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Abstract: Atmospheric brown carbon (BrC) is a kind of organic aerosol that efficiently absorbs
ultraviolet-visible light and has an impact on climate forcing. We conducted an in-depth field study
on ambient aerosols at a monitoring point in Shanghai, China, aiming to investigate the potential
emission sources, molecular structures, and the contributions to light absorptions of ambient BrC
chromophores. The results indicated that nine molecules were identified as nitroaromatic com-
pounds, five of which (4-nitrophenol, 4-nitrocatechol, 2-nitro-1-naphthol, 3-methyl-4-nitrocatechol,
and 2-methyl-4-nitrophenol) usually came from biomass burning or were produced from the photo-
oxidation of anthropogenic volatile organic compounds (e.g., toluene, benzene) under high-NOx

conditions. 4-nitrophenol was the strongest BrC chromophore and accounted for 13% of the total
aerosol light absorption at λ = 365 nm. The estimated light absorption of black carbon was approxi-
mately three times the value of methanol-soluble BrC at λ = 365 nm. The ratios of K+/OC and K+/EC,
and the correlations with WSOC, OC, HULIS-C and K+, and MAE values of methanol extracts also
indicated that the primary emissions from biomass burning contributed more aerosol light absorption
compared to the secondary formation during the wintertime in Shanghai. Therefore, biomass burning
control is still the most urgent strategy for reducing BrC in Shanghai.

Keywords: brown carbon; emission source; absorption chromophore; molecular composition;
biomass burning

1. Introduction

The light-absorbing carbonaceous aerosols in the atmosphere mainly come from the
combustion of fossil fuels and biomass [1,2]. Such as black carbon (BC) which absorbs
solar radiation with a wide incident light wavelength range, resulting in positive radia-
tive forcing [3]. Yet, many studies have shown that atmospheric brown carbon (BrC) in
carbonaceous aerosols not only effectively absorbs solar radiation in the ultraviolet–visible
region (UV–vis), but also features a complex organic mixture [4]. BrC wrapped in cloud
droplets can absorb light to promote water evaporation and the spread of clouds, thereby
offsetting the indirect effect of cloud droplet cooling [5]. The light absorption of BrC in the
UV–vis range may greatly reduce the photolysis rate of some compounds in the atmosphere,
thereby affecting the concentration of oxidants [6].

Understanding BrC characteristics helps to improve the accuracy of assessing BrC
radiative forcing in the global atmospheric model. BrC is generally emitted from primary
sources of incomplete combustion [7] or secondary aerosols through nitrogen-related re-
actions [8,9]. For example, toxic soluble nitroaromatic hydrocarbons can be formed from
polycyclic aromatic hydrocarbons [10]. Secondary BrC can be formed by photo-oxidation
of volatile organic compounds (VOCs) (including toluene and m-cresol) in the presence
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of NOx [11]. Degradation products of lignin are photo-oxidized in the presence of NOx to
produce methyl-nitrocatechol, which is the main light-absorbing compound. Laboratory ex-
periments and ambient aerosol sampling showed that nitrophenol and methyl-nitrocatechol
are the main light-absorbing compounds in secondary BrC [11,12].

The water-soluble fraction of BrC accounts for about 70% of water-soluble organic
carbon (WSOC), and about 90% of BrC can be extracted with organic solvents (such as
methanol and acetonitrile) [13,14]. Kirchstetter et al. [15] separated organic components in
biomass flue gas from insoluble soot-like carbon using solvents, and concluded when the ab-
sorption ångström exponent (AAE) was >2, the organic component of aerosol made a great
contribution to light absorption at wavelengths of less than 600 nm. Southern California
summer aviation network data also showed that the light absorption of BrC accounted for
40% of light absorption of BC at 440 nm, and only 10% of that at 635 nm [16]. Zhang et al. [14]
compared the water-soluble components of BrC in aerosol samples collected by particle-
into-liquid-sampler (PILS) with methanol-soluble BrC. The result of high-performance
liquid chromatography (HPLC)/UV–vis/mass spectrometry (MS) showed that the content
ratio of methanol-soluble nitroaromatic BrC was more than that of water-soluble BrC. Com-
pared with water-soluble components, the mass absorption cross-section of BrC extracted
by organic solvents is larger; that is, it has a stronger absorption capability [13,14,17,18].

The AAE of BrC from fossil fuel combustion is about 1, and the AAE from incomplete
combustion of biomass ranges from 1 to 3 [19]. When fresh BrC changes into secondary
BrC, the range of AAE values varies from 3 to 7, which indicates that the wavelength
dependence of secondary BrC is higher, and the ability of secondary BrC to absorb radiation
decreases with wavelength [20]. The AAE value of water-soluble BrC of Amazon biomass
burning (BB) aerosol is 7.1 [21], while that of wood burning aerosols at different burning
temperatures is 8–16 [17], and burning aerosols produced by straw, pine needles, and
sesame stems are 7.4–8.3 [22]. In addition, the AAE values of WSOC for aerosol samples in
urban and rural areas are in the range of 6–8 [7,14,18,23,24].

The mass absorption efficiency (MAE) of aerosol produced by fossil fuel combustion
is significantly higher than that produced by incomplete biomass burning, indicating that
the ability of fossil fuel combustion to absorb radiation is greater than that of incomplete
biomass burning. This may be because the molecular composition of BrC produced by the
combustion of fossil fuels differs under different combustion conditions [1]. It was found
that BrC aerosol generated in the laboratory contained 41 compounds that absorbed light
in the UV–vis region, including oxygen-containing compounds, conjugated compounds,
nitro aromatic compounds, and S-containing compounds [25]. Strong chromophores are
responsible for 50% of the total absorption of BrC between 300 and 500 nm. Among
them, the light absorption of nitrophenol and its derivatives produced by biomass burning
aerosols accounts for about 25%, and another 25% of total light absorption is attributed to
polycyclic aromatic hydrocarbons. The remaining 50% may be due to weak chromophores
with a small molar absorption coefficient or low concentration in the environment and the
complex conversion mechanism between larger molecules [26,27].

There is still a lack of research on the source, temporal variation of concentration,
molecular structure, and absorption spectrum of BrC, and the internal correlation mech-
anism between these factors, which are important to global and regional climate and air
quality models [28,29]. Therefore, we conducted an in-depth field study of monitoring
ambient BC aerosols at a monitoring point in Shanghai, China, by aerosol optical prop-
erty monitoring and samplings. This study aims to investigate the physical and chemical
characteristics of atmospheric BrC and the factors based on sampling. The molecular
structure and chromophores of the light-absorbing BrC component were explored using
HPLC-DAD-TOF-MS.
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2. Materials and Methods
2.1. Particle Samples

The sampling site was set on the rooftop of a seven-story building on the campus of
Fudan University in Shanghai (31.3◦ N, 121.5◦ E). Ambient aerosols were sampled on quartz
fiber filters (8 × 9 in, Whatman QM-A, Little Chalfont, Buckinghamshire, United Kingdom)
using a high volume sampler with a flow rate of 1.05 m3/min for 24 h from 26 December
2018 to 29 January 2019. In this case, we selected this flow rate value to satisfy both high
flow sampling and all filter membrane sampling analyses. The filters were prebaked at 600
◦C for 6 h prior to sampling to remove the residual carbon. Before and after sampling, the
filters were conditioned under constant temperature (20 ◦C) and relative humidity (40%)
for 24 h and weighed by microbalance. The filter samples were wrapped, sealed separately
in aluminum foil envelopes, and stored in a freezer at −10 ◦C until analysis to minimize
the evaporation of volatile components. In this experiment, PM2.5 was not calculated as
total sample equal to PM2.5, but was obtained in the following way:

PM2.5 =
M − M0

v
(1)

where M0 and M are the mass of the filtration membrane before and after sampling, mg, V
is the sampling volume, m3.

2.2. Analysis of Collected Samples

Water-soluble inorganic species concentrations
The major inorganic ions (SO4

2−, NH4
+, NO3

−, Cl−, Mg2+, Ca2+, and K+) of the
extracts were determined by an ion chromatograph equipped with a Dionex CS12A column
used for cation analysis (20 mM methane sulfonic acid as eluent) and a Dionex AS23 column
for anion analysis (4.5 mM NaHCO3 and 0.8 mM Na2CO3 as eluent). KBB

+ and the acidity
of PM2.5 were obtained by ions concentrations. Punches with a diameter of 47 mm were cut
from each filter sample and used for chemical analysis and light absorption measurements.
A quarter of each filter was cut into pieces with scissors, then extracted with 30 mL Milli-Q
water (18 MΩcm) under ultrasonication for 30 min. The extracted solution was filtered
through a syringe with 0.2 µm pore size. The following equations were adopted from the
literature to determine the K+

BB:

K+
BB =

(
nss − K+

)
−
(
K+

Dust
)

(2)

nss − K+= K+
aerosol − 0.037 × Na+aerosol (3)

K+
Dust= 0.6∗

{(
nss − Ca2+

)
− Ca2+

BB

}
(4)

Ca2+
BB =

nss − K+

13.6
(5)

nss − Ca2+= Ca2+
aerosol − 0.038 × Na+aerosol (6)

where nss-K+ and KDust
+ refer to non-sea-salt-potassium and dust-derived K+. Kaerosol

+,
Naaerosol

+ and Caaerosol
2+ represent the concentrations of K+, Na+ and Ca2+ in the aerosol

samples, measured by ion chromatography. The parameters (0.6, 13.6, 0.037, 0.038) used
were adopted from the literature [30,31].

The acidity of PM2.5 is commonly evaluated by anion equivalence (AE) and cation
equivalence (CE) using the following equations:

AE =
SO2−

4
48

+
NO−

3
62

+
Cl−

35.5
(7)

CE =
Na+

23
+

NH+
4

18
+

Mg2+

12
+

Ca2+

20
+

K+

39
(8)
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Organic carbon (OC) and elemental carbon (EC)
Organic carbon (OC) and elemental carbon (EC) were measured using a thermal/optical

carbon analyzer (Atmoslytic Inc., DRI 2000, Calabasas, CA, USA). A punch of each filter
was measured stepwise at temperatures of 140 ◦C (OC1), 280 ◦C (OC2), 480 ◦C (OC3), and
580 ◦C (OC4) in a helium atmosphere, and 580 ◦C (EC1), 780 ◦C (EC2), and 840 ◦C (EC3) in a
2% oxygen/98% helium gas atmosphere. OC was calculated as OC1 + OC2 + OC3 + OC4 +
OP and EC as EC1 + EC2 + EC3 − OP, where OP is the optical pyrolyzed OC. The instrument
has a minimum detection limit of 0.82 µg/cm2 for OC and 0.82 µg/cm2 for EC. The carbon
analyzer was checked using known quantities of CH4 each day and calibrated with sucrose.
The concentrations of primary organic carbon (POC) and secondary organic carbon (SOC)
were calculated according to the data of OC and EC using the following equation:

SOC = TOC − EC × (OC/EC)min (9)

POC = TOC − SOC (10)

where TOC is total OC and (OC/EC)min is the minimum OC/EC ratio observed during
sampling in Shanghai.

Primary organic carbon (POC) and secondary organic carbon (SOC)
A quarter of each filter was cut into pieces with scissors, then extracted in 30 mL

Milli-Q water (18.2 MΩ cm) under ultrasonication for 45 min. The extracted solution was
filtered through a syringe with 0.2 µm pore size. The extracts were analyzed with a TOC
analyzer (Multi N/C2100, Analytik Jena AG, Jena, Germany). The detection limit of TOC is
0.1 mg/L to 40 mg/L.

Humic-like substances (HULIS)
The humic-like substances (HULIS) fraction was isolated from PM2.5 samples using a

solid-phase extraction (SPE) technique. In brief, a punch of the filter was extracted in 30 mL
Milli-Q water with ultrasonication for 30 min and then filtered through a syringe with
0.2 µm pore size to obtain the water extract. The extracted solution was adjusted to pH ≈ 2
using HCl and passed through preconditioned Oasis® hydrophilic–lipophilic balance (HLB)
extraction cartridges (60 mg/cartridge, Waters, Milford, MA, USA). Thus, hydrophilic
HULIS were retained by the HLB cartridge. The Oasis® HLB extraction cartridge was
preconditioned with 2 mL methanol and 2 mL water (pH = 1). Then 2 mL Milli-Q water
was injected into the HLB cartridge to remove residues of inorganic constituents, and a 2 mL
mixture of methanol and ammonia was introduced into the HLB cartridge to elute retained
organics (HULIS). Finally, the eluted HULIS were dried under nitrogen gas flow until fully
dry; subsequently, they were diluted with 30 mL Milli-Q water and then measured with
the TOC analyzer (Multi N/C2100, Germany, Analytik Jena AG).

A punch of each filter was cut into pieces using scissors and extracted in 15 mL
methanol under ultrasonication for 30 min. The extracted solution was filtered through a
syringe with 0.2 µm pore size. UV–vis absorption spectra were measured using a UV–vis
spectrophotometer (S3100, Scinco, Seoul, Korea) over the wavelength range of 190–700 nm,
and field blank filters were collected to correct for background concentration. The absorp-
tion coefficient of the methanol extracts (Absλ, Mm−1) was calculated using the follow-
ing equation:

Absλ = (Aλ − A700)
Vl

Va × l
× ln 10 (11)

where Aλ and A700 are the light absorption of the water extracts at the given wavelength
λ and 700 nm, respectively. Vl and Va are the solution volume (mL) and the sampling
air volume through the filter punch (m3), respectively, and l is the absorbing path length
(l = 0.01 m in this study). A700 was applied to correct the baseline drift during the absorption
measurement. This study also presents the light absorption coefficient (babs) of uncoated
BC at 365 nm which is calculated as [18]:

babs(365, BC)= ECm × MAE365,BC = ECm × MAE550,BC × (
550
365

)AAEBC (12)
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where ECm is the EC mass concentration, which is used as the BC mass, and MAE365,BC
and MAE550,BC are the mass absorption efficiency of uncoated BC at 365 and 500 nm,
respectively. MAE550,BC is assumed to be 7.5 m2/g according to the literature [32] and
AAEBC is set to 1.

The AAE of methanol extracts is determined by the linear regression relationship of ln
(absλ) versus ln(λ) over the wavelength range 330–545 nm. The MAE of methanol extracts
at 365 nm was calculated as:

MAE365 =
babs365

MSOC
(13)

where babs365 and MSOC are the absorption coefficient of the methanol extract at 365 nm
and the mass concentration of MSOC, respectively. As the MSOC could not be measured
by the TOC, we replaced it with OC to calculate AAE, assuming that methanol can extract
all organic carbon.

HPLC-DAD-Q-TOF-MS
Two punches of each filter were cut into pieces using scissors and extracted in 30 mL

methanol under ultrasonication for 30 min. The extracted solution was filtered (polyte-
trafluoroethylene membrane) through a syringe with 0.2 µm pore size. After concentration,
the final volume was roughly 1 mL prior to HPLC-DAD-Q-TOF-MS analysis.

An Agilent 1200 series HPLC with a C18 column (SB-C18, 3.0 × 100 mm, 1.8 µm)
was used for chromatographic separation with an injection volume of 2 µL. The flow rate
was set to 0.4 mL/min and the gradient separation was conducted with 0.1% formic in
water (A) and methanol (B). The concentration of B was 5% for the first 0.5 min, increased
to 95% from 0.5 to 27 min, and then decreased back to 5% from 27 to 27.1 min. The
identification of BrC was determined with an Agilent 6520 Q-TOF-MS and an Agilent
G1315D diode array detector (DAD). UV–vis absorption was measured using the DAD
detector over the wavelength range of 190–600 nm. The TOF-MS was equipped with
electrospray ionization (ESI), operated in both positive and negative ion modes. The
drying gas flow rate was 7 L/min, and the temperature and flow rate of sheath gas were
350 ◦C and 11 L/min, respectively. Before the experiment, the instrument was tuned and
calibrated with a standard low-concentration tuning solution, ensuring the accuracy of the
mass measured. The ion masses included in the tuning mixture were 112.98558, 301.9981,
601.9789, 1033.9881, 1333.9689, and 1633.9497 Da. External mass calibration was not used
during data analysis.

3. Results and Discussion
3.1. Concentrations of Carbonaceous and Ionic Species

Table 1 provides a summary of the concentration of a variety of carbonaceous species
and ionic species. The concentration range of PM2.5 for 24 h is from 14.67 µg/m3 to
119.80 µg/m3, with a mean value of 50.07 ± 30.49 µg/m3. PM2.5 in this study was lower
than other historical average values, such as 104.61 µg/m3 in Shanghai during the winter
of 2013–2014, 85.1 µg/m3 in Guangzhou from February 2010 to January 2011 [33], and
62.0 µg/m3 during November to December 2015 in Shanghai [34].

Figure 1 shows the daily average concentrations of OC, EC, WSOC, and HULIS-C,
in which OC, WSOC, and HULIS-C displayed similar temporal patterns. HULIS-C ac-
counted for 33.6–60.3% of WSOC in this study, which was comparable to that observed in
Guangzhou (37–61%) [33], indicating that HULIS are a major component of WSOC. The
higher WSOC/OC ratios (0.277–0.961) suggested that secondary organic aerosol (SOA)
formation was enhanced during the sampling period. The average ratio of OC/EC in this
study was 2.86, which was relatively low for winter in an urban area in Shanghai [35]. It
was reported that the daily average values were within the range of 1.8–5.6 [36–38]. SOC
exists under the circumstance of the OC/EC ratio being greater than 2 [39]. Therefore,
it was speculated that secondary organic aerosol formed, which was related to vehicle
exhausts and coal and biomass burning. This can be further verified based on the SOC
concentrations calculated by OC and EC, as given in Table 1.
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Table 1. Chemical composition of carbonaceous and ionic species of PM2.5 in Shanghai during the
monitoring period.

Item Unit
Concentration

Mean ± SD Range

PM2.5 µg/m3 50.07 ± 30.49 14.67–119.80
OC µg/m3 4.90 ± 2.94 1.79–13.10
EC µg/m3 1.86 ± 1.23 0.36–5.94

WSOC µg/m3 3.87 ± 2.42 0.53–9.75
HULIS-C µg/m3 2.06 ± 1.51 0.23–5.88
OC/EC / 2.86 ± 0.92 1.81–5.61

WSOC/OC / 0.76 ± 0.15 0.28–0.96
HULIS-C/WSOC / 0.49 ± 0.09 0.34–0.60

POC µg/m3 3.37 ±2.23 0.65–10.75
SOC µg/m3 1.53 ±1.23 3.8 × 10−7–4.68
SO4

2- µg/m3 6.36 ± 3.94 1.67–16.98
NO3

− µg/m3 15.62 ± 13.24 1.55–49.19
Cl− µg/m3 1.21 ± 0.59 0.38–2.08

NH4
+ µg/m3 7.09 ± 4.66 1.85–17.20

K+ µg/m3 0.55 ± 0.31 0.20–1.44
K+

BB µg/m3 0.44 ± 0.32 0.07–1.35
Mg2+ µg/m3 0.61 ± 0.23 0.28–1.14
Ca2+ µg/m3 0.20 ± 0.02 0.17–0.24

K+/OC / 0.11 ± 0.01 0.10–0.14
K+/EC / 0.32 ± 0.10 0.19–0.59
K+

BB/OC / 0.09 ± 0.02 0.03–0.11
K+

BB/EC / 0.24 ± 0.06 0.13–0.35
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tions among all the ionic species. The average concentrations of the secondary ionic species
NO−

3 , SO2−
4 and NH+

4 were 15.62 ± 13.24 µg/m3, 6.36 ± 3.94 µg/m3, 7.09 ± 4.66 µg/m3.
The corresponding variation ranges were 1.55–49.19 µg/m3, 1.67–16.98 µg/m3, and
1.85–17.20 µg/m3, respectively. The ratios of NO−

3 /SO2−
4 were greater than 1, indicat-

ing that vehicle emissions could be a main factor for air pollution [40]. Water-soluble K+

concentration ranged from 0.20 to1.44 µg/m3, with an average value of 0.55 µg/m3; K+
BB
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concentration ranged from 0.07 to1.35 µg/m3, with an average value of 0.44 µg/m3. Previ-
ous studies concluded that both BB and traffic emissions contribute significantly to OC and
EC concentrations, but BB emissions also contribute significantly to water-soluble K+ [30].
A previous study [41] indicated that BB-influenced ambient aerosols had a K+/OC ratio
within the range of 0.08–0.11 and a K+/EC ratio within the range of 0.42–0.54. Therefore,
BB was the major contributor to ambient aerosols during the monitoring period in this
study. The conclusion was consistent with the calculated concentrations of K+

BB in Table 1.
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Figure 3 shows the correlations of K+ and K+
BB with WSOC, OC, and HULIS-C. The

BB emission marker (K+) was significantly correlated with WSOC, OC, and HULIS-C, with
respective R2 values of 0.920, 0.959, and 0.908, suggesting that the WSOC, OC, HULIS-C
and K+ observed during the sampling period were associated with similar sources, and
BB emission was dominating. The correlations between OC and EC were relatively high
(R2 = 0.895), suggesting that the sources of OC could be the primary sources of EC. The
high R2 values indicated that there was a similar source between WSOC and NO−

3 (0.97)
and NH+

4 (0.95).
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3.2. Metallic Element Concentration Levels and Enrichment Factors (EFs)

The concentration and EF of 18 elements in the PM2.5 samples were analyzed using
ICP-MS, as shown in Table S1: Se > Cd > Sb > Zn > Ag > Pb > Cu > Ni > Mn > V. The
source of Sb is the worn brake pads of automobiles. V is regarded as a marker of heavy oil
fuel [42], and it was reported that the cargo emission caused by heavy oil fuel accounted
for 85% of anthropogenic V [43]. The elements of Se, Zn, Cu, and Pb are ubiquitous in
the coal matrix, and Pb, in particular, has been identified as a prominent element of coal
combustion that is released into the air in the effluent of most combustion processes [44].
The elements with EF values of 1–10 were Na, Mg, K, Fe, Co, Sr, and Ba, indicating that
pollution came from both anthropogenic and natural sources [45] (Supplement S3.2).

3.3. Light Absorption by the Methanol Extracts

Figure 4a shows the average absorption spectra of methanol-soluble organic carbon
(MSOC) within the incident wavelengths of 200–600 nm during the sampling time period,
which is characteristic of the spectra of BrC. We chose babs at λ = 365 nm as the absorption of
BrC [46], which varied slightly between 2.67 and 11.93 Mm−1 with an average of 6.28 Mm−1

in this study. The babs (365, methanol) from other studies include 26.2 ± 18.81 Mm−1 for
Beijing [18], 8.80 ± 2.88 Mm−1 for Shanghai [47], and 7.1 ± 3.4 Mm−1 for Gwangju,
Korea [48]. Figure 4b shows positive correlation between babs (365, methanol) and OC
(R2 = 0.79), POC (R2 = 0.69) and SOC (R2 = 0.44), indicating that the primary emissions
contributed more light absorption compared with the secondary formation in this study.
This result was consistent with the study conducted in Yulin, China [46]. We also calculated
the babs of uncoated BC at λ = 365 nm for comparison; the estimated babs (365, BC) was
about three times the value of babs (365, methanol).
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(b) relationship between the light absorption coefficient at 365 nm for methanol extracts and POC, SOC,
OC; (c) daily variation of babs (365, methanol) for the methanol extracts and babs (365, BC) estimated for
uncoated BC; and (d) daily variations of the AAE and MAE365 values for methanol extracts.

The AAE of MSOC varied between 1.88 and 6.34 with a mean value of 4.58. This
is consistent with the findings of previous studies for Beijing, Yulin in Northern China,
the Ligurian Apennines in Italy, and Gwangju in Korea [18,46,48–50]. Furthermore, due
to the difficulties in detecting MSOC, we replaced MSOC with OC, resulting in an un-
derestimation of the MAE of methanol extracts. The mean MAE at λ = 365 nm in winter
was 1.35 ± 0.39 m2/g, similar to those of previous studies in Yulin (1.4 ± 0.4 m2/g47) and
Gwangju, Korea (1.3 ± 0.4 m2/g49). The MAE values in winter were within the range of the
MAE for BB sources [22,51], which further supported the conclusion that BB was the major
source during the sampling time period in Shanghai. If the MSOC/OC ratio is assumed to
be 0.85 [18], the corrected MAE should be about 1.58 m2/g. The value is a bit lower than
the corrected MAE values in the Los Angeles Basin (about 1.9 m2/g) [14] and Xi’an (about
1.72 m2/g) [52] and is strongly related to BB or coal combustion.
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3.4. Analysis of Brown Carbon Chromophores

The methanol-extracted PM2.5 samples collected on different days were measured
using an HPLC-DAD-Q-TOF-MS system, as given in Figure 5. The absorption spectrum of
a single compound showed the optimal absorption wavelength of the substance. This study
mainly analyzed the compounds with the absorption signal at λ = 365 nm due to the typical
characterization wavelength of BrC. Only the main absorption peak was discussed. Figure 5
shows the specific BrC chromophores based on the peaks of the absorption chromatogram
corresponding to the peak on the mass spectrum chromatogram. Most peaks corresponded
to a major compound on the mass peak. Since ESI is not sensitive to unfunctionalized
aromatic hydrocarbons, it is difficult to distinguish the absorption substance of some strong
absorption peaks due to the unrecognized mass peak.

The formulae corresponding to the absorption peaks of λ = 365 nm in the positive
and negative modes are shown in Table S3. These compounds all contributed to the bulk
light absorption detected by spectrophotometry in the previous section. However, due to
the dilution and separation of the extraction by HPLC, the absorption measured by DAD
cannot be directly compared with bulk light absorption.

Nearly all days presented similar patterns. The BrC chromophores flowing out during
the RT of 0–23 min showed a strong signal on the UV-absorption spectrum and the mass
spectrum signal chromatogram. Most of these compounds were mainly detected in negative
mode and contained a nitrogen atom and at least three oxygen atoms. These species have
high saturation and aromaticity, indicating that BrC chromophores are mainly nitroaromatic
compounds (such as nitrophenol and nitroaromatic acid). The UV–vis absorption spectrum
of these substances can help to determine their possible structure. C6H5NO3, eluted at
RT = 9.356 min, was characterized by a maximum absorption at λ = 318 nm, which matched
with the UV–vis spectrum of 4-nitrophenol. Therefore, the high level of 4-nitrophenol in
BrC was due to gas–particle partitioning, consistent with the lower vapor pressure and the
higher Henry’s law constant of 4-nitrophenol [53]. Similarly, C6H5NO4 eluted at 9.692 min
exhibits a maximum wavelength at 345 nm, resembling the literature-reported spectrum of
4-nitrocatechol, which is produced by aromatic SOA under high-NOx conditions. C6H5NO5
eluted at 9.146 min could be a nitro-benzenetriol produced through further oxidation of 4-
nitrocatechol or directly emitted from wood burning [4,54]. C10H7NO3 eluted at 14.453 min
could be a 2-nitro-1-naphthol according to its spectrum and the research of Xie et al. [55].
There is a characteristic RT in the chromatograms when the m/z of these compounds is
extracted, suggesting there are no other isomers. Some species were found as multiple
structural isomers for the same elemental formula. Two isomers of C7H7NO3 occurred at
11.381 and 12.149 min, resembling the spectra of 3-methyl-4-nitrocatechol and 2-methyl-
4-nitrophenol. C7H7NO4 eluted at 7.494 min was similar to the spectrum of C6H5NO4.
Perkampus [56] pointed out that the substitution of a methyl group did not change the
absorption spectrum of aromatic compounds. The other C7H7NO4 eluted at 10.591 min may
represent 4-nitroguaiacol. C8H9NO3 eluted at 14.029 min may be a benzene compound [57].
Phenolic compounds in some studies have been reported produced from biomass burning.
The pyrolysis of lignin during biomass burning usually produces a variety of substituted
phenols; subsequently, nitrophenol is generated through phenolic compounds with NOx.
Overall, there were nine element formulae identified as nitroaromatic compounds, eight
of which were also detected in Xie et al. Five of the nitroaromatic compounds (including
4-nitrophenol, 4-nitrocatechol, 2-nitro-1-naphthol, 3-methyl-4-nitrocatechol and 2-methyl-4-
nitrophenol) usually come from biomass burning or are produced from the photo-oxidation
of anthropogenic VOCs (e.g., toluene, benzene) under high-NOx in heavy traffic urban
environments [58,59]. Moreover, C10H17NO7S (RT = 11.186 min) may be a nitroxy organic
sulfate derived from monoterpenes, and C8H18O4S (RT = 13.446 min) detected in the sample
may be an aliphatic organic sulfate [60]. Thus, we conclude that the pollution sources
of BrC during the sampling period were mainly biomass burning, heavy oil combustion,
and anthropogenic VOCs. The compound with an absorption peak detected at 365 nm
in the positive mode had a larger molecular weight, which brought a great challenge in
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analyzing the species and structure. The compound eluted at 19.277 min matched the
formula of C19H10O in the Shanghai winter samples and was also found in the research of
Lin et al. [61].
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as inferred from high-resolution mass spectrometry.
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3.5. Absorption Contribution of Brown Carbon Chromophores

As most of the chromophores in the BrC mixture are unknown, it is impractical to
quantify the concentration of individual chromophores and evaluate their optical properties.
Therefore, in this study, ESI-HR-MS was used as a qualitative probe at the molecular level,
combined with UV–vis spectroscopy (DAD detector) to quantitatively measure the light
absorption of atmospheric BrC chromophores with HPLC separation. This method can
not only determine the molecular structure of different organic compounds but can also
evaluate their contribution to light absorption, deepening the understanding of aerosol
radiative forcing and climate effects.

Figure 6 shows the relative cumulative absorption contribution of BrC chromophores
in the wavelength of 250–450 nm for different sampling days. It should be noted that some
BrC compounds may interact with the stationary phase of the column to permanently
capture them, resulting in underestimation of the total absorption. Table S2 lists the
integration parameters of the absorption peak at a typical wavelength of 365 nm, and the
area ratio represents the absorption ratio of a single absorption peak to the total absorption.
Although the molecular structure and composition of these BrC chromophores are complex,
the core structure and functional groups of some chromophores were identified. Based
on the HPLC-DAD chromatogram and the results of Figure 3, the light absorption in the
wavelength of 250–450 nm is explained by the strong chromophores of BrC. The DAD results
of these six methanol extracts indicate the absorption contribution caused by 4-nitrophenol
in the entire wavelength was the largest for 16 and 22 January, and relatively large for 17 and
21 January, indicating that 4-nitrophenol is an important chromophore of BrC during the
sampling time period in Shanghai. In addition, for the sample of 28 January, the absorption
of the compound eluted at 20.823 min (C23H32O2) was significantly greater than other
species in the wavelength range of 250–300 nm. For the sample of 22 January, the absorption
of 4-nitrophenol accounted for 13% of the total light absorption at λ = 365 nm, which was a
single chromophore with the largest absorption. The absorption ratios of 4-nitrophenol at
λ = 365 nm for the other samples are shown in Table S4, and are basically consistent with
the trend in Figure 3. Yury et al. [54] found that the absorption of 4-nitrophenol in cloud
water accounted for 55% of total absorption at λ = 370 nm, and the 46 nitrides accounted
for 92% of the total absorption (300–400 nm), indicating that reduced nitrogenous species
made a more important contribution to the total light absorption of BrC. Lin et al. [62]
found that the absorption caused by 30 chromophores accounted for more than 70% of the
total absorption in the wavelength range of 300–500 nm.

The results identified five elements of nitroaromatic compounds including 4-nitrophenol,
4-nitrocatechol, 2-nitro-1-naphthol, 3-methyl-4-nitrocatechol, and 2-methyl-4-nitrophenol,
which were possibly coming from biomass burning. Additionally, 4-nitrophenol was an
important chromophore of BrC for Shanghai and accounted for 13% of the total light
absorption at λ = 365 nm.
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(e,f) are data for January 17th, (g,h) are data for January 21th, (i,j) are data for January 22th, (k,l) are
data for January 28th.

4. Conclusions

We found that primary emissions from biomass burning contributed more aerosol
light absorption compared to the secondary formation during the winter time in Shanghai.
The identified 4-nitrophenol, 4-nitrocatechol, 2-nitro-1-naphthol, 3-methyl-4-nitrocatechol,
and 2-methyl-4-nitrophenol came from biomass burning or were produced from the photo-
oxidation of anthropogenic VOCs under high-NOx conditions. 4-nitrophenol was the
strongest BrC chromophore and accounted for 13% of the total aerosol light absorption at
λ = 365 nm. In brief, the contribution of BrC to aerosol light absorption was about 25%, and
biomass burning controlling is still the most urgent strategy for reducing BrC in Shanghai.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos13060991/s1, Table S1: Concentration of metal elements (ng/m3) and enrichment factors
(EFs) of elements in PM2.5 in Shanghai during winter, S3.2 Analysis Metallic Element Concentration,
Table S2: Integration parameters of each absorption peak at 365 nm, Table S3: Elemental formulae
assigned to the species responsible for major peaks in the UV–vis chromatogram, Table S4: The
absorption ratios of 4-nitrophenol at 365 nm for the other samples as mentioned in [34,63–65] here in
the text.
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