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Abstract. Three-dimensional excitation–emission matrix (EEM) fluorescence spectroscopy is an important
method for the identification of the occurrence, chemical composition, and source of atmospheric chromophores.
However, current knowledge on the identification and interpretation of fluorescent components is mainly based
on aquatic dissolved organic matter and might not be applicable to atmospheric samples. Therefore, this study
comprehensively investigated EEM data of different types of strong light-absorbing organic compounds, water-
soluble organic matter (WSOM) in different aerosol samples (combustion source samples and ambient aerosols),
soil dust, and purified fulvic and humic acids supplemented by parallel factor (PARAFAC) modeling. The re-
sults demonstrated that organic compounds with high aromaticity and strong electron-donating groups generally
present strong fluorescence spectra at longer emission wavelengths, whereas organic compounds substituted
with electron-withdrawing groups have relatively weaker fluorescence intensity. In particular, aromatic com-
pounds containing nitro groups (i.e., nitrophenols), which show strong absorption and are the major component
of atmospheric brown carbon, exhibited no significant fluorescence. The EEM–PARAFAC method identified
three fluorescent components (i.e., C1, C2, and C3) in ambient WSOM. Although EEM–PARAFAC-derived C1
(Ex/Em= 235, 270/330 nm) in ambient WSOM is generally considered to be protein-like groups, our findings
suggested that it is mainly composed of aromatic acids, phenolic compounds, and their derivatives, with only
traces of amino acids. C2 is associated with the atmospheric chemical reaction of biomass burning and/or bio-
genic organic molecules, with a relatively lower degree of oxidation, which are more abundant in Guangzhou
WSOM (56 %–69 %). C3, in contrast, is mainly attributed to highly oxygenated organic molecules derived from
soil and atmospheric aging processes and has a relatively higher contribution in Chuzhou WSOM (23 %). These
findings provide new insights into the analysis of chemical properties and sources of atmospheric fluorophores
using the EEM method.
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1 Introduction

Water-soluble organic carbon (WSOC) constitutes a substan-
tial fraction (10 %–80 %) of organic aerosols in the atmo-
sphere and is ubiquitous in ambient aerosols, clouds or fog,
and rainwater (Wozniak et al., 2012; Huang et al., 2022;
Zhang et al., 2022a). Recent studies have highlighted that a
portion of WSOC, termed brown carbon (BrC), can absorb
light in the near-ultraviolet and visible ranges (Laskin et al.,
2015; Frka et al., 2022; Ma et al., 2022). Owing to its strong
light-absorption capacity, BrC can cause up to 45 % of so-
lar radiation absorption by atmospheric aerosols and has po-
tential effects on regional and even global climate (Zhang et
al., 2013). In addition, BrC also participates in atmospheric
photochemical reactions, affects the physicochemical prop-
erties of atmospheric aerosols (Laskin et al., 2015; Tang et
al., 2020b), and can potentially be activated to form reactive
oxygen species that cause adverse effects on human health
(Cao et al., 2021; Zhang et al., 2022b).

Excitation–emission matrix (EEM) fluorescence spec-
troscopy is a highly sensitive and widely used analytical
technique for the identification of the chemical characteris-
tics and sources of chromophores in dissolved organic mat-
ter (DOM) in aquatic environments (Murphy et al., 2010,
2013; Zhang et al., 2014). Recently, the EEM method has
been further extended and frequently applied to the investiga-
tion of water-soluble organic matter (WSOM), such as light-
absorbing organic compounds in atmospheric aerosols and
fine particles from combustion processes (Chen et al., 2020;
Fan et al., 2016; Wu et al., 2020; Yang et al., 2022). For in-
stance, humic-like substances (HULIS) and protein-like sub-
stances (PRLIS) have been identified as important fluores-
cent components in combustion-derived particles (Cao et al.,
2021; Tang et al., 2021) and ambient aerosols (Ma et al.,
2022; Wu et al., 2020; Yang et al., 2022). Chen et al. (2016b)
used the EEM method coupled with parallel factor analysis
(PARAFAC) and high-resolution mass spectrometry to iden-
tify chromophores in ambient aerosols and proposed that flu-
orescent components with longer excitation (Ex)/emission
(Em) wavelengths comprise more highly oxygenated groups
(Chen et al., 2016a). In addition, further application of the
EEM method has also revealed that the concentration and
types of fluorophores obviously vary during atmospheric pro-
cesses, such as photolytic aging of chromophores derived
from biomass burning (BB) (Aftab et al., 2018; Tang et al.,
2020b). Therefore, the EEM method has significant poten-
tial for the characterization (types, sources, and evolution) of
atmospheric BrC.

However, application of the EEM method to the iden-
tification of atmospheric BrC has some limitations. It is
well known that the present identification, classification,
and interpretation of fluorescent components in atmospheric
WSOM are mainly based on the fluorescence peak position

of DOM in aquatic environments (Coble, 1996; Wünsch et
al., 2019). Nonetheless, the chemical and molecular compo-
sition and source of WSOM in atmospheric aerosols signif-
icantly vary compared with those of DOM in aquatic envi-
ronments (Graber and Rudich, 2006; Laskin et al., 2015);
hence, the current fluorescence criterion derived from aquatic
environments could lead to some inaccurate description of
the fluorescent components in atmospheric WSOM. For in-
stance, the EEM region at Ex/Em= 235(270)/330 nm is as-
signed to PRLIS and/or tryptophan-like substances in aquatic
environments (Coble, 1996) but is also associated with non-
nitrogen species such as polyphenols in atmospheric WSOM
(Chen et al., 2016b). The EEM region at peak M (290–
315/370–420 nm) is considered to be a typical signal of
marine-derived HULIS (Coble, 2007; Zhao et al., 2019), but
the source of this peak should be cautiously investigated
when interpreting BrC in continental aerosols. In addition,
the intensities of fluorescent species are not always linearly
correlated with their concentrations, which can be affected
by the aromatic ring system and the number and types of
functional groups, thereby leading to greater uncertainty in
intensity measurements (Andrade-Eiroa et al., 2013; Chen et
al., 2020; Wang et al., 2020). Atmospheric BrC is composed
of complex organic molecules with different light absorp-
tion properties (Lin et al., 2020; Huang et al., 2021; Jiang
et al., 2022), and only a subset of BrC molecules that con-
tain functional groups are capable of fluorescence emission
upon relaxation from an excited state (Andrade-Eiroa et al.,
2013). Hence, interpretation of fluorescence data may only
correspond to fluorescent chromophores and may not be rep-
resentative of BrC as a whole (Chen et al., 2020; Wang et
al., 2020). All of these factors limit further application of the
EEM method to the analysis of atmospheric BrC. Therefore,
it is essential to investigate the light-absorbing species that
can be detected using the EEM method and obtain important
information for identifying the chemical compositions and
possible sources of these species.

Accordingly, in the present study, the EEM profiles of
a series of BrC model compounds and WSOM isolated
from primary-combustion samples, soils, and atmospheric
aerosols were investigated. The chemical characteristics and
sources of the main fluorophores were interpreted accord-
ing to the fluorescence peaks’ location and intensity, and the
chemical structures of the model compounds and source sam-
ples were analyzed. Following this, atmospheric aerosols in
Guangzhou (GZ) and Chuzhou (CZ) cities were collected,
and fluorescent chromophores within the water-soluble frac-
tion were identified to estimate the application of the EEM–
PARAFAC method with respect to characterizing atmo-
spheric BrC. The results obtained help to broaden the ap-
plication of the EEM–PARAFAC method to the study of at-
mospheric BrC.
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2 Materials and methods

2.1 Materials

For the accurate identification of the chemical composition
and structure of fluorophores in atmospheric BrC and for
the assessment of the application of the EEM method to
examine atmospheric BrC, a total of 136 samples were in-
vestigated in this study. The samples comprised the follow-
ing: (1) 35 BrC model compounds, including phenolic com-
pounds, aromatic acids, nitroaromatic compounds (NACs),
PRLIS, N-heterocyclic compounds, and polycyclic aromatic
hydrocarbons (PAHs) as well as their derivatives (detailed
information is given in Text S1.1 and Table S1 in the Sup-
plement), which are usually detected in ambient samples and
have been considered typical BrC model compounds (Frka
et al., 2022; Lin et al., 2016, 2017; Wang et al., 2017; Huang
et al., 2021); (2) 13 primary-combustion-source samples col-
lected from BB, coal combustion (CC), and vehicle emis-
sion (VE); (3) 5 soil samples obtained from the rural area
of Guangdong Province, China, with different vegetation,
which is also an important source of atmospheric BrC and
has been widely identified in previous studies (Chen et al.,
2020; Vasilatou et al., 2017); (4) 6 purified fulvic acids and
humic acids (FAs and HAs, respectively) kindly provided by
Weilin Huang (Rutgers, The State University of New Jersey,
NJ, USA); and (5) 34 diurnal fine-particulate-matter (PM2.5)
samples collected from 6 to 22 April 2021 at GZ and CZ,
respectively. In addition, 43 annual PM2.5 samples were col-
lected from February 2018 to January 2019 at the GZ site
and were classified as wet- or dry-season atmospheric PM2.5
samples (for detailed information, see Text S1 in the Supple-
ment). Field blank samples were collected without the instru-
ment power on during each sampling period.

2.2 Standard solution and aqueous extraction of
ambient samples

Solutions of model organic compounds were prepared by
dissolving a certain amount of dried solid or liquid sam-
ple in Milli-Q water or methanol. The ambient aerosol and
soil samples were ultrasonically extracted with ultrapure wa-
ter three times, and the supernatants were filtered using a
0.22 µm polytetrafluoroethylene (PTFE) syringe filter to iso-
late the WSOM. The specific separation and purification
methods have been published in previous studies (Chen et
al., 2020; Fu et al., 2015; Wang et al., 2020; Yan and Kim,
2017) and are presented in the Supplement (Test S2).

2.3 EEM–PARAFAC analysis

The EEM fluorescence spectra of the aqueous extraction of
the samples in 1 cm quartz cuvettes were recorded using
a three-dimensional fluorescence spectrophotometer (Aqua-
log; HORIBA Scientific, USA) at room temperature. The

scanning ranges for Ex and Em were 200–500 and 250–
550 nm, respectively. The wavelength increment of the Ex
and Em scans was 5 nm, the integration time was 0.5 s, and
Milli-Q water (18.2 M� cm) was used as the blank reference.
The absorbance measurements were used to correct the EEM
for inner-filter effects (IFEs), as described previously (Fu et
al., 2015), if the absorbance was>0.05 at 250 nm (Murphy et
al., 2013; Tang et al., 2020a). Background samples were also
analyzed, and the background values were subtracted from
the values obtained for all of the samples. It is noted that all
of the EEM spectra were normalized by the water Raman
peak area to produce a corrected fluorescence intensity in
Raman units (RU). The corrected fluorescence intensity was
then further divided by the organic carbon concentration of
the corresponding sample to obtain the specific fluorescence
intensity (RU/(mgCL−1)) (Yang et al., 2022), as shown in
Table S2 in the Supplement.

The PARAFAC modeling procedure was conducted for
77 atmospheric WSOM samples in MATLAB 2014b (Math-
Works, Inc., USA) using the drEEM toolbox (Murphy et
al., 2018; Wünsch et al., 2019). PARAFAC was computed
using two- to nine-component models, with non-negativity
constraints and residual analysis, and split-half analysis was
employed to validate the number of fluorescent components.
Based on the results of the split-half and core consistency
analyses, three-component models were chosen for further
investigation. The relative contribution of individual chro-
mophores was estimated by calculating the maximum flu-
orescence intensities (Fmax: maximum fluorescence inten-
sity of the identified fluorescent components; relative content
(%)=Fmax/6Fmax) (Chen et al., 2020; Fan et al., 2020).

3 Results and discussion

3.1 Fluorescence properties of BrC model compounds

To identify whether the light-absorbing species possess fluo-
rescence, a series of BrC model compounds were tested using
the EEM method, and the fluorescence profiles are shown in
Fig. S1 in the Supplement. The results revealed that the loca-
tion and intensity of the fluorescence peaks of different com-
pounds were different, varying with the distinct functional
groups and aromatic conjugate system.

Although phenolic compounds are important light-
absorbing species in atmospheric BrC (Smith et al., 2016;
Yu et al., 2014, 2016), not all of them exhibit strong fluores-
cence. As shown in Fig. S1a in the Supplement, a strong flu-
orescence peak in the EEM spectrum of phenol was observed
at Ex/Em= 270/295 nm. When the phenol compounds were
substituted with electron-donating groups (e.g., hydroxyl),
all of the stronger fluorescence peaks were obviously red-
shifted to 310–320 nm (e.g., catechol, hydroquinone, and 2-
methoxyphenol). However, phenolic compounds substituted
with electron-withdrawing groups (e.g., carboxyl and alde-
hyde) displayed weaker or even no fluorescence (Fig. S1a).
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These differences could be due to the ability of the electron-
donating groups to form a larger conjugate system coupled
with the benzene ring and decrease the π→ π∗ transition
energy, thereby leading to an increase in the Em wavelength
(i.e., red shift) and variation in the fluorescence intensity
(Chen et al., 2002; Andrade-Eiroa et al., 2013). In contrast,
the electron-withdrawing group can reduce the conjugated
structure formed by the benzene ring and hydroxyl group,
reducing the fluorescence intensity (Andrade-Eiroa et al.,
2010, 2013).

Aromatic acid and its derivatives are also important light-
absorbing organic compounds in atmospheric BrC. Owing
to the negative effects of the carboxyl group, a weak flu-
orescence peak (275/315 nm) was identified for benzoic
acid, and no fluorescence was detected for benzene poly-
carboxylic acids, such as phthalic acid, terephthalic acid,
and trimesic acid (Fig. S1b). However, when benzoic acid
was substituted with electron-donating groups (e.g., hy-
droxyl and methoxy), higher-intensity fluorescence peaks
were observed. Two strong fluorescence peaks at 230/405
and 290/405 nm were identified for 2-hydroxybenzoic acid
substituted with only one hydroxyl group. These peaks could
have been the result of the ortho structure of the hydroxy
and carboxyl groups, which is favorable for the formation of
intramolecular hydrogen bonds and generates a double-ring
conjugate structure, reducing the transition energy and, thus,
presenting strong UV absorption and fluorescence (Andrade-
Eiroa et al., 2013).

N-containing compounds, especially NACs, have strong
light absorption, and have been reported to be the major com-
ponents of atmospheric BrC, accounting for more than 60 %
of the total light absorption intensity at 300–500 nm (Huang
et al., 2021; Lin et al., 2016, 2017; Wang et al., 2017; Frka
et al., 2022). However, most of the NACs did not exhibit
any fluorescence (Fig. S1c), similar to the results reported
by Chen et al. (2020), which could be due to the significant
reduction in the electron density of the benzene ring by the
nitro (–NO2) group – strong electron-withdrawing group –
weakening the fluorescence.

Tryptophan and tyrosine are the two most studied PRLIS
species, and their EEM spectra are generally used as stan-
dards for comparison with fluorophores in atmospheric
WSOM (Matos et al., 2015; Qin et al., 2018). As shown in
Fig. S1d in the Supplement, the Ex/Em peaks at 275/300
and 275/350 nm corresponded to tyrosine and tryptophan,
respectively. The maximum Em wavelength of phenylalanine
was more inclined to a short wavelength (280 nm) and with
a much weaker fluorescence intensity. Moreover, the fluo-
rescence peaks of PRLIS obviously overlapped with those of
phenols and aromatic acids (Fig. S1a, b). It must be noted that
the concentrations of phenols and aromatic acids were sig-
nificantly higher than those of tryptophan and tyrosine in the
atmospheric samples (Table S2); therefore, the aerosol BrC
fluorophores in these regions are more likely to have origi-
nated from phenols and aromatic acids than from PRLIS.

N-heterocyclic compounds such as pyrrole, pyridine, and
imidazole are commonly identified in atmospheric sam-
ples (Dou et al., 2015; Jiang et al., 2019; Kosyakov et al.,
2020). However, no fluorescence was observed for these
three species in the present study, indicating that the ab-
sorbed energy may have been consumed by relaxation or vi-
bration (Fig. S1e). Nevertheless, imidazole-2-formaldehyde
produced two strong fluorescence peaks at 290/440 and
350/440 nm, formed from the oxidation of imidazole, sug-
gesting that some N-heterocyclic compounds from secondary
reactions may exhibit strong fluorescence at higher wave-
lengths in atmospheric BrC (Ackendorf et al., 2017).

PAHs and their derivatives are mainly formed from incom-
plete combustion processes and are important components of
BrC (Chen et al., 2020; Lin et al., 2017; Mahamuni et al.,
2020). As shown in Fig. S1f in the Supplement, all PAHs
exhibited strong fluorescence emission, with its peak loca-
tion associated with the conjugated aromatic system. Naph-
thalene presented a fluorescence band located at the maxi-
mum Em wavelength of approximately 325 nm. As expected,
with the increasing size of the π -bond system and degree of
conjugation, the fluorescence band moved toward the longer
wavelength range, and a new Em band was observed at
360–390 nm for 3- to 4-ring phenanthrene and pyrene and
at 400–500 nm for ≥ 5-ring PAHs (Mahamuni et al., 2020).
The fluorescence spectra of high-ring-number PAHs were
more complex because of more types of double bonds. As
shown in Fig. S1f in the Supplement, the intensity and lo-
cation of the fluorescence peaks also significantly changed
when different types of groups were substituted with PAHs.
For example, 1-naphthol exhibited a stronger EEM peak
at a relatively longer wavelength (230, 290/460 nm) owing
to its highly conjugated structure, compared with naphtha-
lene. This EEM spectrum was located in the EEM region
of FAs, implying that FAs are composed of aromatic units
and O-containing groups. In contrast, relatively weaker fluo-
rescence was observed for 9-fluorenone, anthraquinone, and
2-naphthalenecarboxylic acid, and no EEM signal was ob-
served for 2-nitronaphthol (Fig. S1c), which was substituted
with a strong electron-withdrawing group (–NO2).

3.2 Fluorescence properties of BrC from different
sources

As shown in Fig. S4a and b in the Supplement, BB and
CC WSOM exhibited similar fluorescence spectra (Tang et
al., 2020a; Chen et al., 2020; Yang et al., 2022), with two
types of fluorescence peaks at Ex/Em≈ (230–240) / (340–
400) nm (peak A) and Ex/Em ≈ (260–280) / (330–360) nm
(peak B), respectively. The two fluorescence peaks were sim-
ilar to those previously reported for BB WSOM and HULIS
(Fan et al., 2020; Tang et al., 2020a; Yang et al., 2022).
In general, peak A mainly corresponds to the protein-like
UV region, with a minor contribution from fulvic-like sub-
stances, whereas peak B could be attributed to tryptophan-
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like fluorophores. However, based on the results of the
present study, these two peaks could be mainly attributed
to aromatic species such as aromatic acids, phenolic com-
pounds, and minor quantities of PAHs (e.g., naphthalene)
(Fig. 1). The fluorescence spectra of WSOM from two types
of vehicles (diesel and gasoline) also presented two fluo-
rophores. A relatively strong fluorescence peak was observed
at the low Ex wavelength (Ex/Em≈ 230/350 nm), and a rel-
atively weaker peak was detected at the high Ex wavelength
(Ex/Em≈ 270/350 nm) (Fig. S4c). These results are consis-
tent with those reported in previous studies on VE (Chen et
al., 2020; Tang et al., 2020a; Yang et al., 2022) and are sim-
ilar to the EEM fluorescence spectra of BB and CC WSOM
(Chen et al., 2020; Fan et al., 2020; Cao et al., 2021; Yang
et al., 2022). However, the fluorescence ranges of vehicle
WSOM were obviously narrower, suggesting that BB and
CC WSOM fluorescent components are more complex.

Soil-derived DOM is also a primary source of atmospheric
WSOM. As shown in Fig. S5a in the Supplement, two
main fluorescence peaks, located at Ex/Em= 230/430 and
320/430 nm, were detected in the fluorescence spectra of soil
DOM; these two fluorescence peak positions of soil DOM
were similar to those reported in previous studies (Ge et al.,
2021; Liu et al., 2009) as well as to the fluorescence peak
positions of FAs in this study (Fig. S5b).

Secondary chemical formation is another important source
of atmospheric WSOM. For example, the aqueous-phase
reactions of aldehydes with ammonium sulfate (AS) can
produce highly fluorescent species (Hawkins et al., 2016).
The glyoxal–AS and glyoxal/glycine reaction products flu-
oresce at 340/450 nm, whereas the formaldehyde–AS reac-
tion product fluoresces at 250/430 nm. Secondary organic
aerosols (SOAs) produced in the limonene /O3 system have
been reported to strongly fluoresce in the presence of NH3
(Bones et al., 2010). In addition, the aging of primary organic
compounds has also been found to change the fluorescence
spectra (Lee et al., 2013; Li et al., 2021; Powelson et al.,
2014). For instance, the aging of syringic acid with OH radi-
cals caused the initial fluorescence band to move toward the
long wavelength range, producing a new fluorescence peak
with a broad Em band at 400–600 nm. Similarly, the fluo-
rescence peaks red-shifted (e.g., from 260–270/360 to 280–
290/390–400 nm) during the O3 aging process (Fan et al.,
2020), suggesting the degradation of the initial compound
and the formation of new secondary organic compounds gen-
erally located at longer wavelengths, possibly with a high
degree of aromaticity or highly oxidized functional groups
(Chen et al., 2016a; Vidović et al., 2019, 2020; Powelson et
al., 2014; Vione et al., 2019; Yu et al., 2016).

3.3 Identification of chemical species and potential
sources of fluorescent components in ambient
aerosols

Typical EEM spectra of atmospheric water-soluble light-
absorbing compounds are shown in Fig. 2. Three flu-
orescence peaks were identified in the aerosol WSOM
samples: a stronger fluorescence peak at Ex/Em= 230–
250/360–420 nm and two relatively weaker fluorescence
peaks at Ex/Em= 270–290/340–370 and 300–320/360–
420 nm. Similar fluorescence bands have been previously
identified in the EEM fluorescence spectra of WSOM from
PM2.5 in the cold and warm seasons in Aveiro, Portugal
(Matos et al., 2015); the High Arctic atmosphere (Fu et al.,
2015); Godavari, Nepal (G. Wu et al., 2019); Lanzhou and
Xi’an, northwestern China (Qin et al., 2018; Chen et al.,
2020); Chongqing, southwestern China (Wang et al., 2020);
and Harbin, northeastern China (Ma et al., 2022). Although
the fluorescence intensities varied among sites and seasons,
the shapes of the EEM spectra of WSOM were very sim-
ilar, making it difficult to directly distinguish the different
samples based solely on the characteristics of the EEM pro-
files. Therefore, a more powerful protocol known as the
PARAFAC method was employed to identify the individual
fluorophores in ambient WSOM.

3.3.1 Identification and quantification of fluorescent
components using the PARAFAC method

As shown in Fig. 3, three fluorescent components
(C1, C2, and C3) were identified in the atmo-
spheric samples: C1 occurred at a relatively lower
Em wavelength, exhibiting two fluorescence peaks at
Ex/Em= 235(270) / 330 nm; C2 presented fluorescence
peaks at around Ex/Em= 235(320) / 390 nm; and C3 had a
longer Em wavelength than C1 and C2, which was located at
Ex/Em=∼ 250(355) / 455 nm. In general, these fluorescent
components have been interpreted based on knowledge
of the fluorescence characteristics of aquatic DOM. Ac-
cordingly, C1 is considered to belong to the typical PRLIS
(Coble, 1996; Wünsch et al., 2019), C2 is associated with
fulvic-like substances or less-oxygenated HULIS (Liu et al.,
2009; Zhang et al., 2014), and C3 is usually considered to
correspond to terrestrial HULIS that are highly oxygenated
organic matter (Table S3) (Liu et al., 2009; Wünsch et al.,
2019; Zhou et al., 2017). However, it must be noted that
the sources and transformation processes are significantly
different for WSOM in aerosols and DOM in aquatic and
terrestrial environments; therefore, the fluorescence classi-
fications of DOM might not be applicable to atmospheric
WSOM.

In general, the Ex and Em wavelengths of fluores-
cent components are mainly associated with their chem-
ical characteristics and structures (Table S1, Fig. 1). In
the present study, C1 was similar to tryptophan-like flu-
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orophores associated with PRLIS in rainwater (Zhang et
al., 2014; Zhou et al., 2017) and fog water (Bianco et
al., 2014, 2016). However, this fluorophore might also
be related to small molecular aromatic compounds, such
as aromatic acids (e.g., 3,5-dihydroxybenzoic acid and 2-
naphthalenecarboxylic acid) and PAHs (e.g., naphthalene,
phenanthrene, and anthraquinone) (Fig. 1a) (Miyakawa et al.,
2015; G. Wu et al., 2019). In addition, this fluorophore could
also contain traces of some phenolic compounds, includ-
ing catechol, hydroquinone, and 2-methoxyphenol. These or-
ganic species might be generated by various types of com-
bustion processes and atmospheric oxidation reactions. It
must be noted that investigations of the fluorescent compo-
nents in atmospheric WSOM should not only consider their
position in the fluorescence spectrum but also their concen-
tration and possibility of trapping. Many previous studies
have reported that the concentration of amino acids in atmo-
spheric aerosols is almost negligible, when compared with
that of lower-molecular-weight aromatic compounds such as
aromatic acids and phenolic compounds (Table S2) (Bianco
et al., 2016; Song et al., 2017; Vione et al., 2019; Mahamuni
et al., 2020; and references therein). Therefore, fluorescent
components in this Ex/Em region could be attributed to
small molecular aromatic species (e.g., aromatic acids and
phenolic compounds) rather than PRLIS. Moreover, this flu-
orophore overlapped with that of WSOM from combustion
process such as BB, CC, and VE (Fig. 1b), suggesting a sig-
nificant contribution from the combustion process.

When compared with C1, C2 exhibited a strong
fluorescence peak at a longer Ex/Em wavelength of
235(320) / 390 nm, implying that this fluorescent compo-
nent presented a relatively larger molecular size and higher
aromaticity than C1 (Pöhlker et al., 2012). As shown in
Fig. 1a, the fluorescence of C2 is similar to that of aro-
matic compounds (e.g., 2-naphthalenecarboxylic acid, 2-
hydroxybenzoic acid, and anthraquinone) and high-ring-
number PAHs (e.g., pyrene, anthraquinone, anthracene, and
chrysene) (Mahamuni et al., 2020), and it overlaps with the
fluorescence spectra of FAs. In addition, this fluorophore
has also been reported to be related to the generation of
SOAs from organic precursors emitted from biological/an-
thropogenic emission and combustion processes (Wang et al.,
2020). For example, the aqueous-phase reactions of aldehy-
des with AS have been proposed as an important source of
atmospheric BrC that present similar fluorescence spectral
profiles (Hawkins et al., 2016; Lee et al., 2013) (Fig. 1b).
In addition, oxidative oligomerization of phenols and their
derivatives can also shift the Ex/Em wavelength of these
substances to longer wavelengths, falling into similar fluo-
rescence regions (Li et al., 2021; Tang et al., 2020a; Vione et
al., 2019). As suggested by Chen et al. (2016a), this fluores-
cent component may be a less-oxygenated fluorescent group
contributed by biomass combustion. Therefore, fluorophore
C2 might be related to the derivatives of biomass burning

and/or biogenic molecules, with a relatively lower degree of
oxidation (Chen et al., 2016a; Jiang et al., 2022).

C3 presented a longer Em wavelength than C1 and
C2, with two peaks at around Ex/Em= 250/455 and
355/455 nm (Fig. 3). This fluorescent component overlaps
with the fluorescence of high-ring-number PAHs and their
derivatives, such as fluoranthene, benzo[b]fluoranthene,
benzo[a]pyrene, indeno[1,2,3-cd]pyrene, 1-naphthol,
and N-heterocyclic compounds, including imidazole-2-
formaldehyde (Chen et al., 2020; Mahamuni et al., 2020).
Furthermore, this fluorescent component exhibited a similar
Ex/Em wavelength to that of FAs and HAs (Fig. S5b),
suggesting the possible contribution of soil dust, and thus
could be assigned to HULIS (Lin and Guo, 2020). Similar
fluorescent substances have also been identified in the
study of atmospheric aerosol fluorescent chromophores,
such as the highly oxygenated HULIS in Nagoya, Japan
(Chen et al., 2016a); Lanzhou, China (Qin et al., 2018);
Xi’an, China (Chen et al., 2020); a haze event in Harbin
(Ma et al., 2022); and humic-like compounds with more
aromatic and unsaturated bonds in Godavari, Nepal (G. Wu
et al., 2019), and Tianjin, China (Deng et al., 2022). Based
on the PARAFAC results with aerosol mass spectrometry
data, C3 was considered to be a fluorescent group with a
high oxygen content and a high O/C ratio, close to that
of aged organic aerosols (Chen et al., 2016a; Jiang et al.,
2022) (Fig. 1b). It must be noted that low-molecular-weight
organic compounds can further undergo oligomerization to
high-molecular-weight species with long Em wavelengths
during the aging process (Hawkins et al., 2016; Li et al.,
2021; Tang et al., 2020b; Yu et al., 2016). The resulting
compounds may present a more complex structure than their
precursors, probably owing to the presence of condensed
aromatic rings and other π -electron systems with a high
level of conjugation; thus, atmospheric aging is assumed to
be a potential contributor to C3 (Barsotti et al., 2016; De
Laurentiis et al., 2013; Hawkins et al., 2016).

3.3.2 Spatial and seasonal variations in fluorescent
components in WSOM

The relative contributions of C1, C2, and C3 components to
the total fluorescence intensities (Fmax/

∑
Fmax) were cal-

culated (Fig. 4) and were found to be similar for WSOM
from CZ and GZ, exhibiting a maximum C2 content and rela-
tively lower C1 and C3 contents. Furthermore, WSOM sam-
ples showed obvious spatial and seasonal variations, similar
to the results reported in other regions in China (Zhang et
al., 2022a, b). First, CZ WSOM presented a relatively higher
C3 content (23± 4 %) than GZ WSOM (17± 3 %), whereas
GZ WSOM had a relatively higher C2 content (56± 7 %)
than CZ WSOM (49± 4 %) during the same sampling pe-
riod. Such differences in the composition of fluorescent com-
ponents may be ascribed to the variation in the primary emis-
sion sources and atmospheric aging process at the two sites.
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Figure 1. Comparison of the chemical characteristics of molecules assigned to each fluorescence component of BrC model compounds (a)
and source WSOM (b).

The relatively higher C3 content in CZ could be attributed to
the comparatively high contribution of soil dust in the sub-
urban region, which is consistent with the relatively higher
Ca2+ contents in CZ PM2.5 (1.8± 1.2 %) compared with GZ
PM2.5 (1.5± 0.8 %) (Vasilatou et al., 2017; L. Wu et al.,
2019). In contrast, the relatively higher C2 content in GZ
WSOM may be attributed to the comparatively stronger at-
mospheric chemical reaction associated with bio-volatile or-
ganic compounds (bio-VOCs) in the hot and humid region of
GZ. This result was consistent with the relatively higher hu-
mification index (HIX) and normalized fluorescence volume
(NFV) values (log(NFV)) of CZ WSOM (Fig. S6) (Chen et
al., 2020; Yang et al., 2022).

In addition, the resolved Ex and Em spectra for GZ
WSOM were also similar in different seasons, imply-
ing that the types of fluorophores contributing to WSOM
were predominantly the same throughout the year. How-
ever, the compositions of fluorescent components varied
in different seasons. In the dry season (October–March),
WSOM showed relatively higher contents of C3 fluorophores
(17± 4 %), whereas slightly higher contents of C2 fluo-
rophores (69± 4 %) were detected in the wet season (April–

September) (Fig. 4; Chen et al., 2020; Wang et al., 2020).
These differences might be associated with the variations in
the source composition and aging effects of BrC in differ-
ent seasons. The higher content of C3 in WSOM in the dry
season suggested the occurrence of more highly aromatic
and highly oxidized compounds. These results could be ex-
plained by the fact that more aged organic aerosols and dust
were transported from the northern region of China (Jiang et
al., 2021). In contrast, the slightly higher C2 content in the
wet season may be attributed to the relatively stronger sec-
ondary formation of bio-SOAs and photodegradation effects
in the high-temperature and high-relative-humidity season.

4 Conclusion and future prospects

In this study, the fluorescence properties of BrC model com-
pounds were investigated to determine the chromophoric
species that can be evaluated by the EEM method. Accord-
ingly, the aerosol WSOM samples at two sites (CZ and GZ)
were investigated using the EEM–PARAFAC method, and
the chemical characteristics and potential sources of fluores-
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Figure 2. The three-dimensional EEM spectra of WSOM in atmospheric PM2.5 samples for (a) Chuzhou (CZ), (b) Guangzhou (GZ), (c)
GZ in the wet season, and (d) GZ in the dry season.

Figure 3. The EEM components derived from the PARAFAC model of WSOC in atmospheric PM2.5 samples collected at the Chuzhou (CZ)
and Guangzhou (GZ) sites.

cent components were examined. The main conclusions and
future prospects are as follows:

1. Fluorescent components have predominantly been eval-
uated based on the knowledge of fluorophores in aquatic
DOM, which often leads to misinterpretation. In the
present study, the chemical characteristics of fluo-
rophores in different Ex/Em regions were discussed
based on the fluorescence properties of BrC model com-
pounds and their amounts in aerosols. In particular, the
C1 fluorophore in atmospheric WSOM, which has been

frequently assigned to PRLIS because of the similar-
ity in fluorescence spectra, was demonstrated to mainly
include aromatic acids, phenolic compounds, and their
derivatives, with negligible amounts of amino acids.

2. The fluorescence properties of target compounds are
mainly influenced by the aromatic system and charac-
teristics of adjacent functional groups. Organic com-
pounds with high aromaticity and strong electron-
donating groups (e.g., hydroxyl and methoxyl) gener-
ally exhibited strong fluorescence spectra at longer Em
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Figure 4. Relative contribution of individual fluorophores of atmospheric WSOM for (a) Chuzhou (CZ), (b) Guangzhou (GZ), (c) the wet
season in GZ, and (d) the dry season in GZ. The colored box represents the data range of 25 %–75 %; the horizontal line within the box
represents the median line (50 %); the error bars represent 1.5 times the standard deviation; the circle in the box represents the mean value of
the data; the triangles at the bottom and top represent the minimum and maximum values of the data, respectively; and the dots to the right
of the box represent the overall data coupled with the Gaussian distribution line.

wavelengths, whereas organic compounds substituted
with electron-withdrawing groups presented relatively
weaker fluorescence intensities. In particular, aromatic
compounds containing nitro groups (i.e., nitrophenols)
showed strong absorption and were the major compo-
nent of atmospheric BrC; however, they did not exhibit
significant fluorescence. Thus, the fluorescence method
could only measure a subset of chromophores in aerosol
BrC and should be used with caution for the investiga-
tion of aerosol BrC.

3. The EEM spectra for aerosol WSOM were very sim-
ilar; however, the relative contents of certain fluores-
cent components significantly varied with the sampling
site and season. For example, more fluorescent com-
ponents associated with soil and secondary oxidation
of small molecular compounds from combustion emis-
sions were identified in CZ WSOM, whereas more
fluorescent components derived from the atmospheric
chemical reaction of bio-VOCs were observed in GZ
WSOM. In addition, GZ WSOM exhibited more highly
aromatic and highly oxidized compounds in the dry sea-
son.

Although many studies have applied the EEM–PARAFAC
method to investigate atmospheric WSOM and have obtained
useful data, there are still challenges and gaps that must be

addressed. First, caution should be taken for credible in-
terpretations of the fluorescent components in atmospheric
WSOM because of the differences in chemical characteris-
tics of organic matter derived from different sources. In ad-
dition, the same fluorophores may exhibit different Ex/Em
ranges and intensities under different environmental condi-
tions (e.g., pH and coexisting metal ions and inorganic salts).
Therefore, more theoretical and experimental studies are nec-
essary to understand the relationship between the fluorescent
groups and positions of fluorescence peaks as well as the in-
fluences of sources and chemical formation processes of the
fluorescent groups on fluorescence peaks.
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Phase Brown Carbon Formation from Aromatic Precur-
sors under Sunlight Conditions, Atmosphere, 11, 131,
https://doi.org/10.3390/atmos11020131, 2020.

Vione, D., Albinet, A., Barsotti, F., Mekic, M., Jiang, B., Minero,
C., Brigante, M., and Gligorovski, S.: Formation of sub-
stances with humic-like fluorescence properties, upon photoin-
duced oligomerization of typical phenolic compounds emit-
ted by biomass burning, Atmos. Environ., 206, 197–207,
https://doi.org/10.1016/j.atmosenv.2019.03.005, 2019.

Wünsch, U. J., Bro, R., Stedmon, C. A., Wenig, P., and Mur-
phy, K. R.: Emerging patterns in the global distribution of dis-
solved organic matter fluorescence, Anal. Meth., 11, 888–893,
https://doi.org/10.1039/c8ay02422g, 2019.

Wang, H., Zhang, L., Huo, T., Wang, B., Yang, F., Chen, Y.,
Tian, M., Qiao, B., and Peng, C.: Application of parallel
factor analysis model to decompose excitation-emission ma-
trix fluorescence spectra for characterizing sources of water-
soluble brown carbon in PM2.5, Atmos. Environ., 223, 117192,
https://doi.org/10.1016/j.atmosenv.2019.117192, 2020.

Wozniak, A. S., Bauer, J. E., and Dickhut, R. M.: Characteristics
of water-soluble organic carbon associated with aerosol parti-
cles in the eastern United States, Atmos. Environ., 46, 181–188,
https://doi.org/10.1016/j.atmosenv.2011.10.001, 2012.

Wu, G., Ram, K., Fu, P., Wang, W., Zhang, Y., Liu, X., Stone, E. A.,
Pradhan, B. B., Dangol, P. M., Panday, A. K., Wan, X., Bai, Z.,
Kang, S., Zhang, Q., and Cong, Z.: Water-Soluble Brown Car-
bon in Atmospheric Aerosols from Godavari (Nepal), a Regional
Representative of South Asia, Environ. Sci. Technol., 53, 3471–
3479, https://doi.org/10.1021/acs.est.9b00596, 2019.

Wu, G., Fu, P., Ram, K., Song, J., Chen, Q., Kawamura,
K., Wan, X., Kang, S., Wang, X., Laskin, A., and Cong,
Z.: Fluorescence characteristics of water-soluble organic car-
bon in atmospheric aerosol, Environ. Pollut., 268, 115906,
https://doi.org/10.1016/j.envpol.2020.115906, 2020.

Wu, L., Luo, X.-S., Li, H., Cang, L., Yang, J., Yang, J., Zhao,
Z., and Tang, M.: Seasonal Levels, Sources, and Health Risks
of Heavy Metals in Atmospheric PM2.5 from Four Functional
Areas of Nanjing City, Eastern China, Atmosphere, 10, 419,
https://doi.org/10.3390/atmos10070419, 2019.

Yan, G. and Kim, G.: Speciation and Sources of Brown
Carbon in Precipitation at Seoul, Korea: Insights from
Excitation-Emission Matrix Spectroscopy and Carbon Iso-
topic Analysis, Environ. Sci. Technol., 51, 11580–11587,
https://doi.org/10.1021/acs.est.7b02892, 2017.

Atmos. Chem. Phys., 23, 2613–2625, 2023 https://doi.org/10.5194/acp-23-2613-2023

https://doi.org/10.1002/2014jd022189
https://doi.org/10.1021/es102362t
https://doi.org/10.1039/c3ay41160e
https://doi.org/10.1021/acs.est.8b02648
https://doi.org/10.5194/amt-5-37-2012
https://doi.org/10.1021/es4038325
https://doi.org/10.1016/j.atmosenv.2018.04.049
https://doi.org/10.1016/j.atmosenv.2015.11.035
https://doi.org/10.7910/DVN/ULCIU9
https://doi.org/10.1021/acs.est.7b00987
https://doi.org/10.5194/acp-20-2513-2020
https://doi.org/10.1021/acsearthspacechem.0c00070
https://doi.org/10.5194/acp-21-11337-2021
https://doi.org/10.5194/acp-21-11337-2021
https://doi.org/10.1007/s11356-017-8684-3
https://doi.org/10.1021/acs.est.9b02456
https://doi.org/10.3390/atmos11020131
https://doi.org/10.1016/j.atmosenv.2019.03.005
https://doi.org/10.1039/c8ay02422g
https://doi.org/10.1016/j.atmosenv.2019.117192
https://doi.org/10.1016/j.atmosenv.2011.10.001
https://doi.org/10.1021/acs.est.9b00596
https://doi.org/10.1016/j.envpol.2020.115906
https://doi.org/10.3390/atmos10070419
https://doi.org/10.1021/acs.est.7b02892


T. Cao et al.: Identification of chemical composition and source of fluorescent components 2625

Yang, Y., Qin, Y., Qin, J., Zhou, X., Xv, P., Tan, J., and Xiao,
K.: Facile Differentiation of Four Sources of Water-Soluble Or-
ganic Carbon in Atmospheric Particulates Using Multiple Flu-
orescence Spectral Fingerprints, Environ. Sci. Technol. Let., 9,
359–365, https://doi.org/10.1021/acs.estlett.2c00128, 2022.

Yu, L., Smith, J., Laskin, A., Anastasio, C., Laskin, J., and Zhang,
Q.: Chemical characterization of SOA formed from aqueous-
phase reactions of phenols with the triplet excited state of car-
bonyl and hydroxyl radical, Atmos. Chem. Phys., 14, 13801–
13816, https://doi.org/10.5194/acp-14-13801-2014, 2014.

Yu, L., Smith, J., Laskin, A., George, K. M., Anastasio, C., Laskin,
J., Dillner, A. M., and Zhang, Q.: Molecular transformations
of phenolic SOA during photochemical aging in the aque-
ous phase: competition among oligomerization, functionaliza-
tion, and fragmentation, Atmos. Chem. Phys., 16, 4511–4527,
https://doi.org/10.5194/acp-16-4511-2016, 2016.

Zhang, T., Shen, Z., Huang, S., Lei, Y., Zeng, Y., Sun, J., Zhang,
Q., Ho, S. S. H., Xu, H., and Cao, J.: Optical properties, molec-
ular characterizations, and oxidative potentials of different po-
larity levels of water-soluble organic matters in winter PM2.5
in six China’s megacities, Sci. Total Environ., 853, 158600,
https://doi.org/10.1016/j.scitotenv.2022.158600, 2022a.

Zhang, T., Huang, S., Wang, D., Sun, J., Zhang, Q., Xu, H., Hang
Ho, S. S., Cao, J., and Shen, Z.: Seasonal and diurnal varia-
tion of PM2.5 HULIS over Xi’an in Northwest China: Optical
properties, chemical functional group, and relationship with re-
active oxygen species (ROS), Atmos. Environ., 268, 118782,
https://doi.org/10.1016/j.atmosenv.2021.118782, 2022b.

Zhang, X. L., Lin, Y. H., Surratt, J. D., and Weber, R. J.: Sources,
Composition and Absorption Angstrom Exponent of Light-
absorbing Organic Components in Aerosol Extracts from the
Los Angeles Basin, Environ. Sci. Technol., 47, 3685–3693,
https://doi.org/10.1021/es305047b, 2013.

Zhang, Y. L., Gao, G., Shi, K., Niu, C., Zhou, Y. Q.,
Qin, B. Q., and Liu, X. H.: Absorption and fluores-
cence characteristics of rainwater CDOM and contribu-
tion to Lake Taihu, China, Atmos. Environ., 98, 483–491,
https://doi.org/10.1016/j.atmosenv.2014.09.038, 2014.

Zhao, W. Y., Fu, P. Q., Yue, S. Y., Li, L. J., Xie, Q. R., Zhu,
C., Wei, L. F., Ren, H., Li, P., Li, W. J., Sun, Y. L., Wang, Z.
F., Kawamura, K., and Chen, J. M.: Excitation-emission matrix
fluorescence, molecular characterization and compound-specific
stable carbon isotopic composition of dissolved organic matter
in cloud water over Mt. Tai, Atmos. Environ., 213, 608–619,
https://doi.org/10.1016/j.atmosenv.2019.06.034, 2019.

Zhou, Y., Yao, X., Zhang, Y., Shi, K., Zhang, Y., Jeppesen, E.,
Gao, G., Zhu, G., and Qin, B.: Potential rainfall-intensity and
pH-driven shifts in the apparent fluorescent composition of dis-
solved organic matter in rainwater, Environ. Pollut., 224, 638–
648, https://doi.org/10.1016/j.envpol.2017.02.048, 2017.

https://doi.org/10.5194/acp-23-2613-2023 Atmos. Chem. Phys., 23, 2613–2625, 2023

https://doi.org/10.1021/acs.estlett.2c00128
https://doi.org/10.5194/acp-14-13801-2014
https://doi.org/10.5194/acp-16-4511-2016
https://doi.org/10.1016/j.scitotenv.2022.158600
https://doi.org/10.1016/j.atmosenv.2021.118782
https://doi.org/10.1021/es305047b
https://doi.org/10.1016/j.atmosenv.2014.09.038
https://doi.org/10.1016/j.atmosenv.2019.06.034
https://doi.org/10.1016/j.envpol.2017.02.048

	Abstract
	Introduction
	Materials and methods
	Materials
	Standard solution and aqueous extraction of ambient samples
	EEM–PARAFAC analysis

	Results and discussion
	Fluorescence properties of BrC model compounds
	Fluorescence properties of BrC from different sources
	Identification of chemical species and potential sources of fluorescent components in ambient aerosols
	Identification and quantification of fluorescent components using the PARAFAC method
	Spatial and seasonal variations in fluorescent components in WSOM


	Conclusion and future prospects
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

