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ABSTRACT: Phenolic compounds are emitted in large amounts
from biomass burning and can undergo aqueous-phase reactions in
the atmosphere to form secondary organic aerosols (aqSOA). In
this study, the kinetics and products of the reaction of vanillic acid
(VA) with hydroxyl radicals (OH) were characterized, and their
formation mechanisms were determined using ultrahigh-perform-
ance liquid chromatography ultraviolet/mass spectrometry
(HPLC-UV/MS) and UV−vis absorption and fluorescence
spectroscopies. The obtained rate constants of the VA + OH
reaction are (9.8 ± 1.5) × 109 and (3.8 ± 0.7) × 109 M−1 s−1 at pH
2 and 10, respectively. A yellowish solution is obtained after
illumination, and it absorbs in the UV−vis region and has an
unusual fluorescence spectrum, which suggests formation of a humic-like substance (HULIS) by the C−C and C−O coupling of
phenoxyl radicals. Additionally, hydroxylation of the aromatic ring occurs through OH addition, which increases the degree of
oxidation of the products. This study indicates that the aqueous-phase OH oxidation of phenolic acid compounds may contribute to
formation of HULIS in the atmosphere, especially in areas with active burning of biomass. The high-molecular-weight products
would remain in the particle phase after fog/cloud evaporation and influence the chemical and optical properties of atmospheric
particles.
KEYWORDS: biomass burning emissions, aqueous-phase photooxidation, kinetics, HULIS, reaction mechanism, optical property

■ INTRODUCTION

Secondary organic aerosols (SOA) are predominantly formed
by oxidation of volatile organic compounds (VOCs), which
results in a reduction in the saturation vapor pressure, and the
subsequent nucleation or partitioning of the oxidation
products onto preexisting particles.1,2 Although most studies
have focused on gas-phase photochemical processes, aqueous-
phase reactions are also important contributors to SOA
(aqSOA) in clouds, fogs, or wet aerosol particles. The
aqueous-phase processes are driven by a combination of
biogenic and anthropogenic emissions and can significantly
affect aerosol composition and properties.3−6 These poorly
characterized aqueous-phase processes can at least partially
account for the large discrepancies between air quality models
and field observations.2,4,7 It is necessary to establish an
accurate aqueous-phase model for effective air quality manage-
ment.6 Therefore, understanding the formation and trans-
formation of aqSOA is important for determining the
atmospheric evolution of particles and estimating their impacts
on climate.
Biomass burning releases substantial amounts of organic

compounds into the atmosphere and is a significant source of
primary organic aerosols and SOA precursors.8 Levoglucosan
and methoxyphenolic compounds have been used as

biomarker tracers of organic aerosols from biomass burning
due to their unique signatures.9,10 In addition, phenols and
methoxyphenols contribute to approximately 20−40% of the
particulate mass from hardwood and softwood burning.11

Biomass burning mixtures are rapidly oxidized by hydroxyl
radicals (OH) in the aqueous phase, leading to formation of
aqSOA with high mass yields.12−14 The aqSOA formed by
residential wood combustion can account for 4−20% of the
total organic aerosol emissions in Europe.7 The average O/C
ratios of aqSOA from phenols is approximately 1, which means
that they are highly oxidized.15 In addition, these aqSOA
include numerous water-soluble molecules with polar func-
tional groups (−CO, −COOH, and −OH),16,17 which
indicates that phenolic aqSOA have the potential to affect the
particle hygroscopicity and cloud formation.
Humic-like substances (HULIS) have been detected in peat,

tar ball, biomass materials, and fossil fuels,18−20 constituting a
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significant fraction of water-soluble organic carbon and
contributing to the light-absorbing properties of organic
aerosols. Moreover, the aqueous OH-initiated oxidation of
phenolic compounds has been shown to form products that
have brown carbon (BrC) characteristics.7,21,22 3,5-Dihydrox-
ybenzoic acid, a water-soluble compound emitted by biomass
burning, has been demonstrated to react with OH radicals to
form light-absorbing organic matter.23 Gelencseŕ and co-
workers attributed the light absorption to formation of HULIS
and proposed that HULIS may have a secondary origin from
aqueous oxidation products, in addition to the primary
origin.23 Irradiation of hydrogen peroxide (H2O2) and
phenolic compounds led to formation of a colored solution,
which is similar to HULIS found in atmospheric particulate
matter.24 This reaction proceeded more rapidly for an o-
methoxy-substituted compound, suggesting that the radical
coupling of phenols and methoxyphenolic compounds may
contribute to HULIS in tropospheric waters.24 Furthermore,
the chemical composition and yield of aqSOA formed by the
photolysis and OH oxidation of vanillin were investigated.12

Although the optical properties of aqSOA were not quantified,
a yellowish solution was obtained. The dimeric products of
vanillin oxidation can absorb light.12 Recently, the photo-
induced oligomerization of phenolic compounds (vanillin and
acetosyringone) yielded products with humic-like fluorescence
properties that were assumed to be HULIS.25 However,
irradiation of vanillic acid (VA), m-cresol, and guaiacol did not
yield HULIS or oligomers,25 demonstrating that they could
hardly undergo photolysis.
To date, oxidation of phenolic acids, which are also an

important fraction of biomass burning products, has been

rarely studied. For example, vanillic, syringic, and p-
hydroxybenzoic acids have been used as tracers of biomass
burning emissions.10,26 VA was also identified in single tar ball
particles by laser desorption/resonance-enhanced multiphonon
ionization mass spectrometry.20 In the atmosphere above
forests, the concentration of vanillic acid could reach up to
6500 ng m−3.10 The detected atmospheric concentration of VA
was approximately 2−3 ng m−3 in Beijing during the APEC
summit.27 More recently, ice core records of vanillic acid from
Aurora Peak in Alaska since the 1660s show that the largest
concentration was approximately 0.035 ppb.28 In this work, a
photoreactor was used to simulate the photooxidation of VA in
cloud or fog droplets and evaluate its potential contributions to
formation of HULIS.

■ EXPERIMENTAL SECTION

Chemicals. Vanillic acid (>98.0%), suberic acid (>99.0%),
and p-toluic acid (>98.0%) were purchased from Tokyo
Chemical Industry (TCI) and used as received without further
purification. Acetonitrile and formic acid (Optima LC/MS
grade), which were used for the liquid chromatography mobile
phase, were obtained from Fisher Scientific. All solutions were
freshly prepared with purified water from a Millipore Milli-Q
purification system (18.2 MΩ cm−1 resistivity at 25 °C). In
addition, hydrochloric acid and sodium hydroxide solutions
were used to adjust the pH. All solutions were freshly prepared
for each experimental run.

Kinetic Experiments. In the field of aqueous-phase
kinetics, the relative rate technique is widely used to determine
the rate constant for two reasons: it does not involve the OH
radical concentration, and the reactant concentration does not

Figure 1. Relative kinetic data for vanillic acid oxidized by OH radicals in the aqueous phase under acidic and basic conditions.
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need to be accurately known.29 Therefore, the relative rate
technique was used to investigate the rate constant of the
reaction of VA with OH radicals in this study. Though for
kinetic and product experiments, the same30,31 or different
light sources32,33 were used, in this study we used the same
lamp in all experiments. This method relies on the assumption
that VA and the reference compounds are removed solely by
reacting with OH radicals. VA was mixed with the reference
compound in the same reactor, and the rate constant was
obtained by detecting the relative losses of VA and the
reference compounds, which have well-known OH rate
constants. The rate constant was calculated by
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where [VA]0 and [VA]t are the concentrations of VA before
illumination (time = 0) and during illumination (time = t).
The variables [ref]0 and [ref]t are the concentrations of the
reference compounds at time = 0 and time = t. A straight line
with a slope of k/kref was obtained by plotting ln ([VA]0/
[VA]t) versus ln ([ref]0/[ref]t) (Figure 1).
The typical pH values of polluted cloud, polluted fog, and

marine aerosols are 2−5, 2−7, and 1−9, respectively.4 As a
carboxylic acid, VA exists in different forms, i.e., the protonated
acid and corresponding deprotonated ion forms, under acidic
and basic conditions, respectively, and this phenomenon is
controlled by its pKa value. At pH < 4, VA is found in its
protonated form, and it exists in its deprotonated form at pH >
9.34,35 Taking these facts into consideration, pH 2 and 10 were
chosen for the acidic and basic conditions for these
experiments. Suberic acid (SA, k = (4.8 ± 0.4) × 109 M−1

s−1) and p-toluic acid (TA, k = (8.0 ± 0.8) × 109 M−1 s−1)36

were chosen as the acidic and basic reference compounds,
respectively, to study the kinetics of the VA + OH reaction.
Aqueous photochemical experiments were conducted in a

250 mL quartz glass vessel with a path length of 7 cm, and 200
mL of solution was initially used for the reaction. Each
experiment was completed within 2 h. The solution was
continuously stirred with a magnetic stir bar and irradiated
with two 254 nm UV lamps to generate OH radicals by
hydrogen peroxide (H2O2) photolysis. The emission spectrum
of the used UV lamp was provided in the Supporting
Information (Figure S1). As previously reported, the steady-
state concentration of OH radicals can be estimated by
dividing the average rate constant of VA loss (k′) by the
bimolecular rate constant of VA oxidation by OH (kVA+OH =
9.8 × 109 M−1 s−1)17

[ ] = ′
+

k
k

OH
VA OH (2)

Considering the different rate constants at pH 2 and 10, the
steady-state OH radical concentration was estimated to be
approximately 10−14 M. To accurately determine the rate
constants for the reaction of VA with OH radicals at pH 2 and
10, kinetics experiments were performed three times at each
pH by adjusting the concentration ratio of VA and the
reference compounds. The initial VA concentrations were 0.5
and 1 mM. For product identification, the experiments were
conducted at VA concentrations of 0.5 and 5 mM, and the
corresponding concentrations of H2O2 were 10 and 100 mM,
respectively. The H2O2 solution was added to the VA solution
and well mixed before turning on the UV light to initiate the

radical reaction. To verify that the VA + OH reaction follows
first-order kinetics during the measurement, the loss of VA in
the aqueous phase was measured as the reaction progressed
(Figure S2 in the Supporting Information). During the
experiments, approximately 60% and 90% of VA were
consumed in the aqueous phase at pH 2 and 10, respectively.
The kinetic experiments and product detection in this study
were completed within 2 h.

HPLC-UV/MS Analysis. During the kinetic experiments, 1
mL of the sample solution was removed from the 200 mL
reaction mixture at given times, and the concentrations of VA
and the reference compounds were measured by HPLC
(UltiMate 3000, Thermo Scientific, USA). In one experiment,
a total of 8 mL of solution was removed from the 200 mL of
solution, and the removed solution had a negligible effect on
the kinetic experiment. The HPLC system consisted of a UV−
vis detector and an ISQ EC mass spectrometer (MS, Thermo
Scientific, USA) equipped with an electrospray ionization
(ESI) source. Separation was performed using a Thermo
Scientific C18 column (150 mm × 2.1 mm, 3 μm, 100 Å) kept
at 30 °C. A formic acid solution in water (pH 2.8) (mobile
phase A) and acetonitrile (ACN) (mobile phase B) was
delivered at a flow rate of 0.2 mL min−1, and the injection
volume was set to 5 μL. Mass spectra were obtained in both
the total ion current (TIC, 50−700 m/z) and the selected ion
monitoring (SIM) modes. The ESI conditions included a
capillary voltage of −2.0 kV and source temperature of 300 °C,
and nitrogen was used as the sheath gas (2 × 105 Pa), auxiliary
gas (2 × 104 Pa), and collision gas. The gradient elution
programs for kinetic analysis and product identification are
shown in Table S1 in the Supporting Information. The total
retention times were 25 and 55 min. The concentration of VA
was quantified using the calibration curve based on the HPLC-
UV signals at 290 nm.

Ultraviolet−Visible (UV−vis) Spectroscopy. UV−vis
absorption spectra of the samples were collected using a
double-beam UV−vis spectrophotometer (P9, Shanghai
Mapada, China) in the range of 200−800 nm. The background
spectrum was measured using purified water to obtain the
baseline. After illumination, 3 mL of the sample was removed
from the vessel at regular intervals. The sample was then
pipetted into a quartz cuvette with an optical length of 10 mm
to measure the absorption of the colored products for the
UV−vis spectral analysis. The concentration of VA used in the
UV−vis spectral study was 0.2 mM (Figure S3). Moreover, an
additional experiment was performed with 5 mM VA + OH
radicals to observe the reaction process in the visible region.

Fluorescence Excitation−Emission Matrix (EEM)
Analysis. The 3 mL of sample used in the UV−vis spectral
analysis was transferred to a 10 mm quartz cuvette for
fluorescence measurements using a spectrofluorophotometer
(F-320, Tianjin Gangdong, China). The fluorescence ex-
citation−emission matrix (EEM) was obtained under the
following conditions: excitation and emission wavelength
ranges were set to 200−600 and 220−700 nm; scanning
intervals were set to 5 and 2 nm, respectively; slit widths were
all fixed at 10 nm; and scan speeds were set to 30 000 nm
min−1. The fluorescence features in this study were identified
based on the main characteristics in the literature.19,24,25,37−39

Error Analysis and Control Experiments. For compar-
ison, the following two control experiments at pH 2 were
performed to demonstrate that the loss of vanillic acid was only
due to photooxidation by OH radicals: (1) a dark control
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experiment without illumination to ensure that VA did not
react with H2O2 and (2) a direct photodegradation control
experiment without H2O2 to determine whether or not VA
would undergo direct photolysis. The results of the control
experiments confirm that no decay occurs during the dark
experiment, but ∼7% VA is reduced after 2 h irradiation
(Figure S4). A previous study of the photoreactivity of typical
phenolic compounds also showed no transformation of VA in
dark control experiments.25

The total errors, σVA, of the k values obtained by the relative
rate method are approximately 15%, taking into account the
precision of the linear regression analysis (eq 1) and the error
in the k and kref measurements
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(3)

Considering the uncertainty of the experiments (chromato-
graphic peak area integration), the quoted errors of kVA/kref are
twice the standard error (2σkVA/kref) in the linear least-squares
fit of the measured losses. The photodegradation of VA is
minor and within the uncertainty of the experiment. Addi-
tionally, a linear fit is shown in the calibration curves of the VA
concentration versus the HPLC−UV signals (Figure S5), but
the calibration errors are ignored here because the relative
measurement is independent of the absolute concentrations of
the reactants.40

■ RESULTS AND DISCUSSION

Rate Constant Measurements for the Reaction of
Vanillic Acid with OH Radicals. Two forms of VA, the
protonated form (−COOH) and the carboxylate anion
(−COO−), exist in the aqueous phase. In previous studies,
different rate constants were measured for reactions of the

Table 1. Rate Constants for Reactions of Carboxylic Acid Compounds and Aromatic Compounds with OH Radicals in the
Aqueous Phase

reactant pH rate constants (M−1 s−1) ref

carboxylic acids cis-pinonic acid 2 (3.6 ± 0.3) × 109 Witkowski and Gierczak41

10 (3.0 ± 0.3) × 109

limononic acid 2 (1.3 ± 0.3) × 1010 Witkowski et al.31

10 (5.7 ± 0.6) × 109

β-caryophyllonic acid 2 (4.2 ± 0.5) × 1010 Witkowski et al.30

8 (6.5 ± 0.7) × 109

vanillic acid 2 (9.8 ± 1.5) × 109 this work
10 (3.8 ± 0.7) × 109

aromatics dimethyl phthalate 6 3.4 × 109 Wu et al.68

10 (2.7 ± 0.3) × 109 Wen et al.69

diethyl phthalate 10 (4.0 ± 0.2) × 109 Wen et al.69

benzoic acid 7 (5.9 ± 0.5) × 109 Ayatollahi et al.70

salicylic acid 7 (1.1 ± 0.1) × 1010 Ayatollahi et al.70

thymol 5.8 8.1 × 109 Venu et al.71

>13.5 1.1 × 109 Venu et al.71

phenol 2 (1.8 ± 0.3) × 109 Smith et al.42

5 (1.5 ± 0.5) × 1010 Smith et al.42

6 (1.3 ± 0.9) × 1010 Buxton et al.36

catechol 2 (2.5 ± 0.3) × 109 Smith et al.42

5 (6.9 ± 2.4) × 109 Smith et al.42

9 1.1 × 1010 Buxton et al.36

resorcinol 2 (1.6 ± 0.1) × 109 Smith et al.42

5 (5.8 ± 1.3) × 109 Smith et al.42

5.6−6.0 (1.5 ± 0.2) × 1010 He et al.32

9 1.2 × 1010 Buxton et al.36

hydroquinone 2 (1.4 ± 0.2) × 1010 Smith et al.42

5 (1.1 ± 0.8) × 1010 Smith et al.42

9 2.9 × 1010 Buxton et al.36

guaiacol 2 (6.8 ± 0.3) × 109 Smith et al.42

5 (1.6 ± 0.5) × 1010 Smith et al.42

6 2.0 × 1010 Buxton et al.36

5.6−6.0 (1.1 ± 0.1) × 1010 He et al.32

3-methoxyphenol 5.6−6.0 (1.4 ± 0.1) × 1010 He et al.32

syringol 2 (1.5 ± 0.3) × 1010 Smith et al.42

5 (2.0 ± 0.4) × 1010 Smith et al.42

6 2.6 × 1010 Buxton et al.36

5.6−6.0 (1.7 ± 0.4) × 1010 He et al.32

2-ethylphenol 5.6−6.0 (1.1 ± 0.1) × 1010 He et al.32

creosol 5.6−6.0 (1.7 ± 0.4) × 1010 He et al.32

4-(2-methoxyethyl)phenol 5.6−6.0 (1.7 ± 0.4) × 1010 He et al.32

3-methoxycatechol 5.6−6.0 (1.9 ± 0.4) × 1010 He et al.32
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protonated and carboxylate anion forms with OH radicals; for
example, the measured rate constants of the cis-pinonic acid
(CPA) + OH reaction were (3.6 ± 0.3) × 109 M−1 s−1 at pH 2
and (3.0 ± 0.3) × 109 M−1 s−1 at pH 10, and the limononic
acid (LA) + OH reaction had rate constants of (1.3 ± 0.3) ×
1010 M−1 s−1 at pH 2 and (5.7 ± 0.6) × 109 M−1 s−1 at pH
10.31,41 Therefore, it is important to control the pH to
determine the rate constant of the reaction of VA with OH
radicals. Kinetic plots were obtained under acidic (pH 2) and
basic (pH 10) conditions using the relative rate technique.29

Linear regression analysis was used to calculate the k/kref
values, and the kinetic data acquired over three runs in this
work are given Table S2 in the Supporting Information.
The fitted slopes in Figure 1 were used to calculate the rate

constants. The rate constants of the VA + OH reaction are
determined to be (9.8 ± 1.5) × 109 and (3.8 ± 0.7) × 109 M−1

s−1 in solution at pH 2 and 10, respectively. A previous study
reported the oxidation of cis-pinonic acid by OH radicals, and a
small rate constant was obtained under acidic conditions. The
higher reactivity of VA is most likely due to oxidation of the
phenolic OH group, which is missing from the structure of cis-
pinonic acid. However, the rate constant for limononic acid, an
unsaturated carboxylic acid, is larger than that for VA, because
the reactivity of the double bond in limononic acid is higher
than that of the OH group of VA.31

The data in Table S2 show that the reactivity of VA under
acidic conditions is higher than that under basic conditions.
However, current research results for methoxyphenolic acids
oxidation by OH radicals in the aqueous phase are quite
limited. The rate constants obtained from previous laboratory
studies for the reaction of OH radicals with carboxylic acid
compounds and aromatic compounds are summarized in Table
1. It is obvious that the increased rate constants of phenol/
methoxyphenol + OH reactions were obtained with increased
pH values (Table 1). For example, the rate constants for the
catechol + OH reaction were (2.5 ± 0.3) × 109 M−1 s−1 at pH
2 and 1.1 × 1010 M−1 s−1 at pH 9.42 The literature suggests that
it might be caused by the acidity at pH 2 preventing OH
radicals from attacking phenol.43 However, the data listed in
Table 1 indicate that the reactivity of the protonated (pH 2)
form of the carbonyl acids toward OH radicals is generally
higher than the reactivity of the corresponding carboxylate

anions (pH 8 or 10). On the basis of the structure−activity
relationship prediction, dissociation of the carboxylic group
should increase the overall cis-pinonic acid reactivity toward
OH radicals, whereas deprotonation of the −CH3 group most
likely counteracts the increased reactivity of cis-pinonic acid,
which leads to the rate constant at pH 2 being higher than that
at pH 10.44 Meanwhile, the aqueous structure−activity
relationship prediction is unable to account for the neighboring
effects of the dissociated aliphatic hydrogen atoms. Therefore,
no pH dependence of the rate constant was observed for the
reactions of carboxylic acids in previous studies.26,30 Although
VA is an aromatic compound, it is also a carboxylic acid
compound and will show different forms under acidic and
basic conditions. It is difficult to estimate the pH dependence
on the rate constant of the VA + OH reaction. While we did
not experimentally explore the mechanism for the pH effect,
the difference of rate constants between acidic and basic
conditions is likely caused by the differences in favorable
reaction pathways. Further studies are still needed to obtain a
more general conclusions about the reactivity of carboxylic
acid compounds toward OH radicals at different pH values.
It can be noted that creosol, syringol, and 3-methoxyca-

techol undergo faster reactions with OH radicals than guaiacol
and 3-methoxyphenol (Table 1).32 Compared to monosub-
stituted phenols (guaiacol and 3-methoxyphenol), creosol
(−CH3), syringol (−OCH3), and 3-methoxycatechol (−OH)
have an additional electron-donating group. The electron-
donating group not only makes the benzene ring more likely to
participate in electrophilic OH-addition reactions but also
provides more hydrogens for potential H-abstraction reac-
tions.32 The rate constant of the 3-methoxycatechol reaction
with OH radicals is higher than those of creosol and syringol,
which can be attributed to the stronger electron-donating
ability of the additional −OH group than −CH3 and −OCH3.
Similarly, the rate constant of resorcinol reaction with OH
radicals is higher than that of 3-methoxyphenol.32 In summary,
3-methoxyphenol with an additional electron-donating group is
the most susceptible to react with OH radicals.

UV−vis Spectra. BrC species in particles can absorb a
significant amount of sunlight in the atmosphere, and biomass
burning is an important source of BrC.43,45 Interestingly, the
reaction solution of VA + OH changes from transparent to

Figure 2. (a) UV−vis absorption spectra of 0.2 mM vanillic acid oxidized by OH radicals in the aqueous phase at pH 2 at different reaction times.
(Inset) Enlarged spectra at λ > 320 nm with a larger vanillic acid concentration (5 mM). (b) Absorption changes of vanillic acid at λ = 260, 292,
and 320 nm over different reaction times.
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yellow after illumination (Figure S6); thus, UV−vis spectral
analysis was used to determine how the illumination of
aqueous phenolic acid affects its light absorption. Time-
dependent absorption spectra of the reaction solutions of VA
and OH radicals at pH 2 and 10 are shown in Figures 2 and S7,
respectively. VA absorbs at 260 and 292 nm (pH 2),
corresponding to the π → π* (>180 nm) and n → π*
(270−350 nm) electronic transitions, respectively.46,47 Under
basic conditions, the π→ π* and n→ π* electronic transitions
deviate slightly and are observed at 253 and 288 nm,
respectively (Figure S7a).
As shown in Figure 2a, VA undergoes fast photo-

transformation under illumination. The absorbances of the
initial peaks at 260 and 292 nm undergo a rapid loss. At the
same time, the overall shape of the absorption spectrum
changes with an increase in the absorption in the long UV
(370−400 nm) and visible regions, in which VA does not
absorb light. The appearance of new absorption bands in this
range agrees well with the experimental findings of a previous
study of the Fenton-like oxidation of VA in an atmospheric
aqueous phase,47 in which an increase in the absorption at 400
nm was reported.47 To observe the absorption at λ > 320 nm
more clearly, oxidation of VA by OH radicals was performed at
a larger VA concentration (5 mM), as shown in the inset of
Figure 2a. The absorption in the visible region is significant
and extends up to 600 nm. The increase in the absorption
spectra in this region results from formation of oligomeric
products, which have large, conjugated π-electron structures.24

A very minor consumption of VA in the absence of OH
precursors under 2 h irradiation was observed in this study.
Therefore, the appearance of additional absorption bands at
longer wavelengths mainly results from the aqueous-phase
oxidation of VA by OH radicals. The highly absorbing phenolic
acid transforms into other forms of BrC that absorb less
efficiently. However, it is worth noting that the mass
absorption coefficients of phenolic carbonyl SOA are much
higher than those of gas-phase SOA precursors.48,49

The absorption bands at 260, 292, and 320 nm measured at
pH 2 are plotted as a function of irradiation time in Figure 2b.
The absorption at the longer wavelength (320 nm) first
increases and then decreases. Finally, almost no UV absorption
occurs after 300 min of irradiation. A similar phenomenon was
observed for the Fenton-like reaction of VA in an atmospheric

aqueous phase.47 The increase in the absorption indicates
formation of new chromophores. The subsequent decrease in
the absorption might indicate the degradation of the produced
compounds.47 A photobleaching process has been observed
during secondary BrC aging in many studies, and the
atmospheric lifetimes ranged from minutes to several
hours.47,50−52 The UV−vis spectra of fulvic acid solutions
decayed at longer λ values with increasing irradiation time due
to the photodegradation of dissolved organic matter.52

Furthermore, some previous studies of the effects of aging
on primary BrC demonstrated that BrC formed from biomass
burning can undergo both photoenhancement and photo-
bleaching.51,53,54 The dynamic nature of biomass burning BrC
during aging was illustrated in these studies, but the
mechanisms remain unclear, including the manner in which
biomass burning BrC responds to photolytic aging and the
photolytic aging effects for different classes of compounds.
Wu et al. isolated and analyzed HULIS from total suspended

particulate samples from Nam Co, and they suggested that
HULIS from biomass burning emissions absorbs light in the
UV to visible wavelength range.55 HULIS was also extracted
from smoke PM2.5 emitted during biomass material combus-
tion and from atmospheric aerosols, and its UV−vis absorption
decreased as the wavelength increased.19,44,56 It was verified to
be primary humic substances with absorption in the long
wavelength.57 Atmospheric HULIS was recognized as an
important component of BrC. It has been found that
irradiation of aqueous mixtures containing H2O2 and phenolic
compounds results in formation of visible light-absorbing
solutions.24 The colored solutions formed are similar to
HULIS in atmospheric particulate matter. On the other hand,
the rate of formation of colored products is faster for o-
methoxy-substituted phenols, such as VA, due to the electron-
donating nature of the methoxy group.24 Therefore, the
absorption in the long UV to visible region observed in the VA
+ OH reaction is likely caused by formation of HULIS, and the
secondary HULIS has light absorption properties similar to
HULIS in smoke PM2.5 and atmospheric aerosols.

Fluorescence Spectra. Fluorescence spectroscopy has
been widely used to characterize HULIS in ambient aerosol
particles because of its ability to distinguish and classify humic
substances of various origins and natures.19,58 The fluorescence
spectra of VA oxidized by OH radicals at pH 2 before and after

Figure 3. Excitation−emission matrix (EEM) spectra of vanillic acid oxidized by OH radicals in the aqueous phase at pH 2 before (a) and after 210
min (b) irradiation.
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illumination are presented in Figure 3. In general, the sample
fluoresces with emission maxima in the range of 325−425 nm
when excited at 280 nm.24 As expected, the parent compound
exhibits fluorescence (Figure 3a), which is consistent with the
fluorescence feature of primary HULIS in smoke PM2.5 (λex/
λem ≈ 280/350 nm).19 The variations in the emission spectra
were noted to be a result of the reaction. In this study, a new
fluorescence peak can be observed at the excitation (Ex)/
emission (Em) wavelengths Ex/Em = 350/450 nm, which
corresponds to the spectral regions of the C peak (visible
excitation) of humic substances. Additionally, the fluorescence
maximum moves from Ex/Em = 250−300/300−500 nm to
Ex/Em = 400−500/400−500 nm (Figure 3). The EEM signal
exhibits a bathochromic shift after illumination, which is often
associated with increasing conjugation.24 The primary HULIS
in smoke PM2.5 did not exhibit EEM fluorescence in this
region, which suggests that the fluorescence spectra presented
in Figure 3b are likely due to secondary HULIS from the
reaction.
Similar to the UV−vis spectral analysis, no new fluorescence

peaks were observed for the products of the photolysis of
vanillic acid in a previous study; only acetosyringone and
vanillin photolysis led to the appearance of fluorescence signals
of humic-like species.25 In addition, photochemical oxidation
and direct photolysis of vanillin resulted in a yellowish solution
(high-molecular-weight products), which demonstrates that
the reaction of methoxyphenol in the aqueous phase can lead

to a substantial amount of SOA formation. Those results
confirm that formation of a yellowish solution after irradiation
of vanillic acid in this study is due to photochemical oxidation
by OH radicals, rather than photolysis.
The fluorescence spectrum of atmospheric aerosol HULIS is

broad (300−500 nm), often with a peak emission near 400
nm.37 A previous study demonstrated that acetosyringone and
vanillin can undergo photolysis and exhibit similar phenomena
(absorbance increase at λ > 350 nm, appearance of humic-like
fluorescence spectra).25 Direct photolysis of tyrosine and 4-
phenoxyphenol generated new fluorescence signals at Ex/Em =
200−250/400−450 nm and 300/400−450 nm, which were
attributed to humic substances.38 For some phenolic
compounds that do not undergo photolysis, the fluorescence
spectra of the reaction products of their oxidation by OH
radicals have similar properties to those of aerosol HULIS.24 In
those previous studies, HULIS formation was derived from
formation of dimers of the reactants. Moreover, theoretical
calculations illustrated that if oligomers are formed, it is highly
possible that they emit fluorescence at approximately 400
nm.39 Although it is difficult to compare the fluorescence
spectra of secondary reaction products with those of aerosol
HULIS, some similarities are detected. The oxidation products
of VA + OH likely contain HULIS based on UV−vis and
fluorescence analyses. In addition, it should be noted that the
emission spectra can be influenced by the solution pH, which
can affect the ionization degree, inter- and intramolecular

Figure 4. Extracted ion current (EIC) chromatograms and mass spectra of two major products identified by HPLC-MS.
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bondings, and configurational and structural rearrangement of
the functional groups. These factors are responsible for the
fluorescence in the humic macromolecules.59 Therefore, the
fluorescence spectra exhibit some differences at pH 10 (Figure
S8).
Mechanism of Vanillic Acid Oxidation by OH

Radicals. ESI-MS measurements were performed in both
positive- and negative-ion modes. The products of the VA +
OH reaction were identified from the negative-ion mode
results. ESI is a “soft” ionization technique in which samples
often form protonated or deprotonated ions. The extracted ion
chromatograms and mass spectra of some of the products
identified by HPLC-ESI-MS are illustrated in Figure 4.
Additional mass spectra are shown in Figure S9. The same
products were obtained at pH 2 and 10, which is consistent
with previous studies.31,41 Considering that pH 2 is close to
real atmospheric conditions, the product formation mechanism
in Figure 5 is based on the protonated form of VA.
A number of monomeric products (Figure 5), including a−e

with molecular formulas of C7H6O4, C8H6O4, C8H8O4,
C8H8O6, and C8H8O5, are observed after 60 min of reaction.
Of these, product a (C7H6O4, 3,4-dihydroxybenzoic acid) was
previously identified in the Fenton-like oxidation of VA in the
aqueous phase47 and in the ozonolysis of coniferyl alcohol
under simulated solar light.60 In addition, two chromato-
graphic peaks detected at m/z 183.02 ion with retention times
of 5.14 and 10.16 min (Figure 4) are most likely due to
formation of two isomers of compound e. The m/z 183.02 ion
is most likely produced by an addition mechanism (Figure 5).
The isomers might be different hydroxyl-substituted VA
derivatives with a hydroxyl group, in addition to the original
one, at one of the two available positions on the aromatic ring.

Similar isomers of hydroxyl-substituted derivatives were also
identified in the oxidation of limononic acid by OH radicals31

and the photolysis of vanillin12 in the aqueous phase. The
addition mechanism is expected to be the main mechanism
instead H-atom abstraction;31 thus, the addition product
transforms into an alkoxy radical by eliminating one water
molecule, and no products are formed by the abstraction
mechanism in this study.
Several products with longer retention times (17.71 min) are

observed, as shown in Figure 4. The oligomeric products with
the molecular formula C16H14O8 at m/z 333.14 (Figure 5) are
believed to be dimers formed via radical−radical polymer-
ization. The mass increment can be explained by the
condensation of two phenoxyl radicals.16,61 After the phenolic
proton is abstracted by an OH radical, delocalization would be
predicted based on resonance theory, and then carbon radicals
would form at other sites on the aromatic ring. In this way, two
radicals could possibly couple through the C−C and C−O
linkages to yield higher molecular weight products.62 Using
Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS), similar oligomers were detected during the
photolysis of vanillin, and humic-like fluorescence was also
observed.25 However, no oligomers were detected during the
photolysis of VA,25 confirming that the oligomers are formed
by the reaction of VA with OH radicals during the
photochemical reaction rather than by direct photolysis.
Additionally, oligomeric products with large, conjugated π-
electron systems and light absorption at long wavelengths,
which is consistent with humic-like substances, were identified
after the oxidation of phenolic compounds.24 VA yields
oligomeric species that absorb in the long UV and visible
regions and exhibit unusual fluorescence behavior (EEM λex/

Figure 5. Proposed reaction mechanism and product structures of vanillic acid oxidized by OH radicals in the aqueous phase.
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λem ≈ 450/450 nm) upon oxidation by OH radicals, which
results from the possible formation of HULIS candidates. The
structure of the oligomeric species is formed by two phenoxyl
radicals and is shown in Figure 5 (m/z 333.14 ion).
Additional reaction pathways involving demethylation

(−OCH3 → −OH) and hydroxyl oxidation (−OH → O)
should also be considered for obtaining highly oxidized
products with an increase (or at least similar) in the double-
bond equivalence (DBE) relative to VA. By adding OH to the
carbon atom with the −OCH3 group and subsequently
eliminating CH3OH, the m/z 153.07 ion is formed
(demethylation). The m/z 153.07 ion can be converted to a
quinone compound, which can also undergo esterification
pathways in the presence of CH3OH. These pathways are
often observed in photochemical processes.4,30,63 Clearly, the
VA + OH reaction might result in formation of other products,
but they are most likely not detected here due to the
limitations of the LC-MS instrument and its separation
column.
Atmospheric Implication. The kinetics, optical proper-

ties, and possible mechanism of the photochemical oxidation
of vanillic acid by OH radicals in the aqueous phase were
investigated by HPLC−UV/MS. Two interesting phenomena
are observed. First, the rate constants of the VA + OH reaction
are (9.8 ± 1.5) × 109 and (3.8 ± 0.7) × 109 M−1 s−1 at pH 2
and 10, respectively. The atmospheric aqueous-phase lifetimes
(τ) of the VA + OH reaction can be calculated using the
following equation64

τ =
× [ ]k

1
OHVA (4)

The mean OH concentration in remote cloud droplets is 2.2
× 10−14 M.65 The lifetimes are calculated to be approximately
1.29 and 3.37 h at pH 2 and 10, respectively, which indicates
that vanillic acid is consumed more quickly at pH 2 when
reacting with OH radicals. Despite the fact that the rate
constant under acidic conditions is obviously larger than that
under basic conditions, it is difficult to estimate the pH
dependence of the rate constant. Further experiments are
needed to investigate the relation between the rate constant
and the aqueous pH for different classes of compounds.
Second, a yellowish solution that absorbs in the UV−vis

region and has an unusual fluorescence spectrum is observed
after illumination, which might be due to formation of high-
molecular-weight products by radical−radical polymerization.
The second phenomenon suggests that OH oxidation of
methoxyphenolic acids could contribute to light-absorbing
HULIS. These high-molecular-weight compounds tend to
preferentially form at high reactant concentrations.66,67 There
are two limitations in the present study: (1) the VA
concentration used in this study is higher than its atmospheric
concentration; (2) the UV light (254 nm) used here is
different from actinic radiation in the ambient atmosphere
(>290 nm). However, the ice core records of VA from Aurora
Peak in Alaska since the 1660s reveal that the enhanced
emissions of the biomass burning products of conifer trees and
lignin in boreal forests can increase the concentration of VA.28

Therefore, OH oxidation of biomass burning emissions is likely
a potential source of HULIS formation in the woodsy aerosol
phase. Given that phenolic aqSOA is both water soluble and
light absorbing, these aqueous reactions might significantly
modify the chemical compositions and optical properties of
atmospheric particles in regions influenced by biomass burning

emissions and further impact the climate and human health. In
the future, more work is needed to better integrate different
real atmospheric conditions (intermediate pH values) to
validate atmospheric chemistry processes.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
h t tp s ://pubs . ac s .o rg/do i/10 .1021/acsea r thspace -
chem.0c00070.

Gradient elution program; relative kinetic data for
aqueous reaction of vanillic acid (VA) with OH radicals
under acidic and basic conditions; emission spectrum of
the used UV lamp; loss of vanillic acid as the reaction
progressed; UV−vis absorption spectra of vanillic acid;
control experiments; calibration curve of vanillic acid;
solution color; UV−vis absorption spectra of vanillic
acid oxidized by OH radicals under pH 10; EEM spectra
of vanillic acid oxidized by OH radicals under pH 10;
mass spectra of some products (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Lin Du − Environment Research Institute, Shandong University,
Qingdao 266237, China; orcid.org/0000-0001-8208-
0558; Email: lindu@sdu.edu.cn

Authors
Shanshan Tang − Environment Research Institute, Shandong
University, Qingdao 266237, China; orcid.org/0000-0002-
4121-8239

Fenghua Li − Environment Research Institute, Shandong
University, Qingdao 266237, China

Narcisse T. Tsona − Environment Research Institute, Shandong
University, Qingdao 266237, China; orcid.org/0000-0002-
6023-1850

Chunying Lu − Environment Research Institute, Shandong
University, Qingdao 266237, China

Xinfeng Wang − Environment Research Institute, Shandong
University, Qingdao 266237, China; orcid.org/0000-0003-
0911-7312

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsearthspacechem.0c00070

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by National Natural Science
Foundation of China (91644214), Shandong Natural Science
Fund for Distinguished Young Scholars (JQ201705), Youth
Innovation Program of Universities in Shandong Province
(2019KJD007), and Fundamental Research Fund of Shandong
University (2020QNQT012).

■ REFERENCES
(1) Kroll, J. H.; Seinfeld, J. H. Chemistry of Secondary Organic
Aerosol: Formation and Evolution of Low-Volatility Organics in the
Atmosphere. Atmos. Environ. 2008, 42 (16), 3593−3624.
(2) Hallquist, M.; Wenger, J. C.; Baltensperger, U.; Rudich, Y.;
Simpson, D.; Claeys, M.; Dommen, J.; Donahue, N. M.; George, C.;
Goldstein, A. H.; Hamilton, J. F.; Herrmann, H.; Hoffmann, T.;
Iinuma, Y.; Jang, M.; Jenkin, M. E.; Jimenez, J. L.; Kiendler-Scharr, A.;

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://dx.doi.org/10.1021/acsearthspacechem.0c00070
ACS Earth Space Chem. 2020, 4, 862−872

870

https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00070?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00070?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00070/suppl_file/sp0c00070_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lin+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8208-0558
http://orcid.org/0000-0001-8208-0558
mailto:lindu@sdu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shanshan+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4121-8239
http://orcid.org/0000-0002-4121-8239
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fenghua+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Narcisse+T.+Tsona"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6023-1850
http://orcid.org/0000-0002-6023-1850
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chunying+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinfeng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0911-7312
http://orcid.org/0000-0003-0911-7312
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00070?ref=pdf
https://dx.doi.org/10.1016/j.atmosenv.2008.01.003
https://dx.doi.org/10.1016/j.atmosenv.2008.01.003
https://dx.doi.org/10.1016/j.atmosenv.2008.01.003
http://pubs.acs.org/journal/aesccq?ref=pdf
https://dx.doi.org/10.1021/acsearthspacechem.0c00070?ref=pdf


Maenhaut, W.; McFiggans, G.; Mentel, T. F.; Monod, A.; Prevot, A. S.
H.; Seinfeld, J. H.; Surratt, J. D.; Szmigielski, R.; Wildt, J. The
Formation, Properties and Impact of Secondary Organic Aerosol:
Current and Emerging Issues. Atmos. Chem. Phys. 2009, 9 (14),
5155−5236.
(3) Blando, J. D.; Turpin, B. J. Secondary Organic Aerosol
Formation in Cloud and Fog Droplets: A Literature Evaluation of
Plausibility. Atmos. Environ. 2000, 34 (10), 1623−1632.
(4) Herrmann, H.; Schaefer, T.; Tilgner, A.; Styler, S. A.; Weller, C.;
Teich, M.; Otto, T. Tropospheric Aqueous-Phase Chemistry:
Kinetics, Mechanisms, and Its Coupling to a Changing Gas Phase.
Chem. Rev. 2015, 115 (10), 4259−4334.
(5) Ervens, B. Modeling the Processing of Aerosol and Trace Gases
in Clouds and Fogs. Chem. Rev. 2015, 115 (10), 4157−4198.
(6) McNeill, V. F. Aqueous Organic Chemistry in the Atmosphere:
Sources and Chemical Processing of Organic Aerosols. Environ. Sci.
Technol. 2015, 49 (3), 1237−1244.
(7) Gilardoni, S.; Massoli, P.; Paglione, M.; Giulianelli, L.; Carbone,
C.; Rinaldi, M.; Decesari, S.; Sandrini, S.; Costabile, F.; Gobbi, G. P.;
Pietrogrande, M. C.; Visentin, M.; Scotto, F.; Fuzzi, S.; Facchini, M.
C. Direct Observation of Aqueous Secondary Organic Aerosol from
Biomass-Burning Emissions. Proc. Natl. Acad. Sci. U. S. A. 2016, 113
(36), 10013−8.
(8) De Gouw, J.; Jimenez, J. L. Organic Aerosols in the Earth’s
Atmosphere. Environ. Sci. Technol. 2009, 43 (20), 7614−7618.
(9) Simoneit, B. R. T. Biomass Burning  A Review of Organic
Tracers for Smoke from Incomplete Combustion. Appl. Geochem.
2002, 17 (3), 129−162.
(10) Wan, X.; Kawamura, K.; Ram, K.; Kang, S.; Loewen, M.; Gao,
S.; Wu, G.; Fu, P.; Zhang, Y.; Bhattarai, H.; Cong, Z. Aromatic Acids
as Biomass-Burning Tracers in Atmospheric Aerosols and Ice Cores:
A Review. Environ. Pollut. 2019, 247, 216−228.
(11) Hawthorne, S. B.; Krieger, M. S.; Miller, D. J.; Mathiason, M. B.
Collection and Quantitation of Methoxylated Phenol Tracers for
Atmospheric Pollution from Residential Wood Stoves. Environ. Sci.
Technol. 1989, 23 (4), 470−475.
(12) Li, Y. J.; Huang, D. D.; Cheung, H. Y.; Lee, A. K. Y.; Chan, C.
K. Aqueous-Phase Photochemical Oxidation and Direct Photolysis of
Vanillin − A Model Compound of Methoxy Phenols from Biomass
Burning. Atmos. Chem. Phys. 2014, 14 (6), 2871−2885.
(13) Yu, L.; Smith, J.; Laskin, A.; George, K. M.; Anastasio, C.;
Laskin, J.; Dillner, A. M.; Zhang, Q. Molecular Transformations of
Phenolic SOA during Photochemical Aging in the Aqueous Phase:
Competition among Oligomerization, Functionalization, and Frag-
mentation. Atmos. Chem. Phys. 2016, 16 (7), 4511−4527.
(14) Tomaz, S.; Cui, T.; Chen, Y.; Sexton, K. G.; Roberts, J. M.;
Warneke, C.; Yokelson, R. J.; Surratt, J. D.; Turpin, B. J.
Photochemical Cloud Processing of Primary Wildfire Emissions as a
Potential Source of Secondary Organic Aerosol. Environ. Sci. Technol.
2018, 52 (19), 11027−11037.
(15) Yu, L.; Smith, J.; Laskin, A.; Anastasio, C.; Laskin, J.; Zhang, Q.
Chemical Characterization of SOA Formed from Aqueous-Phase
Reactions of Phenols with the Triplet Excited State of Carbonyl and
Hydroxyl Radical. Atmos. Chem. Phys. 2014, 14 (24), 13801−13816.
(16) Sun, Y. L.; Zhang, Q.; Anastasio, C.; Sun, J. Insights into
Secondary Organic Aerosol formed via Aqueous-Phase Reactions of
Phenolic Compounds Based on High Resolution Mass Spectrometry.
Atmos. Chem. Phys. 2010, 10 (10), 4809−4822.
(17) George, K. M.; Ruthenburg, T. C.; Smith, J.; Yu, L.; Zhang, Q.;
Anastasio, C.; Dillner, A. M. FT-IR Quantification of the Carbonyl
Functional Group in Aqueous-Phase Secondary Organic Aerosol from
Phenols. Atmos. Environ. 2015, 100, 230−237.
(18) Budisulistiorini, S. H.; Riva, M.; Williams, M.; Chen, J.; Itoh,
M.; Surratt, J. D.; Kuwata, M. Light-Absorbing Brown Carbon Aerosol
Constituents from Combustion of Indonesian Peat and Biomass.
Environ. Sci. Technol. 2017, 51 (8), 4415−4423.
(19) Fan, X.; Wei, S.; Zhu, M.; Song, J.; Peng, P. Comprehensive
Characterization of Humic-Like Substances in Smoke PM2.5 Emitted

from the Combustion of Biomass Materials and Fossil Fuels. Atmos.
Chem. Phys. 2016, 16 (20), 13321−13340.
(20) Li, C.; He, Q.; Schade, J.; Passig, J.; Zimmermann, R.; Meidan,
D.; Laskin, A.; Rudich, Y. Dynamic Changes in Optical and Chemical
Properties of Tar Ball Aerosols by Atmospheric Photochemical Aging.
Atmos. Chem. Phys. 2019, 19 (1), 139−163.
(21) Schnitzler, E. G.; Abbatt, J. P. D. Heterogeneous OH Oxidation
of Secondary Brown Carbon Aerosol. Atmos. Chem. Phys. 2018, 18
(19), 14539−14553.
(22) Laskin, A.; Laskin, J.; Nizkorodov, S. A. Chemistry of
Atmospheric Brown Carbon. Chem. Rev. 2015, 115 (10), 4335−4382.
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