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ABSTRACT: Polycyclic aromatic hydrocarbons (PAHs) are
mutagenic and carcinogenic. 16 PAHs as priority pollutants listed
by the US Environmental Protection Agency were usually
monitored. Therefore, multiple potentially toxic polycyclic aromatic
compounds (PACs) are not monitored. In this study, atmospheric
particulate matter samples from Beijing were analyzed using
atmospheric pressure photoionization (APPI) Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometry and
comprehensive two-dimensional gas chromatography-time-of-ﬂight
(GC × GC-TOF) mass spectrometry. The FT-ICR data detected
high molecular weight PAHs, alkylated PAHs (APAHs) and
heteroatom PAHs. The GC × GC-TOF data tentatively identiﬁed
386 PACs in ﬁve categories of identiﬁcation conﬁdence. Twentyone spectra in the unknown class were manually resolved. Eighty-two PACs with high identiﬁcation conﬁdence were proposed for
further research. The identities of ﬁve PAHs and ﬁve APAHs that are currently not regulated were conﬁrmed using available
standards and quantiﬁed in some samples. Some of these PACs, such as dibenzo[a,e]pyrene (C22H14) and 1-methylpyrene (C17H12),
should be of concern because of their contamination levels and the high toxicities of themselves and/or their derivatives. This study
highlights the possibility of expanding the traditional lists of PAHs to improve pollution control and risk assessment accuracy.

■

INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
contaminants in the atmosphere worldwide, and China has
the highest emissions of PAHs for any country.1 The PAHs in
atmospheric particulate matter (PM) are mainly derived from
anthropogenic processes, including coal combustion, vehicle
fuel combustion, biomass burning, and petroleum volatilization.2 PAHs have attracted increasing attention because of
their carcinogenic, teratogenic, and mutagenic eﬀects in
humans.3 The PAHs are regulated in most countries by
monitoring the concentrations of 16 PAHs identiﬁed as
priority pollutants by the U.S. Environmental Protection
Agency (referred to as the 16 EPA PAHs). Targeted analysis
methods are generally used to quantify these PAHs by gas
chromatography coupled with mass spectrometry (GC−MS),
and these methods may exclude other contaminants that are
potentially toxic. Pedersen et al.4 indicated that only 20−30%
of the mutagenicity caused by ﬁne PM to human cells was
likely attributable to the PAHs quantiﬁed by GC−MS. The
remaining toxicity is likely associated with numerous
unidentiﬁed aromatic compounds. Therefore, focusing only
on the 16 EPA PAHs means that many toxic polycyclic
© 2020 American Chemical Society

aromatic compounds (PACs) are neglected, which can result
in gross underestimation of the toxic potential of PM.5 Many
PACs, such as high molecular weight PAHs (MW > 300),6,7
alkylated PAHs (APAHs),8,9 and PAHs containing heteroatoms,10 may have higher toxicities and distinguish pollution
sources more conﬁdently than the 16 EPA PAHs. 11
Consequently, further research is needed to identify multiple
PACs for monitoring and to determine their toxicities to
improve the accuracy of environmental and health risk
assessments and improve prevention and control of particulate
pollution.
Nontarget screening is a suitable technique for expanding
the scope of analysis to identify various compounds. This
technique involves using instruments with high mass
resolutions and chromatographic separation capacities to
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Table 1. Concentrations (ng/m3) of conﬁrmed PAHs in particulate matter samples from Beijing
sample no.
compound (abbreviation)
naphthalene (Nap)
acenaphthylene (Acy)
acenaphthene (Ace)
ﬂuorene (Flu)
phenanthrene (Phe)
anthracene (Ant)
ﬂuoranthene(Fla)
pyrene(Pyr)
benzo[a]anthracene (BaA)
chrysene (Chr)
benzo[b]ﬂuoranthene (BbF)
benzo[k]ﬂuoranthene (BkF)
benzo[a]pyrene (BaP)
indeno[1,2,3-cd]pyrene (Ind)
dibenzo[a,h]anthracene (DahA)
benzo[ghi]perylene (BhiP)
perylene (PER)
picene (PIC)
dibenzo[a,e]pyrene (DaeP)
coronene (COR)
4H-cyclopenta[def]phenanthrene (PdefP)
retene (RETENE)
3,6-dimethylphenanthrene (3,6-di-ME-Phe)
1-methylpyrene (1-ME-Pyr)
2-methylphenanthrene, (2-ME-Phe)
4-methylchrysene (4-ME-Chr)
∑5 PAHsa
∑5 APAHsa
∑26 PAHsa
∑LMW-PAHsa
∑HMW-PAHsa
∑can-PAHsa
∑comb-PAHsa

A0
b

n.d.
n.d.b
n.d.b
0.35
7.1
1.9
16
26
7.2
8.6
19
8.5
14
6.4
n.d.b
0.81
0.05
2.0
6.7
2.1
1.4
1.5
0.08
0.47
0.42
0.12
12
2.6
130
9.4
107
64
99

A1

A2

A3

A4

A5

A6

A7

A8

0.22
n.d.b
0.01
0.14
1.4
0.12
5.7
9.8
2.0
4.5
10
3.5
9.3
5.0
0.68
14.6
0.18
3.2
3.5
n.d.b
0.86
0.86
0.08
0.15
0.14
0.08
7.8
1.3
76
1.9
65
35
62

0.19
0.04
0.02
0.08
1.1
0.06
5.4
7.9
1.5
1.3
3.8
1.8
1.9
1.1
n.d.b
n.d.b
0.01
n.d.b
1.3
0.31
0.16
0.22
0.008
0.04
0.11
0.003
1.8
0.38
28
1.5
25
11
23

0.59
0.03
0.009
0.04
0.60
0.06
3.0
5.5
0.58
1.0
1.2
0.69
1.2
0.01
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
0.05
0.03
0.005
0.01
0.02
n.d.b
0.05
0.06
15
1.3
13
4.7
13

1.2
n.d.b
0.06
0.25
2.8
0.22
26
31
2.7
1.8
5.8
4.0
7.4
0.17
n.d.b
0.43
n.d.b
n.d.b
n.d.b
n.d.b
0.04
0.06
0.05
0.06
0.15
n.d.b
0.04
0.32
84
4.5
79
22
77

0.18
n.d.b
n.d.b
0.05
0.37
0.02
3.8
3.8
0.50
0.22
0.11
0.16
2.4
0.03
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
n.d.b
0.006
0.02
0.01
0.007
0.03
n.d.b
0.006
0.07
12
0.62
11
3.4
11

0.04
0.003
0.003
0.03
0.26
0.13
0.53
1.2
0.18
0.17
n.d.b
0.07
1.4
0.41
0.02
0.26
0.02
n.d.b
0.93
n.d.b
0.05
n.d.b
0.03
n.d.b
0.07
n.d.b
1.0
0.10
5.8
0.47
4.2
2.2
4.0

0.39
0.02
0.007
0.04
0.68
0.04
3.7
5.1
0.73
1.1
2.7
1.2
2.1
0.69
n.d.b
3.2
0.04
n.d.b
1.0
n.d.b
0.07
0.07
0.002
0.02
0.02
n.d.b
1.1
0.10
23
1.2
21
8.5
20

0.19
0.08
0.003
0.13
3.0
n.d.b
11
17
2.7
6.4
0.20
4.4
9.8
3.3
n.d.b
12
0.18
n.d.b
3.5
0.92
0.70
2.3
n.d.b
0.13
0.12
0.07
5.3
2.6
79
3.4
67
27
64

∑5 PAHs is sum of perylene, picene, dibenzo[a,e]pyrene, coronene, and 4H-cyclopenta[def]phenanthrene. ∑5 APAHs is the sum of retene, 3,6dimethylphenanthrene, 1-methylpyrene, 2-methylphenanthrene, and 4-methylchrysene. ∑26 PAHs is the sum of the ∑16 PAHs, ∑5 PAHs, and
∑5 APAHs. ∑LMW-PAHs is the sum of naphthalene, acenaphthylene, acenaphthene, ﬂuorine, phenanthrene, anthracene, ∑HMW-PAHs is the
sum of ﬂuoranthene, pyrene, benzo[a]anthracene, chrysene, benzo[b]ﬂuoranthene, benzo[k]ﬂuoranthene, benzo[a]pyrene, indeno[1,2,3cd]pyrene, benzo[g,h,i]perylene, and dibenzo[a,h]anthracene. ∑Can-PAHs is the sum of benzo[a]anthracene, chrysene, benzo[b]ﬂuoranthene,
benzo[k]ﬂuoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, and dibenzo[a,h]anthracene. ∑Comb-PAHs is the sum of ﬂuoranthene, pyrene,
chrysene, benzo[b]ﬂuoranthene, benzo[k]ﬂuoranthene, benzo[a]ﬂuoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, and benzo[g,h,i] perylene.
b
n.d. is not detected.
a

spectrum peak. As an ionization technique, atmospheric
pressure photoionization (APPI) has high sensitivity for
aromatic compounds because it is based on the absorption
of ultraviolet light.15 Previous studies have demonstrated that
combination of APPI with FT-ICR MS is suitable for the
analysis of PAHs in aerosols.6,17,18 Although FT-ICR MS is a
powerful tool to determine elemental compositions, to
improve the accuracy of any risk assessment, the structures
of compounds need to be further conﬁrmed by chromatography to distinguish between isomers that could diﬀer in
toxicity. Comprehensive two-dimensional gas chromatography
(GC × GC) provides enhanced peak capacity compared with
one-dimensional-GC,8,12 which improves the separation of
analytes of interest.8,12 GC × GC could be coupled with high
resolution time-of-ﬂight mass spectrometry (TOF MS) to
improve the mass resolution, increase the sensitivity, and
reduce matrix interference.13 Comprehensive GC × GC

increase the sensitivity of analysis. GC−MS is not suitable for
these goals because of the low mass resolution and poor
separation ability of one-dimensional GC, which is why
unresolved complex mixtures of aromatics are quite common
in complicated environmental samples.12,13 Moreover, large
quantities of PAHs with high molecular weights or high
condensation cannot be separated by GC.6 Comprehensive
separation and identiﬁcation of PACs in complicated
atmospheric PM samples is challenging because of the
presence of abundant complex compounds and analytical
instrument limits.
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has been extensively used to explore the
molecular compositions of complex materials, such as
petroleum,14,15 drinking water,16 and aerosols.6,17−20 FT-ICR
MS has ultrahigh resolution and mass accuracy, which allows
for the determination of the molecular formula for each mass
110
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with a 15.0 T superconducting magnet (Bruker Daltonics,
Bremen, Germany). The sample extracts were ionized in
positive ionization mode by an APPI source and directly
injected using a syringe pump with a ﬂow rate of 180 μL/h.
The temperature for nebulizing gas and drying gas was 350 and
200 °C, respectively. Ions were accumulated for 0.001 s. A 4 M
data set was acquired within the range of m/z 150−1000, and
200 FT-ICR transients were superimposed to produce the ﬁnal
mass spectrum. The mass spectra were externally calibrated
with sodium formate solution, and recalibrated using a series of
hydrocarbons that had relative high abundances in the spectra.
The raw spectra were analyzed by DataAnalysis (version 2.0
Bruker Daltonics) for identify features, and Composer software
(Sierra Analytics, Modesto, CA) was used to assign the
elemental compositions of mass peaks with signal-to-noise (S/
N) ratios of greater than four. The tolerance mass error was set
at <1 ppm. The elemental compositions of organic compounds
were constrained to up to 100 12C, 200 1H, 50 16O, two 14N,
and one 32S according to the results of a previous study.25
Because the PAH with the lowest molecular weight is
naphthalene with 7 DBEs (double bond equivalents), the
molecular formulas conformed to the following rules: 0 ≤ O/C
< 1.2, 0.3 < H/C < 2.25,26 and 7 ≤ DBE ≤ 40. Descriptions of
the DBE and Kendrick mass defect (KMD) calculations are
given in the SI (Data Processing).
GC × GC-TOF MS Analysis. The samples were analyzed
and quantiﬁed using GC × GC-TOF MS (Pegasus GC-HRT
4D+, Leco, St Joseph, MI). The ﬁrst column was a Rtx-5MS
column (30 m × 0.25 mm i.d., 0.25 μm ﬁlm thickness; Restek,
Bellefonte, PA), and the second column was a Rxi-17SilMS
(2.0 m × 0.25 mm i.d., 0.25 μm ﬁlm thickness; Restek). The
carrier gas was helium with a ﬂow rate of 1.0 mL/min. The
sample (1 μL) was injected in splitless mode, and the inlet
temperature was 280 °C. The primary oven was initially set to
60 °C for 1 min, increased to 100 °C at 20 °C/min and held at
this temperature for 1 min, and then increased to 310 °C at 2
°C/min and held at this temperature for 5 min. The secondary
oven was programmed to temperatures that were 10 °C higher
than those in the primary oven, and the modulator
temperature was kept at 25 °C higher than the temperature
in the second oven. The modulation period was 10 s. The
transfer line temperature was 310 °C. Electron impact
ionization was performed with an ionization source temperature of 250 °C. The acquisition rate was 200 spectra/s over
the range of m/z 35−900. The GC × GC data were viewed
and processed using Leco’s ChromaTOF software (version
4.51). Mass spectra obtained by GC × GC-TOF MS were
compared with those in the National Institute of Standards and
Technology (NIST) library 2017 to identify compounds.
Compounds with mass errors of more than 5 ppm and
similarity values of less than 600 were excluded.
Compound Identiﬁcation. The PACs were tentatively
qualitatively analyzed by FT-ICR MS and their structures were
further conﬁrmed by GC × GC-TOF MS, which was used to
separate isomers. Based on previous study27−29 with some
modiﬁcations, compounds were divided into the following
categories: (1) conﬁrmed compounds where the proposed
structures of the compounds were veriﬁed by reference
standards because the mass spectra and retention times of
the standards were consistent with those of the samples under
the same conditions; (2) probable compounds where the
spectrum matched that in the NIST library with a similarity
value of greater than 850; (3) tentative compounds with

coupled with TOF MS has been applied to enhance the
separation and analysis of multiple PACs in environmental
samples,8,21 and to the separation of aromatic compounds in
unresolved complex mixtures in biological samples.13 Combination of two complementary instrumental techniques is a
powerful method for exploring the compositions and structures
of multiple compounds in complex samples. For example,
Fernando et al.22 identiﬁed halogenated PAHs in soil samples
collected shortly after the 1997 Plastimet Inc. ﬁre in Hamilton,
Ontario.
The objective of the present study was using complementary
instruments to characterize PACs in ambient PM samples
collected in Beijing. The aromatic compounds were identiﬁed,
and some were semiquantiﬁed, using analytical standards.
Possible pollution sources were explored and their toxicities
were predicted. The results provide a basis for modifying the
list of priority PAHs traditionally used for monitoring to
improve the accuracy of environmental and human health risk
assessments of PM.

■

EXPERIMENTAL SECTION
Chemicals and Sampling. The PAH and APAH standards (Table 1) were purchased by Accustandard Inc. (New
Haven, CT, USA). Silica gel (63−100 μm, Merck, Kenilworth,
NJ, USA) and anhydrous sodium sulfate (Sinopharm Chemical
Reagent Co, Beijing, China) were activated at 550 and 660 °C,
respectively, for 6.5 h before use.
Ambient PM samples were collected from March 21 to
November 29, 2018, on the roof of a building on the campus
of the Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences (Beijing, China). Particles with
aerodynamic diameters of less than 1 μm (PM1) were collected
using a high-volume cascade impactor (KS303.150.10/2.5/1.0
sampler, Kálmán System, Hungary) onto quartz ﬁber ﬁlters
(Ahlstrom Munktell, Sweden). Details for preparation of the
quartz ﬁber ﬁlters and sampler operation are given in a
previous study.23 All samples were stored at −20 °C until
required for analysis. Nine PM samples were analyzed in this
study. Among these samples, one (A0) that was collected
during severe haze days was analyzed by both APPI FT-ICR
MS and GC × GC-TOF MS to detect any unregulated PACs
for further investigation. The other eight samples (A1−8) were
analyzed by GC × GC-TOF MS to investigate the occurrences
of the conﬁrmed compounds. Further sample details are given
in Supporting Information (SI) Table S1.
Sample pretreatment. The extraction and cleanup
procedures were based on the EPA method TO-13A24 with
some modiﬁcations to separate the aromatic fraction from the
extracts. Brieﬂy, the samples were extracted by accelerated
solvent extraction (ASE 350, Dionex) using n-hexane/
dichloromethane (1:1, v/v). The extracts were reduced by
evaporation to about 2 mL and then passed through a column
containing 10 g of activated silica gel (bottom layer) and 4 g of
anhydrous Na2SO4 (top layer). The column was prewashed
with 40 mL of n-hexane. The extracts were eluted with 25 mL
of n-hexane, followed by 30 mL of n-hexane/dichloromethane
(3:2, v/v). The second fraction was collected and dried under
a gentle stream of N2. n-hexane (50 μL) was added to each
extract for GC × GC-TOF MS analysis. For sample A0, after
that, the extracts were dried and reconstituted in 1 mL of
methanol/toluene (1:1, v/v) for FT-ICR MS analysis.
APPI FT-ICR MS Analysis. Ultrahigh resolution MS
analyses were performed using a SolariX FT-ICR MS equipped
111
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similarity values greater than 600; (4) manual congeners that
did not match with the library data but the structures were
inferred according to the relationship between mass
fragmentation information and retention times of homologues;
and (5) unknown compounds where the structures could not
be further qualitative by comparison with spectra from the
NIST library or manual analysis.
Quality Assurance and Quality Control. All glassware
was rinsed three times with methanol, acetone, and methylene
chloride before use to avoid background contamination.
Procedural blanks were analyzed and compounds from the
blank samples were excluded from data processing when the S/
N ratio of the compound in the blank sample was higher than
1
/10th of the S/N of the compound in the sample. The analysis
of the sample A0 by FT-ICR MS was repeated to check the
reliability of peak identiﬁcation and molecular formula
assignment. The RSDs for the identiﬁed species were all
below 5%. Three samples among a total of nine samples were
randomly selected for parallel analysis by GC × GC-TOF MS,
and the RSDs were less than 15%. The PAC standards were
added to quartz sand for matrix spiking tests to evaluate if the
target compounds were extracted, puriﬁed, and determined
quantitatively. The recoveries of the PAC standards were in
range of 79−105%. Semiquantitative analysis was performed
by ﬁve-point calibration with standards.

Article

Figure 1. DBE versus carbon number plots generated for CH radical
class compounds observed in aromatic compounds. The red dashed
line was generated using planar limits for aromatic compounds. The
slope and y-intercept of the line are given on the ﬁgure. The structures
shown are possible representative structures.

are shown in SI Table S2. The number of alkylated PAHs was
calculated using an established method.17 As the PAH DBE
value increased, the alkyl substitution group became shorter
(SI Table S2).
Planar limits have been proposed for prediction and
resolution of the molecular structures of compounds in
petroleum.14 The planar limit generated by aromatics in this
study had a slope of 0.86. The linear and nonlinear additions
are for kata-condensed and peri-condensed rings, respectively.
The slopes of the lines for planar limits determined by linear
and nonlinear benzene ring additions were 0.75 and 1,
respectively, indicating that the structures of aromatics in this
study exhibited both linear and nonlinear addition of benzene
rings. KMD analyses were also performed as shown in Figure
2. For linear benzene ring additions, the molecular formula
increased by C4H2 and the molecular weight increased by 50
Da. For nonlinear additions, the molecular formula increased
by C2 and molecular weight increased by 24 Da. The KMD
analysis further veriﬁed that the molecular structures of PAHs
in the samples exhibited both linear and nonlinear benzene
ring addition.
Multiple PAHs containing heteroatoms were also detected
by FT-ICR MS. Among these PAHs, four species were
identiﬁed as O1, O2, N1, and S1. Figure S4 shows the DBE
versus carbon number plots for O1, O2, N1, and S1 class
species. The distribution of heteroatom classes showed similar
characteristics to the CH class. The O1 species with DBE
values of 12, 15, 17, and 18 had relatively high intensities,
which were similar to those of the CH class species. This, along
with the unchanged DBE value, suggests that these compounds
are likely derived from the oxidation of PAHs. The most
abundant compound among the O2 species was C22H12O2 with
17 DBEs. For the N1 species, those with DBE values of 12 and
15 were dominant, which was similar to the result for S1
species. PAHs containing nitrogen and sulfur may be derived
from nitrogen- and sulfur-containing organic compounds in
the matrix fuel.30,31 Some PACs we detected by FT-ICR MS
have not been analyzed in PM before; therefore, further
research is necessary to investigate PAHs beyond the 16 EPA
PAHs to improve risk assessments.
Structure Analysis and Predictions Using the GC ×
GC-TOF MS Data. The FT-ICR MS data enabled

■

RESULTS AND DISCUSSION
Characterization of aromatic compounds using FTICR MS. The positive-ion APPI FT-ICR mass spectrum of
aromatic compounds in the PM1 sample is shown in SI Figure
S1. Radical cations (M+•) and protonated ([M + H] +) species
can be generated by the APPI source synchronously. The
elemental compositions for the peaks were determined by
calculation of accurate molecular weights. For instance, the
high abundant peaks with molecular weights of 228, 252, 276,
and 302 were assigned as C18H12, C20H12, C22H12, and C24H14,
respectively. As shown in SI Figure S1 for the peak at m/z 334,
diﬀerent kinds of aromatic compounds with the same nominal
mass could be resolved by FT-ICR MS because of its ultrahigh
resolution. Aromatic compounds containing heteroatoms were
detected in the mass spectrum in addition to hydrocarbons.
The relative abundances of compounds in ﬁve classes (CH,
CHO, CHN, CHS, and other) are shown in SI Figure S2.
Protonated species were excluded from the calculations
because of their relative low abundances. The relative
abundance of compounds in heteroatom-containing classes
was 30.4%, which was similar to that in a previous study.6
The DBE versus carbon number distributions of the PAHs
(CH class) for radical cations are shown in Figure 1, and those
of the protonated species are shown in SI Figure S3. The range
of DBE values was 7−31 with a carbon number range of 13−
57. The largest PAH was C57H100 with a molecular weight of
784 Da. PAHs with high molecular weights could be detected
in PM by FT-ICR MS, even though they would be diﬃcult to
vaporize in the GC system. The PAH with the highest
abundance was C20H12, and the carbon number range for the
hydrocarbons with relatively high abundance was 15−30 with a
DBE range of 12−22. These results imply that PAHs with high
abundance in PM1 are condensed PAHs with 4−8 aromatic
rings as shown in Figure 1. PAHs with the same DBE values
but diﬀerent carbon numbers can be considered as
homologues diﬀering by the number of CH2 groups. The
characteristics of PAH homologues with diﬀerent DBE values
112
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Figure 2. Mass defect plot of CH class compounds for linear (a) and nonlinear (b) benzene ring additions. These structures are not conﬁrmed.

guide, compounds detected by GC × GC-TOF MS were
selected for further conﬁrmation to strengthen the results. A
total of 386 PACs were detected by both APPI FT-ICR MS
and GC × GC-TOF MS (Figure 3a). Most of the detected
compounds are not regularly monitored in PM. Among the
PACs, 283 of the PAHs and their alkylated derivatives were
dominant compounds (SI Table S3). It is worth noting that
two outliers identiﬁed as coronene and dibenzo[a,e]pyrene had
the highest DBE value (19) and the highest molecular weight
(302 Da), respectively. The weak polarity and high molecular
weight prevent these two PAHs from eluting with other PAHs
in the same modulation cycle. In addition, 103 of the PAHs
containing heteroatoms accounted for 27% of the total
identiﬁed compounds (SI Table S4), indicating they are
important contributors to the composition of PACs in
atmospheric particles.
Chemically or structurally related compounds could exhibit
an elution order (e.g., as clusters or bands) because of the use
of two columns with diﬀerent properties in the GC × GC
system.32 Therefore, the retentions times in the GC × GC
plots were used to cluster structurally similar compounds. The
GC × GC plots of the alkylated derivatives of the 16 EPA
PAHs and some heteroatom PAHs are shown in Figure 3b.
The compound peaks were grouped by carbon number in the

determination of molecular formulas using the accurate
molecular weights. Although structures could be preliminarily
deduced from molecular characterizations (e.g., DBE),
structural isomers with diverse toxicity could not be identiﬁed
by this method. For example, among the C20H12 isomers, the
toxicity of benzo[j]aceanthrylene is 60 times that of benzo[a]pyrene.5 Therefore, it is vital to apply chromatography to
distinguish and quantify isomers to accurately evaluate the
toxicity of atmospheric PM. GC × GC-TOF MS is an ideal
method for this. Aromatic compounds containing O, N, and S
were detected in addition to homocyclic PAHs and their
alkylated derivatives. Compounds were divided into six
categories including PAHs, APAHs, oxygenated-PAHs (OxyPAHs), and polycyclic aromatic oxygen, sulfur, and nitrogen
heterocycles (PAOHs, PASHs, and PANHs). PAHs with
hydroxyl, keto, aldehyde, carboxyl, and carbonyl groups were
classed as Oxy-PAHs. SI Figure S5 shows overlap plots for
aromatic hydrocarbons analyzed by both FT-ICR MS and GC
× GC-TOF MS. The GC × GC-TOF MS analysis was suitable
for determination of aromatic hydrocarbons with ≤7 aromatic
rings, and FT-ICR MS was suitable for those with >7 aromatic
rings and/or high molecular weights (MW > 300). These
results show that the two methods complement each other.
Using the molecular formula determined by FT-ICR MS as a
113
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Figure 3. GC × GC plots of the retention times of (a) all compounds detected by both instruments, (b) examples of aromatic compounds with
alkyl side chains, and (c) unknowns analyzed according to their retention times and mass spectra. Some abbreviations are shown in Table 1. The
area of each circle was positively correlated with the relative abundance of each compound. Other abbreviations: NapF, naphthofuran; Xan,
xanthene; K, carbazole; Dibs, dibenzothiophene; and BenS, benzo[b]naphthothiophene.
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Table 2. Identiﬁed Aromatic Compounds with Similarity Values of at Least 850
identiﬁed aromatic compound name

number of isomer compounds

formula

DBE

naphthalene C3
4-methyl-1,1′-biphenyl
ﬂuorene
ﬂuorene C1
phenanthrene
phenanthrene C1
phenanthrene C2
retene
anthracene
1-methylanthracene
4H-cyclopenta[def]phenanthrene
9-ethenylanthracene
2-phenylnaphthalene
4,5-dihydropyrene
ﬂuoranthene
ﬂuoranthene/pyrene isomer
pyrene
pyrene isomer C1
pyrene isomer C2
p-terphenyl
chrysene
Chrysene C1
benz[a]anthracene
1,2-dihydrobenzo[b]ﬂuoranthene
1,2-dihydrobenzo[b]ﬂuoranthene isomer
benzo[ghi]ﬂuoranthene
benzo[ghi]ﬂuoranthene isomer
1,1′-binaphthalene
9-phenylanthracene
Phenylanthracene isomer
Benzo[k]ﬂuoranthene
benzo[b]ﬂuoranthene
benzo[a]pyrene
perylene
perylene isomer
indeno[2,1-b]phenanthrene
picene
1,2-Dihydroindeno[1,2,3-cd]pyrene
1,2-dihydroindeno[1,2,3-cd]pyrene isomer
1-phenylpyrene
indeno[1,2,3-cd]pyrene
indeno[1,2,3-cd]pyrene isomer
benzo[ghi]perylene
xanthene
xanthene isomer
anthrone
benzo[b]naphtho[2,3-d]furan
benzonaphthofuran isomer
1-hydroxypyrene
dinaphtho[1,2-b:1′,2′-d]furan
3-methylcarbazole
3,7-dimethyldibenzothiophene
benzo[b]naphtho[1,2-d]thiophene
2-methylbenzo[b]naphtho[2,1-d]thiophene

3

C13H14
C13H12
C13H10
C14H12
C14H10
C15H12
C16H14
C18H18
C14H10
C15H12
C15H10
C16H12
C16H12
C16H12
C16H10
C16H10
C16H10
C17H12
C18H14
C18H14
C18H12
C19H14
C18H12
C20H14
C20H14
C18H10
C18H10
C20H14
C20H14
C20H14
C20H12
C20H12
C20H12
C20H12
C20H12
C21H14
C22H14
C22H14
C22H14
C22H14
C22H12
C22H12
C22H12
C13H10O
C13H10O
C14H10O
C16H10O
C16H10O
C16H10O
C20H12O
C13H11N
C14H12S
C16H10S
C17H12S

7
8
9
9
10
10
10
10
10
10
11
11
11
11
12
12
12
12
12
12
13
13
13
14
14
14
14
14
14
14
15
15
15
15
15
15
16
16
16
16
17
17
17
9
9
10
12
12
12
15
9
9
12
12

4
4
6

1
7
3

3

2
1

1

2

1
1
1

2

3

identiﬁcation categoriesa

CAS
644−08−6
86−73−7
85−01−08

483−65−8
120−12−7
610−48−0
203−64−5
2444−68−0
612−94−2
6628−98−4
206−44−0
129−00−0

92−94−4
218−01−9
56−55−3
100516−13−0

2
2
1
2
1
1,2
1,2
1
1
2
1
2
2
2
1
2
1
1,2
2
2
1
1,2
1
2
2

203−12−3
604−53−5
602−55−1
207−08−9
205−99−2
50−32−8
198−55−0
241−28−1
213−46−7
120362−68−7
5101−27−9
193−39−5
191−24−2
92−83−1
90−44−8
243−42−5
5315−79−7
207−93−2
4630−20−0
1136−85−2
205−43−6

2
2
2
2
1
1
1
1
2
2
1
2
2
2
1
2
1
2
2
2
2
2
2
2
2
2
2
2

a

Identiﬁcation categories are described in the Experimental Section. Brieﬂy, the numbers 1, 2, 3, 4, and 5 represent conﬁrmed compounds,
probable compounds, tentative compounds, manual congeners, and unknowns, respectively.

ﬁrst dimension. The alkylated PAHs derived from the same
parent were spread out in a band along the x-axis. For the
alkylated PAHs from the same parent, the higher the carbon

number of the alkyl substituent, the longer the one-dimensional retention time. Aromatic compounds from the same
parent with short alkyl chain substituents had relatively high
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greater, which were regarded as probable compounds, had high
conﬁdence in their identiﬁcation and should be studied further.
A total of 82 aromatic compounds were classed as probable
compounds (Table 2). PAHs with four benzene rings or more
were the dominant compounds, which suggested they might be
primarily derived from pyrolytic processes.7,11 For the APAHs,
the predominant compounds were alkylated derivatives of twoor three-ring PAHs. The heteroatom PAHs among the
probable compounds contained heterocyclic PAHs, such as
furans, thiophenes, and carbazoles, and hydroxylated PAHs,
which were analyzed in a previous study.35 In addition to the
16 EPA PAHs, there were many PACs identiﬁed in this study
that are hazardous to human health and the environment
according to the PubChem database.36 Therefore, these results
indicate that the list of priority PAHs traditionally used for
monitoring may need to be expanded.
Quantiﬁcation of PACs using GC × GC-TOF MS Data
and Source Identiﬁcation. After taking into consideration
the peak intensities, potential toxicities, and commercially
availabilities of various PACs, three homocyclic PAHs (4Hcyclopenta[def]phenanthrene, perylene, and picene) and ﬁve
APAHs (retene, 3,6-dimethylphenanthrene, 1-methylpyrene, 2methylphenanthrene, and 4-methylchrysene) from among the
82 probable compounds were chosen for structure conﬁrmation using standards (Table 1). Furthermore, the
structures of the homocyclic PAH with the highest DBE
value (coronene) and that with the largest molecular weight
(dibenzo[a,e]pyrene) were also conﬁrmed using standards
even though their similarity values were below 850. Eight PM
samples (A1−8) were analyzed by GC × GC-TOF MS to
investigate the concentrations of these compounds and identify
possible contamination sources, which was important to verify
the accuracy of the method. The total concentration of the 16
EPA PAHs in the PM1 samples ranged from 4.7 to 116 ng/m3.
LMW/HMW < 1 suggested that PAHs were mainly derived
from pyrogenic sources (incomplete combustion of fossil fuels
or wood), where LMW/HMW represents the ratio of the sum
of low molecular weight-PAHs (LMW, 2−3 ring) to the sum
of high molecular weight-PAHs (HMW, 4−6 ring).37 Seven of
the 16 EPA PAHs are potentially carcinogenic, and their levels
ranged from 2.2−64 ng/m3 and accounted for 26−55% of the
total priority PAHs.
The range of the sum of ﬁve homocyclic PAHs was 0.006−
12 ng/m3, which accounted for 0.04−10% of the ∑26 PAHs.
The concentrations of some of these compounds have been
analyzed and quantiﬁed in ﬁne particulate matter samples in
previous studies,34,38,39 and the levels of these PAHs were
comparable in the present study. 4H-Cyclopenta[def]phenanthrene was detected in all samples and its levels
showed good correlations with the PM1 concentrations (P <
0.05). Furthermore, a signiﬁcant relationship was found
between 4H-cyclopenta[def]phenanthrene and the total
combustion-derived PAHs (P < 0.05), indicating that 4Hcyclopenta[def]phenanthrene is likely to be a marker of
combustion activities and could possibly be derived from fuel
combustion.40 The concentrations of dibenzo[a,e]pyrene were
relatively high and positively correlated with PM1 levels, which
suggested that it may be an important compound of the total
PAHs content in aerosols. Among the ﬁve PAHs, perylene was
present at relatively low levels. Picene and coronene are
considered to be markers of coal combustion and vehicular
exhaust, respectively,41 and were detected at low rates in this

abundance values. Some of the detected alkylated PAHs (SI
Table S3) have been reported in previous studies.33,34 Isomers
with the same degree of alkyl substitution were not
diﬀerentiated in this study (e.g., ﬂuorene C2 containing
dimethylated and ethylated congeners). As the degree of
aromaticity (DBE value) of the compounds increased, the
numbers of alkyl-substituted PAHs that could exist and be
detected in the aerosol decreased. Methyl-benzo[ghi]perylene
isomer was recognized as the largest APAH, and bands of
alkylated PAHs from naphthalene to benz[a]anthracene were
distinguished in this study. Among the alkylated derivatives of
the 16 EPA PAHs, alkylated acenaphthenes were not identiﬁed
in this study. The alkylated acenaphthenes could coelute with
alkylated biphenyls, and the mass spectra of the alkylated
acenaphthenes would resemble those of alkylated biphenyls.
Alkylated compounds of ﬂuoranthene, benzo[b]ﬂuoranthenes,
benzo[k]ﬂuoranthenes, indeno[1,2,3-cd]pyrenes, and dibenzo[a,h]anthracenes likely had low abundance in the PM samples
and could not be detected in this study because their parent
PAHs have high aromatization degrees.
Along the y-axis, the compound peaks were clustered not
only by the DBEs, but also according to the presence of
heteroatoms. Fluorene, dibenzofuran, dibenzothiophene, and
carbazole are structurally similar compounds that diﬀer by one
atom (C, O, and S) or group (−NH) on the cyclopentadiene.
Dimethylated and/or ethylated dibenzothiophenes and
methylated carbazoles eluted together in the ﬁrst dimension
but were separated in the second dimension (Figure 3b). This
result was similar to the results from a previous study on
heterocyclic PAHs, which eluted in the following order along
the y-axis: O < C < S < N.12 No dibenzofurans or ﬂuorene C3
were detected. The retention time of ﬂuorene C3 can be
inferred from those of ﬂuorene C1 and C2. The highest
molecular weight heterocyclic PAH provisionally identiﬁed was
the dimethylated and/or ethylated benzo[b]naphthothiophene
isomer.
Generally, similarity values in the mass spectrum will
decrease as the S/N ratio of the chromatographic peaks
decreases. Furthermore, many PACs present in PM samples
will be aﬀected by the matrix during ionization, which will
result in low mass spectra similarity values. Therefore, some
chromatographic peaks without suﬃciently high similarity
values were classed as unknown compounds. To investigate the
unknown compounds, the exact molecular weight of the
molecular ion peak in the mass spectrum of each unknown was
used to match with an exact formula according to the FT-ICR
MS results. Then, the fragment ion peaks in the mass spectrum
of the unknown compound and the elution order of the
unknown and its homologues were evaluated to infer the
structure.8 The chemical classes of 21 unknown compounds
were tentatively analyzed, and the structures of some of them
were tentatively established (Figure 3c). It is worthwhile
noting that among these compounds, two PASHs had the same
molecular formula, similar mass spectra, and similar retention
times, so they were considered to be isomers (highlighted by
the gray oval in Figure 3c). The same was true for two PAOHs
(highlighted by the green ellipse in Figure 3c). These results
are discussed in more detail in the SI (Identiﬁcation of
unknown compounds).
The conﬁdence of compound identiﬁcation generally
followed the order conﬁrmed compounds > probable
compounds > tentative compounds > manual congeners >
unknowns.28 Compounds with similarity values of 850 or
116

https://dx.doi.org/10.1021/acs.est.0c02290
Environ. Sci. Technol. 2021, 55, 109−119

Environmental Science & Technology

pubs.acs.org/est

Article

exacerbated by its production in large quantities and high
reactivity with hydroxyl radicals.46 Moreover, APPI FT-ICR
MS was conﬁrmed to be a powerful tool for characterizing the
molecular compositions of high molecular weight PAHs. PAHs
with higher molecular weights tend to concentrate in the
particulate phase and cause damage to certain organs when
inhaled, and might exhibit higher toxicities than low molecular
weight PAHs.10 They cannot be eluted from GC columns and
need to be further conﬁrmed and analyzed by liquid
chromatography.7
Alkylated PAHs could be a signiﬁcant contributor to sample
toxicity but none are included in the priority PAHs list. The
ﬁve conﬁrmed APAHs can cause damage to the environment
and/or human health. Furthermore, 1-methylpyrene, with a
toxic equivalence factor 0.1 times that of its parent (benzo[a]pyrene = 1), accounted for 0−0.08% of the ∑26 PAHTEQ.
1-Methylpyrene may react via side-chain hydroxylation to form
1-hydroxymethylpyrene, which is mutagenic and was also
tentatively identiﬁed in this study. This proves that the APAHs
and their reaction products deserve more attention. The
tentatively qualitative alkyl PAHs should also be investigated.
For example, 7,12-dimethylbenzo[a]anthracene, which is a
dimethylbenzo[a]anthracene C2 isomer, has a toxic equivalency factor 20 times that of benzo[a]pyrene.5
It is worth noting that PAHs containing heteroatoms will
play a vital role in PM toxicity because their genotoxic,
mutagenic, and carcinogenic eﬀects exceed those of their
parent PAHs.10 For example, anthrone may cause respiratory
irritation and probably acts as an endocrine disrupting
chemical on interaction with estrogen receptors.36 A number
of heterocyclic PAHs were preliminary analyzed in this study,
and these should be considered when assessing the environmental and human health risks. A variety of aromatic
compounds were tentatively identiﬁed by FT-ICR MS in
combination with GC × GC-TOFMS. Furthermore, some
PACs were conﬁrmed using standards. Many PAHs and their
alkylated derivatives are present in substantial concentrations
in PM and have considerable toxicity, which highlights the
need for the EPA PAHs list to be updated and for further
investigations of their environment occurrences and potential
risks.

study. The responses for the two compounds were relatively
low and need to be conﬁrmed by further research.
The range of the total concentration of ﬁve APAHs
(∑APAHs) was 0.06−2.6 ng/m3, and this contributed 0.43−
3.3% of the ∑26 PAHs. The detectable rates of these
compounds were all above 88%, except for 4-methylchrysene.
Retene could be considered as a tracer of biomass burning, and
its detection suggests biomass burning is an important
contributor to combustion in Beijing. There was a signiﬁcant
relationship between 2-methylphenanthrene and its parent
PAH (phenanthrene) (P < 0.01), which suggested that 2methylphenanthrene may be derived from phenanthrene
during its production and/or release into the atmosphere. A
previous study showed that the ratio of the sum of
methylphenanthrenes to phenanthrene could be taken as an
indicator of the petrogenic/pyrogenic PAHs distribution.42 To
determine the contribution of petrogenic PAHs, other
methylphenanthrenes need to be studied and quantiﬁed. The
concentration of 3,6-dimethylphenanthrene showed a good
correlation with that of 2-methylphenanthrene (P < 0.05) but
not with phenanthrene (P > 0.05). Coal combustion could be
considered as a source of 3,6-dimethylphenanthrene since high
levels were found in ﬁne particulate matter from household
coal combustion in Xuanwei, China.43 Few studies have
analyzed the occurrences of 1-methylpyrene and 4-methylchrysene in PM. In the present study, no signiﬁcant
relationship was found between 1-methylpyrene and pyrene
(P > 0.05), probably because of the direct emission of 1methylpyrene by incomplete burning of fossil fuels, wood, and
gasoline.44 A total of 10 PACs were conﬁrmed using the
nontarget screening method in this study to validate the
method accuracy. The remaining PACs were not veriﬁed
because of a lack of commercially available standards or the
high price of standards.
Toxicity Implications. The various PACs were provisionally identiﬁed by FT-ICR MS combined with GC × GCTOFMS. Some toxic PACs are not included in the 16 EPA
PAHs. PAHs with more than four benzene rings that are
associated with ﬁne particles can penetrate deep into the lungs
when inhaled, and this can increase their bioavailability.39
Except for 4H-cyclopenta[def]phenanthrene, the ﬁve conﬁrmed homocyclic PAHs (perylene, picene, dibenzo[a,e]pyrene, coronene, and 4H-cyclopenta[def]phenanthren) contained more than four benzene rings, which indicates the need
for further research in this area. There is evidence that 4Hcyclopenta[def]phenanthrene might act as an antagonist of the
androgen receptor signaling pathway, indicating that it could
be an endocrine disruptor.36 Picene, dibenzo[a,e]pyrene, and
coronene have been explored as potentially hazardous to
human health.36 Dibenzo[a,e]pyrene is as toxic as benzo[a]pyrene5 and has a benzo[a]pyrene equivalent concentration
that accounts for 0−21% of the ∑26 PAHTEQ among samples.
This large proportion indicates that further study of dibenzo[a,e]pyrene in particulate contamination is required. Details
are given in the SI (Calculation of toxic equivalency). In
addition, the tentatively qualitative PAHs (identiﬁcation
category 3) in this study are likely to cause damage to the
environment and human health. For example, dibenzo[a,c]anthracene, as an isomer of dibenzo[a,h]anthracene, has a
carcinogenic potential about 0.04−50 times that of benzo[a]pyrene,45 and might cause acute toxicity if inhaled at certain
doses.36 m-Terphenyl has been screened as a probable
persistent and bioaccumulative compound, which will be
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