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• Emissions of biomass burning PAHs are
important because of their potential toxic-
ity

• Emissions of 113 PAHs and derivatives
from combustion of six fuels were quanti-
fied

• We used Gas Chromatography-Mass Spec-
trometry for analysis of PAHs and PAH de-
rivatives

• Analyzing only particle phase 16 EPA pri-
ority PAHs may greatly underestimate
toxicity

• Characterization of gas phase of PAHs is of
the essence for PAH toxicity evaluation
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Atmospheric polycyclic aromatic hydrocarbons (PAHs) can be emitted from different combustion sources including
domestic biomass burning, internal combustion engines, and biomass burning (BB) in wild, prescribed, and agricul-
tural fires. With climate warming and consequent global increases in frequency and severity of wildfires, BB is a dom-
inant source of PAHs emitted into the atmosphere.
In this study, six globally and regionally important and representative fuels (Alaskan peat, Moscow peat, Pskov peat,
eucalyptus, Malaysian peat, andMalaysian agricultural peat) were burned under controlled conditions in the combus-
tion chamber facility at the Desert Research Institute (DRI, Reno, NV, USA). Gas- and particle-phase BB emissions were
aged in an oxidation flow reactor (OFR) to mimic five to sevendays of atmospheric aging. To sample gas- and particle-
phase BB emissions, fresh and OFR-aged biomass-burning aerosols were collected on Teflon-impregnated glass fiber
filters (TIGF) in tandem with XAD resin media for organic carbon speciation. The objectives of this study were to
i) quantify the emission factors for 113 PAHs emitted from the combustion of the six selected fuels, ii) characterize
the distribution of PAH compounds between gas and particle phases for these fuels, iii) identify the changes in
PAHs during OFR-aging, and iv) evaluate toxicity potential with characterized compounds.
We found that combustion emissions of gas-phase PAHs were more abundant (>80 % by mass) than particle-phase
PAHs, for emissions from all combusted fuels. The mass fraction of substituted napthalenes in Moscow peat and
Malaysian peat emissions were ∼70 % & 84 %, respectively, whereas in Eucalyptus the same fraction was <50 %,
which indicates that these substituted compounds can be used as tracers for peat emissions. Mass concentrations of
gas- and particle-phase PAHs were reduced by ∼70 % after OFR oxidation. However, the understanding of the fate
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of PAHs duringOFRoxidation requires further investigations. Our results also indicate that the PAH toxicity of BB sam-
ples would be underestimated by 10–100 times if only the BaPeq for the 16 US EPA priority PAHs in the particle phase
are included.
1. Introduction

Biomass Burning (BB) contributes significantly to particulate matter
(PM) and trace gas concentrations in the atmosphere (Andreae and
Merlet, 2001; Andreae, 2019). BB can cause short- and long-term ecological
(Stephens et al., 2014) and climatic impacts (Jolly et al., 2015; Liu et al.,
2014), disturbing the equilibrium of climate-vegetation-fire interactions
(Harris et al., 2016). BB emissions are often responsible for air quality deg-
radation on regional (Matteo et al., 2019) and global scales (Chen et al.,
2017; Vakkari et al., 2018). BB smoke contains numerous hazardous air
pollutants and it is of the essence to evaluate population health effects
from BB smoke exposure (Reid et al., 2016). With increased frequency
and size of BB events (Holden et al., 2018; Westerling et al., 2011) and
projected anthropogenically induced fire activity in the 21st century
(Hurteau et al., 2014), it is important to understand the chemical composi-
tion of BB emissions, estimate and/or project their potential health impacts
(Cançado et al., 2006; Jaffe et al., 2004; Saffari et al., 2015; Shrivastava
et al., 2017; Sigsgaard et al., 2015), and consequently relate those to mor-
tality (Johnston et al., 2012).

Polycyclic Aromatic Hydrocarbons (PAHs), mainly due to their carcino-
genic and mutagenic potential (Atkinson and Arey, 1994; Shen et al.,
2014), have received special attention amongst other compound classes
in organic aerosols derived from combustion processes. PAHs are found
ubiquitously in the atmosphere and their most common sources are domes-
tic burning (Du et al., 2021; KimOanh et al., 2002; Shen et al., 2012), fossil
fuel combustion (Ali et al., 2021; Geng et al., 2014; Liu et al., 2008), agricul-
tural waste burning (ChooChuay et al., 2022; Dhammapala et al., 2007;
Shen et al., 2011), and wildland fires (Campos et al., 2019; Chen et al.,
2018; Vachula et al., 2022; Wentworth et al., 2018), with a substantial in-
crease in projected emissions by 2030 (Shen et al., 2013). PAH concentra-
tions in BB emissions and the relative abundance of PAH compounds in
BB emissions from different fuels are controlled by fuel composition as
well as by combustion conditions (Jenkins et al., 1996), including relative
humidity (Yuan et al., 2008), fuel moisture (McMohan and Tsoukalas,
1987), and combustion temperature (Faccinetto et al., 2011; Stein and
Fahr, 1985). The influence of large BB events on urban atmospheres is char-
acterized by PAH concentrations as has been demonstrated by studies in
Europe (Mandalakis et al., 2005) and Asia (He et al., 2010). Source appor-
tionment studies in Korea (Kim et al., 2013), India (Rajput et al., 2011), and
China (Wang et al., 2014) also presented the contribution of different BB
sources to total atmospheric PAH concentrations. As PAH emissions vary
widely between fuels (Samburova et al., 2016; Shen et al., 2017) and com-
bustion conditions, laboratory studies can be designed to perform source
characterization (e.g., Akagi et al., 2011) under controlled conditions to de-
velop better source profiles for pollutants, including PAHs. Such data are es-
sential for atmospheric modeling (Friedman and Selin, 2012; Zhang et al.,
2017) and adequate assessment of effects of BB emissions on human health
and the environment. Studies on source characterization of PAHs are sparse
and often restricted to the 16 U.S. EPA (United States Environmental Pro-
tection Agency) prioritized PAHs (Dong et al., 2020; Samburova et al.,
2017), with a focus on particle-phase PAHs. However, PAHs vary widely
in their volatility (depending on the number of aromatic rings in their
structure) and thus can exist in both gas and particle phase. The phase
partitioning of PAHs can control their fate during atmospheric trans-
port, as well as their potential toxicity (Sofowote et al., 2010; Wei
et al., 2015). To develop better understanding of PAH source profiles,
Samburova et al. (2016) performed a detailed chemical characterization
of both gas- and particle-phase PAHs in fresh BB emissions from fuels
found in high latitude peatlands and in boreal and semi-arid regions of
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the U.S.. It was found that the analyzed 113 PAHs contributed very little
(up to 0.16 %) to BB brown carbon absorptivity and that the 16 EPA-
prioritized PAHs contribute only about a quаrter of gas- and particle-
phase PAH mass.

The total PM2.5 attributable number of premature deaths was∼3.2mil-
lion in 2010 globally and is forecasted to increase over time, especially in
low income countries (Apte et al., 2015). BB emissions can lead to both
acute and chronic exposure to hazardous air pollutants, including PAHs,
for populations in the proximity of large wildfire impacted areas (O’Dell
et al., 2020; Wentworth et al., 2018). Even though the PAH mass fraction
in BB emissions is smaller than that of other chemical classes of compounds
(e.g., sugars, methoxyphenols) these PAHs can contribute significantly to-
wards overall oxidative potential (Daellenbach et al., 2020) and cytotoxic-
ity (Niu et al., 2020; Sun et al., 2018).

Source apportionment studies demonstrated that some PAHs can
survive long range atmospheric transport (Friedman et al., 2014;
Sofowote et al., 2011), at the same time, chemical transformation of
PAHs during transport may produce nitro- and/or oxo-PAHs (Kojima
et al., 2010; Reisen and Arey, 2005). Previous studies have shown that
nitrated and oxygenated PAHs are potentially more toxic than their par-
ent compounds (Bandowe and Meusel, 2017; Mesquita et al., 2014).
Laboratory studies with surrogate PAH compounds showed that oxida-
tion of PAHs can occur in gas phase (Zhou and Wenger, 2013) and
also can be driven by particle bound heterogeneous oxidations (Liu
et al., 2012; Zhou et al., 2019). In addition, the role and contribution
of anthropogenic PAHs to biogenic Secondary Organic Aerosol (SOA)
formation has been quantified with chamber based experiments
(Zelenyuk et al., 2017).

Recently, Oxidation Flow Reactors (OFRs) have been used in conjunc-
tion with laboratory combustion experiments to characterize potential
aging occurring during transport of BB emissions (Fortenberry et al.,
2018; Sengupta et al., 2020). However, present knowledge of chemical
transformation for a complex mixture of hundreds of BB compounds, in-
cluding PAHs, during atmospheric transport is still very limited. In this
study, we performed BB experiments with six globally and regionally im-
portant wildland biomass fuels (i.e., Alaskan peat, Moscow peat, Pskov
peat, Eucalyptus, Malaysian peat, and Malaysian agricultural peat) (Watts
et al., 2020) in a combustion chamber with volume of 9 m3. BB emissions
sampled from this chamber were subjected to OFR oxidation to mimic
five to seven days of atmospheric aging. Gas- and particle-phase PAHs of
both fresh and OFR-aged BB emissions were collected, extracted, and quan-
titatively analyzed for 113 individual PAHs. Their emission factors (EF) as
well as Toxic Equivalency factors (TEFs) were calculated for all collected
samples to assess the difference between PAH-toxicity of fresh and OFR-
aged BB emissions.

2. Experimental

2.1. Reagents and materials

Deuterated PAH standards were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Unsubstituted PAHs and substituted (alkylated) PAHs
were purchased from AccuStandard (NewHaven, CT, USA) and Cambridge
Isotope Laboratories, Inc. (Andover, MA, USA) respectively. High-
performance liquid chromatography (HPLC) grade toluene, acetone, and
dichloromethane were obtained from Fisher Scientific (Fair Lawn, NJ,
USA). PM was collected on pre-fired 47-mm diameter Teflon-impregnated
glass fiber (TIGF) filters (47-mm in diameter, Fiber Film T60A20, Pall Life
Sciences, Ann Arbor, MI, USA) for organic analysis.
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2.2. Fuel selection and biomass-burning experimental set-up

We selected six globally and regionally important BB fuels: Alaskan peat,
Moscow peat, Pskov peat, Eucalyptus, Malaysian peat, and Malaysian agri-
cultural peat (Watts et al., 2020). Five of thesewere peat fuels fromdifferent
geographical locations, representing smoldering combustion, and one
(Eucalyptus) representing flaming combustion. A more detailed description
of these fuels and criteria for their selection has been given by Sengupta
et al. (2020).

BB experiments were conducted using DRI's BB facility for combustion
of the selected fuels under controlled conditions. A close replicate of this fa-
cility was described previously (Tian et al., 2015), and a detailed descrip-
tion of the experimental setup was presented elsewhere (Bhattarai et al.,
2018; Sengupta et al., 2020). The duration of smoldering combustion ex-
periments ranged from 69 to 255min (fuel weight= 100 - 200 g), whereas
the average duration of flaming combustion experiments was 50 min (fuel
weight = 1 kg) (During all experiments, both fresh (sampled directly from
the combustion chamber) and aged (oxidized in the OFR) emissions were
continuously collected at room temperature (25 ± 1 °C) on TIGF filters
(for particle phase), followed by XAD cartridge sampling (for gas phase),
for detailed chemical speciation. Different levels of oxidation inside OFR
were achieved by varying lamp (both 185 nm and 254 nm) voltages and
calibrating against carbon monoxide. We set the lamp voltage to 5–7 days
of equivalent atmospheric aging and performed aging experiments. The on-
line instruments alternated every 10 min between sampling fresh and OFR-
aged emissions using a computer-controlled valve system. We employed a
bypass flow to keep the flow from the BB chamber and through the OFR
constant when online instruments switched between sampling fresh and
aged emissions. To protect online instruments from high ozone concentra-
tions produced in the OFR, ozone scrubbers which by itself can remove
some particles were installed in front of the instruments' inlets. The ozone
scrubbers were loaded with charcoal, followed by Carulite 200 catalyst
(Carus Corp., Peru, IL, USA). There were no ozone scrubbers before the
filter-XAD setup, which could cause further oxidation of organic com-
pounds on filter surfaces during sampling. The reaction rates between or-
ganics and ozone, however, are orders of magnitude lower than those of
OH oxidation reactions (Finlayson-Pitts and Pitts Jr., 1999). Therefore,
we assume that reactions with OH radicals were primarily responsible for
changes in organic compounds associated with fresh gas- and particle-
phase emissions. All samples were stored at −20 °C for 2–3 days before
extraction.

2.3. Sample preparation and GC–MS analysis

Collected 47-mm diameter TIGF filters and XAD samples were spiked
with deuterated internal PAH standards and extracted separately using an
accelerated solvent extractor (ASE) instrument (DIONEX, ASE-300, Salt
Lake City, UT, USA). Naphthalene‑d8, biphenyl-d10, acenaphthene-d10,
phenanthrene-d10, anthracene-d10, pyrene-d12, benz(a)anthracene-d12,
chrysene-d12, benzo(k)fluoranthene-d12, benzo(e)pyrene-d12, benzo(a)
pyrene-d12, perylene-d12, benzo(ghi)perylene-d12, and coronene-d12 were
used as internal standards. The ASE extraction parameters were tempera-
ture: 80 °C, solvents: dichloromethane followed by acetone (150 mL
each), pressure: 10.3 MPa, and extraction time: 15 min. After extraction,
the volume of extract solutionwas reduced to 1mLwith a rotary evaporator
(Rotavapor R-124, BÜCHI, New Castle, USA) under a gentle vacuum at 35
°C, filtered with a 0.2-μm pore-size polytetrafluoroethylene membrane fil-
ter (Whatman, FlorhamPark, NJ, USA), and transferred into a 2-mL volume
amber glass vial. Half of the extract (0.5 mL) was prepared for further GC–
MS analysis of PAHs (Samburova et al., 2016) using solid-phase extraction
(SPE) procedure. SPEwas used to separate the PAH-fraction frompolar spe-
cies that can contribute to high matrix background. For this purpose, sol-
vent of the PAH-fraction (acetone-dichloromethane) was exchanged on
hexane. NH2-SPE cartridges (Sep-Pak® Vic 3 cc, 500 mg, Waters Corpora-
tion, Milford, MA, USA) were preconditioned with 10 mL of dichlorometh-
ane followed by 10 mL of hexane. The extract was run through the
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conditionedNH2-SPE cartridge and PAHs were eluted with hexane/dichlo-
romethane (98/2; v/v), followed by 10 mL of hexane/dichloromethane
(80/20; v/v). The PAH-fraction was pre-concentrated under ultra-high pu-
rity N2-stream and the solvent was exchanged on toluene and pre-
concentrated, again under N2-stream, to 0.5 mL volume.

BB sample extracts were analyzed with electron impact gas chromatog-
raphy mass spectrometry (GC–MS). A Scion-456 GC, equipped with a CP-
8400 autosampler and interfaced to EVOQ-TQ triple quadrupole Mass
Spectrometer (Bruker, Billerica,MA, USA), was used to perform splitless in-
jections into a 30-m length, 5 % phenylmethylsilicone fused silica capillary
column (DB-5MS, Agilent Technologies, Palo Alto, CA, USA) with a 10-m
length, integrated, deactivated guard column. Regarding the three quadru-
poles in the Bruker Mass Spectrometer, we used one quadrupole as massfil-
ter and ran the instrument in single ion monitoring mode, which helped to
improve the detection and quantification of the PAHs especially for the
alkylated isomers.

We ran three blanks (n= 3) prior to each sequence of samples and av-
erage values from those blanks were subtracted from the sample data later.
Six-point internal calibration (ranging from 0.5 to 5 ng μL−1) curves were
run prior to the GC–MS analyses of BB samples (R2 = 0.991–0.998). Each
PAH concentration was calculated based on relative concentration of its
deuterated PAH analog (or of a PAHwith similar response factor). For qual-
ity assurance purposes, two different calibration levels were ran after each
10 samples. Replicate precision of the GC–MS method was ∼10 % for all
analyzed PAHs. The limit of detection (LOD) was obtained for the 16 EPA
PAHs and it varied between 0.02 and 0.05 ng μL−1. The limit of quantifica-
tion (LOQ) for PAHs was calculated by multiplying the LOD by 3.3 (U. S.
Food and Drug Administration/Center for Biologics Evaluation and
Research, 1995) and thereby the LOQ for analyzed PAHs was in the range
of 0.066 and 0.165 ng μL−1.

3. Results and discussion

3.1. High gas-phase emission

The contribution of gas- (collected on XAD resins) and particle-phase
(collected on TIGFfilters) PAHs and their total concentration in combustion
emissions from six fuels are presented in Fig. 1. The relative distribution of
semi-volatile compounds in gas and particle phase depends on dilution of
the smoke plume, primarily due to dilution driven evaporation and subse-
quent chemistry (Hodshire et al., 2019, 2021). Thus, the observed gas-
particle partitioning reported here is specific for the experimental condi-
tions employed in our study. To extrapolate our results to other dilution
conditions, the Pankow gas-partitioning theory can be used (Pankow,
1994). From the partitioning theory it follows that the ratio of compound's
gas concentration to its concentration in the particle phase is proportional
to its saturation vapor concentration and inversely proportional to the
total aerosol mass inwhich the substance can dissolve. Even though the sat-
uration concentrations are not known formost of the compoundsmeasured
in our study, their gas particle partitioning can be extrapolated to other di-
lution ratios using this relationship. For example, if the aerosol was diluted
such that its concentration was reduced by a factor of 10 relative to our ex-
periments, the gas to particle ratio of each compound will increase by a fac-
tor of 10 relative to out measurements. In our measurements, the total
aerosol concentrations were 19.6 mg m-3 for Eucalyptus and 29.7 mg m-3

for Malaysian peat.
Considering fresh biomass-burning emissions for all fuels, gas-phase

PAHs are significantly more abundant (8–80 times) by mass than particle-
phase PAHs. The fractional mass of gas-phase PAHs is between 89 and
99 % (Fig. 1), with the lower end of this range being consistent with that
for emissions from the combustion of pine (89.6 %), oak (88.3 %), and euca-
lyptus (86.2 %), previously reported by Schauer et al. (2001). For our study,
the fractional mass of gas-phase PAHs is on the higher end of the range re-
ported by Schauer et al. (2001); this is most likely due to the extended num-
ber of analyzed PAHs (113), includingmono/di/tri substituted naphthalenes,
which mainly appear in the gas phase (Fig. S1, (Samburova et al., 2017)).



Fig. 1. Fractionalmass of PAHs in gas- and particle-phase emissions fromcombustion of six different fuels: Alaskan peat, Malaysian peat,Moscowpeat,Malaysian agricultural
peat, Pskov peat, and Eucalyptus. Values in brackets represent the total emission factors (EFs) for both gas- and particle-phase PAH emission (total 113 PAHs) in μg of PAHs
emitted per g of fuel burnt (μg g−1). Standard deviations were calculated based on replicate burn experiments and PAH analysis for similar fuels from our previous combus-
tion chamber study (Samburova et al., 2016).
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Substituted naphthalenes are discussed in more detail in Section 3.3. The
total emission factors (EFs) for the 113 analyzed PAHs are higher for smol-
dering combustion of peat samples (for example, Pskov peat total
PAHs∼28 μg g−1) compared to flaming combustion of Eucalyptus (total
PAHs∼2.7 μg g−1). As the burning conditions shift from smoldering to
flaming combustion (Jenkins et al., 1996), the combustion efficiency in-
creases with it approaching one for complete flaming combustion. Increas-
ing combustion efficiency leads to a decrease in overall OC emissions
including those of PAHs. Similar results were observed by Iinuma et al.
(2007) in their laboratory analysis of 28 PAHs. Black et al. (2016) and
Iinuma et al. (2007) reported the average value of total PAH EFs for com-
bustion of both boreal and tropical peat land to be around 20 μg g−1.

3.2. Gas- vs. particle-phase emissions for different aromatic-ring PAHs

Fig. 2 shows the EFs of 2- to 5-aromatic ring PAHs (6-aromatic and 7-
aromatic ring PAHs were below detection limit in the current study) in
both gas (open bars) and particle phase (solid bars) for both fresh and
OFR-aged emissions from combustion of the six fuels. High abundances of
2- and 3-aromatic ring PAHs were observed for all fuels. As was shown in
Fig. 1, gas-phase PAHs have higher EFs than particle-phase PAHs and
thus the dominance of 2- and 3-ring PAHs was anticipated (Fig. 2). For ex-
ample, for combustion of Alaskan peat, the EF for 2-ring gas-phase PAHs in
fresh emission is 18.2 μg g−1, which is almost 180 times higher than that
for particle-phase 2-ring PAHs (0.1 μg g−1).

In this section, all comparisons and subsequent conclusions are derived
from the 2- and 3-ring PAHs identified by our analytical method and do not
completely account for all the 2- and 3-ring PAHs that are likely to be found
in BB emissions. For fresh combustion emissions of Moscow peat and
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Eucalyptus, EFs for 2-ring PAHs in the gas phase were ∼ 67 and ∼ 55
times higher, respectively than EFs for those in the particle phase. On the
other hand, for 3-ring PAHs, the difference between fresh gas- and
particle-phase EFs is not as significant: ∼2 times for Alaskan peat and ∼
3.7 times for Eucalyptus combustion emissions. In case of Moscow peat,
the fresh EF for the particle-phase 3-ring PAHs (6.50 μg g−1) was ∼3
times higher than the EF for those in gas phase (2.09 μg g−1) (Table S1).
As was expected, 4-ring PAHs were emitted predominantly in the particle
phase with highest EF for Moscow peat 0.59 μg g−1 (Table S1). 5-ring
particle-phase PAHs were only detected in Malaysian peat emission with
an EF of 20 ng g−1.

To assess the fractional mass contribution of different aromatic ring
PAHs, the EFs of particle-phase PAHs were normalized to total particle-
phase PAH EFs for each fuel (Fig. S1). In case of fresh BB emissions, 3-
ring PAHs were the most abundant for particle phase emissions from com-
bustion of all fuels except for Malaysian agricultural peat, where 4-ring
PAHs contributed the most to the particle-phase PAH mass emissions
(∼44 %). Irrespective of geographical origin of peat fuels (mid latitude or
tropical), the fractional contribution of 3-ring PAHs for all peats ranged
from 75 to 83 % and this is characteristic of smoldering combustion. Euca-
lyptus, our fuel representative of flaming combustion, has a dominant mass
contribution from 2-ring PAHs (∼57 %, Fig. S1) to particle phase emis-
sions. Previous work on combustion of eucalyptus fuel (Schauer et al.,
2001) also reported high abundance of low number aromatic ring PAHs,
however, only 3-ring PAHs were measured and reported as dominant
PAHs (>40 % of mass). Combustion of other flaming fuels, for example
pine, demonstrated the largest PAH contribution to combustion emissions
from 4-aromatic ring PAHs (>45 % of mass) (Fine et al., 2001). However,
this study didn’t report 2-ring PAHs either. Our results show that in our



Fig. 2. Fuel-based emission factors (EFs) of 2–5 ring PAHs for combustion of six fuels: Alaskan peat, Malaysian peat, Moscow peat, Malaysian agricultural peat, Pskov peat,
and eucalyptus. EFs are presented separately for gas- (open bars) and particle- (solid bars) phase species and for fresh (blue) and OFR-aged (red) emissions, all on logarithmic
scales. EF units: ng g−1; mass of PAH emission per fuel mass consumed. The error bars represent standard-deviation of EFs for analyzed PAHs that were calculated based on
replicate analysis of EFs from similar fuels (with the same experimental conditions) from our previous campaign based on the data reported by Samburova et al. (2016). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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study low molecular weight substituted PAHs were important contributors
to the total PAH mass.

Other combustion emissions, such as coal combustion or heavy-duty
diesel emissions, also have their characteristic signature in relative contri-
bution of different number of aromatic ring PAHs towards the total PAH
emissions. For example, coal combustion (Masclet et al., 1987) and heavy
duty diesel engine PAH mass emissions are dominated by 4-ring PAHs
(Rogge et al., 1993; Zielinska et al., 2004), while gasoline combustion emis-
sions mostly contain 4-, 5-, and 6-ring PAHs (Lima et al., 2005; Zielinska
et al., 2004). In our analysis of BB emissions, we have not observed any
5-, and 6-ring PAHs.

Due to the complexmatrix of numerous organic compounds in BB emis-
sions (Mazzoleni et al., 2007; Simoneit, 2002), understanding the chemical
transformation of PAHs in an OFR is a very challenging task. Overall, our
results on OFR oxidation of BB emissions show that both gas- and
particle-phase PAH emissions were reduced after OFR oxidation (Fig. 2).
For example, after OFR oxidation of Malaysian peat combustion emissions,
the EFs of gas-phase 2-ring PAHs decreased ∼4.5 times, while for 3-ring
particle-phase PAHs the decrease was almost 8 times. (Fig. 2).

Comparison of fractional contributions between fresh and OFR-aged
particle emissions of different size PAHs can provide insight into potential
processes occurring during OFR oxidation. Our results show that the frac-
tional contribution of 3-ring particle-phase PAHs generally decreased dur-
ing OFR-aging (with the exception of emissions from Pskov peat),
whereas 2-ring PAHs' contribution to total PAHs increased (Fig. S1). For ex-
ample, in case of Alaskan peat combustion, the contribution of 3-ring
particle-phase PAHs to the total PAH mass decreased from 83 % to 54 %,
while the contribution of 2-ring PAHs increased from 17 % to 46 %. Simi-
larly, for eucalyptus combustion particle-phase emissions, the contribution
of 3-ring PAHs decreased from 40% to 9%, while it increased from 57% to
90 % for 2-ring PAHs. A more detailed characterization of PAH chemistry
after OFR aging is still needed for further investigation and modeling of
their fate during atmospheric transport and oxidations.

3.3. Substituted naphthalenes in gas phase

Fig. 3 shows the fractional mass distribution and EFs of unsubstituted
and substituted naphthalenes (e.g., 1,3-dimethylnaphthalene) in the gas-
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phase emissions from combustion of the six fuels. For all fuels, except euca-
lyptus, the unsubstituted PAHs constitute between 18.3 and 40.9 %
(Table S2) of the total analyzed gas-phase naphthalenes' mass. For eucalyp-
tus, which was the only fuel representative of flaming combustion,
unsubstituted naphthalenes contributed >50 % of the total analyzed gas-
phase naphthalenes' mass.

The high abundances of substituted naphthalenes (di- and tri-methyl
naphthalenes) in peat combustion aerosols, relative to non-substituted
ones, can potentially be explained by lower combustion temperature and/
or evaporation of low-volatility, petrogenic PAHs from peat fuel. Peats are
formed in the rudimentary stages of the overall diagenetic process of coal
formation (Bustin, 1998). PAHs are found to be present in coal even with-
out any sort of combustion (Achten and Hofmann, 2009; Liu et al., 2008).
The presence of substituted PAHs is not limited to coal. In a recent study,
involving ambient monitoring of sites adjacent to Canadian oil sands,
high abundance of alkyl-substituted PAHs was found and the origin of
those alkyl-substituted PAHs was assumed to be petrogenic instead of con-
ventional combustion sources (Harner et al., 2018). Based on the evidence
from coal and oil sands, we suspect that these alkyl-substituted naphtha-
lenes may also be present in peats and evaporate before ignition and
hence present in combustion emissions mostly in the gas phase. However,
this study did not attempt to measure their in-situ formation during com-
bustion versus what was present in the fuel. Considering the potential air
quality impacts from increased frequency of both arctic and tropical peat
fires (Hu et al., 2018) and the potential toxicity of alkyl-substituted PAHs
(Andersson and Achten, 2015), detailed characterization of BB PAH chem-
istry, especially for substituted PAHs in both gas- and particle-phase PAHs,
is very important.

3.4. Fate of individual compounds during OFR oxidation

Here, we discuss the fate of individual organic compounds during OFR
oxidation. We will begin our discussion with unsubstituted PAH emissions
and their transformations during OFR-aging by reporting the fractional
change in total emissions (both gas and particle phase). However, for
more explicit representation, gas- and particle-phase EFs are plotted sepa-
rately with open and closed bars, respectively. A similar approach was
taken for describing the fate of both substituted naphthalenes and



Fig. 3. Fractional mass of unsubstituted and substituted naphthalenes in gas-phase emissions from combustion of six fuels; values in brackets represent the total emission
factors (EFs) of analyzed naphthalenes in μg g−1 of fuel (μg g−1).
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substituted phenanthrenes as they were more abundant in the gas particle
mixture than unsubstituted compounds in our analysis.

We have discussed earlier in the manuscript that 2- and 3-ring PAHs are
found in high abundances in BB emissions. The abundances of 2- and 3-ring
PAHs tends to decrease after OFR-aging (Fig. 2). When we zoomed into in-
dividual PAHs and most importantly Environmental Protection Agency
(EPA) priority PAHs (USEPA, 1999), we did observe the same trend. For ex-
ample, naphthalene, which is predominantly found in gas phase, decreased
between 60 and 75 % after OFR oxidation for all analyzed fuels (Fig. 4a,
Table S3). After OFR oxidation, we have not detected 1,4-napthaquinone
(Fig. S4) which is potentially considered as naphthalene oxidation product
that can form via hydrogen abstraction mechanism (electrophilic aromatic
substitution) andwithout ring opening (Huang et al., 2019). The absence of
aromatic substitution product formation during our analysis indicates that
multiple generation of oxidation within the OFR environment leads to
ring opening.

Retene, pyrene, and fluoranthene were primarily found in particle
phase and these 4-ring compounds decreased from57%or even 100%dur-
ing OFR aging (Fig. 4a, Table S3). These 4-ring PAHs can undergo heterog-
enous oxidation with OH radical and/or ozone, in presence or absence of
NOx, and potentially form oxo- and nitro-PAHs (Cochran et al., 2016a).
Analysis of nitro-PAHswas beyond the scope of this study and from our cur-
rent analysis, we are unable to identify any oxo-PAHs that can be directly
related to those 4-ring parent PAHs (Fig. S4). Phenanthrene and anthracene
and their substituted analogs can exist in both gas and particle phase
(Atkinson and Arey, 1994). Both phenanthrene and anthracene decreased
after OFR oxidation (Fig. 4a). However, the extent of decrease for an-
thracene is higher (almost 100%) than that for phenanthrene (65–90% de-
crease) as expected from relative rate constant values (Nicovich et al.,
1981). A similar trend is observed for substituted phenanthrene and an-
thracene compounds (Fig. S5). We believe that direct reactions between
gas-phase oxidants and particle-phase organic molecules are highly un-
likely inside the OFR, because heterogeneous reactions with OH radicals
are significantly (orders of magnitudes) slower than gas-phase reactions
(Kroll et al., 2015). We expect that these particle phenanthrenes, due to
their semi-volatile nature, steadily evaporated as they reacted in the gas
phase to form oxo/nitro-PAHs and other oxidized products (Kwok et al.,
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1994; Zeng et al., 2020; Zhao et al., 2016). However, we also identified a
potential artifact of our oxidation setup that in absence of an ozone
scrubber in front of the tandemfilter-XAD collection system, heterogeneous
oxidation with ozone can take place on the filter surface (Sengupta et al.,
2020) and thus can potentially impact fate of PAHs.

We have highlighted the importance of substituted naphthalenes earlier
as we demonstrated that 2-methylnapthalene, 1-methylnapthalene, and 1-
and 2-ethylnapthalenes are the most abundant compounds (15–20 % of
total mass of analyzed gas-phase PAHs) for analyzed BB emissions (Fig. 3).
After the OFR aging, 2-methylnapthalene was reduced by 75 % for Alaskan
peat emissions and by 82 % for Moscow peat emissions (Fig. 4b). A similar
extent of EF reduction was observed for 1-methylnapthalene (78 % for Eu-
calyptus, 80 % for Malaysian peat) and for 1 + 2-ethylnapthalenes (74 %
for Pskov peat, 94 % for Malaysian agricultural peat). Other di-substituted
naphthalenes demonstrated similar trends in reduction during the OFR oxi-
dation. For example, 1,3 + 1,6 + 1,7-dimethylnaphthalene EF was
reduced by 86 % for Alaskan peat. During oxidation processes, PAHs can
undergo decomposition via electrophilic aromatic substitution in the
presence of OH radicals (Shrivastava et al., 2017; Zhou et al., 2019),
which is considered to be the most predominant and active oxidant
generated in OFR (Bhattarai et al., 2018; Palm et al., 2016). The oxidation
process can cause the formation of oxo-PAHs such as hydroxy-biphenyl, 2-
formylcinnamaldehydes, substituted-1,4-napthaquinone, while going
through some transient intermediate products like naphthols (Atkinson
et al., 1987; Bunce et al., 1997; Sasaki et al., 1998). Oxidized products
fromnaphthalene and substituted naphthalenes tend to partition to the par-
ticle phase and contribute towards SOA yield (Chan et al., 2009) and hence
it will be really important to conduct future OFR (or any other flow reactor
based) studies involving PAHmixtures and covering multiple oxidation re-
gimes that can give us more insight into the fate and transformation pro-
cesses of PAHs in the atmosphere.

3.5. TEFs of 88 analyzed PAH

Risk assessment and potential toxicity evaluation for a mixture of PAH
compounds is usually performed by converting the contributions from indi-
vidual PAHs to benzo-a-pyrene equivalent (BaPeq) dose (Larsen and Larsen,



Fig. 4a. EFs (on log scales) of unsubstituted PAHs for combustion of six analyzed fuels are presented separately for gas- (open bars) and particle- (solid bars) phase species and
for fresh (blue) and OFR-aged (red) emissions. Standard deviations of the EFs were calculated based on replicated burns performed by Samburova et al. (2016) and ranged
between 46 % and 48 % for mono and disubstituted naphthalene (not shown in figure). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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1998). In most of the previous toxicity evaluation studies, the BaPeq TEFs
were calculated for the particle-bound 16 US EPA priority PAHs (Wu
et al., 2022) and very few studies (Ramírez et al., 2011; Samburova et al.,
2016) have considered the contributions of gas-phase PAHs towards overall
toxicity of BB smoke. Here, we calculated the PAH toxicity of 88 BB PAHs
for both gas and particle phases following Samburova et al. (2017). TEF as-
signments and the change in total PAH toxicity of the BB samples was
assessed after OFR oxidation. The total PAH toxicity calculated (Eq. 1 and
Table S4 in the supplement section) with 88 analyzed PAHs demonstrated
a decrease (Fig. S6) for BB emissions from all six fuels after OFR-aging.
On the other hand, it has been reported that atmospheric aging can increase
both oxidative potential and cytotoxicity of BB smoke (Fan et al., 2020;
Wong et al., 2019). Therefore, the increase in the toxicity of the aged BB
emissionsmay be explainedby the formation of other toxic products includ-
ing PAH derivatives such as oxo-PAHs (Cochran et al., 2016b; Hayakawa
et al., 2017; Visentin et al., 2016). In the current study, we emphasize
that it is focused only on PAH toxicity instead of total toxicity
(i.e., toxicity including PAH oxidation products).
7

Following Samburova et al. (2017), we compared the total BaPeq TEFs
of 88 PAHs (sum of gas- and particle-phase PAHs) with those for 16
particle-phase EPA PAHs (USEPA, 1999). Our results indicate that the
PAH toxicity of BB samples is underestimated by 10–100 times if only the
BaPeq for the 16 US EPA priority PAHs in the particle phase are included
(Fig. 5).

Overall, our laboratory BB burning experiments showed that the total
BaPeq TEF (sum of gas- and particle-phase BaPeq TEFs) for each fuel varied
from 2 mg kg−1 to 13 mg kg−1. In comparison, previous studies reported
from 30 mg kg−1 to 105 mg kg−1 of total BaPeq TEFs for household coal
and other BB fuels, which was also controlled by combustion efficiency
(Wu et al., 2022). Coal and household emissions can potentially contain a
higher fraction of 4/5-ring PAHs that have higher individual toxic poten-
cies than 2/3-ring PAHs (mostly found in BB emissions by this analysis),
and hence the relatively lower values of total BaPeq TEFs from peat and
Eucalyptus burning are reconcilable. For improved health risk assessments
and policy decisions, we strongly recommend to include the TEFsmeasured
for both gas- and particle-phase PAHs beyond the 16 US EPA priority PAHs



Fig. 4b. EFs (on log scales) of mono/di-substituted naphthalenes BB emissions for combustion of six different fuels presented separately for gas- (open bars) and particle-
(solid bars) phase species and for fresh (blue) and OFR-aged (red) emissions. Standard deviations of the EFs were calculated based on replicated burns performed by
Samburova et al. (2016) and ranged between 46 % and 48 % for mono and disubstituted naphthalenes (not shown in figure). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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and to report toxicity weighted emission factors from multiple combustion
sources.

4. Conclusions

The toxicity of PAHs drives the attention of the scientific community to-
wards extensive chemical characterization and understanding the potential
fate of this class of compounds. In our study, we have highlighted that the
traditional matrix of characterization (16 EPA PAHs in particle phase)
could underestimate the total PAH toxicity of BB emissions by 10–100
times depending on fuels and burning conditions. With our extensive char-
acterization work (with 88 PAHs for which TEF was calculated), we were
able to understand “what is missing” and “what needs to be characterized
further”. PAHs in BB and especially in smoldering emissions from combus-
tion of peat fuel are primarily found in gas phase and hence low molecular
8

weight 2/3-ring PAHs are prevalent over 4/5-ring PAHs which are more
abundant in diesel particle emissions. Quantitative analysis of individual
PAHs showed that substituted naphthalene and phenanthrenes are key con-
tributors to the PAH toxicity which is reflected in overall TEF values
(10–100 times higher than that estimated with only 16 EPA priority
PAHs) for analyzed fuels. Substituted naphthalene and phenanthrenes
have lower individual toxic potencies (BaPeq TEFs) than 4/5-ring PAHs.
However, their high abundance in gas phase (which was not traditionally
characterized in previous studies) makes them the major contributors to
the overall TEF values. We have observed decrease in PAH concentrations
after the OFR aging that agrees well with the relative rate constant values
provided by previous lab studies (Nayebzadeh and Vahedpour, 2017;
Nicovich et al., 1981). Based on the relative abundance of oxo-PAHs in
fresh and aged BB emissions, we observed a decrease in oxo-PAHs, which
are potentially more toxic than their parent analogs (Geier et al., 2018).



Fig. 5. Toxicity Equivalence Factors (TEFs) calculated for fresh BB emissions from six important biomass fuels.
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However, from our study, wewere unable to determinewhether the overall
toxicity of combustion emissions increased or decreased after OFR-aging.
So, we recommend future laboratory-based comprehensive studies includ-
ing multiple gas and particle phase PAHs of combustion origin that would
potentially combine detailed chemical characterization and toxicity
potential measurements to understand the fate of PAHs (substitution vs.
ring opening) and hence their contribution to potential toxicity after
aging/atmospheric oxidation.
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Figure	 S1.	 Fractional	 contribution	 of	 PAHs	with	 different	 number	 of	 aromatic	 rings	 towards	 total	

particulate	matter	mass	emissions	for	fresh	and	OFR-aged	aerosols	from	combustion	of	six	different	

fuels:	Alaskan	peat,	Malaysian	peat,	Moscow	peat,	Malaysian	agricultural	peat,	Pskov	peat,	Eucalyptus.	
 



 
 

 
 
Figure	S2.	EFs	for	tri-substituted	naphthalenes	in	gas-phase	from	fresh	and	OFR-aged	BB	

emissions	for	six	different	fuels.	We	did	not	burn	fuels	in	replicates,	and	standard	deviations	

(SD)	were	calculated	based	on	replicate	analysis	of	BB	emissions	from	similar	fuels	(with	

identical	 experimental	 conditions)	 during	 our	 previous	BB	 campaigns	 (Samburova	 et	 al.,	

2016)	where	SD	ranged	between	45	and	50%	for	tri-substituted	napthalenes.	



 
 

 
 
 
Figure	S3.	EFs	for	oxo-PAHs	in	particle-phase	for	fresh	and	OFR-aged	BB	emissions	from	
six	different	fuels. 
 
 
 
  
 
 
 
 



 
 

 
 

 
 
 
 
Figure	S4.	EFs	for	gas-phase	oxo-PAHs	for	fresh	and	OFR-aged	BB	emissions	from	six	
different	fuels.	
	
	
	
	
	



 
 

	
	
	
Figure	S5.	EFs	for	mono-substituted	phenanthrenes	BB	emissions	for	six	different	fuel	type	

presented	separately	for	gas-	(open	bars)	and	particle-	(solid	bars)	phase	species	and	for	

fresh	(blue)	and	OFR-aged	(red)	emissions.	Standard	deviations	of	the	EFs	were	calculated	

based		on	replicated	burns	performed	by	Samburova	et	al.	(2016a)	and	they	ranged	between	

58%	and	53%	for	substituted	phenanthrenes	and	anthracenes	respectively	(not	shown	in	

figure)	.			
	
	
	
 



 
 

 
 

 
 
Figure	S6.	Changes	in	Toxicity	Equivalence	Factors	(TEFs)	between	fresh	and	OFR-aged	BB	
emissions	from	six	important	biomass	fuels. 
 
Table	S1:	Fuel-based	emission	factors	(EFs)	of	2	–	5	ring	PAHs	for	combustion	of	six	fuels	(in	µg	
g−1):	 Alaskan	 peat,	 Malaysian	 peat,	 Moscow	 peat,	 Malaysian	 agricultural	 peat,	 Pskov	 peat,	 and	
eucalyptus	
 

 
 
Table	S2:	Substituted	and	Unsubstituted	Naphthalene	in	gas	phase	(in	ng	g−1): 
 

 
	

Gas Particle Gas Particle Gas Particle Gas Particle
Fresh 18.168 0.101 0.946 0.487 0.000 0.000 0.000 0.000
Aged 7.152 0.042 0.188 0.049 0.000 0.000 0.000 0.000
Fresh 95.801 1.435 2.089 6.500 0.000 0.111 0.000 0.000
Aged 18.671 0.384 0.494 0.441 0.000 0.588 0.000 0.000
Fresh 28.111 0.464 1.199 2.577 0.000 0.155 0.000 0.000
Aged 6.983 0.058 0.175 0.330 0.000 0.000 0.000 0.000
Fresh 3.546 0.064 0.167 0.045 0.000 0.004 0.000 0.000
Aged 1.269 0.053 0.010 0.005 0.000 0.000 0.000 0.000
Fresh 22.763 0.276 1.165 1.406 0.000 0.093 0.000 0.020
Aged 5.195 0.118 0.133 0.318 0.001 0.019 0.000 0.000
Fresh 16.437 0.041 0.689 0.103 0.000 0.112 0.000 0.000
Aged 3.571 0.098 0.047 0.022 0.000 0.000 0.000 0.000

4-aromatic	ring 5-aromatic	ring

Malaysian	agricultural		peat

Fuels Condition 2-aromatic	ring 3-aromatic	ring

Alaskan	peat

Moscow	peat

Pskov	peat

	Eucalyptus

Malaysian	peat

Fuel Unsub-naphthalene Disub-napthalenes Trisub_napthalenes
Alaskan	Peat 3969 4637 1099
Moscow	Peat 11721 32818 19645
Pskov	Peat 4292 8012 5120
Eucalyptus 1103 719 140

Malaysian	Peat 3232 10282 2567
Malaysian	Agricultural	Peat 3464 5085 1108



 
 

	
Table	S3:	Unsubstituted	PAHs	in	both	gas	and	particle	phase	and	their	fate	after	OFR	aging	(in	ng	
g−1):	
	
 

 
 
 
 
 
 
 
 
 
Total	Toxic	Equivalence	Factor	=	Total_TEF	
	
	
Total_TEF = ∑𝐸𝐹! ∗ 𝑇𝐸𝐹!_______________________________Equation.1. 
 
 
𝐸𝐹!  = emission	factors	for	individual	species	in	either	gas	phase,	particle	phase	or	(gas	+	
particle)	phase	
 
𝑇𝐸𝐹!  values	are	presented	in	Table	S4	bellow		
 
 
 
 

Fresh Aged Fresh Aged Fresh Aged Fresh Aged Fresh Aged Fresh Aged
Gas 3968.9 1617.3 11720.6 3169.3 4291.7 1440.5 1103.4 429.4 3232.3 936.1 3464.3 895.1

Particle 0.0 0.0 3.4 2.9 2.6 0.6 0.3 0.0 0.0 0.0 0.0 6.3
Gas 1423.1 778.3 4709.0 1444.5 1709.8 836.5 79.7 40.9 949.2 468.3 1220.8 553.3

Particle 12.0 12.1 10.1 17.3 18.4 13.0 5.4 2.7 0.0 0.3 0.0 18.3
Gas 211.2 32.6 648.2 88.0 218.9 32.1 80.4 6.5 328.1 13.6 26.2 0.0

Particle 6.2 6.4 1.6 1.8
Gas 63.8 471.2 53.3 117.3 15.2 34.6 153.5 51.7

Particle 56.61 46.27 15.55 13.02 20.17
Gas 398.9 326.9 136.5 853.6 821.4 415.2 83.7 33.4 381.7 195.8 147.3 61.2

Particle
Gas 545.5 220.2 1540.5 507.1 711.1 236.4 50.9 11.4 498.2 185.7 314.7 94.9

Particle 21.50
Gas 343.7 111.5 493.7 144.3 366.5 93.6 52.2 3.7 349.9 78.3 303.2 34.9

Particle 39.77 9.38 325.33 29.06 156.84 24.78 5.60 1.13 88.58 14.77 3.04 0.00
Gas 128.9 161.9 71.1 119.2 19.4 87.5 123.9

Particle 121.09
Gas 13.4 23.4 28.7

Particle 38.94 115.24 24.65 63.58 3.98 47.51 20.14 28.12
Gas

Particle 109.62 23.60 48.95 18.61 32.33
Gas 2.8

Particle 18.65 6.77 101.19 21.88 45.63 10.02 0.72
Gas

Particle 72.88 14.66
Gas

Particle 20.22
Gas

Particle 14.44 4.54
Gas

Particle 31.06 10.93 3.85 20.75
Gas

Particle 49.5

benzo(c)phenanthrene

benzo(ghi)fluoranthene

chrysene

fluoranthene

pyrene

retene

benzo(a)fluorene

benzo(b)fluorene

acenaphthene

dibenzofuran

fluorene

phenanthrene

anthracene

Compound	name Phase

naphthalene

biphenyl

acenaphthylene

Malaysian	agricultural	peatAlaskan	peat Moscow	peat Pskov	peat Eucalyptus	 Malaysian	peat



 
 

 
 
 
 
Table	S4:	TEF	values	from	available	literature	(Nisbet	and	LaGoy,	1992)	and	nearest	neighbor	
assignment.	
	

 
	

Compound TEF
naphthalene 0.001
2-methylnaphthalene 0.001
1-methylnaphthalene 0.001
1+2ethylnaphthalene 0.001
2,6+2,7-dimethylnaphthalene 0.001
1,3+1,6+1,7dimethylnaphth 0.001
1,4+1,5+2,3-dimethylnaphth 0.001
1,2-dimethylnaphthalene 0.001
acenaphthylene 0.001
1,8-dimethylnaphthalene 0.001
acenaphthene 0.001
e-trimethylnaphthalene 0.001
1-ethyl-2-methylnaphthalene 0.001
2-ethyl-1-methylnaphthalene 0.001
c-trimethylnaphthalene 0.001
2,3,5+i-trimethylnaphthalene 0.001
j-trimethylnaphthalene 0.001
b-trimethylnaphthalene 0.001
a-trimethylnaphthalene 0.001
f-trimethylnaphthalene 0.001
2,4,5-trimethylnaphthalene 0.001
fluorene 0.001
1,4,5-trimethylnaphthalene 0.001
1-methylfluorene 0.001
a-methylfluorene 0.001
b-methylfluorene 0.001
phenanthrene 0.001
3-methylphenanthrene 0.001
2-methylphenanthrene 0.001
2-methylanthracene 0.01
4,5-methylenephenanthrene 0.001
9-methylphenanthrene 0.001
1-methylphenanthrene 0.001
2-phenylnaphthalene 0.001
e-dimethylphenanthrene 0.001
d-dimethylphenanthrene 0.001
c-dimethylphenanthrene 0.001
3,6-dimethylphenanthrene 0.001
b-dimethylphenanthrene 0.001
1,7-dimethylphenanthrene 0.001
a-dimethylphenanthrene 0.001
fluoranthene 0.001
pyrene 0.001
retene 0.001
benzo(a)fluorene 0.001
benzo(b)fluorene 0.001
4-methylpyrene 0.001
1+3-methylfluoranthene 0.001
c-mepy/mefl 0.001
d-mepy/mefl 0.001
1-methylpyrene 0.001
benzo(c)phenanthrene 0.001
benzo(ghi)fluoranthene 0.001
9-phenylanthracene 0.01
cyclopenta(c,d)pyrene 0.001
triphenylene 0.001
perylene 0.001
indeno[123-cd]fluoranthene 0.001
picene 0.001
anthanthrene 0.001
coronene 0.001
b-mepy/mefl 0.001
1-mefl+c-mefl/py 0.001
anthracene 0.01
chrysene 0.01
3-methylchrysene 0.01
6-methylchrysene 0.01
5-methylchrysene 0.01
7-methylbenz(a)anthracene 0.01
7,12-dimethylbenz(a)anthracene 0.01
benzo(b)chrysene 0.01
benzo(ghi)perylene 0.01
benz(a)anthracene 0.1
benzo(b)fluoranthene 0.1
benzo(k)fluoranthene 0.1
benzo(a)fluoranthene 0.1
benzo(j)fluoranthene 0.1
indeno[123-cd]pyrene 0.1
dibenzo(b,k)pyrene 0.1
bep 1
bap 1
7-methylbenzo(a)pyrene 1
dibenzo(a,j)anthracene 1
dibenzo(ac)anthracene 1
dibenzo(ah)anthracene 1
dibenzo(a,l)pyrene 10
dibenzo(a,e)pyrene 10
dibenzo(a,i)pyrene 10
dibenzo(a,h)pyrene 10
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