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• Aromatics-associated VOC species were
measured in 2019 winter on Chongming
Island.

• Daytime secondary nitrophenols increased
sharply under high NOx conditions.

• The RO2 oxidative pathway dominated the
aromatics oxidation on the non-hazy days.

• Phenolic oxidative branching ratios in-
creased dramatically on the hazy days.
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To understand the photooxidation mechanisms of aromatic compounds in the NOx-rich atmosphere, gaseous aro-
matics and their oxidization products (i.e., methyl glyoxal (MGLY), and nitrated phenols (NPs) including nitrophenols
(NPhs) andmethylnitrophenols (MNPs)) weremeasuredwith a 1-h time resolution on Chongming Island, a downwind
region of the Yangtze River Delta (YRD) metropolitans of China in winter 2019 by using a proton-transfer-reaction
mass spectrometer (PTR-MS). During the entire observation period, concentrations of the measured VOCs were
9.6± 7.1 ppbv for aromatics, 118± 59 pptv for MGLY, 36± 10 pptv for NPhs, and 9.3± 2.8 pptv for MNPs, respec-
tively. Secondary NPs (SNPs) accounted for only 19–24 % of the total nitrated phenols during the clean and transition
periods but increased to 44 % of the total on the hazy days. Moreover, the daytime mixing ratios of SNPs increased
alongwith an increasingNO2 concentration during the clean and transition periods, but in the haze period the daytime
SNPs first increased along with the increasing NO2 levels and then increased much more sharply when NO2 was >25
ppbv. Such highly proportional and sharply increased daytime SNPs in the haze period indicated an enhanced phenolic
oxidation under the highNOx conditions. In addition, the lack of correlations between aromatics andMGLY, increased
MGLYaro (MGLY produced by aromatics), and sharply increasedΔSNPs /Δ(benzene+ toluene) further suggested that
such an increasing role of the phenolic oxidative branch in the daytime oxidation process of aromatics during the YRD
haze period was caused by the strong atmospheric oxidation capacity and the high level of NOx.
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1. Introduction

Aromatics are the most significant anthropogenic volatile organic com-
pounds (VOCs) in the troposphere, which are mainly emitted from fossil
ctober 2022
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fuel combustion, gasoline evaporation, and solvent usage. The majority of
aromatic organics have been identified as the precursors of secondary
organic aerosols (SOA) and O3 (Du et al., 2022; Gentner et al., 2017; Ng
et al., 2007; Wang et al., 2016; Zhang et al., 2015). Previous studies re-
ported that aromatics dominated the fall-winter SOA formation with a con-
tribution of about 79 % in the Pearl River Delta region (Ding et al., 2012),
and contributed about 40% of intermediate vapors over China's megacities
(Nie et al., 2022). Both aromatics and their oxidation products can signifi-
cantly affect air quality and climate (Hoyle et al., 2009), as well as human
health (Seinfeld and Pandis, 2006).

Photochemical oxidation mechanisms of aromatics have been inten-
sively studied in laboratories, with most of them focusing on toluene
(Atkinsin and Aschma, 1994; Atkinson, 2000; Garmash et al., 2020; Ji
et al., 2017; Ng et al., 2007; Rodigast et al., 2017; Zaytsev et al., 2019).
As seen in Fig. 1, the oxidation processes of aromatics are initiated by the
OH radical addition first, and then, in atmospheric conditions, the pro-
duced OH-adducts can be further oxidized by means of the bicyclic RO2

branch (I), phenolic branch (II), aldehyde branch (III), and epoxide branch
(IV). Concentrations of O2, OH and NOx, as well as the mass ratio of NOx/
VOCs, are the key factors determining the further oxidative pathways of the
OH-adducts (Birdsall and Elrod, 2011; Garmash et al., 2020; Ge et al., 2017;
Tsiligiannis et al., 2019; Xu et al., 2020). The bicyclic RO2 pathway is com-
monly thought to be dominant compared with the other three branches
(Birdsall et al., 2010; Schwantes et al., 2017; Suh et al., 2003). However,
due to the limitations such as short reaction times, high concentrations of
reactants, lack of online measurement of reactants and products, and high
wall loss during the laboratory studies on the aromatic oxidation process
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Fig. 1. Simplified representation of four oxidative pathways of OH-initiated aromatics
pathway, (II) phenolic pathway, (III) aldehyde pathway, and (IV) epoxide pathway. For

2

(Zhang et al., 2014), the above mechanisms are controversial, with 20 %–
50 % carbon deficiency (Xu et al., 2020) and 30 %–50 % radical non-
closure still unexplained (Lu et al., 2021). Recently, a few studies have re-
ported an increased branching ratio of the phenolic oxidative pathway
(Birdsall et al., 2010; Ji et al., 2017;Wu et al., 2014). Qi et al. (2020) recom-
mended an overall cresol branching ratio of 0.42–0.53, while Ji et al.
(2017) proposed that it is the phenolic pathway rather than the bicyclic
RO2 pathway that dominates the toluene oxidation. Schwantes et al.
(2017) also pointed out that with increasing OH substitution on the aro-
matic ring, the phenolic oxidative branch occurs more rapidly than the
bicyclic RO2 formation. Moreover, numeric model simulations have also
frequently underestimated O3 and SOA concentrations and OH production
by using these lab results (Birdsall and Elrod, 2011; Volkamer et al., 2006;
Wyche et al., 2009),which canmainly be ascribed to the uncertain phenolic
branching ratio derived from lab studies (Schwantes et al., 2017), as recent
modelling simulations improved the modeled O3 and SOA yields by
increasing the branching ratio from 0.18 to 0.48 (Zhang et al., 2021),
and the predicted O3 levels by applying a phenolic branching ratio of
0.36 (Sarwar et al., 2011). However, none of these new oxidation mecha-
nisms for the aromatic oxidation branching ratios have been confirmed
under real atmospheric conditions, and the photooxidation mechanisms
of aromatics inNOx-rich environments remain unclear, which thus presents
a significant challenge in elucidating the environmental behavior of anthro-
pogenic VOCs.

In this study, wemeasured gaseous products formed by the bicyclic RO2

oxidative pathway and the phenolic oxidative pathway on Chongming
Island in the Yangtze River Delta (YRD) region of China in winter 2019
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with a 1-h time resolution. We first recognized the pollution characteristics
of aromatics and their oxidation products in the haze period, and then in-
vestigated their oxidationmechanisms. Our work for the first time revealed
an enhancing role of the phenolic branch in the daytime photooxidation
process of aromatics in the NOx-polluted atmosphere.

2. Experiments

2.1. Sampling site

The sampling site is located in the ECNU Wetland Station (31°73′N,
121°24′E), which is located in the west part of Chongming Island, a down-
wind region of the Yangtze River Delta (YRD) megacities (Fig. S1), where
there are no sources of pollutant emission around the sampling site. All
the instrument inlets were mounted on the rooftop of the observation
station with a height of six meters above the ground.

2.2. Experiment methods

Online measurements of VOCs, PM2.5, HONO, NOx, CO, O3, and SO2

were simultaneously conducted from December 1st, 2019 to December
25th, 2019 (Du et al., 2022; Lv et al., 2022). Filter samples of PM2.5 were
also collected on a day/night basis (8:00 to 18:30 LT, local time, and
19:00 to7:30 in the next day, LT) by using a high-volume PM2.5 sampler
(TISCH, USA) with an airflow rate of 1.13 m3·min−1and measured for
OC, EC and nitro-aromatic compounds (NACs) (Ding et al., 2021). In the
current work, NACs of PM2.5 (i.e., 4-nitrophenol, 3-methyl-4-nitrophenol,
4-nitrocatechol, and 4-methyl-5-nitrocatechol) were analyzed by gas
chromatography–mass spectrometry (GC/MS, Angelon 5895GCMSD,
USA). Concentrations of NOx, CO, SO2 and O3 were obtained from the
local Bureau of Meteorology of Chongming Island. Meteorological
parameters were measured by an automatic weather station (MILOS520,
Vaisala Inc., Finland). The 1-h concentration of PM2.5 was measured by
using the E-BAM PM2.5 monitor. VOCs including acetonitrile, isoprene,
aromatics (benzene, toluene, C8 aromatics, and C9 aromatics), phenols,
cresols, nitrophenols (NPhs), methylnitrophenols (MNPs), acetone, and
methylglyoxal (MGLY) were measured by using a proton transfer reaction
time-of-flight mass spectrometer (PTR-TOF-MS, Ionicon Analytik,
Innsbruck, Austria) with H3O+ as the ion source, which was operated
under the controlled conditions of pressure (2.2 mbar), temperature
(70 °C) and voltage (600 V) resulting in a field density ratio (E/N) of
z135 Td. During the campaign, the PTR-TOF-MS instrument was calibrated
weekly using standard gases (Ionicon Analytik, Innsbruck, Austria), with
the MGLY calibration factor calculated by using the methylethyl ketone
(MEK) calibration factor because they have a constant ratio (Michoud
et al., 2018). The calibration factors of phenol and cresols were estimated
from the calibration results of toluene and C8 aromatics (Cappellin et al.,
2012; Yuan et al., 2016), resulting in an uncertainty of 34 % for phenol
and 22 % for cresols, respectively. The detection limits of the measured
VOCs were calculated using a signal-to-noise ratio of three (Yuan et al.,
2017), and the calibration results are shown in Table S1.

2.3. Data processing

In this study, the production rate of NO3 radical (P(NO3)) was calculated
on the basis of the measured NO2 and O3 concentrations by using the
Eq. (R1), as the reaction of NO2 with O3 is the sole source of NO3 radical
(Asaf et al., 2009; Wayne et al., 1991):

P NO3ð Þ ¼ k NO2½ � O3½ �, (R1)

where k is 3.2×10−17 molec.−1 cm3 s−1, and [NO2] and [O3] are the con-
centrations of NO2 and O3, respectively (Sander et al., 2011).
3

The secondarily formed NPs on Chongming Island during the campaign
was estimated based on the following method (Li et al., 2019; Salvador
et al., 2021; Zhang et al., 2019):

SNPs½ � ¼ NPs½ �− NPs½ �
tracer½ �

� �
p
� tracer½ �; ðR2Þ

where [SNPs] and [NPs] are the concentrations of secondarily formed NPs

and total NPs, respectively. NPs½ �
tracer½ �

� �
p
is the primary emission ratio of NPs

to the primary tracer, and [tracer] is the concentration of the selected pri-

mary emission tracer. In this study, NPs½ �
tracer½ �

� �
p
was estimated through fitting

the 15 % lowest NPs½ �
tracer½ � ratios by using acetonitrile as the tracer of biomass

burning, while CO, SO2, and NO were used as tracers for estimating other
primary emissions (Chen et al., 2022).

3. Results and discussions

3.1. Overview for the whole campaign

Temporal variations of aromatics and their oxidation products on
Chongming Island during the campaign are shown in Figs. 2 and S2,
and their concentrations are statistically summarized in Table S2. The
average concentration of PM2.5 during the whole observation period was
43 ± 28 μg m−3 (Table S2), higher than the national first-class standard
of 35 μg m−3 in China, indicating that particle pollution is still serious in
the country. In this study, we categorized the observation time with a
daily PM2.5 > 75 μg m−3 as haze event, the observation time with a daily
PM2. 5≤ 35 μgm−3 as clean period, and the remaining observation periods
with a daily PM2.5 between 35 μg m−3 and 75 μg m−3 as transition period.
As marked in Fig. 2, during the campaign there were one haze period
(12/8–12, gray color), two transition periods (12/2–6, and 12/13–15, or-
ange color), and the remaining four clean periods (12/1–2, 12/6–8, 12/
12–13, and 12/15–25, cyan color). It can be seen that concentrations of
Ox (Ox = O3 + NO2) and HONO, as well as the values of P(NO3), increased
along with increasing PM2.5 levels and reached their maxima on the haze
days (Fig. 2a, Fig. S2a), indicating that the atmospheric oxidation capacity
was stronger in the haze period. The average concentration of aromatics
was 9.6 ± 7.1 ppbv during the whole observation period and increased
from 7.7 ± 2.7 ppbv in the clean period to 12 ± 4.0 ppbv and 13 ± 7.8
ppbv in the transition and haze periods, respectively (Fig. 2b, Table S2).
Similarly, NOx increased obviously from the clean to the transition and
haze periods, with a concentration ratio of NOx to aromatics of 1.1, 2.3
and 3.1 in the three phases, respectively, suggesting an NOx-rich condition
on the haze days.

As displayed in Table S2, the average mixing ratio of MGLY was 118±
59 pptv during the whole observation period and increased from 100± 24
pptv in the clean period to 166±100 pptv in the haze period. The temporal
variation of MGLY was consistent with that of NOx and aromatics (Fig. 2c),
indicating that both NOx and aromatics affect the MGLY levels. The mixing
ratios of NPhs andMNPs were 35± 10 pptv and 9.3± 2.8 pptv during the
whole campaign, respectively (Table S2). Compared to other regions, their
concentrations were comparable to those in biomass burning influenced
areas in Eastern China (the sum of NPhs and MNPs was 46.4 pptv) (Wang
et al., 2020) but slightly lower than that in Beijing (NPhs and MNPs were
57 pptv and 17 ppbv, respectively) (Cheng et al., 2021). As shown in
Fig. 1d, both NPhs and MNPs showed a similar temporal variation and
were robustly correlated (R = 0.71 and 0.86, respectively, Fig. S3) with
acetonitrile, indicating that they were significantly affected by biomass
burning emissions in the YRD region (Mohr et al., 2013). By excluding
the primary emission from biomass burning, we found that the secondarily
formed NPhs (SNPhs) and MNPs (SMNPs) accounted for 18–25 % of the
total during the clean and transition periods and sharply increased to
42 % and 46 % of the total NPhs and MNPs on the hazy days, respectively
(see the concentric arc charts in Fig. 2d), indicating an increased formation



Fig. 2. Temporal variations in concentrations and compositions of volatile organic compounds during the whole observation period on Chongming Island, China. (a) PM2.5

and Ox (Ox = O3 + NO2), (b) aromatics and NOx, (c) MGLY, (d) NPhs and MNPs in clean, transition, and haze periods. The blue, orange, and gray shadows represent the
clean, transition, and haze periods, respectively.
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of NPhs and MNPs in the haze period. Besides, the mixing ratios of daytime
secondary NPs (SNPs, sum of SNPhs and SMNPs) increased along with NO2

concentrations during the clean and transition periods, but in the haze pe-
riod the daytime SNPs first increased along with the increasing NO2 levels
and then increased much more sharply when NO2 was higher than 25 ppbv
(Fig. 3), further suggesting an enhancement of daytime phenoxy or
methylphenoxy radicals in the haze period under a high level of NOx
conditions.

3.2. Diurnal variations of aromatics and their key oxidation products

Figs. 4 and S4 show the diurnal variations of aromatics and their key ox-
idation products during the clean, transition, and haze periods. As seen in
Fig. 4a and b, the diurnal variations of aromatics and MGLY presented a
similar pattern in the three periods, with an increase from 06:00 (local
time, LT) to about 10:00 LT due to primary emissions, a decrease in the fol-
lowing hours due to photolysis and OH oxidation, and a sharp increase in
Fig. 3. Day-night mixing ratios of SNPs as a function of NO2 concentr

4

the midnight due to the planet boundary layer shrinking (Ling et al.,
2020). However, the diurnal variations of SNPhs and SMNPs are quite dif-
ferent in the three periods; both showed an insignificant diurnal change in
the clean and transition periods but a remarkable diurnal variation in the
haze period with a large peak in the morning and a second peak in the
nighttime around 20:00 LT (Fig. 4c and d). The increases of SNPhs and
SMNPs in the morning hours were due to the beginning of photochemical
reactions, as indicated by the HONO concentration, which began to de-
crease at around 06:00 LT (Fig. S4e). The decrease during the daytime
can be attributed to the fast photolysis or the reactions with OH radicals
(Salvador et al., 2021; Yuan et al., 2016). These variations are similar to
those reported from the Uintah Basin, USA (Yuan et al., 2016), Dezhou
(Salvador et al., 2021) and Beijing (Song et al., 2021a), China. On
Chongming Island in the haze period, the first increase in the morning
can be attributed to the beginning of photochemical reactions like those
in the clean and transition periods, whereas the increase starting in the
late afternoon around 16:00 LT might be caused by the NO3 radical
ation during the clean, transition and haze periods, respectively.



Fig. 4. Diurnal variations of (a) aromatics, (b) MGLY, (c) SNPhs, (d) SMNPs, (e) NO2, and (f) NO during the clean, transition and haze periods, respectively.
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oxidation due to the higher P (NO3) (Fig. S4f) and the lower NO concen-
tration (Fig. 4f), since the reaction with NO is the largest sink of NO3

radical (Asaf et al., 2009; Atkinson, 2000). Because the daytime NO3

radical chemistry can only enhance daily SNPs mixing ratios in
the late afternoon, the high production of SNPhs and SMNPs in the
morning hours during the haze period might be caused by the different
oxidation processes since the atmospheric oxidation capacity, NOx, and
5

the mass ratio of NOx/aromatics were obviously different among the
three periods.

3.3. Oxidative pathways of aromatics

As seen in Fig. 5, a robust linear correlation (R2 = 0.60–0.92) between
MGLY and the aromatics was observed during the clean and transition



Fig. 5. Linear fit regression analysis for the daytimeMGLYwith (a) benzene, (b) toluene, (c) C8 aromatics, and (d) C9 aromatics during the clean, transition and haze periods,
respectively.
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periods, indicating a dominance of the bicyclic RO2 branch in the two types
of periods. However, no significant correlation was found during the haze
period, suggesting that other oxidation pathways other than the bicyclic
RO2 pathway dominated the aromatic oxidation in the polluted period. Ac-
cording to the discussion in Section 3.1, the concentration of Ox in the haze
event was 1.8 times higher than that in the clean period and 1.3 times
higher than in the transition period, and the daytime NOx/aromatics
ratio in the haze event was 2.1 times higher than that in the clean period
and 3.3 times higher than in the transition period. Such a much stronger
oxidative capacity and a higher NOx/aromatics ratio indicate that the
oxidation pathway might be changed during the haze period since NOx
controls the oxidation pathway by directly changing atmospheric oxidant
levels and indirectly influencing RO2 chemistry during the oxidation pro-
cesses of aromatics (Schwantes et al., 2017; Tsiligiannis et al., 2019). In ad-
dition, the sharply increased phenols and cresols in the haze period
(Fig. S2c, Table S2) indicated that the phenoxy andmethylphenoxy radicals
in the haze period also increased dramatically, which is in agreement with
those observed by Song et al. (2021b), who also found that the measured
phenoxy radical was about eight times higher in heavily polluted periods
than on clean days. Based on the chamber experiment and quantum chem-
istry calculation, Ji et al. (2017) proposed that phenolic rather than bicyclic
RO2 oxidative pathway dominates the toluene oxidation under NOx-rich
conditions. Schwantes et al. (2017) further reported that with increasing
OH substitution on the aromatic ring, the phenolic oxidative branch occurs
6

more rapidly than bicyclic RO2 formation. Therefore, we assumed that the
dominant oxidation pathway for aromatics may have changed from a bicy-
clic RO2 oxidative pathway to a phenolic oxidative pathway on Chongming
Island in the haze period, which led to the decrease in the association of
MGLY with aromatics and the further dramatic increases in SNPs.

As seen in Fig. 6a, the daytimeMGLYaro (MGLY produced by aromatics)
decreased and ΔSNPs / Δ(benzene + toluene) increased slightly from the
clean to the transition periods. The decreased MGLYaro could be attributed
to the increasing NO2 concentration in the transition period, as the yield
of MGLY formed from the bicyclic RO2 oxidative pathway decreases
with increasing NO2 levels (Noriko et al., 2010). The increase of ΔSNPs /
Δ(benzene + toluene) could also be ascribed to the increasing NO2 levels
as the formation of SNPs was dependent on the NO2 level (Yuan et al.,
2016). However, both the daytime MGLYaro and ΔSNPs/Δ(benzene +
toluene) ratio increased dramatically in the haze period (Fig. 6a). The
SNPs originate from the reaction of the phenoxy ormethylphenoxy radicals
with NO2 (marked in orange in Fig. 1), while the daytime phenoxy and
methylphenoxy radicals are produced by the oxidation of phenol or cresol
with OH (marked in orange in Fig. 1) and by the reaction of phenyl peroxy
radicals and methylphenyl peroxy radicals with NO (marked in purple in
Fig. 1) during the phenolic oxidative pathway. Studies have demonstrated
that the reactions of phenyl peroxy radical and methylphenyl peroxy radi-
cals with NO dominate the atmospheric daytime production of phenoxy
and methylphenoxy radicals (phenoxy radical: beyond 71 % during



Fig. 6. A comparison on the different photooxidation chemistry in the clean, transition and polluted periods on Chongming Island, China. (a) Daytime MGLYaro and ΔSNPs /
Δ(benzene + toluene), (b) nitrophenols in PM2.5, and (c) nitrocatechols in PM2.5.
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daytime) (Cheng et al., 2021; Yuan et al., 2016). Thus, the dramatically in-
creasing ΔSNPs / Δ(benzene + toluene) ratios indicate sharp increases of
phenyl peroxy radicals and methylphenyl peroxy radicals through the en-
hanced phenolic oxidative pathway. Moreover, the phenyl peroxy radicals
and methylphenyl peroxy radicals can further be broken into small
α‑carbonyl compounds, which are similar to those produced by the bicyclic
RO2 radicals (marked in red in Fig. 1), resulting in the MGLYaro increasing
inversely in the haze period (Fig. 6a). In addition, the sharp increase of
ΔSNPs /Δ(benzene+ toluene) ratio andMGLYaro resulted by the enhanced
phenolic oxidative pathway on the haze days in turn suggest that the insig-
nificant correlation between aromatics and MGLY in the haze period was
due to the differences in precursors and product generations; the MGLY
was produced mainly by the aromatics-bicyclic RO2 pathway (I, marked
in pink color) in the clean and transition periods but by the phenolic-
bicyclic RO2 pathway (II, marked in purple color) in the haze period.

Fig. 6b and c compare the day-night variation of nitrophenols (sum of
4-nitrophenol and 3-methyl-4-nitrophenol) and nitrocatechols (sum of
4-nitrocatechol and 4-methyl-5-nitrocatechol) in the particle phase in the
different periods on Chongming Island during the campaign. As shown in
Fig. 1 (marked in green in Fig. 1), catechols, as the precursors of the
nitrocatechols, are the major products of the phenolic oxidative pathway
(MCM, http://mcm.york.ac.uk/). As seen from Fig. 6b and c, the daytime
nitrophenols and nitrocatechols were lower than those in the nighttime
during the clean and transition periods due to the loss of daytime photolysis
and the higher yield and primary emission (Fig. S5) in the nighttime
(Atkinson et al., 1992; Cheng et al., 2021). However, unlike those in the
clean and transition periods, nitrophenols and nitrocatechols in the particle
phase in the haze period were higher in the daytime than in the nighttime
(Fig. 6b and c). Such an opposite diurnal variation pattern again demon-
strated the enhanced role of the phenolic oxidative pathway in the daytime
aromatic oxidation process on the hazy days in the YRD region.

4. Summary and conclusion

In this study, aromatics and their key oxidation products (i.e., MGLY
and NPs) were continuously measured in winter on Chongming Island,
YRD of China, to investigate the photooxidation process of aromatics
under high-NOx conditions. Aromatics were 7.7 ± 2.7 ppbv, 12 ± 4.0
ppbv and 13 ± 7.8 ppbv with a mass ratio of NOx to aromatics being 1.1,
2.3 and 3.1 in the clean, transition and haze periods, respectively, suggest-
ing aNOx-rich condition on the haze days. Themixing ratio ofMGLY,NPhs,
andMNPs was 118±59 pptv, 35±10 pptv and 9.3±2.8 pptv during the
whole campaign, respectively. The secondarily formed NPhs and MNPs
only accounted for 18–25 % the total NPhs and MNPs during the clean
7

and transition periods but sharply increased to 42–46 % of the total
on the hazy days, both ofwhich presented a diurnal variation pattern differ-
ent from those in the clean and transition periods with a large daytime
peak on the hazy days, indicating the difference in the aromatic oxidation
pathways in the polluted period. Differences in the correlation of aromatics
with MGLY in the three periods and the sharp increase ratio of ΔSNPs /
Δ(benzene + toluene) in the haze periods further suggest an enhanced
role of phenolic oxidative pathway in daytime aromatic photooxidation
process under the high-NOx conditions in the YRD region.
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