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Abstract. Atmospheric chromophoric organic matter (COM)
plays a fundamental role in photochemistry and aerosol ag-
ing. However, the effects of photodegradation on chemical
components and photochemical reactivity of COM remain
unresolved. Here, we report the potential effects of pho-
todegradation on carbon contents, optical properties, fluo-
rophore components and photochemical reactivity in aerosol.
After 7 d of photodegradation, fluorescent intensity and the
absorption coefficient of COM decrease by 71.4 % and
32.0 %, respectively. Photodegradation makes a difference to
the chemical component of chromophore and the degree of
aerosol aging. Low-oxidation humic-like substance (HULIS)
is converted into high-oxidation HULIS due to photooxida-
tion. Photodegradation also changes the photochemical re-
activity. The generation of triplet-state COM (3COM∗) de-
creases slightly in ambient particulate matter (ambient PM)
but increases in primary organic aerosol (POA) following
photodegradation. The results highlight that the opposite ef-
fect of photodegradation on photochemical reactivity in POA
and ambient PM. However, the generation of singlet-oxygen
(1O2) decreases obviously in POA and ambient PM, which
could be attributed to photodegradation of precursors of 1O2.
The combination of optical property, chemical component
and reactive oxygen species has an important impact on the
air quality. The new insights on COM photodegradation in
aerosol reinforce the importance of studying dissolved or-
ganic matter (DOM) related with the photochemistry and
aerosol aging.

1 Introduction

Atmospheric chromophoric organic matter (COM) is an im-
portant component of biomass combustion emissions and
secondary organic aerosol (SOA) (Andreae and Gelencser,
2006; Budisulistiorini et al., 2017; Graber and Rudich, 2006;
Zappoli et al., 1999). COM has a significant absorption in the
near-ultraviolet and visible region (Rosario-Ortiz and Canon-
ica, 2016; Cheng et al., 2016), and photochemistry of COM
has a significant impact on air quality (Zhao et al., 2013; Jo
et al., 2016). Therefore, simulation and evaluation of COM
photochemistry are both necessary for understanding aerosol
aging.

Photodegradation changes the optical properties of COM
(Atkinson et al., 2006; Carlton et al., 2007; Lee et al., 2013;
Murphy et al., 2013). Zhong and Jang (2014) reported that
mass absorption coefficients (MAC) of wood-burning or-
ganic matter (OM) decreased by 41 % on average. Con-
jugated aromatic rings, phenols and hydroxylated aromatic
phenols were the main components in wood-burning OM and
these components were photo-bleaching. Lee et al. (2014)
reported that the MAC of secondary organic aerosol (SOA)
continued to decrease in the UV-Vis spectral range. Pho-
todegradation has a significant effect on the chemical com-
ponents of COM. On the one hand, photodegradation could
cause decomposition of COM and the decomposed COM
is characterized by smaller molecule weight, lower volatil-
ity and higher oxidation degree (Grieshop et al., 2009). On
the other hand, COM could be generated through the pho-
tochemical reaction. For example, oligomeric COM gener-
ated by a mixture of anthracene and naphthalene suspensions
through self-oxidation under solar irradiation and photo-
oxidation of aromatic isoprene oxides were an important
source of high-molecular-weight COM (Altieri et al., 2006;
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Altieri et al., 2008; Haynes et al., 2019; Holmes and Petrucci,
2006; Perri et al., 2009). SOA may have a more signifi-
cant light absorption than primary organic aerosol (POA) in
the short-wavelength visible and near-UV range (Zhong and
Jang, 2014; Saleh et al., 2013; Harrison et al., 2020). Pho-
todegradation plays an important role in the components and
properties of COM and thereby changes photochemical ac-
tivity. There are limited studies that comprehensively explore
the characteristics of COM photodegradation in aerosol.

Photochemistry of COM largely determines the aerosol
aging (Mang et al., 2008). On the one hand, COM is a
photosensitive reactant in photochemical reaction in aerosol.
For example, COM could be oxidized by hydroxyl radicals
(·OH). Humic-like substance (HULIS) with complex func-
tional groups has significant contribution to photochemistry
(George et al., 2015; Nebbioso and Piccolo, 2013; Wenk
et al., 2013). The formation of polyols can be attributed to
photooxidation of isoprene, and the reaction was initiated by
·OH (Claeys et al., 2004; Zhao et al., 2015). On the other
hand, COM participates in photochemical reaction indirectly
through generating reactive intermediates, transferring en-
ergy and involving electrons. High-energy singlet-state COM
(1COM∗) is excited and deactivates rapidly through emitting
photon (fluorescence) and intersystem crossing (triplet-state
(3COM∗) generation). 3COM∗ can generate reactive oxy-
gen species (ROS), such as singlet oxygen (1O2), super ox-
ide (·O−2 ) and ·OH. Therefore, 3COM∗ plays a critical role
in ROS formation and pollutant attenuation (Paul Hansard
et al., 2010; Szymczak and Waite, 1988; Zhang et al., 2014;
Rosario-Ortiz and Canonica, 2016; Sharpless, 2012; Haag
and Gassman, 1984; Zhou et al., 2019). Aromatic ketones
(Canonica et al., 2006; Marciniak et al., 1993), benzophe-
none (Encinas et al., 1985) and phenanthrene (Wawzonek
and Laitinen, 1942) have been identified as the precursors
of 3COM∗. Chemical probes, such as 2,4,6-trimethylphenol
(TMP) and sorbic acid (SA), are applicable to evaluate the
yield of 3COM∗ (Zhou et al., 2019; Moor et al., 2019; Chen
et al., 2021). Compared with 1COM∗, the characteristics of
3COM∗ are a lower formation rate (15∼ 100 times slower
than 1COM∗), lower quenching rate (20 000 times lower than
1COM∗) and higher steady-state concentration (200∼ 1300
times higher than 1COM∗) (McNeill and Canonica, 2016).
Therefore, the formation rate constant of 3COM∗ is consid-
ered as the tracer for evaluating the photochemical reactivity.
Considering the potential effect of ROS on aerosol aging and
air quality, it is necessary to clarify the path and mechanism
of COM-generating ROS.

Photodegradation may dominate the chemical component
of COM and aerosol aging. In order to illustrate the charac-
teristic and mechanism of COM photodegradation and the ef-
fect of COM photodegradation on aerosol aging, we simulate
the process of COM photodegradation and COM-generating
ROS in the laboratory. The objectives of the study are (1)
to clarify the change of carbon content during the COM
photodegradation process, (2) to explore the effect of pho-

todegradation on fluorophores and optical properties, and (3)
to investigate the effect of COM photodegradation on photo-
chemical reactivity (photochemical reactivity is evaluated by
3COM∗ and 1O2).

2 Experimental section

2.1 Sample collection

A total of 16 samples were collected (Table S1 in the Supple-
ment). The ambient PM samples were collected in Shaanxi
University of Science and Technology, Xi’an, Shaanxi
Province (34◦22′35.07′′ N, 108◦58′34.58′′ E; the height of
the sampling site was about 30 m). The ambient PM samples
were collected on quartz fiber filter (Pall life sciences, Amer-
ica) by an intelligent large-flow sampler (Xintuo XT-1025,
China) with a sampling time of 23 h 30 min and a sampling
flow rate of 1000 Lmin−1. The ambient PM samples were
stored in the refrigerator at −20 ◦C prior to use.

The POA samples were collected by a combustion cham-
ber (Fig. S1 in the Supplement). The main ways of heat-
ing and cooking were straw and coal burning in rural China.
Therefore, wheat-straw-, corn-straw-, rice-straw- and wood-
burning samples were collected. The POA samples were
stored in the refrigerator at −20 ◦C prior to use.

2.2 Photodegradation experiment

A quartz reactor was designed for the photodegradation ex-
periment (schematic diagrams of the photochemical devices
were shown in Fig. S2; details of the reactor have been
described in previous study; Chen et al., 2021). The pho-
todegradation times were 0, 2, 6, 12, 24 h, 3 and 7 d, and a
series of the photodegraded samples were collected.

2.3 Carbon content measurement

Water-soluble organic matter (WSOM) was extracted from
the original and photodegraded samples by sonication in ul-
trapure water (> 18.2 M�cm, Hitech, China) and filtered
through a 0.45 µm filter (Jinteng, China). Then residual
organic matter was further extracted in methanol (HPLC
Grade, Fisher Chemical, America) and filtered through a
0.45 µm filter to obtain methanol-soluble organic matter
(MSOM). The background was obtained with the same
method.

The measurement method of carbon content has been de-
scribed previously (Mu et al., 2019). Briefly, 100 µL extract
was injected on the baked quartz filter. The wet filter was
dried out by a rotary evaporator. Then the dried filter was
analyzed by the organic carbon/element carbon (OC/EC) on-
line analyzer (Model 4, Sunset, America) with the approach
of NIOSH 870 protocol (Karanasiou et al., 2015). OC was
measured in the absence of oxygen. An oven in the instru-
ment was filled with helium. Temperature was risen and the
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different phases were at a selected temperature (OC1-310 ◦C,
OC2-472 ◦C, OC3-615 ◦C, OC4-850 ◦C). EC was measured
in the presence of oxygen. The oven in the instrument was
filled with a helium/oxygen gas mixture (He/O2 = 9/1 v/v).
The different phases were also at a selected temperature
(EC1-550 ◦C, EC2-625 ◦C, EC3-700 ◦C, EC4-775 ◦C, EC5-
850 ◦C, EC6-870 ◦C). The products in the heating process
were further oxidized to CO2. The carbon content was ob-
tained through the measurement of CO2. Six parallel sam-
ples were analyzed, and the uncertainty of the method was
< 3.7 % (1 standard deviation).

2.4 Optical analysis

The light absorption and Excitation Emission Matrix (EEM)
spectra of WSOM and MSOM were measured by an Aqualog
fluorescence spectrophotometer (Horiba Scientific, Amer-
ica). The range of excitation wavelength was 200–600 nm
with an interval of 5 nm. The range of emission wavelength
was 250–800 nm. The integration time was 0.5 s. The ab-
sorption was also recorded in the wavelength range of 200–
600 nm. The background of water and methanol were mea-
sured using the same method and the value of background
was subtracted. The extracts were diluted to reduce internal
filtration effect (the concentrations and dilution factors were
shown in Table S2).

The EEM data were analyzed by parallel factor analysis
model (PARAFAC). The model referred to the previous pa-
pers (Murphy et al., 2013; Chen et al., 2016a; Chen et al.,
2016b). WSOM and MSOM (111 samples) were combined
in the dataset to build the PARAFAC model. According to the
EEM characteristics and the residual error variation trend of
the two-component to seven-component PARAFAC models,
four components were selected (error analysis of the model
is shown in Fig. S4).

2.5 Triplet-state generation experiment

3COM∗ is a short-lived reactive intermediate and has an im-
portant impact on photochemical process in aerosol (Kaur
and Anastasio, 2018). Therefore, the difference in genera-
tion ability of 3COM∗ before and after photodegradation was
studied. Only WSOM was used in the triplet-state genera-
tion experiment. The samples with a photodegradation time
of 0 and 7 d were defined as the original and photolyzed sam-
ples, respectively. A capsule (Fig. S2c) was designed for the
triplet-state experiment. TMP was the capturing agent for
3COM∗. A total of 60 µL of WSOM extract (carbon content
in the triplet-state generation experiment was shown in Ta-
ble S3) and 60 µL of TMP solution (cTMP = 20 µM, Aladdin,
China) were mixed in the capsule. The capsule was placed in
the reactor (Fig. S2a). The times of optical excitation were 0,
5, 10, 15, 30, 45, 60 and 90 min. Then 90 µL of mixture was
taken out from the capsule at different time points. A total of
30 µL of phenol solution (cphenol = 50 µM, Aladdin, China)

was added into the mixture (phenol was the interior label for
TMP quantification).

TMP was measured by liquid chromatography (LC). The
method was as follows: a C18 column (Xuanmei, China)
was used in the experiment. The mobile phase was a mix-
ture of acetonitrile and water (acetonitrile/water= 1/1, v/v).
The flow rate was 1 mL min−1. The UV absorption spec-
tra was measured using a UV detector with the wave-
length of 210 nm. The retention time was 14.5 min. Previ-
ous studies have reported that TMP consumption conformed
to first-order kinetics (Kaur and Anastasio, 2018; Richards-
Henderson et al., 2015). The curvy fitting was performed by
exponential model using the TMP concentration (cTMP/µM),
the optical excitation time (t /min) and triplet-state generation
rate constant (kTMP/min−1):

cTMP = a · e−t×kTMP . (1)

2.6 Singlet-oxygen generation experiment

The effect of COM photodegradation on singlet oxygen was
studied. A capsule was designed for 1O2 generation experi-
ment (Fig. S2b). The samples with photodegradation times of
0 and 7 d were defined as the original and photolyzed sam-
ples, respectively. Only WSOM of original and photolyzed
samples was used in the experiment. 4-Hydroxy-2, 2, 6,
6-tetramethylpiperidine (TEMP, cTEMP = 240 mM, Aladdin,
China) was the capturing agent for 1O2, and 1O2 was mea-
sured by Electron Paramagnetic Resonance (EPR) spectrom-
eter (MS5000, Freiberg, Germany). SA (cSA = 133.3 µM,
Aladdin, China) was the quenching agent for 3COM∗. The
method was as follows. (1) 1O2 was measured before opti-
cal excitation. A total of 40 µL WSOM, 40 µL TEMP and
40 µL ultra-pure water were mixed in the capsule. Following
this, 50 µL of mixture was taken out by capillary for EPR
analysis; (2) 1O2 was measured for 60 min in the dark. A to-
tal of 40 µL WSOM, 40 µL TEMP and 40 µL ultra-pure wa-
ter were mixed in the capsule. The capsule was placed in
the reactor for 60 min without illumination. Following this,
50 µL of mixture was taken out and analyzed by EPR; (3)
1O2 was measured in 60 min of optical excitation. A total of
40 µL WSOM, 40 µL TEMP and 40 µL ultra-pure water were
mixed in the capsule. The mixture was illuminated in the re-
actor for 60 min. Following this, 50 µL mixture was analyzed
by EPR; (4) 3COM∗ was quenched and 1O2 was measured in
60 min of optical excitation. A total of 40 µL WSOM, 40 µL
TEMP and 40 µL SA solution were mixed in capsule. The
mixture was illuminated in the reactor for 60 min. Following
this, 50 µL mixture was analyzed by EPR.
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Figure 1. Changes in carbon content before and after photodegradation. The p value is the probability that two sets of data have the same
level (two-tailed test). ∗ and ∗∗ The significant difference at the 0.1 and 0.01 levels, respectively.

3 Results and discussion

3.1 Effect of COM photodegradation on carbon
content

Figure 1 exhibits the changes in carbon content before and af-
ter COM photodegradation. In POA (Fig. 1a), water-soluble
and methanol-soluble organic carbon (WSOC and MSOC)
decrease by 22.1 % and 3.5 %, respectively. The results sug-
gest that WSOC is more easily photodegraded than MSOC
in POA. In WSOC of POA, the proportion of OC1 (OC1 and
OC2-4 are the different stages in the process of thermal–
optical analysis) decreases significantly and OC1 was the
major loss of OC. OC1 is characterized by small molecular
weight and high volatility (Karanasiou et al., 2015). There-
fore, OC with the characteristics of small molecular weight
and high volatility tends to be photodegraded. In MSOC of
POA, the proportion of OPC in MSOC shows an increasing
trend (an average increase of 2.4 times) and the proportion
of OC1 decreases significantly. There is a process through
which OC1 is translated into pyrolysis carbon (OPC). Py-
rolysis carbon is identified as an oxygen-containing organic
substance. Thus, the increase in oxygen-containing organic
matter is caused by the photo-inducing oxidation reaction.

In ambient PM (Fig. 1b), WSOC is nearly unchanged and
MSOC decreases by 18.2 %, which is in contrast to POA.
POA is fresh, but ambient PM has undergone long-term
aerosol aging. The results reflect that OM has been pho-
todegraded adequately following the photodegradation and
mineralization in WSOM of ambient PM. However, MSOC
with high molecular weight could not be photodegraded ad-
equately and thereby continues to be photodegraded in the
laboratory. The proportions of OC1, OC2-4 and OPC are rel-
atively stable in ambient PM and the characteristic is also
in contrast to POA. The result indicates that the decreases

in the proportions of the different stages are similar. The OM
with different molecular weights may have similar abilities of
photodegradation in ambient PM, and the molecular weight
of OM is nearly unchanged following photodegradation in
ambient PM.

3.2 Effect of COM photodegradation on optical
properties

As shown in Fig. 2, both the absorption coefficient and to-
tal fluorescence volume (TFV, RU-nm2 m−3) significantly
decrease following photodegradation, which suggests that
COM is photo-bleaching (Aiona et al., 2018; Duarte et al.,
2005; Liu et al., 2016). The first-order decay model is used
to fit the attenuations of fluorescence intensity and absorp-
tion coefficient. The absorption coefficient and TFV decrease
by 32.0 % and 71.4 % on average, respectively. However, as
shown in Fig. 3, fluorescence intensities increase and de-
crease in different regions of EEMs (Aiona et al., 2018;
Timko et al., 2015).

In POA (Fig. 2b), TFV decreases by 74.8 % on average,
and the exponential curve method is used to analyze the at-
tenuation of fluorescence intensity. The attenuations of TFV
are significant similarities between WSOM and MSOM.
However, wood-burning samples are distinct from other POA
samples: TFV of wood-burning COM only decreases by
9.0 %, and the fluorescence volume of MSOM of wood-
burning samples remains almost unchanged (Fig. S7). There
are two main reasons for this. On the one hand, methanol-
soluble secondary OM is generated only in small amounts
in wood-burning samples (Zhong and Jang, 2014). On the
other hand, methanol-soluble wood-burning COM is diffi-
cult to photodegrade. In addition, photodegradation of flu-
orophores also depends on the photochemical environment,
such as solution pH (Aiona et al., 2018), salinity (Xu et al.,
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Figure 2. Changes in absorption coefficient and fluorescence volume in the photodegradation process. (a) Absorption coefficient. The scat-
terplot shows the absorption coefficient at 350 nm. Panels (b) and (c) show the attenuation curve of fluorescence volume in POA (except for
the wood sample) and ambient PM, respectively.

2020) and temperature (Yang et al., 2021). Therefore, we
suppose that photodegradation of wood-burning COM may
largely depend on photodegradation environment.

The attenuation rate constant of TFV in ambient PM (k =
0.04 h−1) is lower than that in POA (k = 0.07 h−1). In am-
bient PM (Fig. 2c), TFV decreases by 79.4 % in MSOM but
decreases by 26.7 % in WSOM. The attenuation of TFV and
carbon content are identical. The results suggest that MSOM
is more easily photodegraded than WSOM in ambient PM.
It is worth noting that 72 h could be considered as the end
point of aerosol photo-aging because TFV maintains a con-
stant value after 72 h both in POA and ambient PM.

Photodegradation causes the decomposition and transfor-
mation of fluorophores (Wong et al., 2015). Previous stud-
ies have analyzed the water-soluble and methanol-soluble
fluorophores separately (J. Tang et al., 2020). However,
based on the Chen’s studies (2020; 2016b), water-soluble
and methanol-soluble samples were combined to build
the PARAFAC model to illustrate the distribution of flu-
orophores in WSOM and MSOM. Chen’s studies (2020;
2016b) have also revealed that solvent had no significant ef-
fect on the EEMs of complex mixtures in aerosol. As shown
in Fig. 3a, four fluorophores are identified. The fluorescence
peaks of C1 and C2 appear at (Ex./Em.= 224/434 nm) and
(Ex./Em.= 245/402 nm). The peaks are similar to high- and
low-oxidation HULIS, respectively (Chen et al., 2016b; Bird-
well and Engel, 2010). The peaks of C3 and C4 appear

at (Ex./Em.= 220/354 nm) and (Ex./Em.= 277/329 nm),
and these two fluorophores are protein-like organic matter
(PLOM-1 and PLOM-2) (Sierra et al., 2005; Huguet et al.,
2009; Chen et al., 2016a and 2016b; Coble, 2007; Fellman
et al., 2009).

The content of fluorophores changes significantly in the
photodegradation process. In WSOM of POA (Fig. 3b), the
relative content of high-oxidation HULIS (C1) increases by
63.0 % and the relative content of low-oxidation HULIS
(C2) decreases by 88.0 %. Changes in proportion indicate
that low-oxidation HULIS (C2) may be converted into high-
oxidation HULIS (C1) due to photooxidation (S. S. Tang
et al., 2020; Chen et al., 2020). PLOM (C3 and C4) decreases
19.7 %, and the result indicates that PLOM (C3 and C4) can
be photodegraded. In MSOM of POA, no regularity is found
in low-oxidation HULIS (C2) and PLOM (C3 and C4). The
content of high-oxidation HULIS (C1) increases by 17.5 %,
which is attributed to a photo-inducing secondary reaction.

In WSOM of ambient PM, the content of high-oxidation
HULIS (C1) multiplied 6.9 times and the low-oxidation
HULIS (C2) decreased by 40.2 %. The variation is similar
to POA. Thus, high-oxidation HULIS could be used to trace
the degree of aerosol photo-aging. The contents of PLOM
(C3 and C4) in ambient PM (19.4 %) (Fig. 3c) are signifi-
cantly lower than that in POA (43.3 %). In MSOM of ambi-
ent PM, the relative content of high-oxidation HULIS (C1)
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Figure 3. (a) EEM spectra of fluorophores. (b) Changes in proportion of fluorophores in POA. (c) Changes in proportion of fluorophores in
ambient PM. ∗ The data of 3 d photolysis of water-soluble fluorophores in winter are unavailable.

increases by 43.5 % and no regularity of variation is found in
low-oxidation HULIS (C2) and PLOM (C3 and C4).

3.3 Effect of COM photodegradation on aerosol
photochemical reactivity

Photodegradation has a significant effect on photochemical
reactivity of COM in aerosol. The photochemical activity
is quantitatively analyzed by the yield of 3COM∗ and 1O2.
Only WSOM of original and photolyzed samples is used in
the triplet-state experiment (photodegradation time of origi-
nal samples is 0, photodegradation time of photolyzed sam-
ples is 7 d; details of samples are described in Sect. 2.2).
Figure 4 shows the variation of triplet-state generation be-
fore and after the photodegradation (consumption curves of
TMP are shown in Fig. S8). In ambient PM, compared with
original samples, the consumption rate constant of TMP
(kTMP) decreases by 11 % on average in photolyzed sam-
ples, while statistical analysis shows that the changes are

not obvious (p = 0.38, two-tailed test). On the contrary, in
POA kTMP increases 75 % on average after photodegradation
(p = 0.07, two-tailed test). That triplet-state generation re-
mains unchanged or increases in different aerosols following
photodegradation is unexpected and can be explained by a re-
cent study (Chen et al., 2021). On the one hand, only a small
proportion of water-soluble OM and fluorophores could gen-
erate a triplet state in aerosol. Therefore, the ability of triplet-
state generation could not be evaluated by only fluorescence
intensity. On the other hand, we use a high concentration of
TMP; in this case, TMP mainly captures high-energy triplet
states (Rosado-Lausell et al., 2013; Chen et al., 2021). Thus,
COM, which could generate a high-energy triplet state, may
not be photodegraded in ambient PM.

The effect of COM photodegradation on singlet oxygen
is studied. COM can generate triplet state and further gen-
erate singlet oxygen (McNeill and Canonica, 2016). WSOM
of original and photolyzed samples is used in singlet oxygen
experiment (EPR spectra of all samples is shown in Figs. S9
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Figure 4. Changes in the triplet-state generation: (a) ambient PM
and (b) POA. The lines from bottom to top in the box plots show
the minimum, first quartile, the average value (white lines), third
quartile, and maximum, respectively. The p value is the probabil-
ity that two sets of data have the same level (two-tailed test). ∗ A
significant difference is present at the 0.1 level.

and S10). As shown in Fig. 5, a decrease in the yield of
1O2 reveals the inhibiting effect of COM photodegradation
on photochemical activity both in ambient PM and POA.
In POA, as shown in Fig. 5a, (i) before optical excitation
there is little 1O2 both in original and photolyzed samples.
(ii) After 60 min of darkness, 1O2 is generated both in orig-
inal and photolyzed samples, which suggests that 1O2 could
be generated in POA without optical excitation. The content
of 1O2 in the original samples is higher than that in pho-
tolyzed samples. (iii) After 60 min of optical excitation, as
expected, compared with the samples without optical exci-
tation, the content of 1O2 increases by 3 times in both the
original and photolyzed samples. The content of 1O2 in orig-
inal samples is also higher than that in photolyzed samples
(42.1 % higher), which proves the inhibiting effect of COM
photodegradation on 1O2 generation. (iv) However, the con-
tent of 1O2 is nearly unchanged when the triplet state is
quenched by sorbic acid. Sorbic acid is a quenching agent
for the high-energy triplet state (triplet energies ET = 239–
247 kJmol−1) (Zhou et al., 2019; Moor et al., 2019). There-
fore, the low-energy 3COM∗ (ET < 239 kJmol−1) may be
the main precursor for 1O2 (ET = 94 kJmol−1) in POA. In
addition, COM photodegradation does not change the mech-
anism of low-energy 3COM∗ generating 1O2 in POA.

In ambient PM, as shown in Fig. 5b, (v) before optical ex-
citation the content of 1O2 is very low in the original and
photolyzed samples, which is similar to POA. (vi) Compared
with (v), the content of 1O2 is almost unchanged after 60 min
of darkness, which is different from POA. The result suggests
that 1O2 could not be generated in ambient PM without op-
tical excitation. (vii) After 60 min of optical excitation, the
content of 1O2 increases significantly and the content of 1O2
in original samples is higher than that in photolyzed samples

(41.0 % higher). (viii) When the triplet state is quenched by
sorbic acid, 1O2 is not generated. The result suggests that the
precursor of 1O2 is quenched and that 1O2 is mainly gener-
ated by high-energy 3COM∗ in ambient PM. The quenching
effects of sorbic acid on the triplet state in POA and ambi-
ent PM are different because of the different energy of the
triplet state. COM with the ability of generating high-energy
triplet state could be photodegraded, which directly leads to
the decrease in 1O2 in ambient PM.

4 Implications

We made a comprehensive study of the characteristics and
mechanisms of COM photodegradation and illustrated the ef-
fect of COM photodegradation on optical properties, chem-
ical components, and photochemical reactivity. COM pho-
todegradation could result in a decrease in carbon content,
the attenuation of optical properties, and a change in the
fluorescent component. We also proposed that COM pho-
todegradation should be evaluated from three aspects for
further study. (1) The impact of COM photodegradation on
carbon content was unclear. Previous studies have revealed
that WSOC of river-dissolved organic matter (DOM) did not
change significantly (Gonsior et al., 2009) and 0.2 % of DOC
was mineralized (Tranvik and Kokalj, 1998). However, the
observation in the study suggested that the changes in car-
bon content were different in aerosols, which could be at-
tributed to the differences in original components. (2) Atten-
uation in optical properties was significant. Absorption co-
efficient and fluorescence intensity could be thought of as
a tracer for molecular weight during the photodegradation
process (Stewart and Wetzel, 1980). The characteristic could
be suitable for exploring the impact of photodegradation on
COM components. (3) Photodegradation may dominate the
fluorophore components (Aiona et al., 2018; Timko et al.,
2015). High-molecular-weight COM could be decomposed
into low-molecular-weight COM during the photodegrada-
tion process. The conversion of low-oxidation HULIS to
high-oxidation HULIS was observed. Changes in COM may
reveal the oxidation degree of organic substances. Therefore,
we suggested that the optical parameters and oxidation de-
grees of organic matter should be used for characterizing the
aerosol photo-aging process (Maizel et al., 2017).

Photodegradation not only changed the properties and
components of COM but also changed their photochemical
reactivity, which had a further potential impact on the aerosol
fate (McNight et al., 2001; Zepp et al., 1985). Photochemical
reactivity was quantified by the yield of triplet state and 1O2
in our study. However, two different methods gave two differ-
ent results. Photodegradation had a significant inhibiting ef-
fect on the yield of 1O2 in aerosol (Latch and McNeill, 2006;
Chen et al., 2018). We insisted that aerosol aging would be
changed due to the yield of 1O2 being changed. Changes in
the generation of triplet state were different in ambient PM
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Figure 5. Changes in COM generating 1O2 before and after photodegradation: (a) POA and (b) ambient POA.

and POA. There were two reasons for this. On the one hand,
only a small amount of COM was a precursor of 3COM∗ in
aerosol. On the other hand, the energy of capturing agent was
closely related to 3COM∗ quantification. 3COM∗ could not
be captured completely by TMP. Other capturing agents may
lead to different results. Thus, 3COM∗ could not properly
illustrate photodegradation. COM photodegradation could
play an important role in the content of ROS, and ROS could
affect the COM photooxidation (Claeys et al., 2004). Given
the results, the interaction effect in aerosol should be further
studied.

In summary, atmospheric photochemistry had a remark-
able impact on aerosol aging. Prediction of atmospheric life-
time and improvement of air quality were strongly associ-
ated with photochemistry. We proved that carbon content, ab-
sorption coefficient, fluorescence intensity, and photochemi-
cal reactivity were useful to reflect the photodegradation pro-
cess and aerosol fate. In addition, there were different mech-
anisms of COM photodegradation affecting chemical reac-
tivity in different aerosols, and thus the mechanisms deserve
to be investigated further.
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