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ABSTRACT: Excitation−emission matrices (EEMs) constructed from
fluorescence measurements are increasingly used for the characterization
of chromophoric dissolved organic matter (CDOM) and light-absorbing
atmospheric organic aerosols known as brown carbon (BrC). There is a high
uncertainty in the effect of BrC aerosols on climate because their optical
properties depend on the amount of time they spent in the atmosphere. In
order to aid in the quantification of BrC aerosols’ contribution to radiative
forcing, we investigated the effect of solar radiation on the fluorescence,
expressed as EEMs, and absorption spectra of the water-soluble fraction of
BrC species formed by the high-NOx photooxidation of benzene, toluene, p-
xylene, and naphthalene. The BrC samples were prepared in a smog
chamber, extracted in water, and irradiated in a solar simulator at a fixed pH
of 3, representative of aerosol liquid water, or at a fixed pH of 6,
representative of cloudwater. Semicontinuous fluorescence and absorbance
measurements were carried out during the irradiation at 20 min intervals for 44 h. The absorption coefficients depended on the
solution pH, with the solutions at pH 6 absorbing stronger than solutions at pH 3. All samples underwent a decrease in
absorption coefficient at all visible wavelengths, whereas fluorescence intensities showed both increases and decreases in different
regions of the EEMs. Upon comparison with CDOM samples, the fluorescence intensity of all secondary organic aerosol (SOA)
samples decreased in the region of the EEMs where the characteristic terrestrial humic-like C peak occurs. These experimental
observations suggest that (i) this type of BrC will have different effects on climate depending on whether it ends up in an acidic
or neutral environment; (ii) exposure to UV radiation will diminish the ability of this type of BrC to affect climate on a time scale
of about a day; (iii) fluorescence by BrC compounds has a minimal effect on aerosol radiative forcing; (iv) photooxidized
aromatics may be closely related, in terms of optical properties, to CDOM found in fresh waters.
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■ INTRODUCTION

Fluorescence spectroscopy is commonly used to characterize
different types of chromophoric dissolved organic matter
(CDOM) in water samples from different systems.1−3 Low
levels of CDOM and small variation in its composition can be
measured using fluorescence spectroscopy and excitation−
emission matrices (EEMs) because these methods are much
more sensitive than absorption spectroscopy.4,5 Specific peaks
in EEM spectra correspond to different chemical compositions
of CDOM. Table 1 adapted from Coble lists the location of
particular humic-, protein-, and pigment-like peaks due to
fluorophores that are commonly found in natural water
samples.4,5 However, it should be noted here that other
fluorophores have been suggested to give similar fluorescence
than those described in Table 1.6

These peaks are subject to change due to environmental
stress from mixing, biological degradation and production, and
photochemical processes.5 CDOM exposed to solar radiation is
known to undergo photobleaching, which is accompanied by
changes in its fluorescent properties.1,2,7 Irradiation leads to a
decrease in the fluorescence of the photolabile species in
CDOM, but some materials such as tyrosine, tryptophan, and
low molecular weight aromatic compounds may actually
produce CDOM when exposed to irradiation.2

In contrast to the large number of fluorescence measure-
ments for CDOM found in a variety of water systems,
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applications of fluorescence-based methods to describe organic
compounds found in atmospheric aerosols remain limited.8−14

Hawkins et al. compared fluorescence maps of aldehydes
reacted with ammonium sulfate and glycine to those of water-
soluble organic carbon extracts.10 Matos et al. performed
parallel factor analysis (PARAFAC) of EEMs collected for
water-soluble and alkaline-soluble organic matter in extracts of
urban aerosols.9 Phillips and Smith used fluorescence measure-
ments to explore the role of charge transfer complexes in
absorption by organic compounds in particulate matter.11,12

These fluorescence studies help distinguish different compo-
nents of brown carbon (BrC) and allow for a more in depth
understanding of its chemical and optical properties.
BrC is a subset of atmospheric particles containing molecules

that strongly absorb visible and near-ultraviolet (UV) radiation.
Upon deposition, BrC finds its way into ground waters and
becomes part of CDOM. BrC can be produced by both primary
sources, such as biomass burning, and by secondary reactions in
the atmosphere.15 Secondary organic aerosol (SOA) is formed
by photooxidation of volatile organic compounds (VOCs), and
for certain VOCs the oxidation products have a characteristic
brown color. Examples include SOA produced by gas-phase
photooxidation of naphthalene,16 toluene,17 xylene,18 indole,19

as well as by aqueous phase photooxidation of phenolic
compounds20,21 and other aromatic compounds.22 In addition,
reactive uptake of carbonyls and other organic compounds can
also lead to BrC.23−26 Some of these types of BrC are
fluorescent and have been previously examined using
EEMs.9,15,27,28

BrC SOA is a highly oxidized and complex system that may
contain components that are similar to CDOM. These BrC
species contain both water-soluble and insoluble components,
with the water-soluble portion accounting for up to 70%.15

Between 20 and 50% of water-soluble organic components in
aerosols can be categorized as “humic-like substances”
(HULIS).29−32 The compositions of HULIS and CDOM
found in natural water systems are similar with both containing

heterogeneous mixtures of water-soluble, light-absorbing
components.29,33 Duarte et al. found the EEMs of water-
soluble organic compounds in atmospheric aerosols produced
fluorescence peaks similar to those of aquatic humic substances,
with a shift to shorter wavelengths.27

Applications of fluorescence-based methods to BrC have
provided valuable information about the effect of irradiation on
its optical properties and composition. Lee et al. observed loss
of absorption coefficient but gain in fluorescence from BrC
produced from photooxidation of naphthalene.16 Aiona et al.
observed rapid removal of both chromophores and fluoro-
phores from BrC produced by reaction between methyl glyoxal
and ammonium sulfate.34 Zhong and Jang reported a decrease
in the fluorescence emission of extracts of wood smoke upon
exposure to natural sunlight.35 Within these studies the effect of
photolysis on fluorescent characteristics of different types of
BrC SOA has not been systematically investigated. None of the
previous studies controlled the pH of the solution during
irradiation, making it difficult to attribute changes solely to
photolysis due to the high pH dependency of optical
properties.7

In this study, EEM spectra, absorption spectra, and
fluorescence quantum yields of BrC SOA are measured using
a novel system that photolyzes aqueous extracts of BrC and
simultaneously measures absorption and fluorescence spectra,
while actively controlling the solution pH.2,7 Benzene, toluene,
p-xylene, and naphthalene are selected as representative
secondary BrC precursors. We find that absorption coefficients
for all BrC SOA decrease upon exposure to irradiation. In
comparison, fluorescence decreases in certain regions of the
EEMs, specifically in the area of the humic-like C peak, and
increases in others. These changes in the humic region of the
EEMs are characteristic of CDOM found in fresh water systems
with terrestrial plant matter as the ultimate source.

1. EXPERIMENTAL SECTION

1.1. Formation of Secondary Organic Aerosols. SOA
samples were generated in a ∼5 m3 aerosol smog chamber via
photooxidation under high-NOx (NOx refers to the sum of NO
and NO2) conditions for four different precursors: benzene,
toluene, p-xylene, and naphthalene (abbreviated as BEN, TOL,
XYL, and NAP, respectively). The chamber was flushed with
clean air overnight and humidified to the desired level by filling
it with air through a Nafion multichannel humidifier. Samples
were prepared at 40% relative humidity (RH) in the chamber,
except for a preliminary NAP SOA sample prepared under dry
conditions (RH < 2%). The photochemical reactor (described
below) required several milligrams of SOA material, so elevated
concentrations of H2O2, NOx, and each organic precursor had

Table 1. List of Commonly Observed Peaks in EEMs Spectra
of CDOM Found in Natural Water Systems as Described in
Coble (1996 and 2007)

component peak name Exmax (nm) Emmax (nm)

tyrosine-like, protein-like B 275 305−310
tryptophan-like, protein-like T 275 340
UVC terrestrial humic-like A 260 380−460
UVA terrestrial humic-like C 320−360 420−480
UVA terrestrial humic-like 250 (385) 504
UVA marine humic-like M 290−312 370−420
pigment-like P 398 660

Table 2. Summary of SOA Preparation Conditionsa

precursor mixing ratio
(ppm)

H2O2
(ppm)

NOx
(ppm)

RH
(%)

photo-oxidation
(h)

collection time
(h)

mass collected
(mg)

pH
control

irradiation time
(h)

Cmass
b

(mg/L)

NAP [0.4]c 2.0 0.4 0 2 4 2 none 46 40
NAP [0.4] 2.0 0.4 40 2.3 4 1.8 3 and 6 44 36
TOL [1.5] 7.5 1.5 40 3.3 4 1.7 3 and 6 44 34
BEN [5.0] 15.0 0.5 40 3.7 4 1.7 3 and 6 44 34
XYL [2.0] 8.0 0.6 40 3.5 4 1.5 3 and 6 44 30

aPrecursor abbreviations: “NAP”, naphthalene; “TOL”, toluene; “BEN”, benzene; and “XYL”, p-xylene; H2O2 and NOx concentrations and relative
humidity (RH) are listed before photooxidation. bMass concentration of the SOA material in the solution assuming the SOA material could be fully
extracted in 50 mL of water. cThis sample was prepared under dry conditions to test the photolysis system without pH control.
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to be used in order to obtain 1.5−2 mg of SOA sample (Table
2). H2O2 (Aldrich; 30% by volume in water) was evaporated
into the chamber with zero air in mixing ratios ranging from 2
to 15 ppm to serve as a photochemical precursor to hydroxyl
radicals. NO was added from a premixed cylinder to achieve
initial NOx concentrations ranging from 0.4 to 1.5 ppm. For
NAP SOA samples, ∼23 μL of a 0.5 g/mL solution of
naphthalene in dichloromethane was evaporated into the
chamber to produce 0.4 ppm. Microliter volumes of pure
toluene, benzene, or p-xylene were evaporated directly into the
chamber to achieve initial mixing ratios of 7.5, 15.0, and 0.8
ppm, respectively. These concentrations are quite high by smog
chamber standards, but they were necessary to produce
sufficient amounts of material needed for the optical measure-
ments described below. Chamber contents were mixed with a
fan after addition before photooxidation, which was then
initiated using UV−B lamps (Solar Tec Systems model
FS40T12/UVB) with an emission centered at 310 nm.
ThermoScientific monitors were used to monitor real time
concentrations of NO/NOy (model 42i-Y, NOy refers to the
sum of NO, NO2, and other nitrogen containing compounds
that can be catalytically reduced to NO) and ozone (model
49i), while temperature and RH were monitored with a Vaisala
HMT330 probe enclosed in the chamber. Particle size
distribution was monitored using a scanning mobility particle
sizer (SMPS) (TSI Model 3936). The particle chemical
composition was not tracked during the preparation. However,
for NAP SOA prepared by Lee et al.16 using a similar method,
the average formula determined by high-resolution mass

spectrometry was C14.1H14.5O5.1N0.085, corresponding to an
average O/C of 0.36.
Photooxidation lasted for 2−3.7 h (Table 2) and was

stopped when the particle mass concentration in the chamber
stopped growing. Particles were then collected for 4 h onto a
PTFE filter at 15−20 standard liters per minute after passing
through an activated carbon denuder. Collected SOA mass
ranged from 1.5 to 2 mg, estimated from SMPS data assuming
100% collection efficiency by the filter (the actual mass was
probably smaller since filters do not capture all the particles).
Filters were then vacuum sealed and stored, before being sent
to the University of Maryland for analysis. Because of the time-
consuming nature of the measurements and data analysis, only
one sample was prepared and examined for each of the SOA
types.

1.2. Photolysis Experiments. A custom-built photolysis
system was used to irradiate the SOA samples while
simultaneously collecting absorbance and fluorescence data.
SOA samples were extracted from filters using 50 mL of water
and sonicated for 2 min, resulting in solution mass
concentrations of the SOA compounds ranging from 30 to
40 mg/L (Table 1). We need to emphasize that this procedure
only extracts water-soluble BrC components. However, the
fraction of the water-insoluble compounds that remained on
the filter is likely to be small because the brown-colored filter
became white after the extraction. Indeed, NAP SOA prepared
by a similar method by Lee et al. remained soluble to at least
0.6 g/L,16 which is more than an order of magnitude higher
than the concentrations used in this study. Samples were
pumped through a spiral flow cell located underneath a solar

Figure 1. Comparison of solution absorption coefficients (m−1, panels A, BEN SOA; C, TOL SOA; E, XYL SOA; and G, NAP SOA) and the change
in absorption coefficient (panels B, BEN SOA; D, TOL SOA; F, XYL SOA; and H, NAP SOA) for each SOA over 44 h of irradiation at pH 3. If
desired, these solution absorption coefficients can be converted into bulk MAC of the SOA material using eq 2.
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simulator using an inert micro gear pump. An Oriel Sol2A Class
ABA solar simulator (Newport Corporation, Irvine, CA) with a
1000 W Xe arc lamp equipped with an AM 1.5 filter was used
for irradiations. The solar spectrum of the lamp was set up to
simulate the sun at a 48.2° solar zenith angle and an intensity of
one sun (1 “sun” = 1000 W/m2). Lamp power was controlled
with a Newport 68951 Digital Exposure controller and its
power was measured before each experiment with a Newport
91150 V Reference Cell. The spiral flow cell was custom built
using SCHOTT Borofloat borosilicate glass (Hellma Analytics,
70 to 85% transmission between 300 and 350 nm, and 85%
transmission at wavelengths >350) with a 2 mm wide by 1 mm
deep flow path (total surface area of 101 cm2).7 The irradiation
cell was temperature controlled to 25 °C using Peltier units and
a recirculating water bath. Upon irradiating the photo reactor
flow cell, the solution was injected into a 10 mL round-bottom
flask with three necks, where the pH of the solution was
monitored with a Thermo Orion 8220BNWP microelectrode.
The pH was automatically adjusted as needed with a J-Kem
Infinity II reaction controller coupled with a dual syringe pump
using 0.1 M HCl or NaOH solutions. After passing through the
air equilibrator, the sample was then drawn into the 4 × 10 mm
flow cell of a Horiba Aqualog spectrofluorometer before being
recirculated through the irradiation cell.
The NAP SOA sample prepared under dry conditions was

used in the initial tests of the system. It was irradiated for 46 h
with no pH control, and a small change in pH (0.25 SU
increase) was observed over the course of irradiation.
Therefore, the rest of the experiments were done with active

pH control of the irradiated solution. The SOA samples
prepared at 40% RH were all irradiated for 44 h at two different
controlled pH values. The irradiation time of 44 h under one
sun (equivalent to a dose of 6.9 Einstein/m2 in the 330−380
nm window) is comparable to the typical lifetime of aerosol
particles in the atmosphere (a few days). Furthermore, the rate
of change in the absorption coefficients became small after 44
h, and further irradiation was deemed unnecessary. A pH of 6
was tested to represent SOA compounds dissolved in
cloudwater, whereas a pH of 3 was tested to simulate the
more acidic environment of aerosol liquid water or polluted
clouds.36 Even lower pH values have been reported in aerosol
particles,36 but achieving a pH value below 3 would be
problematic with this photolysis system. EEMs and absorption
spectra were collected for each sample in 20 min intervals using
a 0.4 s integration time. Excitation scans and absorption spectra
were collected from 230 to 600 nm in 3 nm intervals. Emission
spectra were collected from 210 to 618 nm in 3.27 nm intervals.
Fluorescence intensities were converted into Quinine Sulfate
Units (QSU) after correcting for the Rayleigh and Raman
scattering and inner filter effects using previously described
methods.2,37 The absorption data were used to create kinetics
plots at 260, 365, 405, and 532 nm. The change in fluorescence
apparent quantum yield (AQY) over the course of irradiation
was calculated using fluorescence intensities and values given by
Brouwer for quinine sulfate in 0.1 M HClO4.

38,39

Figure 2. Comparison of solution absorption coefficients (m−1, panels A, BEN SOA; C, TOL SOA; E, XYL SOA; and G, NAP SOA) and the change
in absorption coefficient (panels B, BEN SOA; D, TOL SOA; F, XYL SOA; and H, NAP SOA) for each SOA over 44 h of irradiation at pH 6.
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2. RESULTS
2.1. Effect of Photolysis on the Absorption Spectra.

Figures 1 and 2 compare absorption coefficients (αsolution in
m−1) for the solutions of BEN, TOL, XYL, and NAP SOA
when irradiated for 44 h at pH 3 and pH 6, respectively. In
addition, Figure S1 in the Supporting Information shows the
initial values of αsolution for all samples before the irradiation. To
produce these figures, the measured base-10 absorbance values
(A10) were converted into base-e solution absorption
coefficients by normalizing to the cell path length (l)

α λ
λ

=
×A
l

( )
( ) ln(10)

solution
10

(1)

Because of the low mass concentration of SOA in the solution
(Cmass, given in the last column of Table 1) we can safely
assume complete extraction of the SOA material into solution.
Therefore, we can get the bulk mass absorption coefficient
(MACbulk in m

2/kg) of the SOA material by normalizing αsolution
to Cmass

λ
α λ

=
C

MAC ( )
( )

bulk
solution

mass (2)

The observed MACbulk values are comparable to values
reported in previous studies. For example, Lee et al. reported
MACbulk = 0.6 m2/g for NAP SOA at 300 nm,16 and the
corresponding value estimated from the data in Figure S1 is
MACbulk ∼ 1 m2/g.
The solution absorption coefficients generally decreased

during photolysis. To see the changes more clearly, panels B, D,
F, H of Figures 1 and 2 show differences in the absorption

coefficient relative to the value before photolysis. Both the
initial absorption coefficient and the difference in absorption
coefficient depend on pH. Figure S1 provides a comparison of
the absorption spectra of each SOA at pH 3 and pH 6 at t = 0
to show that the solution are absorbing stronger at pH 6 across
the entire absorption spectrum. Photooxidation of aromatic
compounds under high NOx conditions is known to produce
nitrophenols, which make the dominant contribution to the
absorption coefficient.17 The acid−base equilibria of nitro-
phenols are well-known to cause a strong pH dependence in
absorption spectra.16,40 With a typical pKa of ∼7, the fraction of
nitrophenols ionized at pH 3 is very small. However, at pH 6,
nitrophenols will be partially ionized and the absorption
spectrum will have a contribution from the anions, which have
red-shifted absorption spectra compared to the nonionized
nitrophenols.41−45 As a result, the absorption coefficient is
enhanced at pH 6 (Figure S1). These are important
characteristics because depending on the atmospheric environ-
ment where these compounds end up they can have different
effects on the absorption of solar radiation. In an acidic
environment, which is representative of aerosol liquid water,36

BrC would absorb less visible sunlight than it would under
more neutral conditions in cloud and fog droplets.46,47

In all the SOA samples, there was a decrease in the measured
absorption coefficients over the irradiation time at all visible
wavelengths (Figures 1 and 2). For BEN and TOL SOA, the
decrease was the largest at 350 nm, where nitrophenols are
known to absorb. In addition to nitrophenols, quinones in NAP
SOA can also absorb at visible wavelengths (for example, 1,4-
naphthoquinone is yellow). The absorption coefficient around
260 nm was less affected by radiation, and in fact a distinct

Figure 3. Kinetics plots for samples photolyzed at pH 3 (panels A, BEN SOA; B, TOL SOA; C, XYL SOA; D, NAP SOA) showing the effect of UV
radiation on relative absorption coefficients (normalized to zero time) at 260, 365, 405, and 532 nm. The 532 nm trace is noisier than the rest of the
traces because the absorption coefficient at this wavelength is small.
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absorption band grew at this wavelength in some of the
samples. This effect was the strongest in BEN SOA at pH 6,
which showed an initial increase in absorption coefficient at 260
nm, whereas XYL SOA at pH 3 showed a weaker increase after
20 h of irradiation. Other experiments, such as TOL SOA at pH

3 and pH 6, did not show an increase in absorption coefficient
but rather a decreased rate of absorption loss at 260 nm,
resulting in the same distinct band. This suggests the presence
of photostable compounds in the SOA, which are produced
during irradiation in some samples and absorb at 260 nm.

Figure 4. Kinetics plots for samples photolyzed at pH 6 (panels A, BEN SOA; B, TOL SOA; C, XYL SOA; D, NAP SOA) showing the effect of UV
radiation on relative absorption coefficients (normalized to zero time) at 260, 365, 405, and 532 nm.

Figure 5. Fluorescence data for BEN SOA sample before (A,D) and after (B,E) 44 h of irradiation at pH 3 (top) and pH 6 (bottom), as well as the
overall change in fluorescence (C,F). Common CDOM peaks listed in Table 1 are labeled with boxes in subfigure C.

ACS Earth and Space Chemistry Article

DOI: 10.1021/acsearthspacechem.7b00153
ACS Earth Space Chem. 2018, 2, 235−245

240

http://dx.doi.org/10.1021/acsearthspacechem.7b00153


These observations are consistent with results of aqueous
photooxidation of 4-nitrocatechol and related compounds in
experiments by Zhao et al.48 Direct photolysis and aqueous
reaction by the hydroxyl radical led to rapid photobleaching of
the nitrophenols, as well as a decrease in absorption coefficient
at 350 nm and increase at 260 nm.48

The rate at which absorption coefficients of BrC change is an
important parameter for predicting radiative forcing by BrC. If
BrC photobleaches rapidly, it will have less of an overall effect
on climate. Figures 3 and 4 show the kinetics plots for each

SOA at pH 3 and pH 6, respectively. The chosen wavelengths
include 260 (where an absorption band appears during
irradiation), 365, 405, and 532 nm (wavelengths at which
optical properties of aerosols are commonly measured). The
365 and 405 nm wavelengths represent shorter wavelengths in
the solar spectrum, where BrC has been found to contribute
10−30% of total absorption by fine particles, whereas 532 nm
falls in the visible region where BrC contributes about 10% of
the total absorption.49 The peak of the solar spectrum also
occurs close to 532 nm. The kinetics at 365 and 405 nm follow

Figure 6. Fluorescence data for TOL SOA sample before (A,D) and after (B,E) 44 h of irradiation at pH 3 (top) and pH 6 (bottom), as well as the
overall change in fluorescence (C,F). Common CDOM peaks listed in Table 1 are labeled with boxes in subfigure C.

Figure 7. Fluorescence data for XYL SOA sample before (A,D) and after (B,E) 44 h of irradiation at pH 3 (top) and pH 6 (bottom), as well as the
overall change in fluorescence (C,F). Common CDOM peaks listed in Table 1 are labeled with boxes in subfigure C.
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similar trends in all samples with the absorption coefficients of
SOA decreasing by more than a factor of 2 over 44 h (Figure 3
and 4) in a majority of samples. In the TOL and BEN SOA at
pH 3 and 6 and XYL at pH 3, the trace at 532 nm also
decreases significantly. These observations indicate that as these
SOA in the atmosphere are exposed to sunlight, their radiative
forcing will diminish.
2.2. Effect of Photolysis on Excitation−Emission

Matrix Spectra. Figures 5−8 show the EEM data for all
four SOA samples irradiated at both pH 3 and 6 for 44 h.
Unlike the reduction in the visible absorption coefficient across
all SOA samples, the fluorescence intensity decreased for some
excitation−emission wavelength pairs but increased for others.
Increases in fluorescence may indicate the formation of new
fluorophores or the loss of quenching compounds/moieties,
leading to a higher observed quantum yield of fluorescence.50

There were also small differences between samples irradiated at
pH 3 and pH 6, but again the differences were not uniform
among the four SOA samples.
BEN SOA displayed two distinct peaks in the EEM spectrum

at ex/em = 220/430 and 320/430 at both pH 3 (Figure 5a) and
pH 6 (Figure 5d). After the irradiation, there was a broad
region around 220−300/400 nm where the fluorescence
increased. This region showed no distinct peaks when
irradiated at pH 3 (Figure 5c), but irradiation at pH 6 resulted
in the increase of a more defined peak centered around 300/
400 nm (Figure 5f). Fluorescence decreased at both pH 3 and
pH 6 centered at 375/450 nm, similar to component C4 in
Timko et al., generally attributed to terrestrial humic-like
components of CDOM.2,4,5 The rate of fluorescence loss
increased with pH, similar to previous reports on terrestrial
CDOM.7

The EEM spectra of TOL SOA shown in Figure 6a for pH 3
and Figure 6d for pH 6 were similar to those of BEN SOA
before the irradiation. However, the EEM spectra after
irradiation showed greater change at pH 6 than at pH 3.

There was a large increase in fluorescence intensity at 250/325
nm at pH 6, but almost no change at pH 3. The fluorescence
decreased at 220/450 and at 330/450 nm, and the decrease was
stronger in the pH 6 sample. Although the peak at 250/325 nm
is often attributed to autochthonous sources when found in
CDOM, small aromatic molecules such as p-cresol fluoresce in
this region.5,39,51 The longer-wavelength peaks that decreased
during irradiation were similar to the decreasing terrestrial
humic-like peaks seen in the BEN SOA.
The initial EEM spectra of XYL SOA shown in Figure 7a,d

were also similar to the corresponding spectra of BEN SOA and
TOL SOA. However, the effect of irradiation on the EEM
spectrum of XYL SOA was considerably stronger with
fluorescence decreasing by more than a factor of 2 at some
fluorescence wavelengths. This is a little easier to see in one-
dimensional fluorescence spectra at ex = 250 and 330 nm
shown in Figures S2 and S3, respectively. The EEM peak at
220/325 nm had a minimal increase at pH 6, but decreased at
pH 3. XYL SOA also has peaks that decrease in intensity
centered at 220/450 nm and 330/450 nm at both pH values.
These are once again terrestrial humic-like peaks, which fall in
the photolabile region.2,7

Fluorescence of the NAP SOA samples was quite different
from that in BEN, XYL, and TOL samples. The maximum
fluorescence intensity was greater for NAP SOA than for the
rest of the SOA samples. The spectrum was dominated by a
strong peak at 220/300 nm, characteristic of low molecular
weight aromatic compounds (Figure 8). This peak increased in
intensity by ∼50% during irradiation, with a greater
fluorescence increase at pH 3 than pH 6. There were two
weaker peaks at 275/300 nm and 310/430 nm both of which
showed similar increases of ∼50% in intensity. Lee et al.16

recorded an EEM spectrum of NAP SOA at a higher solution
concentration, and they only reported the 310/430 nm peak,
which also increased in intensity after UV irradiation.

Figure 8. Fluorescence data for NAP SOA sample before (A,D) and after (B,E) 44 h of irradiation at pH 3 (top) and pH 6 (bottom), as well as the
overall change in fluorescence (C,F). Common CDOM peaks listed in Table 1 are labeled with boxes in subfigure C.
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Although the fluorescence intensity changes are not as
consistent as the absorption coefficient change, there is a
decrease for all samples in the 325−375 nm excitation and
425−475 nm emission range, which corresponds to the C peak,
often attributed to terrestrial humic-like components of CDOM
in natural water samples.4,5 Chen et al. found that water-soluble
organic material found in aerosols tend to fluoresce in this
region when the species are highly oxygenated with terrestrial
and marine origins.52 Duarte et al. also produced EEMs of
water-soluble organic components in aerosols that were similar
to those produced for BrC formed by BEN SOA, TOL SOA,
and XYL SOA, although the peaks were slightly shifted.27 This
component was found to be photolabile, as seen in the decrease
in fluorescence intensity here and in component C4 in Timko
et al.2 Additionally, Yamashita et al. found that there is a strong
correlation between lignin derived phenols and this peak.53

Therefore, nitrophenols responsible for the pH dependence
seen in absorption coefficient may also be responsible for the
decrease in fluorescence at this peak.
The difference in the location of fluorescence peaks and their

response to irradiation shows that, although all of these samples
are considered to be types of BrC SOA, each precursor
produces compounds with different fluorescent properties.
Overall, BrC SOA samples seem to have similar characteristics
to CDOM found in fresh water with contributions from
terrestrial plant material. Additionally, TOL, XYL, and NAP
SOA all showed fluorescence changes in the UVA (320 to 400
nm) portion of the EEM. While peaks in this region are often
associated with autochthonous, protein-like material due to the
fluorescence of tryptophan and tyrosine, fluorescence changes
in these samples are more likely the result of production/
destruction of small aromatic molecules.39

Information about the fluorescence apparent quantum yield
(AQY) for BrC aerosols is important for understanding the
effect of BrC on climate. If BrC compounds fluoresce with high
efficiency only a fraction of the absorbed radiative energy will
be converted into heat, diminishing the heating effect of BrC.
At the present time, only a few studies reported AQY for BrC.
For example, Lee et al. reported AQY of 0.2% for BrC
produced from photooxidation of NAP SOA and 2% for BrC
from the methyl glyoxal and ammonium sulfate reaction.16

Using the fluorescence data in Figures 5−8, the change in AQY
over the 44 h irradiation period was calculated and plotted in
Figure 9. In all of the SOA samples, both the initial AQY and
photoinduced changes are wavelength- and pH-dependent. For
example, for TOL SOA at pH = 3, AQY grows with photolysis
below 350 nm but is reduced above 350 nm. However, for all of
these SOA samples, the AQY values are generally quite small
with the peak value of 4% for XYL SOA. This means that
fluorescence by this type of BrC is not likely to affect the
radiative forcing by aerosols because most of the absorbed solar
energy will not be reradiated, but available for heating the
atmosphere.

■ CONCLUSIONS

In this study, we examined how the absorption coefficient and
fluorescence spectra of BrC aerosols prepared by high-NOx
photooxidation of common aromatic compounds are affected
by solar radiation. The aqueous extracts of SOA prepared from
benzene, toluene, p-xylene, and naphthalene were found to
absorb radiation in the near-UV and visible ranges of the
spectrum. The absorption coefficients depended on the
solution pH, with the solutions at pH 6 (representative of
cloudwater) absorbing stronger than solutions at pH 3

Figure 9. Plots showing the change in apparent quantum yield (AQY) for each SOA sample (BEN SOA, panels A and B; TOL SOA, panels C and
D; XYL SOA, panels E and F; and NAP SOA, panels G and H) over the course of 44 h at pH 3 (left) and pH 6 (right).
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(representative of aerosol and polluted fogwater). The change
in the absorption coefficient with pH is due to the acid−base
ionization equilibria of phenols, which have very different
absorption spectra in ionized and nonionized forms. The
absorption coefficients were reduced upon exposure to solar
irradiation, especially at visible wavelengths. The photolysis-
induced changes in the absorption coefficient and fluorescence
spectra mean that the climate effect of these types of BrC SOA
will be evolving as the aerosols are aging in the atmosphere.
Variations in fluorescence intensity were also observed in
several regions of EEM spectra for all four SOA samples. The
apparent fluorescence quantum yield was small, of the order of
a few percent, which is in agreement to previous fluorescence
quantum yield measurements. This indicates that fluorescence
is not likely to affect the strength of radiative forcing by this
type of BrC. Lastly, the EEM spectra of BrC could be related to
EEM spectra of CDOM found in different water systems. The
humic characteristics of BrC SOA appeared to be similar to the
organic matter found in fresh water with contributions from
terrestrial plants. This suggests that deposition of BrC into
water systems could contribute to the pool of CDOM in fresh
water.
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