vehicle traffic is lower at this sampling site, vegetation can 
also influence VOC levels in the air. In this regard, recent 
studies have shown that certain plants promote the absorp-
tion/breakdown of VOCs (Brilli et al. 2018; Bandehali 
et al. 2021; Shen et al. 2024).

BTEX (benzene, toluene, ethylbenzene, and xylenes) 
had the highest concentration in the collected samples at 
the PAC sampling site. It should be noted that these types of 
aromatic compounds are analysed directly in the gas phase 
of the air due to their higher presence, while PM2.5 is used 
more for the analysis of SVOCs (dos Santos et al. 2020) and 
heavy metals (Idris et al. 2020). As a result, detailed stud-
ies on BTEX in PM2.5 are not found in the literature, and 

Fig. 8   Score plots of the PCA model. A PC 1 × PC 3; B PC 1 × PC 4. 
ECO (red), PAC (blue)
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comparisons with maximum contaminant levels (MCL) of 
environmental agencies would fail. However, this type of 
analysis contributes to studies on exposure to mostly volatile 
compounds.

Conclusions

The use of GC×GC/Q-TOFMS in combination with DI-
SPME extraction and the application of DoE and RSM 
in the optimisation of parameters related to the thermal 
modulation process proved to be efficient in the analysis 
of VOCs/ SVOCs in PM2.5 samples. DoE/RSM saved time 
developing the chromatographic method by reducing the 
number of experiments required to achieve optimal two-
dimensional separation conditions. Compounds of dif-
ferent chemical classes were found in the samples, which 
focused on contaminants with high toxicity to humans, 
such as some PAH derivatives, plasticisers, and other aro-
matic compounds. Some of these compounds had not been 
previously identified in particulate matter, and no studies 
on their toxicity are in the relevant literature. This work 
identifies previously unreported compounds in PM sam-
ples, offering valuable data to support future toxicological 
studies on human exposure to these air pollutants. Further-
more, HS-GC/MS also led to the identification of other 
compounds with high volatility.

Table 2   VOCs found in the collected samples using HS-GC/MS

* Calculated based on the mass (ng) of the analyte bound to PM2.5 
on the quartz filter and the volume (m3) of air sampled, measured at 
25 °C and 1 atm of pressure

N° VOCs Average concentration (ng m–3)*

ECO Positive 
samples

PAC Positive 
samples

1 Methylene chloride  < LOD - 0.27 5
2 Bromochloromethane  < LOD - 0.32 3
3 Chloroform  < LOD - 0.31 5
4 Benzene 1.35 5 10.61 12
5 Toluene 0.89 4 8.09 12
6 Chlorobenzene  < LOD - 0.43 6
7 1,1,1,2-tetrachloroethane  < LOD - 0.39 3
8 Ethylbenzene 0.33 4 10.25 13
9 P-xylene/M-xylene 1,29 4 11.80 12
11 O-xylene 0.79 4 9.34 13
12 Styrene  < LOQ 3 1.67 12
13 Bromobenzene  < LOQ - 0.56 4
14 N-propylbenzene  < LOD - 0.43 4
15 1,3,5-trimethylbenzene  < LOD - 0.32 5
16 1,2,4-trimethylbenzene  < LOD - 0.38 6
17 1,3-dichlorobenzene  < LOD -  < LOQ -
18 1,4-dichlorobenzene  < LOD -  < LOQ -
19 1,3,5-trichlorobenzene  < LOD -  < LOQ -
20 1,2,4-trichlorobenzene  < LOD -  < LOQ -
21 Naphthalene 0.18 2 0.65 4

Fig. 9   Satellite image indicating the PM sampling points (approximately 1.8 km between points)
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