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• OH promotes production of both
monocarbonyl and SOA from dicarbonyl.

• Mixed dicarbonyl inhibits their conver-
sion to monocarbonyl and reduces SOA
yield.
⁎ Corresponding author at: Guangzhou Key Laboratory o
Health, School of Environmental Science and Engineering, G

E-mail address: chenjiangyao@gdut.edu.cn (J. Chen).

http://dx.doi.org/10.1016/j.scitotenv.2021.152575
0048-9697/© 2021 Elsevier B.V. All rights reserved.
A B S T R A C T
A R T I C L E I N F O
Article history:
Received 30 October 2021
Received in revised form 6 December 2021
Accepted 16 December 2021
Available online 25 December 2021

Editor: Pingqing Fu
Photochemical oxidation (including photolysis and OH-initiated reactions) of aromatic hydrocarbon produces car-
bonyls, which are involved in the formation of secondary organic aerosols (SOA). However, themechanism of this pro-
cess remains incompletely understood. Herein, the monocarbonyl-dicarbonyl interconversion and its role in SOA
productionwere investigated via a series of photochemical oxidation experiments form-xylene and representative car-
bonyls. The results showed that SOA mass concentration peaked at 113.5 ± 3.5 μg m−3 after m-xylene oxidation for
60 min and then decreased. Change in the main oxidation products from dicarbonyl (e.g., glyoxal, methylglyoxal) to
monocarbonyl (e.g., formaldehyde) was responsible for this decrease. The photolysis of methylglyoxal or glyoxal pro-
duced formaldehyde, favoring SOA formation, while photopolymerization of formaldehyde to glyoxal decreased SOA
production. The presence of ·OH altered the balance of photolysis interconversion, resulting in greater production of
formaldehyde and SOA from glyoxal than methylglyoxal. Both photolysis and OH-initiated transformations of glyoxal
to formaldehyde were suppressed bymethylglyoxal, while glyoxal accelerated the reaction of ·OH with methylglyoxal
to generate products which reversibly converted to glyoxal and methylglyoxal. These interconversion reactions re-
duced SOA production. The present study provides a new research perspective for the contribution mechanism of car-
bonyls in SOA formation and the findings are also helpful to efficiently evaluate the atmospheric fate of aromatic
hydrocarbons.
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1. Introduction

Aromatic hydrocarbons (AHs) constitute 20%–30% of atmospheric vol-
atile organic compounds and their photochemical oxidation results in the
formation of secondary organic aerosols (SOA) (Hallquist et al., 2009;
Herckes et al., 2013; Li et al., 2020; Chen et al., 2020). It has been con-
firmed that AHs (e.g., toluene, xylenes) contribute significantly more to
SOA formation than other hydrocarbons (e.g., isoprene, monoterpenes)
by a recent field observation from urban cities of Pearl River Delta, China
(Wang et al., 2013). Till today, researchers have also attempted to elucidate
themechanisms and implications in the formation of SOA fromphotochem-
ical oxidation of AHs with the help of theoretical models, on-site monitor-
ing as well as experimental studies (Arey et al., 2009; Huang et al., 2013;
Paulot et al., 2009; Teng et al., 2017; Luo et al., 2021). All available data re-
veal that intermediates from photochemical oxidation of AHs play an im-
portant role in the formation of SOA, and even influence its yield and
composition (Henze et al., 2008; Riva et al., 2015; Song et al., 2019; Ji
et al., 2020). Thus, comprehensive understanding of the evolution of inter-
mediates during photochemical oxidation of AHs is helpful for revealing
the formation mechanism of SOA in real atmosphere environment.

Researchers have identified the presence of aldehyde group of carbonyl
compounds in SOA collected from real atmospheric environment (Duarte
et al., 2005; Santos and Duarte, 1998). According to the number of alde-
hyde groups, these carbonyl compounds are divided into monocarbonyl
and dicarbonyl, respectively (Li et al., 2019). Recent experimental studies
report significant contribution to SOA formation from dicarbonyl (Li
et al., 2016; Birdsall and Elrod, 2011), due to its high yield (31.9% to
60.2%) from photochemical oxidation of AHs (Volkamer et al., 2001;
Tuazon et al., 1986). Atmospheric observation further confirms that high
concentration of dicarbonyl, such as glyoxal and methylglyoxal, leads to
high production of SOA (Ying et al., 2015). However, a recent work high-
lights the indispensable role of monocarbonyl (e.g., formaldehyde) in
SOA formation (Rodriguez et al., 2017). The authors proposed that the
presence of formaldehyde increased the formation rates of imidazole prod-
uct in reactions with ammonium sulfate and amines, enhancing the produc-
tion of SOA to approximately 1.05 Tg of C/year. Although available studies
indicate the important contribution of monocarbonyl and dicarbonyl to
SOA formation, the mechanism involved during photochemical oxidation
of AHs is still unclear.

In addition, some studies observed the photochemical conversion be-
tween dicarbonyl and monocarbonyl. For example, Tadic et al. (2006)
and Chen and Zhu (2003) successively reported photodissociation of
glyoxal to formaldehyde, while Clifford et al. proposed transformation of
o-methylbenzaldehyde to o-phthalaldehyde under light irradiation
(Clifford et al., 2011). Furthermore, OH-initiated reaction of glyoxal
(Feierabend et al., 2008) or 2-pentanone (Atkinson et al., 2000) to produce
formaldehyde was also confirmed. Earlier studies have also suggested that
the reactions of methylglyoxal with acetaldehyde and formaldehyde to
form acetal (Li et al., 2011) or imidazole products (Kua et al., 2011;
Sedehi et al., 2013), likely contribute to aqueous formation of SOA. These
complex transformation reactions often result in more complicated roles
of dicarbonyl and monocarbonyl in SOA formation, leading to misunder-
standing of the corresponding contribution mechanism. Therefore, com-
plete revelation of the conversion process between dicarbonyl and
monocarbonyl is necessary to clarify the accurate contribution mechanism
of carbonyl products in SOA formation during photochemical oxidation of
AHs.

This study attempted to gain a deeper understanding of monocarbonyl-
dicarbonyl interconversion and its role in SOA formation during photo-
chemical oxidation of a typical AH, m-xylene. First, the monocarbonyl
and dicarbonyl products were sampled, identified and quantified based
on a combined method of derivatization, solid-phase microextraction
(SPME) and gas chromatography–mass spectrometry (GC–MS). Then,
their contributions to SOA formation were preliminarily investigated ac-
cording to experiments with or without addition of representative
monocarbonyl and dicarbonyl into original reaction. Furthermore,
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variations of carbonyl products as well as SOA formation under photolysis
and photochemical oxidation of typical dicarbonyl were explored to estab-
lish the relationship between interconversion of carbonyl and SOA produc-
tion. Finally, the experimental data of SOA yield were also compared with
the data from classical theoretical model to further highlight the underap-
preciated role of mutual transformation between monocarbonyl and
dicarbonyl in SOA formation.

2. Experimental

2.1. Photochemical oxidation experiments

All experiments were conducted in a custom-made steel reactor. The in-
side of the reactor was fixedwith a 10 L pillow-shaped Teflon bag and eight
black lamps (5 W, 365 nm). The bag was thoroughly flushed with high-
purity nitrogen before and after each experiment to ensure negligible back-
ground value of carbonyls and SOA (Fig. S1a and S1b). In a typical experi-
ment, 3 μL H2O2 (30%, Aladdin) and 0.1 μL m-xylene (99%, Aladdin) were
successively injected into the bag. After mixing for 1 min, lamps were
turned on to trigger the photochemical oxidation reaction. At given inter-
vals, the gaseous sample was taken out for analysis. Similarly, experiments
for photochemical oxidation of m-xylene with formaldehyde or glyoxal as
well as photolysis and photochemical oxidation of glyoxal, methylglyoxal
and their mixture were also conducted. The temperature and relative hu-
midity (RH) in the Teflon bag were monitored and showed small fluctua-
tion during reaction period (Fig. S1c and S1d). All experiments were
repeated at least twice.

2.2. Analysis of m-xylene and its carbonyl products

Both m-xylene and its carbonyl products were analyzed by GC–MS
(Agilent 7890B5977B) with the help of SPME (65 μm PDMS/DVB,
Supelco). The residual m-xylene was directly sampled via SPME fiber and
injected into GC–MS for concentration analysis. For carbonyl intermedi-
ates, O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine hydrochloride
(PFBHA, CNW) was used as the derivatization reagent (Yu et al., 1995;
Koziel et al., 2001; Pang et al., 2014). Typically, 1 mL PFBHA solution
(0.4 mg mL−1) was added into a headspace bottle and SPME fiber was
then inserted to adsorb PFBHA vapor for 1 min. The PFBHA adsorbed
fiber was subsequently placed into the Teflon bag at designed reaction in-
tervals. Finally, the sampled fiber was taken out and quickly inserted into
the injection port of GC. The temperature program of GC with an SH-Rxi-
5Sil capillary column (30 m × 0.25 mm × 0.25 μm) was operated under
the following conditions: initially 60 °C for 1 min, and elevated to 280 °C
at a rate of 7 °C min−1 and held for 1 min. The MS full scan mode was car-
ried out with m/z of 30–500, and the temperature of transfer line and ion-
izing energy were set to be 280 °C and 70 eV, respectively. The carrier gas
was ultra-high purity helium with flow rate of 1.2 mL min−1.

Qualitative and quantitative analysis of carbonyl products were accom-
plished with the help of the National Institute of Standards and Technology
(NIST) database and commercial standard samples. In brief, specific
amounts of commercial compounds were dissolved in methanol, injected
into the Teflon bag for evaporation, sampled with derivatized SPME fiber
and analyzed by GC–MS. Detailed concentrations of commercial carbonyls
are given in Supporting Information.

2.3. Secondary organic aerosol measurement

The measurement of SOA was conducted by a scanning mobility parti-
cle sizer spectrometer (SMPS, 3938NL76, TSI), including aerosol size distri-
bution, number and mass concentration, which was obtained from aerosol
volume concentration by assuming a density of 1.4 g cm−3 for the con-
densed organic matter according to the reported references (Ng et al.,
2007; Sato et al., 2010). Shell velocity and aerosol flow rate of SMPS
were set as 3 and 0.3 L min−1, and particle size ranged from 13.8 to
723.4 nm.
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3. Results and discussion

3.1. SOA formation from photochemical oxidation of m-xylene

Photochemical oxidation of m-xylene for 45 min decreased its concen-
tration from 2000 to 1679 ppb, consuming about 16.1% (Fig. S2a). At
this moment, 2.74 ± 0.15 × 104 particles cm−3 of SOA was produced
(Fig. 1a). At 60 and 120 min, 24.1% and 40.3% of m-xylene were oxidized,
and the SOA number concentration increased to 3.51 ± 0.02 × 104 and
7.00 ± 0.27 × 104 particles cm−3, respectively. Continuous consumption
of m-xylene promoted the production of SOA. However, SOAmass concen-
tration first increased from 25.7 ± 2.2 μg m−3 at 45 min to 113.5 ±
3.5 μg m−3 at 60 min and then decreased to 86.0 ± 1.3 μg m−3 at
120 min. Continuous increase in SOA mass concentration along with reac-
tion time is typically observed during photochemical oxidation of volatile
organics (Zhang et al., 2011; Zhang et al., 2019a). However, Song et al. re-
cently observed that SOA mass concentration increased to peak value
(50.0 μgm−3) at 60min and then rapidly decreased to zero at 240min dur-
ing oxidation of isoprene (Song et al., 2019). This trend was similar to the
present work. The authors claimed that the decrease in SOA mass concen-
tration was mainly ascribed to wall loss rather than shrinking of aerosol
size distribution, since isoprene was almost completely consumed at
60 min. Conversely, Kroll et al. stated that the decrease in SOA mass con-
centration after its peak value was mainly due to the shrinking effect
(Kroll et al., 2006).

In order to verify whether the shrinking effect was responsible for the
decreased SOA mass concentration in this study, the percentage of SOA
number at different size ranges was compared. As shown in Fig. S2b, the
size of SOA displayed a wide range from 14.1 to 151.2 nm, which was ac-
cordingly divided into three segments (14.1–30.0, 31.1–63.8 and
66.1–151.2 nm) (Fig. S2c). At 45 min, the percentages of SOA number in
the above three segments were 82.1%, 17.3% and 0.6%, suggesting that
SOA with the smallest size was dominant. These percentages changed to
69.5%, 22.4% and 8.1% at 60 min. The enhanced percentage of SOA
with larger size range revealed agglomeration of smaller particles, which
was responsible for higher SOA mass concentration. However, about
93.8% of smallest sized SOA was obtained at 120 min, far higher than
that in the other two size segments (5.1% and 1.1%), leading to much
lower SOA mass concentration at this time. Clearly, shrinking of SOA size
distribution contributed to the decrease in SOA mass concentration during
photochemical oxidation of m-xylene.

Furthermore, different from the results from Song et al., about 76% and
60% of residual m-xylene were observed at 60 and 120 min in this work.
Oxidation of m-xylene during this interval still produced intermediates,
which were then converted to new SOA with small size. Hence, the syner-
getic effect of new small-sized SOA formation, aerosol size distribution
shrinking as well as wall loss led to the decrease in SOAmass concentration
in this study. Notably, some researchers indicated more significant correla-
tion between change in mass concentration of SOA and variation of prod-
ucts (Perri et al., 2009). For instance, isoprene epoxydiols (IEPOX) are the
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oxidation products of isoprene, which were found to be positively corre-
lated with average IEPOX-SOA (Hu et al., 2015). Compared with aerosol
size distribution shrinking andwall loss, the contributionmechanism of ox-
idation product to SOA production is still unclear. Therefore, further analy-
sis of the distribution of products is needed to obtain deeper knowledge
regarding the decreased formation of SOA from photochemical oxidation
of m-xylene.

3.2. Carbonyl products from photochemical oxidation of m-xylene

Carbonyls are recognized as the main contributors for SOA formation
during photochemical oxidation of AHs. Here, carbonyl products were ac-
cordingly sampled by PFBHA-adsorbed SPME fiber at 5, 20, 45, 60 and
120 min, and detected by GC–MS (Figs. S3-S10). All mass spectra showed
characteristic fragment ion at m/z = 181, which represented oxime prod-
uct from reaction of carbonylwith PFBHA. This ion is typically used to iden-
tify carbonyls (Koziel et al., 2001; Pang et al., 2014). Standard compounds
were also applied to identify and quantify carbonyl products (Figs. S4, S6,
S8 and S10-S14).

As shown in Figs. 1b and S15, only formaldehyde, acetaldehyde and
methylglyoxal were produced at 5 min, with concentrations of 9.5 ± 1.3,
3.3 ± 3.1 and 38.9 ± 0.4 ppb. Methylglyoxal accounted for 75.2% of
total products, indicating its dominant formation from m-xylene at initial
stage of reaction. However, the percentage of methylglyoxal sharply de-
creased to 15.1% at 45 min, although its concentration more than doubled
(84.2± 6.9 ppb). This was due to significant formation of other carbonyls,
including glyoxal (259.2 ± 18.0 ppb), methylcyclopentanone (29.5 ±
8.3 ppb), butyraldehyde (8.1 ± 1.1 ppb), m-tolualdehyde (7.4 ±
6.1 ppb), heptanal (3.9 ± 1.1 ppb), and pentanal (2.2 ± 0.6 ppb). At this
moment, both concentration and percentage (46.6%) of glyoxal greatly
exceeded those of methylglyoxal and other products such as formaldehyde
(129.8± 16.1 ppb and 23.3%), suggesting that glyoxal was the main inter-
mediate at 45 min. After reaction for another 15 min, the concentrations
and percentages of glyoxal and methylglyoxal decreased to 153.4 ±
18.7 ppb and 33.2%, and 53.2 ± 15.9 ppb and 11.5%, while that of form-
aldehyde increased to 134.7 ± 12.6 ppb and 29.2%. Clearly, both concen-
tration and percentage of glyoxal were still the most dominant among all
products. However, at 120 min, no glyoxal was detected, while the concen-
tration and percentage of methylglyoxal increased to 69.2 ± 19.1 ppb and
29.9%. Although its concentration decreased by 42.9 ppb, the percentage
of formaldehyde was 1.4 times of that at 60 min.

Methylglyoxal, glyoxal and formaldehyde were the three main prod-
ucts formed during photochemical oxidation of m-xylene. Among them,
the production of methylglyoxal was predominant at 5 min, and
followed by formaldehyde. At 45 and 60 min, there was much higher
production of glyoxal than formaldehyde and methylglyoxal. However,
the production of formaldehyde became the highest at 120 min, and
followed by methylglyoxal. The concentrations of these three main
products changed significantly along with reaction time, due to their
different formation pathways.
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OH-initiated reaction of m-xylene consists of two pathways, H-
abstraction from methyl group (about 4%) and OH-addition to aromatic
ring (about 96%). The latter typically includes four pathways to produce
ipso (MI), meta (MM) and two ortho (MOA and MOB) isomers, with
branching ratios of 0.01, 0.02, 0.60 and 0.37, respectively (Fan and
Zhang, 2008). Methylglyoxal is mostly generated from MOA pathway,
while MOB pathway mainly produces glyoxal with methylglyoxal as
minor product (Pan and Wang, 2014). Since MOA pathway accounts for a
larger proportion of OH-addition reaction, the production of methylglyoxal
is theoretically higher than that of glyoxal. Experimental results have also
supported this conclusion (Arey et al., 2009; Gomez Alvarez et al., 2007;
Nishino et al., 2010; Smith et al., 1999). In comparison with dicarbonyl,
there are fewer studies focusing on the formation of monocarbonyl. More-
over, the pathway and ratio for generation of formaldehyde during OH-
initiated reaction with AHs are still unclear. Recently, Li et al. reported
that 42.3% of formaldehyde originated from methyl carbon of m-xylene
(Li et al., 2017). This result indicated that the generation of formaldehyde
is related to breakage of methyl group of m-xylene, and this pathway is to-
tally different from that involved in the formation of glyoxal and
methylglyoxal. Further investigations are necessary to better reveal the for-
mation pathways of monocarbonyl and the potential relationship with
dicarbonyl.

3.3. Contribution of monocarbonyl and dicarbonyl to SOA formation

According to the number of aldehyde groups, the ten carbonyl products
were divided into two groups, monocarbonyl (e.g., formaldehyde, acetalde-
hyde, butyraldehyde, pentanal, hexanal, heptanal, 3-methylcyclopentanone
and m-tolualdehyde) and dicarbonyl (e.g., glyoxal and methylglyoxal), to
compare their contributions to SOA formation. Recently, Zhang et al. pro-
posed an equation to evaluate the relative contribution (RC) of organics to
SOA formation (Zhang et al., 2019b).

RC ¼ ΔM0

ΔHC
� Ii
∑Ii

(1)

where△M0 and△HC are SOA mass concentration and mass of reacted m-
xylene. Ii and ∑Ii are peak intensity of i-th SOA component and sum of the
peak intensities. As shown in Fig. 1c, the RC values of monocarbonyl and
dicarbonyl were 0.007±0.001 and 0.011±0.001 at 45min. Higher contri-
bution of dicarbonyl to SOA generation was observed at this time. However,
the RC of dicarbonyl (0.030± 0.005) was lower than that of monocarbonyl
(0.025 ± 0.004) at 60 min, suggesting that the latter started contributing
more to SOA formation. At 120 min, the RC of monocarbonyl (0.017 ±
0.007) was 2.4 times that of dicarbonyl (0.007 ± 0.002).

The change in main oxidation product from dicarbonyl to
monocarbonyl contributed to the decreased SOA mass concentration. Ele-
vated concentration of dicarbonyl and its RC for SOAwere obtained before
60 min. Previous works also confirmed higher SOA yield from higher con-
centration of dicarbonyl (Arey et al., 2009; Yu et al., 1995; Fu et al., 2008; Ji
et al., 2017), agreeing with the present result. After 60 min, although the
concentration of monocarbonyl decreased, it became the dominant contrib-
utor in SOA formation (Fig. S16). In comparison with dicarbonyl, the con-
tribution of monocarbonyl has been generally ignored in SOA production
(Li et al., 2017; Edney et al., 2005; Marais et al., 2016), although a recent
research reported that monocarbonyl accelerated the aqueous-phase gener-
ation of imidazoles and thus was involved in SOA formation (Rodriguez
et al., 2017). The current results indicated that there existed an intrinsic re-
lationship between monocarbonyl and dicarbonyl during photochemical
oxidation of m-xylene, switching their contribution to SOA formation.

To verify the above deduction, 140 ppb glyoxal was added into the pho-
tochemical oxidation reaction of m-xylene at 45 min. The concentration of
glyoxal quickly increased to 341.8±23.1 ppb (Fig. 2a), while that of form-
aldehyde showed slight fluctuation (130.1 ± 14.5 ppb). After reaction for
15 min, the residual concentration of glyoxal was 200.1 ± 14.2 ppb,
about 1.3 times of that in the original reaction (Fig. 2b). Higher
4

consumption of glyoxal (35.9 ppb) was observed in this reaction, suggest-
ing favorable oxidation of glyoxal with higher initial concentration. During
this period, the concentration of formaldehyde decreased to 125.3 ±
7.8 ppb, while that in the original reaction increased to 134.7 ±
12.6 ppb. Addition of glyoxal into the photochemical oxidation of m-
xylene was not conducive to formaldehyde production. Hence, the extra
consumption of glyoxal was directed to SOA formation, since the SOA
mass concentration was increased to 4.7 μg m−3 after glyoxal addition
(Fig. 2e).

After adding 140 ppb formaldehyde instead of glyoxal into the original
reaction, the instantaneous concentrations of formaldehyde and glyoxal in
the system were 270.4 ± 4.9 and 455.7 ± 36.0 ppb (Fig. 2c). The concen-
tration of glyoxal was increased to 75.8%, indicating significantly acceler-
ated accumulation of glyoxal after formaldehyde injection. It is known
that ·OH preferentially reacts with m-xylene instead of glyoxal to generate
formaldehyde, due to the higher rate constant (2.36 × 10−11 cm3

molecule−1 s−1 for m-xylene and 1.14 × 10−11 cm3 molecule−1 s−1 for
glyoxal) (Atkinson, 1986). Enhanced concentration of formaldehyde
slowed the reaction between glyoxal and ·OH, leading to accumulation of
glyoxal. Prolonging the reaction time to 60 min decreased the concentra-
tion of glyoxal to 341.4 ± 58.8 ppb (Fig. 2d), which was 120% higher
than that in the original reaction. At this time, the SOAmass concentration
was 23.8±15.5 μgm−3 (Fig. 2e), only onefifth of that in original reaction,
revealing remarkably suppressed SOA formation. This was due to reduced
consumption of glyoxal after formaldehyde injection.

More experiments were performed to better understand the contribu-
tions of glyoxal and formaldehyde to SOA formation. Photochemical oxida-
tion of 70, 140, 210 or 288 ppb glyoxal with 0.1 μL H2O2 for 20 min
produced 5.2 ± 5.0, 5.5 ± 2.5, 9.5 ± 5.0 or 12.3 ± 6.7 μg m−3 of SOA
(Fig. 3a). SOA mass concentration was positively correlated with initial
concentration of glyoxal. Similar phenomenon was also observed for form-
aldehyde. About 2.2 ± 0.4 and 5.0 ± 0.3 μg m−3 of SOA were obtained
from oxidation of 140 and 210 ppb formaldehyde, respectively. Under
the same initial concentration, the SOA production from glyoxal was
more than 1.9 times of that from formaldehyde, verifying the higher
contribution of the former to SOA formation than the latter. In addition,
photochemical oxidation of a mixture of glyoxal (288 ppb) and formal-
dehyde (140 ppb) produced 7.3 ± 1.2 μg m−3 of SOA, only 59.3% of
that from neat glyoxal (288 ppb). The photochemical oxidation of
glyoxal to form SOA was obviously inhibited in the presence of formal-
dehyde.

The concentration variation of formaldehyde and glyoxal during the
above reactions was also monitored based on analysis of GC–MS informa-
tion (Figs. S17-S19). Photochemical oxidation of 70 to 288 ppb glyoxal
for 20 min consumed 31.4 ± 8.3 to 70.1 ± 15.8 ppb, accompanied by
the formation of 17.6 ± 8.3 to 46.7 ± 18.5 ppb formaldehyde (Fig. 3b
and c). Increasing the initial concentration of glyoxal favored its conversion
to formaldehyde. Previous study claimed that formation of formaldehyde
was one of the most important OH-initiated reactions for glyoxal
(Feierabend et al., 2008), supporting the present conclusion. Together
with SOA results, it was concluded that the transformation of glyoxal to
formaldehyde promoted SOA production. In addition, 38.2 ± 16.2 ppb of
glyoxal was consumed to produce 24.5 ± 9.4 ppb of formaldehyde after
photochemical oxidation of their mixture for 20 min. The above altered
concentrations were approximately half of that from photochemical oxida-
tion of single glyoxal (288 ppb). Thus, the presence of formaldehyde
inhibited the photochemical oxidation of glyoxal, decreasing the formation
of SOA.

To sumup, during photochemical oxidation ofm-xylene, the conversion
of glyoxal to formaldehyde occurred, which was responsible for the transi-
tion of the dominant products from dicarbonyl tomonocarbonyl. This tran-
sition further led to decline in SOA formation. Significantly, the increased
concentration of glyoxal after formaldehyde addition was due to other for-
mation mechanisms rather than extra production from oxidation of m-
xylene, suggesting the existence of a reversible transformation between
these two carbonyls.
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3.4. Role of monocarbonyl-dicarbonyl interconversion in SOA formation

In general, photochemical oxidation includes direct photolysis and OH-
initiated reactions, each of which might show different effects on the con-
version between dicarbonyl and monocarbonyl. Here, by adding 0.1 μL
H2O2, the photolysis and photochemical oxidation of single or mixed
dicarbonyl (e.g., glyoxal, methylglyoxal with initial concentration of
2000 ppb) to monocarbonyl (e.g., formaldehyde) as well as their potential
reversible transformation were investigated. Figs. S20-S25 display the cor-
responding total ion chromatograms and standard curves.

About 1710.8 ± 51.1 ppb glyoxal remained after its photolysis for
10 min, producing 201.2 ± 13.6 ppb formaldehyde (Fig. 4a and b). By ex-
tending the reaction time to 20 and 30min, the concentration of glyoxal in-
creased to 1725.6 ± 63.9 and 1848.7 ± 12.0 ppb, while that of
formaldehyde decreased to 193.8 ± 14.4 and 105.2 ± 8.7 ppb. The con-
centrations of glyoxal and formaldehyde were 1837.9 ± 26.2 and
116.7 ± 11.3 ppb at 60 min. At the beginning of photolysis reaction,
rapid decomposition of glyoxal to formaldehyde occurred. Then, formalde-
hyde conversely polymerized to glyoxal. Finally, the processes of decompo-
sition and polymerization reached equilibrium. Evidently, there was
interconversion between glyoxal and formaldehyde under light irradiation.
Hepburn et al. reported that the major photolysis dissociation product of
glyoxal was formaldehyde (Hepburn et al., 1983) while Clifford et al. ob-
served that the main product during photolysis of o-methylbenzaldehyde
was o-phthalaldehyde (Clifford et al., 2011), partially supporting the pres-
ent results.
5

Photochemical oxidation of glyoxal for 10 min resulted in its decreased
concentration (1667.2 ± 286.9 ppb), producing 232.2 ± 9.1 ppb formal-
dehyde. The consumption of glyoxal and production of formaldehyde in
the photochemical oxidation system were 20% higher than that in the pho-
tolysis system, confirming the enhanced conversion of glyoxal to formalde-
hyde by ·OH. When the reaction time was prolonged to 60 min, the
concentration of glyoxal continuously decreased to 1132.3 ± 88.7 ppb
and the concentration of formaldehyde increased to 371.3 ± 8.6 ppb. In
photochemical oxidation system, the balance of photolysis decomposition
and polymerization between glyoxal and formaldehyde was broken by
·OH, accelerating the transformation of glyoxal to formaldehyde.

Different conversionmechanisms between dicarbonyl andmonocarbonyl
under light irradiation and ·OHattackwere responsible for their different evo-
lution pathways in the two systems. Chen et al. reported that the photolysis of
glyoxal involved the initial formation of HCO radical and then formaldehyde
(Chen and Zhu, 2003). Clifford et al. proposed that the photolysis transforma-
tion of o-methylbenzaldehyde to o-phthalaldehyde underwent an initial
n→ π* electron conversion via photoexcitation of CO group, followed by H
atom extraction from OH group and finally O2 addition on methyl group of
side chain (Clifford et al., 2011). Atkinson et al. found that the reaction path-
ways of ·OHwith two carbonyls, 2-pentanone and 2-heptanone, both first in-
volvedH atom extraction frommethyl group and then reactionswith oxygen,
isomerization and decomposition to preferentially generate formaldehyde
(Atkinson et al., 2000). Further hydrogen abstraction reaction of formalde-
hyde by ·OH to form H2O was theoretically and experimentally confirmed
(Alvarez-Idaboy et al., 2001; Butkovskaya and Setser, 1998). Moreover, the
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lifetime of glyoxal photodissociation was appreciably shorter than that of its
reaction with ·OH, while glyoxal (1.14 × 10−11 cm3 molecule−1 s−1) and
formaldehyde (1.05× 10−11 cm3 molecule−1 s−1) showed similar reaction
rate constants with ·OH (Plum et al., 1983; Stief et al., 1980).

Therefore, in the initial stage of photolysis reaction, glyoxal quickly dis-
sociated to HCO radical, which was then converted to formaldehyde. Then,
the photon attacked CO group of formaldehyde to trigger polymerization
reaction and generate glyoxal. The above interconversion reactions led to
opposite variation trend of concentration for glyoxal and formaldehyde in
photolysis system. However, the reversible reactions of photodissociation
and photopolymerization were affected in photochemical oxidation sys-
tem, where ·OH simultaneously extracted H atom from CH group of glyoxal
and formaldehyde to separately produce formaldehyde and H2O, promot-
ing the conversion of glyoxal to formaldehyde. The promoted transforma-
tion of glyoxal to formaldehyde also led to enhanced production of SOA.
Within 60 min, the SOA mass concentrations from photolysis and photo-
chemical oxidation of glyoxal were in the ranges of 0.8 ± 0.1 to 11.5 ±
4.7 μg m−3 and 1.5 ± 0.6 to 84.0 ± 21.9 μg m−3, respectively (Fig. 4d).
In the presence of ·OH, the SOAproduction nearly doubled at the beginning
of the reaction and increased by a factor of seven at the end of the reaction.
Hence, the promoted conversion of glyoxal to formaldehyde by ·OH suit-
ably explains the observation of low SOA production under high formalde-
hyde concentration in Section 3.3.

Photolysis and photochemical oxidation of methylglyoxal were also
conducted. About 1767.4 ± 116.3 ppb methylglyoxal remained after pho-
tolysis for 10 min (Fig. 4c), accompanied by the production of 55.8 ±
13.1 ppb formaldehyde (Fig. 4b). At 20min, the concentration of formalde-
hyde was unchanged (55.7± 8.8 ppb), while that of methylglyoxal further
decreased to 1495.7 ± 406.8 ppb, suggesting photolysis of methylglyoxal
into other products than formaldehyde. After reaction for another 10 min,
about 10.6 ± 9.0 ppb glyoxal was newly generated (Fig. 4a), while the
6

concentration of methylglyoxal increased to 1524.4 ± 219.5 ppb and the
concentration of formaldehyde decreased to 39.4 ± 4.7 ppb. When the re-
action lasted for 60 min, the concentrations of methylglyoxal and glyoxal
significantly increased to 1863.2 ± 154.0 and 199.3 ± 21.5 ppb, while
that of formaldehyde showed little fluctuation (41.2±4.9 ppb). Formalde-
hyde was a direct photolysis product of methylglyoxal, while glyoxal was
converted from formaldehyde and other photolysis products of
methylglyoxal. Regardless, both formaldehyde and glyoxal were formed
as products during photolysis of methylglyoxal. Chen et al. reported the ini-
tial photolysis of methylglyoxal to HCO and COCHO radicals, which were
then converted to formaldehyde and glyoxal (Chen et al., 2000), supporting
the present results. Notably, the obviously increased concentrations of
methylglyoxal and glyoxal from 30 to 60 min were mainly due to transfor-
mations from other photolysis products of methylglyoxal in addition to
formaldehyde.

In photochemical oxidation system, 471.4 ppb of methylglyoxal was
consumedwithin 10min, twice of that from photolysis reaction. At thismo-
ment, both 139.6 ± 95.5 ppb glyoxal and 65.5 ± 0.9 ppb formaldehyde
were detected. Oxidation of methylglyoxal by ·OH preferentially pro-
duced glyoxal. As the reaction time was prolonged, the concentration
of methylglyoxal first decreased to 1265.7 ± 238.6 ppb at 20 min and
then increased to 1473.5 ± 80.4 at 60 min. Methylglyoxal concentra-
tion showed the identical trend of initial decrease and then increase in
both photolysis and photochemical oxidation systems, again indicating
the occurrence of interconversion between methylglyoxal and its prod-
ucts. Moreover, inverted V-shaped and V-shaped concentration varia-
tions were observed for glyoxal and formaldehyde, respectively.
Together with photolysis results, it was confirmed that mutual transfor-
mations occurred among methylglyoxal, glyoxal, formaldehyde and un-
detected products of methylglyoxal during photochemical oxidation of
methylglyoxal.
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The mass concentration of SOA gradually increased from 1.3 ±
0.7 μg m−3 at 10 min to 16.0 ± 0.7 μg m−3 at 60 min during photolysis
of methylglyoxal (Fig. 4e). These values were comparable to those from
glyoxal photolysis, indicating identical contributions of these two
dicarbonyl compounds to SOA formation under light irradiation. Photo-
chemical oxidation of methylglyoxal doubled the SOA mass concentration
to 33.2 ± 2.2 μg m−3 at 60 min compared to photolysis reaction. Similar
to glyoxal, reaction of methylglyoxal with ·OH obviously increased the
SOA production. However, a greater increase was obtained from glyoxal
than methylglyoxal, due to more complex interconversion between the lat-
ter and its products.

To verify the above hypothesis, the photolysis and photochemical oxi-
dation of a mixture of glyoxal and methylglyoxal were further compared.
At 10 min, the residual concentrations of glyoxal and methylglyoxal were
1885.4 ± 202.4 and 1108.3 ± 136.7 ppb in the photolysis system, and
1870.1 ± 181.8 and 1005.2 ± 73.1 ppb in the photochemical oxidation
system. The higher consumption of methylglyoxal in both systems was
due to its higher photolysis rate and ·OH reaction rate constant (Plum
et al., 1983), and also because glyoxal was its product. When the reaction
time was prolonged to 60 min, the concentration of methylglyoxal was vir-
tually unchanged in the photolysis system (1102.6 ± 18.2 ppb), while it
gradually decreased to 887.2 ± 77.0 ppb in the photochemical oxidation
7

system. Glyoxal concentration showed identical variation trend of first
decrease and then increase in both systems within 60 min, although
higher consumption of glyoxal was observed in photochemical oxida-
tion. Conversely, the concentration of formaldehyde increased from
102.5 ± 18.2 to 108.6 ± 10.4 ppb in the photochemical oxidation sys-
tem, while decreased from 75.1 ± 2.1 to 55.8 ± 5.7 ppb in the photol-
ysis system.

It was found that formaldehyde production was separately related to
glyoxal photolysis and to photochemical oxidation of methylglyoxal
(Fig. S26). In identical reaction systems, the concentration of formaldehyde
from mixed glyoxal and methylglyoxal was higher than that from single
methylglyoxal, but lower than that from single glyoxal, suggesting that
methylglyoxal suppressed the transformation of glyoxal to formaldehyde.
The enhanced consumption of methylglyoxal when mixed with glyoxal
did not lead to remarkable production of either glyoxal or formaldehyde.
However, the presence of glyoxal resulted in preferential conversion of
methylglyoxal to other products such as hydrate. Theoretical and experi-
mental studies have shown that liquid-phase methylglyoxal is hydrated to
form methylglyoxal glycol (Krizner et al., 2009; Loeffler et al., 2006),
while Jessica et al. also confirmed the formation of methylglyoxal glycol
from methylglyoxal in gaseous phase (Axson et al., 2010), supporting the
proposed hypothesis.



J. Chen et al. Science of the Total Environment 814 (2022) 152575
Photolysis of glyoxal and methylglyoxal mixture produced 5.4 ± 2.1 to
44.5±3.7 μgm−3 of SOA (Fig. 4f), whichwas higher than that from photol-
ysis of single glyoxal or methylglyoxal. Reaction of mixed dicarbonyl under
light irradiation was conducive to the formation of SOA. Moreover, the pro-
duced SOA (10.6 ± 1.1 μg m−3) from photochemical oxidation of mixed
glyoxal and methylglyoxal for 10 min was about 21.2 or 8.2 times of that
of single glyoxal or methylglyoxal. The significant consumption of
methylglyoxal contributed to the enhanced formation of SOA. Although lon-
ger photochemical oxidation time led to higher SOA production (e.g., 27.7±
1.1 μg m−3 at 60 min), the current SOA mass concentration was still lower
than that produced from photolysis of mixed glyoxal and methylglyoxal as
well as from photochemical oxidation of single glyoxal or methylglyoxal.
The reaction of methylglyoxal with ·OH preferentially produced other inter-
mediates, which were reversibly converted to glyoxal and methylglyoxal, re-
sulting in their accumulation. Thus, it was unfavorable for SOA formation.

3.5. Environmental implications

By calculating the mass-based ratio of the formed SOA and the reacted
m-xylene at 120 min, SOA yield of 2.5% was obtained in this study.
Under the same mass concentration of SOA (86.0 μg m−3), about 14.3%
of SOA yield was also calculated by theoretical simulation based on two-
product semi-empirical model (Odum et al., 1996) and experimental fitting
parameters of m-xylene from previous work (Li et al., 2016). The result ob-
tained from theoretical predictionwas over 5.7 times greater than that from
experimental simulation, suggesting overestimation of theoretical model-
ing. Laboratory experiments and theoretical models have their own advan-
tages in SOA investigation and many researchers have tried to revise the
discrepancy between them (Ji et al., 2017; Vereecken and Francisco, 2012).
The classical two-product semi-empirical model is based on the hypothesis
that there are two kinds of semi-volatile products with low and high volatil-
ity. By comparison, monocarbonyl showed higher volatility than dicarbonyl
when the number of carbon atoms was the same. Unfortunately, available
works have focused on the importance of dicarbonyl in SOA formation, but
ignored the contribution ofmonocarbonyl. The present results of photochem-
ical oxidation of m-xylene confirmed that dicarbonyl was the dominant con-
tributor for SOA formation,whilemonocarbonyl showed greater influence on
the decreased SOA production. Therefore, during photochemical oxidation of
m-xylene, one reason for the overestimation of SOA yield from theoretical
calculation was ignoring the underappreciated role of monocarbonyl. The
mutual transformation between dicarbonyl and monocarbonyl was also not
taken into consideration. So far, only glyoxal, methylglyoxal and formalde-
hyde were chosen as representatives to reveal the role of their interconver-
sion in the formation of SOA. However, there are many other important
carbonyl-containing products, such as acetaldehyde, glycolaldehyde, pyruvic
acid, dihydroxyacetone, etc., that are involved in SOA formation from oxida-
tion of AHs (Shrivastava et al., 2017). More interconversions might happen
among them to influence the SOA production. Therefore, comprehensive in-
vestigations are necessary to ascertain not only the interconversion but also
the role of these active intermediates in SOA formation. Such data could effi-
ciently establish the formationmechanism of SOA and complete the database
of theoretical model tomore accurately predict the SOA yield fromAHoxida-
tion in atmospheric environment.
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