
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

1.
02

.2
02

6 
10

:4
2:

19
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Heterogeneous o
aDepartment of Chemical Engineering and A

Canada. E-mail: arthurwh.chan@utoronto.c
bAir Quality Research Division, Science an

Climate Change Canada, Canada

† Electronic supplementary informa
https://doi.org/10.1039/d4ea00024b

Cite this: Environ. Sci.: Atmos., 2024, 4,
645

Received 20th February 2024
Accepted 25th April 2024

DOI: 10.1039/d4ea00024b

rsc.li/esatmospheres

© 2024 The Author(s). Published by
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Polycyclic aromatic compounds (PACs) encompass a range of organic pollutants, including polycyclic

aromatic hydrocarbons (PAHs), alkyl-substituted PAHs (AlkPAHs), and others. PAHs have been extensively

studied due to their environmental and health implications. AlkPAHs, however, have received relatively

less attention, despite recent evidence suggesting their greater abundances in ambient air. Given their

prevalence and potential risks, investigating the atmospheric transformation of AlkPAHs is crucial. This

work focuses on the heterogeneous oxidation of AlkPAHs, specifically addressing the influence of alkyl

groups on reaction kinetics. Oxidation by gas phase ozone was conducted on quartz filters, which serve

as models for silica surfaces on which PACs can deposit with minimal chemical interactions. The results

reveal that AlkPAHs react faster with ozone than PAHs do, with reaction rates increasing with higher alkyl

group substitutions. Furthermore, oxygenated polycyclic aromatic hydrocarbons (OPAHs) were formed

during the oxidation of 1-methylpyrene, with greater diversity than those from pyrene. These products

are more polar and potentially more toxic than parent compounds. In conclusion, this research advances

our understanding of PAC oxidation, focusing on AlkPAHs' heterogeneous oxidation, the influence of

alkyl groups, and the formation of OPAHs. These insights have significant implications for air quality,

health risk assessments, and the fate of PACs in the environment.
Environmental signicance

Polycyclic aromatic compounds are emitted into the atmosphere from human activities. In the atmosphere, polycyclic aromatic hydrocarbons (PAHs) transform
into potentially toxic compounds. Recent studies, however, have found that alkylated polycyclic aromatic hydrocarbons (Alk-PAHs) are far more abundant.
Knowledge of Alk-PAH reactions will lead to better estimation of their fate and impacts. This study reports on the laboratory investigation of Alk-PAHs on surface
mimics of atmospheric particles. Alk-PAHs react signicantly faster than PAHs, and transform into a larger variety of products. Their lifetimes on these surfaces
are on the order of days. The results of this study suggest that these reactions occur within urban areas where they are emitted, and should therefore be
considered when assessing inhalation risks.
Introduction

Polycyclic Aromatic Compounds (PACs) are a diverse family of
organic pollutants that include unsubstituted Polycyclic
Aromatic Hydrocarbons (PAHs), alkyl-substituted PAHs
(AlkPAHs), nitrogen-containing PAHs, oxygen-containing PAHs
(OPAHs), and sulfur-containing PAHs. These compounds are
emitted from various sources, both natural and anthropogenic,
such as traffic emissions, wood combustion, and petroleum
products.1–4 PAHs have been investigated in detail due to their
recognized environmental and health implications.4–10 In
pplied Chemistry, University of Toronto,
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d Technology Branch, Environment and

tion (ESI) available. See DOI:

the Royal Society of Chemistry
Canada, for example, PAHs are listed as toxic substances under
the Canadian Environmental Protection Act, and several PAHs
are classied as Group 1 carcinogens by the International
Agency for Research on Cancer, signifying their carcinogenic
potential.11,12 In contrast to the signicant attention given to
PAHs, AlkPAHs have not been studied extensively, even though
studies have shown that AlkPAHs may possess greater toxicity
than PAHs.13,14 Notably, recent research has reported higher
AlkPAH levels than PAH levels at several Canadian locations.15–18

Given the growing evidence of AlkPAHs' prevalence in the
atmosphere and their potential health risks, investigating their
transformations in the atmosphere is imperative. PACs undergo
photolysis upon ultraviolet exposure and oxidation through
reactions with gas-phase oxidants.2,19–23 Depending on the
oxidants in question, these oxidation processes lead to the
formation of secondary OPAHs and NPAHs, which are oen
more toxic than the parent PAHs.24–27 These oxidation processes
Environ. Sci.: Atmos., 2024, 4, 645–654 | 645
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Fig. 1 Sketch of ozone oxidation set-up.
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can be classied into homogeneous, occurring in the gas phase,
or heterogeneous reactions, taking place on the surfaces of
particles in the atmosphere.2,22,23 While homogeneous oxidation
of PAHs has been extensively investigated, the research on
heterogeneous oxidation of AlkPAHs remains limited, despite
its potential signicance.1,5–10

Here we hypothesize that alkyl groups, acting as electron-
donating groups, stabilize reaction intermediates and increase
reaction rates.5,28 To test this hypothesis, the research aims to
elucidate the impact of alkyl groups on PAC reactions and to
assess the inuence of various alkyl groups on the reaction
rates. Gas phase AlkPAHs have been shown to react faster with
higher alkyl group substitutions, but the relative rates of
heterogeneous oxidation, which are more important sinks for
PACs with higher molecular weights, are unknown.5

Additionally, the formation of OPAHs from the oxidation of
AlkPAHs remains relatively unexplored, while their potential
health risks are signicant. One study reported a discrepancy
between rate of PAHs decay and OPAHs formation which
suggests the important role of AlkPAH oxidation.10 Therefore,
identifying the products and understanding the mechanisms of
PAC oxidation is crucial, as it offers insights into the types of
OPAHs formed and can inform assessments of toxicity. Two
proposed mechanisms for the ozonolysis of PAHs, involving
ring-opening mechanisms and oxygen addition without ring
opening, result in OPAHs with different functional groups.29

Identifying the prevailing mechanisms can improve our
understanding of the specic OPAHs formed and their potential
health effects. Furthermore, if AlkPAHs are found to react more
rapidly with ozone than PAHs, they could play a more
substantial role in secondary OPAH formation in the
atmosphere.

Heterogeneous oxidation introduces complexities not
encountered in homogeneous oxidation, primarily due to
interactions with various surfaces. Studies indicate that the
nature of the surface on which PACs are deposited plays
a crucial role in determining their reaction rates. Additionally,
the presence of other compounds in the atmosphere can
inuence the reactions of PACs on surfaces. To gain a more
fundamental understanding of the impact of alkyl groups on
the reaction kinetics, a simplied system using quartz lters is
used here. By depositing PACs onto these lters and exposing
them to ozone in a controlled ow reactor under varying
conditions, we assess the decay of PACs over time and in
response to varying ozone concentrations, and characterize the
oxidation products formed from these reactions.

Materials and methods
Sample preparation and analysis for kinetics

Hexane (HEX, ACS) and acetone (ACT, HPLC grade) were
purchased from Fisher Chemicals. Dichloromethane (DCM,
reagent grade) were purchased from Caledon Laboratory
Chemicals. Standard PAHs mix and internal standards were
purchased from AccuStandard. Pyrene (PYR, 98% purity),
pyrene-d12 (PYR-d12, 98% purity) and 1-methylpyrene (1-MP,
98% purity) were purchased from Millipore Sigma. Chrysene
646 | Environ. Sci.: Atmos., 2024, 4, 645–654
(CHRY, 98% purity), 6-methylchrysene (6-MC, 98% purity) and
6-ethylchrysene (6-EC, 98% purity) were purchased from Accu-
Sandard. A mixture of deuterated PAHs containing
naphthalene-d8, acenaphthene-d10, phenanthrene-d10,
chrysene-d12 and perylene-d12 were purchased from AccuS-
tandard. Quartz lters (47 mm diameter) were purchased from
Whatman (grade QMA).

Each quartz lter was cut into 4 equal pieces and baked at
500 °C overnight. Each of the compounds, including pyrene,
chrysene, 1-methylpyrene, 6-methylchrysene, and 6-ethyl-
chrysene, was dissolved in DCM and spiked onto a lter. DCM
was evaporated aer 90–100 s at room temperature leaving
a layer of ∼1.6 mg of PAC on the lter. Based on the surface area
of the lter, we expect the average surface coverage of the PAC
lm to be << 1molecule per nm2, so the lm formed on the lter
is expected to be a monolayer. The lter was then placed in
a glass ow tube (49 cm in length, 3 cm internal diameter) and
exposed to ozone (Fig. 1). Ozone was generated by passing
∼99% pure oxygen through a ozone generator (UVP) at a 1
L min−1

owrate. Ozone levels were monitored using an ozone
analyzer (Thermo 49i). Experiments were done at room
temperature. PACs were exposed to ∼1 ppm, 0.8 ppb, 0.6 ppb
and 0.3 ppb of ozone for 0–5 h, and the loss of PACs was re-
ported for these time intervals. For each ozone concentration
and exposure time, triplicate experiments on different lters
were performed.

Aer exposure to ozone, the lters were spiked with a known
amount of pyrene-d12 and extracted in 15 mL of 2 : 1 hexane/
acetone mixture by sonication for 30 min. Extracted samples
were blown down to 1 mL using a nitrogen evaporator (N-EVAP,
Organomation) and then spiked with a known amount of
deuterated PAHmixture. The PACs were analyzed using Thermo
Scientic Trace 1310 gas chromatography mass spectrometer
(GC/MS) with an Rxi-5ms (30 m × 0.25 mm ID × 0.25 mm lm
thickness) column. For each sample, 2.0 mL of the blown down
extract was injected into the GC via an autosampler. The oper-
ation mode was splitless at 344 kPa pressure and 320 °C inlet
temperature. Purge ow is turned on directly aer injection at
a rate of 50 mL min−1. The column temperature started at 80 °C
with 1 min hold time, increased up to 200 °C at a rate of 25 °
C min−1 then increased to 335 at 8 °C min−1 with 6 min hold
time. The carrier gas was helium (He) at a constant ow rate of
0.9 mL min−1. The mass spectrometer was operated with elec-
tron impact ionization in full scan mode.

Pyrene-d12 was used to account for extraction loss and
phenanthrene-d10 in the deuterated mixture was used to
account for evaporation losses during volume blowdown. Eqn
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(1) was used to correct PAC concentration measured by GC/MS
using the deuterated standards added.

CPACs corrected ¼ CPACs GC=MS � RPYR-D12

RPHEN-D10

(1)

where CPACs corrected is the concentration corrected by internal
standards, CPACs GC/MS is the concentration calculated from GC/
MS results, RPYR-D12 is PYR-d12 recovery and RPHEN-D10 is the
recovery of PHEN-d10. Recovery of PYR-d12 and PHEN-d10 was
calculated using eqn (2).

R ¼ CGC=MS

Cknown

� 100 (2)

where R is the recovery, CGC/MS is the concentration measured
by the GC/MS, and Cknown is the concentration of the spiked
solution.

Triplicate samples of PACs deposited on lters with no
ozone exposure were also extracted to calculate the recovery of
analytes aer extraction. The recovery of the pyrene, 1-meth-
ylpyrene, chrysene, 6-methylchrysene and 6-ethylchrysene are
93%, 98%, 96%, 89% and 89%, respectively, with an analytical
instrument error of 10%. The analytical instrument error was
calculated from the standard deviation of triplicate runs of the
same known concentration of compounds. To examine
contamination by background PAHs, a blank lter was
extracted using the same procedure as the samples to account
for any background PAHs not removed by pre-baking the
lters. No PACs appeared on the blank lter and no blank
correction was required.

In addition to ozonolysis experiments, evaporation loss of
PACs on lters was also assessed by exposing lters with pyrene
to clean compressed air for the same time intervals, and the loss
of pyrene with time was monitored. The evaporation loss of
pyrene from the lter over 5 h was less than 10%, which is
within the 10% analytical error. Since pyrene is the most volatile
compound out of the tested PACs, the evaporation loss for all
compounds studied is considered negligible.
Pseudo-rst and second order rate constant

The pseudo-rst order rate constant was calculated from the
degradation of PACs with time. Here we model the kinetics of
PAC oxidation with this general equation:7,9,19,21–23

Ct

C0

¼ A0 þ A1 expð�k1tÞ þ A2 expð�k2tÞ (3)

where
Ct

C0
is the decay of the PAC, A0 is the residual fraction, A1,

A2 are the fractions of PAC decaying with two different
timescales, and k1 and k2 are the associated pseudo-rst order
rate constants (s−1). In some cases, PAC decay with a single
timescale, and the time trend can be simplied into a single
decay rst order decay term (A1 and k1), as observed by Per-
raudin et al. (2007)9 for some PAHs, which reacted to comple-
tion with a rst order exponential decay. In other cases, PAHs
did not react completely, and A0 is non-zero to capture the
trend.9 In another study done by Zhou et al. (2019),30 a double
exponential decay rate was reported for the oxidation of benzo
© 2024 The Author(s). Published by the Royal Society of Chemistry
[a]pyrene where A0 would be zero and the two decay rates would
be non-zero. Based on these observations from the literature
and from our study, eqn (3) is used as a generalized equation of
the heterogeneous oxidation of PACs.

The heterogeneous oxidation of PACs with ozone is a bimo-
lecular reaction which is dependent on ozone concentra-
tion7,19,22 and oen follows a second order rate law with ozone
concentration. Assuming that ozone is in large excess, the
second order rate constant was obtained by regressing the
pseudo-rst order rate constant against the ozone concentra-
tion. When two terms from eqn (3) were needed to capture the
time trend, the faster rate constant was used to obtain the
second order rate constant.
Oxidation products

A semi-quantitative analysis of OPAH products formed from
ozonolysis was conducted. A set of triplicate lters was
prepared, representing exposure times of 0 minutes and 300
minutes to 1 ppm of ozone for pyrene and 1-methylpyrene. The
extraction of compounds from these lters followed themethod
previously described. Subsequently, the extracted samples were
evaporated to dryness. The dried samples were then recon-
stituted in a 50/50 acetonitrile/water solution and loaded into
glass autosampler vials for LC/MS analysis.

The analysis was conducted using a Q-Exactive liquid
chromatography-mass spectrometry (LC/MS) system equipped
with electrospray ionization (ESI) and a quadrupole-orbitrap
mass spectrometer (Thermo). Chromatographic separation
was achieved with a Waters BEH C18 column (50 × 2.1 mm, 1.7
mm) equipped with a guard column, maintained at a column
temperature of 50 °C. An autosampler, set at 10 °C, injected
a xed volume of 10 mL into the system. Elution of compounds
was performed using a gradient elution method with two
eluents: eluent A, consisting of 20 mM ammonium acetate and
20 mM ammonium hydroxide in H2O, and eluent B, composed
of acetonitrile. The elution was carried out at a ow rate of 0.4
mL min−1.

The mass spectrometry analysis included a full MS scan,
covering a mass-to-charge ratio (m/z) range from 100 to 1000. This
full scan operated at a resolution of 70 000, with an automatic
gain control (AGC) target set at 3× 106. Furthermore, the analysis
involved polarity switching between positive and negative modes
to ensure comprehensive compound detection. Data-dependent
MS2 scans were conducted at a resolution of 17 500, an AGC
target of 1× 105, and an isolation window of 0.4m/z. Results were
ltered systematically and details are further explained in ESI.†
Results and discussion
Heterogeneous oxidation

Ozonolysis rate. In this study, quartz lters were chosen as
a model surface to represent silica particles due to their silica
microber composition. These surfaces, previously shown to
have the least inhibition on reactivity of PAHs with oxidants,
were employed to provide an upper-bound estimate.9 Fig. 2 and
Environ. Sci.: Atmos., 2024, 4, 645–654 | 647
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Fig. 2 Structure and evolution of pyrene concentration with exposure time to 1, 0.8, 0.6 and 0.3 ppm of ozone with exponential fit. The error
bars in the figures represent the standard deviation of triplicate data points.
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3 illustrate the relative change in concentration (Ct/C0) of two
PACs, pyrene and 1-methylpyrene, with respect to time.

Aer 300 minutes of ozone exposure, both pyrene and 1-
methylpyrene had reacted to completion. Pyrene exhibited
a rst-order exponential decay at all ozone concentrations,
showing an increasing oxidation rate with higher ozone
concentrations. 1-Methylpyrene displayed a notably faster
reaction rate than pyrene. As shown in Fig. 3, 1-methylpyrene
showed a faster initial decay within the rst 10 minutes, fol-
lowed by a slower rate, indicative of a double exponential decay
pattern. This two-rate behavior has been observed previously
and was attributed to crust formation, as proposed by Zhou
et al. (2019).30 During oxidation, products accumulate and form
a layer on the surface of certain PACs, hindering the sorption of
Fig. 3 Structure and evolution of 1-methylpyrene concentration with exp
fit.

648 | Environ. Sci.: Atmos., 2024, 4, 645–654
ozone to the surface and thereby slowing down the reaction. In
this case, pyrene exhibited a slower reaction, resulting in
a delayed formation of products that may account for the
absence of the two-rate behavior. This rate behavior is incon-
sistent with our monolayer assumption based on calculated
surface coverage. However, this inconsistency was also reported
in the study by Zhou et al. (2019).30 It was suggested that PAHs
may cluster, and form stacked layers even if there is enough
surface area to have a monolayered distribution.30 Without
detailed knowledge of PACmicrostructure on these surfaces, we
will focus our analysis on the rate behavior in the rapid rst
decay, which represent kinetics without mass transport
limitations.
osure time to 1, 0.8, 0.6 and 0.3 ppm of ozone with double exponential

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Pseudo-first order rate constants of reaction of pyrene and the fast phase rate of 1-methylpyrene with ozone as a function of ozone
concentration.
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From Fig. 4, the second-order rate constants for pyrene and
1-methylpyrene were calculated as (4.3± 0.2)× 10−17 and (1.8±
0.2)× 10−16 cm3 per molecules, respectively. In other words, the
ozonolysis rate constant of 1-methylpyrene is about 4 times
higher than that of pyrene. In the experiments, the relationship
between the rst-order rate constant and ozone concentration
remained within the linear range, suggesting that the hetero-
geneous reaction was ozone-limited. In this regime, an increase
in bulk gas-phase ozone concentration led to a greater amount
of ozone available at the surface for the reactions with pyrene
and 1-methylpyrene.

We also examined the heterogeneous ozonolysis of chrysene,
6-methylchrysene, and 6-ethylchrysene, chosen for their
commercial availability and alkyl substitutions at the same
carbon position, varying from methyl to ethyl groups. Notably,
chrysene did not decay completely by the end of the experiment,
consistent with its lower reactivity as observed in previous
Fig. 5 Structure and evolution of chrysene concentration with exposure

© 2024 The Author(s). Published by the Royal Society of Chemistry
studies.9 Fig. 5 illustrates that, at all ozone concentrations,
chrysene displayed a delay period of 30 minutes before
commencing decay. This complex trend currently lacks a known
mechanistic explanation and should be a topic of future
investigation.

To investigate the effect of methyl addition, we compare
ozonolysis rates between pyrene and 1-methylpyrene, as well as
between chrysene and 6-methylchrysene. Additionally, the
effect of different alkyl group substitutions on heterogeneous
oxidation was assessed by exposing 6-ethylchrysene to the same
conditions as chrysene and 6-methylchrysene, serving as a basis
for comparison (refer to Fig. S1 and S2†). The calculated second-
order rate constants for chrysene and 6-methylchrysene, and 6-
ethylchrysene were (6.9 ± 0.6) × 10−18, (1.0 ± 0.1) × 10−17, and
(1.3 ± 0.1) × 10−17 cm3 per molecules, respectively, as shown in
Fig. 6.
time to 1, 0.8, 0.6 and 0.3 ppm of ozone with exponential fit.

Environ. Sci.: Atmos., 2024, 4, 645–654 | 649
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Fig. 6 Pseudo-first order rate constants of reaction of chrysene, 6-methylchrysene and 6-ethylchrysene with ozone as a function of ozone
concentration.
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These results, in conjunction with the ndings from the
pyrene experiments, suggest that the methylation of PAHs
enhances their reaction rate. Methyl groups, acting as electron-
donating groups, may accelerate the reaction by stabilizing
intermediates. Furthermore, the results from chrysene, 6-
methylchrysene, and 6-ethylchrysene conrm that an increase
in the number of carbon atoms in the substituent alkyl groups
also increases the reaction rate. This observation aligns with
trends observed in homogeneous oxidation,5 where AlkPAHs
reacted faster than PAHs, and the rate increased with greater
substitution. Unfortunately, due to limitations in commercial
availability, PACs with multiple alkyl groups could not be
examined in this study. For homogeneous oxidation, their
reaction rates were reported to be even higher.5 Our ndings
underscore the signicance of alkyl group substitutions in
inuencing the heterogeneous oxidation of PAHs.

Estimated atmospheric lifetimes. Using the calculated
second order rate constant for each PAC, the effect of alkyl
substation on the lifetime of each PAC is examined and shown
in Table 1. Typical ozone concentrations in major urban areas
such as Toronto are around 30 ppb. Based on these concen-
trations, the lifetime is 0.5 days for 1-methylpyrene and 2.2 days
for pyrene. Chrysene lifetime is 13.7 days, whereas the lifetime
of 6-methylchrysene and 6-ethylchrysene are 9.4 and 7.3 days,
Table 1 Comparison of second order rate constant and lifetime of teste

PACs
Second order rate constant
(cm3 per molecules)

Pyrene (4.3 � 0.2) × 10−17

1-Methylpyrene (1.8 � 0.2) × 10−16

Chrysene (6.9 � 0.6) × 10−18

6-Methylchrysene (1.0 � 0.1) × 10−17

6-Ethylchrysene (1.3 � 0.1) × 10−17

650 | Environ. Sci.: Atmos., 2024, 4, 645–654
respectively. 6-Ethylchrysene takes almost half the amount of
time to decay in comparison to chrysene. It should be noted that
the lifetimes calculated here is likely an upper bound estima-
tion due to the nature of the surface which has weak interac-
tions with the PACs in comparison with other surfaces.

Heterogeneous oxidation of PACs with ozone is an important
reaction, but other oxidants, such as OH and NO2, are also
important. In the ambient atmosphere, PAHs can remain in the
atmosphere for weeks, and there may be other reactions and
interactions not represented in this experiment. For example,
graphite surfaces stabilize PACs towards oxidation due to the
strong interactions.31 Also, the presence of other pollutants with
PACs can hinder the oxidation.23 The purpose of this study is to
take a rst look at the effect of alkylation on reaction rates in
a simple model. Further studies should be conducted to get
a deeper understanding of AlkPAHs and their fate in the
atmosphere when associated with particulate matter of
different composition.

Nevertheless, the faster oxidation of AlkPAHs is notable. For
less reactive species, such as chrysene, the addition of methyl
groups reduces ozonolysis timescales from weeks to a few days,
allowing the heterogeneous reactions to be a notable pathway
for loss of PACs. Heterogeneous ozonolysis of the most reactive
AlkPAHs, such as 1-methylpyrene, can occur on timescales of
d PACs at 30 ppb of ozone

Lifetime at 30 ppb
ozone concentration (h)

Lifetime at 30 ppb
ozone concentration (day)

53 2.2
13 0.5

329 13.7
227 9.4
174 7.3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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less than 1 day. These timescales are smaller than those for
regional atmospheric transport, which suggests these reactions
are important considerations for local air quality. The reaction
of PACs with ozone leads to the production of OPAHs, which are
more polar than PACs, increasing their potential ability to cause
oxidative stress and subsequent negative impacts on human
health.3,24–27 From our results, formation timescales of OPAH
from AlkPAHs can be on the order of <1 day to days (compared
to days to weeks from PAHs). These timescales suggest more
localized OPAH formation in and around major sources, which
may also be major population centres. As mentioned earlier,
observed concentrations of AlkPAHs in urban and industrial
regions in Canada exceed those of PAHs. Together these two
factors make oxidation of AlkPAHs an important source of
OPAHs in urban areas. Products of PAHs oxidation have been
identied in previous studies, while much less is known about
the products of AlkPAHs oxidation.6,10,32 Given the importance
of AlkPAHs to OPAH production, there is a need to identify their
oxidation products and understand their formation.
Oxidation products

The products from ozonolysis of pyrene and 1-methylpyrene
were identied in this study. Following the systematic ltering
of the oxidation product analysis explained in ESI,† a total of 21
chemical formulae ranging from C13 to C17 are reported. Table
2 shows the chemical formulae, precursor and number of
isomers for 21 chemical formulas. Here we focus on C15–C17
products to investigate the potential mechanisms leading to
their formation.

Here the discussion of products arising from the oxidation of
pyrene was informed by previous studies,6,10,29,32 which provided
valuable insights into the potential reaction pathways. The
studies presented a mechanism comprising two distinct routes:
Table 2 Chemical formulae, precursor, and number of isomers of the O

Precursor Chemical formula

Pyrene C15 H8 O
C15 H10 O
C16 H8 O2

C16 H10 O2

C16 H10 O3

1-Methylpyrene C13 H8 O2

C15 H10 O2

C15 H10 O3

C16 H10 O
C16 H12 O
C16 H12 O2

C17 H10 O2

C17 H12 O2

C17 H10 O3

C17 H12 O3

C17 H12 O5

C17 H12 O6

Pyrene and 1-
methylpyrene

C14 H8 O2

C16 H8 O3

C16 H10 O4

C16 H10 O5

© 2024 The Author(s). Published by the Royal Society of Chemistry
(1) a ring-retaining pathway and (2) a ring-opening
pathway.6,10,29,32 Notably, molecules with molecular weights of
206, 208, 232, 234, 248, 250, and 266 were identied both in the
present study and in these cited works. Here, the exact masses
were quantied, which allows for identication of elemental
composition. These elemental formulae are consistent with
molecular structures proposed in the literature. 1-Hydroxypyr-
ene (MW 218) was not observed among the pyrene oxidation
products in this study which may be due to low amount
produced or our ltering criteria.

Previous studies have examined pyrene oxidation and the
OPAHs formed.6,10,29,32 On the other hand, 1-methylpyrene has
not been investigated yet. In this study, the products of OPAHs
were identied for pyrene and 1-methylpyrene. Three oxidation
products with chemical formula C16H8O3, C16H10O4 and
C16H10O5 were common between pyrene and 1-methylpyrene.
The identical elemental formulae suggest that one of the
pathways in the oxidation of 1-methylpyrene may involve
a demethylation step, potentially during ring opening. A
previous study examined heterogeneous oxidation of ambient
particles on a lter10 and found that the amount of OPAHs
formed was greater than what the measured PAHs can account
for. It was hypothesized that alkPAHs contribute to OPAH
formation,10 and the overlap in oxidation products between
pyrene and 1-methylpyrene is consistent with this hypothesis.

Other than the 3 products in common with pyrene, 1-
methylpyrene also produced other compounds not identied
from pyrene oxidation. A total of 11 products were identied as
products of 1-methylpyrene oxidation only. 5 out of 11 can be
considered alkylated equivalents to the non-alkylated pyrene
products with a molecular mass difference of 14.0156 (that of –
CH2–) presented in Table 3. The prevalence of alkylated analogs
suggests that 1-methylpyrene follow similar oxidation pathways
to that of pyrene, which lead to alkylated pyrene products. The 6
PAHs

Molecular weight Number of isomers

204.0573 3
206.0730 1
232.0520 3
234.0677 3
250.0627 1
196.0522 1
222.0677 1
238.0626 1
218.0729 2
220.0886 2
236.0835 1
246.0679 2
248.0833 3
262.0625 3
264.0782 1
296.0686 1
312.0639 1
208.0522 1
248.0470 2
266.0576 1
282.0529 1
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Table 3 Structures and molecular weights of pyrene oxidation products, and analogous products from 1-methylpyrene oxidation

Pyrene product Molecular weight
Molecular weight
+ [CH2]

Analogous 1-methylpyrene
product

C15 H8 O 204.0573 218.0729 C16 H10 O
C15 H10 O 206.0730 220.0886 C16 H12 O
C16 H8 O2 232.0520 246.0679 C17 H10 O2

C16 H10 O2 234.0677 248.0833 C17 H12 O2

C16 H10 O3 250.0627 264.0782 C17 H12 O3
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remaining OPAHs produced from 1-methylpyrene are unique to
1-methylpyrene with no apparent relation with pyrene products.
The addition of the methyl group to the aromatic rings may lead
to other pathways which would produce a larger variety OPAHs
than pyrene.

Based on the oxidation products identied in this study, 1-
methylpyrene produced a larger variety of OPAHs than pyrene.
Owing to the lack of authentic standards, the abundance cannot
be quantied in this study. However, based on previous work by
Ringuet et al. (2012),10 there is reason to believe that alkylated
PAHs are a major source of OPAHs. Some of the OPAHs have not
been identied before and none of the OPAHs are routinely
monitored. OPAHs are more toxic than parent PAHs24–27 sug-
gesting that the lack of identication and monitoring of OPAHs
may lead to underestimation of air toxicity. In addition, 1-
methylpyrene produced some pyrene products which suggests
that 1-methylpyrene contributes to the formation of those
products in the atmosphere. As shown from the kinetic study, 1-
methylpyrene reacts faster than pyrene, which will result in
faster production of those compounds.

1-ethylpyrene is only one of the alkylated analogs of pyrene;
other AlkPAHs like 4,5-dimethylpyrene and 1-propylpyrene have
been reported in the atmosphere.15,17,18 It is worth noting that the
levels of AlkPAHs in the atmosphere surpass those of the original
PAHs, and each PAH can have multiple alkylated analogs.15,17,18

Based on the ndings of this study, it is evident that AlkPAHs
exhibit a higher reactivity with ozone compared to PAHs and
produce a greater variety of OPAHs. This greater reactivity and
increased OPAH production by AlkPAHs introduce a previously
undiscovered dimension to our understanding of PACs. Addi-
tionally, it is important to explore and comprehend the mecha-
nism of oxidation, along with factors such as relative humidity.
In light of the health implications associated with AlkPAHs and
OPAHs, it is imperative to conduct in-depth monitoring and
research on these compounds to better understand their effect
on the atmosphere and human health.

Conclusions

In this study we report on heterogeneous oxidation of AlkPAHs,
and the formation of OPAHs. The investigation demonstrated
that AlkPAHs react faster with ozone than PAHs do, by a factor
of 2 to 4. Furthermore, higher alkyl substitution leads to faster
reactions. This trend in reaction kinetic is likely due to the
electron-donating nature of alkyl groups which stabilizes
intermediates. Furthermore, our results show that 1-methyl-
pyrene produces more oxidation products than pyrene. Some of
652 | Environ. Sci.: Atmos., 2024, 4, 645–654
the products are identical to those from pyrene, others are
alkylated analogs of pyrene products, and the rest are 1-meth-
ylpyrene products do not belong in either category. The iden-
tication of these oxidation products suggests that while there
may be common and analogous reaction mechanisms between
PAH and AlkPAH oxidation, there may also be other reactions
that are currently unknown. Given the higher toxicity of OPAHs
compared to PACs and their potential adverse health effects,
there is a need for more extensive research to identify and
quantify the oxidation products of AlkPAHs.

It should be noted that the current results were obtained
from PACs deposited on silica surfaces, representing the upper
bound of reaction kinetics. Further research should encompass
a broader range of atmospheric surfaces, such as graphite or
organic surfaces, to better represent PAC oxidation on atmo-
spheric particles. We were also limited to commercially avail-
able isomers. As a result, we were unable to study AlkPAHs that
are multiply substituted. More research is warranted to under-
stand the heterogeneous oxidation of various AlkPAHs.

The ndings from this study contribute to the identication of
OPAHs and an enhanced understanding of the pathways gov-
erning their formation. In summary, this study provides insights
into oxidation reactions of PACs, particularly concerning
AlkPAHs and the impact of alkyl groups, as well as the formation
of OPAHs. Given that our study suggests oxidation timescales are
less than or similar to regional transport, the potential for long
range transport of AlkPAHs is less than that for PAHs, but the
exposure to secondary OPAHs near emission sources of their
precursors may be more signicant. Coupled with the potentially
greater toxicity of OPAHs shown by previous studies, these results
have important implications for assessing health risks, and
understanding the fate of PACs in the environment.
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