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ABSTRACT: Primary biological aerosol particles (PBAPs) and secondary organic aerosol (SOA) both contain organic compounds
that share similar chemical and optical properties. Fluorescence is often used to characterize PBAPs; however, this may be hindered
due to interferences from fluorophores in SOA. Despite extensive efforts to understand the aging of SOA under elevated particle
acidity conditions, little is known about how these processes affect the fluorescence of SOA and thereby their interference with the
measurements of PBAPs. The objective of this study is to investigate the fluorescence of SOA and understand the influence of acidity
on the optical properties of organic aerosols and potential interference for the analysis of bioaerosols. The SOA was generated by O3-
or OH-initiated oxidation of d-limonene or α-pinene, as well as by OH-initiated oxidation of toluene or xylene. The SOA
compounds were then aged by exposure to varying concentrations of aqueous H2SO4 for 2 days. Absorption and fluorescence
spectrophotometry were used to examine the changes in the optical properties before and after aging. The key observation was the
appearance of strongly light-absorbing and fluorescent compounds at pH = ∼−1, suggesting that acidity is a major driver of SOA
aging. The aged SOA from biogenic precursors (d-limonene and α-pinene) resulted in stronger fluorescence than the aged SOA
from toluene and xylene. The absorption spectra of the aged SOA changed drastically in shape upon dilution, whereas the shapes of
the fluorescence spectra remained the same, suggesting that the fluorophores and chromophores in SOA are separate sets of species.
The fluorescence spectra of aged SOA overlapped with the fluorescence spectra of PBAPs, suggesting that SOA exposed to highly
acidic conditions can be confused with PBAPs detected by fluorescence-based methods. These processes are likely to play a role in
the atmospheric regions where high concentrations of H2SO4 persist, such as the upper troposphere and lower stratosphere.

■ INTRODUCTION
Our understanding of the extent to which aerosols contribute
to global climate change is still limited. Organic aerosols, which
include bioaerosols (also known as primary biological aerosol
particles, PBAPs) and secondary organic aerosol (SOA),
account for a dominant fraction of particulate matter in the
lower troposphere and can heavily influence the air quality and
radiative forcing.1 PBAPs contain biological components such
as bacteria, viruses, fungi, and biological molecules,2 while
secondary organic aerosols are formed from the oxidation of
biogenic and anthropogenic volatile organic compounds
(VOCs).3,4

PBAPs and SOA are extremely complex, and both contain
organic compounds that share similar chemical and optical

properties, including the ability to fluoresce.5 Many atmos-
pheric organic species with significant conjugation of π-bonds,
including amino acids with aromatic functional groups (e.g.,
tryptophan), vitamins, and humic-like substances, have been
identified as efficient fluorophores.6−8 The ability to detect and
analyze these fluorophores using fluorescence spectroscopy has
proved useful for understanding the chemical composition,
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sources, and chemical reactions of atmospheric aerosols.9,10

However, the presence of weakly fluorescent compounds in
SOA complicates the applications of fluorescence spectroscopy
to quantitative and qualitative analysis of PBAPs, as the
interferences of nonbiological particles, such as SOA, can skew
the data and conclusions.7,11−15 This problem is further
complicated, as organic aerosols undergo chemical and
physical transformations during transport as they are exposed
to different environmental conditions, such as acidity.

Acidity of atmospheric particles controls the rates and
mechanisms of several multiphase processes, such as acid-
catalyzed SOA formation, oxidation of SO2, and chemical
speciation of dissolved species.16,17 Acidity of the atmospheric
aqueous phase can vary significantly. Cloud and fog droplets
tend to be less acidic with a pH of +2 to +7, while aerosol
particles are more acidic with effective pH values from −1 to
+8.18 This property is dependent on the source of the particles,
their chemical composition, and ambient relative humidity (as
aerosol liquid water serves to dilute the acids in particles).
Particle size is also important�Angle et al. showed that
submicron sea-spray particles are more acidic than course-
mode particles.19 Acidity plays a crucial role in many chemical
reactions of organic compounds, including those found in
SOA. These acid-catalyzed reactions include hemiacetal and
acetal formation, hydration of aldehydes and ketones, aldol
condensation of carbonyls, esterification of carboxylic acids,
and ring opening of epoxides, to name a few.20 Thus,
understanding the role of acidity in the chemical and physical
transformation of these complex organic aerosols can provide
valuable insights into how acidity impacts their properties,
including fluorescence.

Many field studies have reported highly acidic aerosols (with
negative pH values), specifically in Southeastern Asia, the
Eastern United States, China, and other locations, likely due to
the high emissions of SO2.

21−24 Additionally, stratospheric
aerosols have been known to be very acidic, resulting in
stratospheric particles that can contain 40−80 wt % H2SO4
originating from the injection of SO2 from volcanic eruptions,
resulting in a pH between −0.8 and −1.25−30 Although there
are field observations of acidity levels that are this high,
laboratory studies of how SOA ages under these conditions are

still limited. A recent study of the α-pinene ozonolysis SOA
reported that acidity is a major driver of SOA aging, resulting
in a large change in the chemical composition and optical
properties of SOA in the presence of concentrated H2SO4,
including the formation of unidentified fluorophores.31 This
prompts the question of whether other types of biogenic and
anthropogenic SOA can become fluorescent after being
exposed to highly acidic conditions.

Despite significant efforts to understand the aging of SOA
under high-acidity conditions, little is known about how these
processes affect fluorescence and thereby their interference
with the measurements of PBAPs. Additionally, studying the
fluorescence properties of SOA could provide valuable insights
into the acid-catalyzed reactions and chemical composition of
the fluorophores. The objective of this study is to investigate
the excitation−emission spectroscopy of SOA generated from
various precursors to understand the influence of the acidity on
the optical properties of organic aerosols. We demonstrate that
highly acidic conditions due to sulfuric acid, the most
abundant acid in the atmosphere, promote acid-catalyzed
reactions and thereby form fluorophores in SOA that can
interfere with the detection of PBAPs by fluorescent methods.

■ EXPERIMENTAL METHODS AND MATERIALS
Formation of SOA. Six different types of SOA were

studied in this work: α-pinene (Arcos, 98%) ozonolysis
(APIN/O3), d-limonene (Sigma-Aldrich, 99%) ozonolysis
(LIM/O3), α-pinene low-NOx photooxidation (APIN/OH),
d-limonene low-NOx photooxidation (LIM/OH), toluene
(Fisher, 99%) low-NOx photooxidation (TOL/OH), and p-
xylene (Sigma-Aldrich, 99%) low-NOx photooxidation (XYL/
OH). A summary of all samples made in this study can be
found in Table 1. Two types of techniques were used to
generate SOA as previously described.31−33

In brief, O3-initated SOA was prepared from the oxidation of
D-limonene (LIM) and α-pinene (APIN) by ozone (O3) using
a 20 L continuous-flow reactor. Ozone was generated using a
commercial ozone generator (OzoneTech OZ2SS-SS) and
introduced into the reactor in a 0.5 slm (standard liters per
minute) flow of oxygen. The liquid VOC precursor was
injected at 25 μL/h into a 5 slm flow of air. The starting

Table 1. Aging Experiment Summary

SOA precursor oxidant collection time (h) mass of SOA extracted in segment (mg) estimated concentration of H2SO4 effective pH = −log[H+]

APIN O3 3.5 0.951
APIN O3 3.5 0.974 0.52 mM 3.0
APIN O3 3.5 1.110 10 M −1.1
LIM O3 3.3 1.036
LIM O3 3.3 1.243 0.52 mM 3.0
LIM O3 3.3 1.031 10 M −1.1
APIN OH 7.2 0.814
APIN OH 7.2 0.841 0.52 mM 3.0
APIN OH 7.2 0.736 10 M −1.1
LIM OH 7.3 0.755
LIM OH 7.3 0.744 0.52 mM 3.0
LIM OH 7.3 0.694 10 M −1.1
TOL OH 14 0.906
TOL OH 14 0.988 0.52 mM 3.0
TOL OH 14 0.887 10 M −1.1
XYL OH 14 0.583
XYL OH 14 0.610 0.52 mM 3.0
XYL OH 14 0.594 10 M −1.1
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concentrations of VOC and O3 were ∼14 and ∼10 ppm,
respectively. A charcoal denuder was used to scrub excess
aqueous O3 from the flow before SOA collection. SOA was
collected for about 2 h to achieve a mass of ∼2−4 mg, enough
for the analysis described below.

For photooxidation-initiated SOA, a different flow reactor
was used as described in previous studies.33,34 This oxidation
flow reactor consisted of an 8 L quartz reaction vessel
surrounded by two 254 nm UV lamps inside a Rayonet
RPR100 photochemical reactor. To initiate the reaction, pure
VOC was injected into dry air flowing at 0.3 slm through the
vessel using a syringe pump, where it mixed with 0.7 slm of
humidified air and 0.3 slm of flow containing O3. The UV
lamps in the reactor photolyzed O3, thereby producing OH by
reacting O(1D) with H2O. The OH radicals subsequently
reacted with VOC precursors, and the resulting SOA was
collected from the exit tube for up to 14 h to obtain about
∼2−3 mg in mass.

In both cases, the SOA was collected onto stage 7 (0.32−
0.56 μm) of a micro-orifice uniform deposit impactor
(MOUDI; MSP Corp. model 110-R) for 2−14 h on a foil
substrate at a flow of 30 slm. Since the flow from the reactor
was lower, the makeup air came from HEPA-filtered laboratory
air.
Aging in Sulfuric Acid. The protocol used to age SOA in

various acidic conditions followed the previously described
procedure.31 Each SOA substrate was cut into three
approximately equal segments, and each segment was then
extracted in 4 mL of acetonitrile using a shaker. The
acetonitrile was removed with a rotary evaporator at ∼25 °C
(no heating was used to prevent evaporation of SOA
compounds). Water or a solution containing sulfuric acid
was added to the vial to dissolve the SOA residue, resulting in a
mass concentration of ∼200 μg/mL. This concentration was
chosen to generate sufficient signal to noise for the analysis
described below. The SOA extracts were then left to age for 2
days in the dark prior to analysis.

Additional experiments were conducted with SOA aged in
10 M H2SO4 (pH −1.1) and then diluted with an acid-free
solvent to examine the changes in the fluorescence molecules
due to acid−base equilibria. These samples were similarly aged
in acid for 2 days before the dilution experiments. Further
information on these samples can also be found in Table 2.

Spectroscopic Measurements. The aged solutions of
SOA were analyzed by using a Cary Eclipse fluorescence
spectrometer (Agilent). The parameters used for these
experiments mimic past studies of SOA fluorescence in our
group.12,13,31,35,36 The background for the fluorescence
spectrum was deionized water, and the samples analyzed
were the SOA aged in H2SO4 after 2 days (we verified that
sulfuric acid solutions without SOA did not fluoresce). The

excitation wavelength varied over the 200−500 nm range in 5
nm steps, and the emitted fluorescence was recorded over the
300−600 nm range in 2 nm steps for the excitation−emission
spectra at a scan rate of 1200 nm/min, resulting in excitation−
emission matrices (EEMs). The fluorescence intensities were
corrected for Rayleigh and Raman scattering and inner filter
effects using previously described methods and then converted
into quinine sulfate units (QSUs).12,35,36 In brief, the
absorption spectrum of the sample of interest was taken into
account, and the inner filter effect was corrected by using the
following equation, where Fcorr is the corrected fluorescence
intensity, Fobs is the observed fluorescence intensity, Aex and
Aem are the raw absorbance values of the excitation/emission
wavelength pair at which the intensity was measured,
respectively, and the factor of 0.5 assumes that most of the
fluorescence is collected from the middle of a 1.0 cm cuvette.

F F 10 A A
corr obs

0.5( )ex em= × + (1)

Rayleigh and Raman scattering was addressed by subtracting
the appropriate blank EEM from the sample EEM (despite this
correction, the EEM plots still contain residual contributions
from the first- and second-order Rayleigh scattering). Finally,
intensities of the SOA samples were converted to QSUs by
dividing the intensities by the corrected fluorescence intensity
of QS at the excitation/emission peak of 350/450 nm, in which
1 QSU = 0.1 ppm quinine sulfate in 0.05 M H2SO4 solution.

Absorption spectra of the SOA samples were taken with a
spectrophotometer (Shimadzu UV-2450). Raw absorbance
values were converted to mass absorption coefficient (MAC)
values in cm2 g−1 using the following equation, where A10 is the
measured base-10 absorbance, Cmass (g cm−3) is the
concentration of the SOA in solution, and b (cm) is the
path length (standard quartz 10 mm cuvettes were used in
these experiments):

A
b C

MAC
( ) ln(10)10

mass
= ×

× (2)

The mass concentration only included the starting mass of
SOA in solution; it did not include the masses of any of the
products that may have formed during aging.

■ RESULTS AND DISCUSSION
Fluorescence at Varying Acidities. Excitation−emission

spectra of organic compounds in environmental samples are
often presented as a three-dimensional (3D) EEM, which
displays the intensity on a contour plot as a function of the
excitation and emission wavelengths.36,37 Figure 1 shows the
EEM plots for APIN/O3 and LIM/O3 SOA aged in H2O, 0.52
H2SO4 (pH 3.0), and 10 M H2SO4 (pH −1.1) for 2 days. In
the control studies for APIN/O3 (Figure 1a) and LIM/O3
(Figure 1d), there is no evidence of fluorescence in the SOA
mixture, as the intensities are low throughout the entire
excitation wavelength range. This finding is consistent with
previous work by Bones et al. and Lee et al., who reported no
fluorescence in their respective controls for LIM/O3 and
APIN/O3, and further supported by previous study by Wong
et al., who showed that water does not have a significant
influence on the chemical aging in SOA.11,13,32 Aging of SOA
in 0.52 H2SO4 (pH 3.0) results in plots (Figure 1b,e) that look
very similar to the nonacidified controls, with no evidence of
fluorophores appearing in the SOA. This indicates that
moderately acidic conditions do not promote chemical

Table 2. Solution Acidity in the Dilution Experimentsa

sample dilution factor estimated pH (E-AIM)

control (undiluted) 1 −1.1
1:2 Dilution 2 −0.82
1:3 Dilution 3 −0.65
1:4 Dilution 4 −0.52

aSOA samples aged at 10 M H2SO4 were diluted in water. pH was
estimated using extended aerosol inorganics model (E-AIM) (http://
www.aim.env.uea.ac.uk/aim/aim.php).
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reactions that lead to fluorescent compounds, which is
consistent with no change in the chemical composition of
SOA at pH 3 reported in a previous study.31 However, when
the SOA is aged in 10 M H2SO4 (pH −1.1), the plots look
notably different (Figure 1c,f). For APIN SOA, there are four
main regions: a strong peak with Ex/Em at 350−500/450−575
nm, a moderately strong peak at Ex/Em = 350−375/350−400
nm, and two weaker peaks at Ex/Em = < 275/450−550 nm and

Ex/Em = < 300/350−400 nm. For LIM/O3, there are only
three regions that exhibit fluorescence: a strong peak at Ex/Em

= 350−500/400−575 nm, a moderately strong peak (tail) at
Ex/Em = 330−360/375−425 nm, and finally a weak peak at Ex/
Em = 200−275/425−550 nm. The appearance of these peaks
indicates that aging these SOA samples in acid promotes
reactions, leading to the formation of fluorophores.

Figure 1. Excitation−emission matrix (EEM) plots for APIN/O3 and LIM/O3 SOA aged in H2O, 0.52 H2SO4 (pH 3.0), and 10 M H2SO4 (pH
−1.1) for 2 days. The color bars in this and remaining EEM plots correspond to quinine sulfate units (QSUs).

Figure 2. EEM plots for APIN/OH and LIM/OH SOA aged in H2O, 0.52 M H2SO4 (pH 3.0), and 10 M H2SO4 (pH −1.1) for 2 days.
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The same experiments were repeated for APIN/OH and
LIM/OH to examine the role of the oxidant in the formation
of fluorophores from biogenic precursors. Similar to the case
with the ozonolysis SOA, the unacidified control (Figure 2a,d)
and samples aged in moderately acidic conditions (pH 3) do
not produce any fluorophores, whereas the highly acidic
conditions result in fluorescent solutions. For APIN/OH
samples, there are two regions where the sample fluorescence
is observed: a strong peak at Ex/Em = 350−500/450−575 nm
and a weak peak at Ex/Em = 250/450−500 nm. On the other
hand, LIM/OH has three regions in the EEM: a strong peak at
Ex/Em = 350−500/400−575 nm, a moderate peak (tail) at Ex/
Em = 325−360/350−400 nm, and a weaker peak at Ex/Em =
200−300/450−550 nm.

In all systems, fluorophores do not form until the SOA
samples are exposed to highly acidic conditions. However, the
resulting fluorescence spectra are different for the APIN and
LIM SOA, except for the shared strong peak at Ex/Em = 350−
500/400−575 nm. Although both APIN and LIM are
monoterpenes (C10H16), they have different structures,
resulting in oxidation products of APIN being more sterically
constrained. This subtle difference in molecular rigidity
accounted for the vastly different reactivity of APIN and
LIM SOA with ammonia and amines,38 and this difference in
molecular rigidity may also be responsible for the difference in
fluorescent properties of acid-aged SOA.

In the LIM/OH and LIM/O3 systems, both samples showed
the same fluorescence peaks but at different intensities. The
LIM/OH SOA (Figure 2f) has a fluorescence intensity higher
than that of the LIM/O3 SOA (Figure 1f), despite both
samples having the same mass concentration, suggesting that
the concentration of fluorophores in the LIM/OH SOA was
higher than that in the LIM/O3 SOA. Additionally, the relative
intensities of the fluorescence regions within the EEM could
give us insights into the composition of these fluorophores.
The peaks at Ex/Em = 350−500/400−575 nm and Ex/Em =

200−300/450−550 nm are indicative of highly oxygenated
compounds, while the peak at Ex/Em = 325−360/350−400 nm
corresponds to less oxygenated molecules.39 Based on this
classification, it seems that both LIM/OH and LIM/O3
samples contain highly oxygenated and less oxygenated
molecules, but LIM/O3 SOA tends to have more fluorophores
on the whole, as indicated by the higher intensity of the EEM
peaks.

The APIN/OH and APIN/O3 SOA had similar features in
the EEM, but also notable differences. Common to both
systems are the strong peak at Ex/Em = 350−500/450−575 nm
and a weaker peak at Ex/Em = 250/450−500 nm, which
correlate to highly oxygenated species.39 However, APIN/O3
SOA has two additional regions where it fluoresces: a
moderate peak at Ex/Em = 350−375/350−400 nm and a
weak peak at Ex/Em = < 300/350−400 nm. These two peaks
indicate the formation of less oxygenated fluorophores from
acid catalysis.39 The APIN/OH and APIN/O3 SOA have
largely similar compounds, but in the APIN/OH system, the
RO2 + HO2 pathway is more important, resulting in more
products with hydroperoxide functionalities.40 This could give
us insights into what types of compounds have the ability to
form fluorophores upon acid catalysis.

Figure 3 shows the EEM spectra for anthropogenic SOA
from toluene aged under varying acidic conditions. Similar to
the behavior of biogenic SOA, fluorescence is weak unless the
SOA is aged in highly acidic conditions. For TOL/OH and
XYL/OH samples aged in 10 M H2SO4 (pH −1.1), there are
two regions of fluorescence: a moderate peak at Ex/Em = 325−
375/375−425 nm and a weaker peak at Ex/Em = 300−500/
425−550 nm. Compared to the biogenic photooxidation SOA,
the fluorescence intensity of anthropogenic photooxidation
SOA is significantly lower (by nearly an order of magnitude),
with regions with the highest intensity having a difference of
∼15 QSU. The presence of these two regions implies that the
fluorophores include both less and highly oxygenated

Figure 3. EEM plots for TOL/OH and XYL/OH SOA aged in H2O, 0.52 M H2SO4 (pH 3.0), and 10 M H2SO4 (pH −1.1) for 2 days.
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compounds, with less oxygenated fluorophores being more
prevalent.39 Based on this comparison, anthropogenic SOA do
produce fluorophores upon acidic aging but less effectively
compared to biogenic SOA.

Further evidence that acidity is a major driver of SOA aging
is shown in Figure 4, which compares the MAC spectra of
biogenic and anthropogenic SOA aged in 10 M H2SO4 (pH
−1.1) for 2 days. For each of the samples, the MAC values of
SOA aged in H2O and 0.52 H2SO4 (pH 3.0) are essentially
identical. However, SOA aged in 10 M H2SO4 (pH −1.1)
shows a different spectrum, with prominent absorbance
between 200 and 400 nm, and extending far in the visible
range, indicating the formation of highly conjugated
compounds. The overlap with the visible part of the solar
spectrum is especially important: the acid-aged SOA will have
a much stronger direct forcing on climate compared with the
unaged one.
Fluorescence and Acid−Base Equilibria. A series of

additional experiments was conducted to test the sensitivity of
MAC and fluorescence spectra to acid−base equilibria. A
sample of SOA aged in acid for 2 days was diluted with H2O,
and the absorption spectra were collected for each sample to
monitor a shift in peak absorbance (Figure 5). The APIN
systems (Figure 5a,c) exhibited a dramatic peak shift in the
strong near-UV band from 370 to 310 nm. The LIM systems
(Figure 5b,d) had a similar dramatic change in the shape of the

MAC spectra. Specifically, the peaks at 264 and 378 nm
disappeared, and a new peak grew at 239 nm upon dilution.
SOA generated from anthropogenic precursors (Figure 5e,f)
has a considerably smaller shift in the spectrum of the order of
6 nm. Nevertheless, it is clear that the MAC spectra are
strongly pH-dependent at low pH values. We note that these
shifts arise only from dilution by a factor of 4, which changes
the effective pH by less than 0.5 units. This is sufficient to
deprotonate the chromophore, causing a change in the
absorption spectrum.

Studies have shown that atmospheric compounds have
absorption spectra that are pH-dependent. For example, the
spectra of nitrophenols shift to longer wavelengths at basic pH
due to the formation of phenolates.41−43 Absorption spectra of
imidazole-2-carboxaldehyde and pyruvic acid solutions can be
altered depending on the pH, which is prompted by complex
acid−base equilibria in these systems.20,44 Additionally, the pH
dependence of the aerosol absorption has also been detected in
field samples collected in the southeastern United States and
Beijing.45,46 The results presented here confirm that the
absorption spectra of acid-aged SOA become very sensitive to
pH in acidic particles.

The diluted samples were also analyzed by using
fluorescence spectrophotometry to see if there were corre-
sponding shifts in the EEM peaks. The resulting EEM graphs
for biogenic O3 SOA, biogenic OH SOA, and anthropogenic

Figure 4. Mass absorption coefficient (MAC) spectra of biogenic and anthropogenic SOA aged in H2O, 0.52 H2SO4 (pH 3.0), and 10 M H2SO4
(pH −1.1) for 2 days.
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Figure 5. MAC spectra of biogenic and anthropogenic SOA aged in 10 M (pH −1.1) H2SO4 and then diluted with H2O at various dilution factors.

Figure 6. EEM plots for APIN/O3 and LIM/O3 aged in 10 M H2SO4 (pH −1.1) for 2 days diluted with H2O at 1:2 (a, d), 1:3 (b, e), and 1:4 (c, f)
dilution factors.
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OH SOA are shown in Figures 6−8. Note that the scales differ
from those in Figures 1−3 to account for the decreased
intensity of fluorescence due to dilution.

The peaks in the diluted sample appeared at the same
excitation and emission wavelength as in the undiluted sample
(Figures 1c,f, 2c,f, and 3c,f), however, with reduced intensity
due to sample dilution. No strong evidence of spectral shifts

was observed, indicating that the fluorescence was not strongly
affected by the acid−base equilibria after the SOA samples
underwent highly acidic aging followed by dilution. To verify
whether the reduced intensity in the EEM scaled with the
sample dilution, the maximum fluorescence intensity of each
sample was plotted against the mass concentration (Figure 9).
In all cases, the maximum fluorescence intensity decreases in

Figure 7. EEM plots for APIN/OH and LIM/OH aged in 10 M H2SO4 (pH − 1.1) for 2 days diluted with H2O at 1:2 (a, d), 1:3 (b, e), and 1:4 (c,
f) dilution factors.

Figure 8. EEM plots for TOL/OH and XYL/OH aged in 10 M H2SO4 (pH −1.1) for 2 days diluted with H2O at 1:2 (a, d), 1:3 (b, e), and 1:4 (c,
f) dilution factors.
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proportion to the SOA mass concentration in the solution.
This suggests that the reduced intensity is due to sample
dilution rather than acid−base equilibria affecting their
fluorescence. Overall, the lack of spectral shifts in the EEM
data, as compared to the strong changes in the MAC spectra,
suggests that the fluorophores and chromophores in these
SOA systems are distinct sets of compounds that respond
differently to acid−base equilibria.
Interferences with Bioaerosols. The use of fluorescence

spectroscopy to carry out quantitative and qualitative analysis
of PBAPs is common.47 However, now that this study has
identified the formation of fluorophores from aging SOA in
highly acidic conditions, it is important to understand how
these fluorophores interfere with the analysis of PBAPs. Based
on the previous literature,7 the two main classes of biological
components that have similar spectral characteristics to the
fluorophores formed in this study are (1) coenzymes and
vitamins and (2) structural biopolymers and cell wall
compounds.

Cofactors, coenzymes, and vitamins exhibit fluorescence due
to heterocyclic aromatic rings within their molecular structures,
such as those in pyridines, pteridines, pyridoxines, and
flavins.48,49 For example, riboflavin is a ubiquitous coenzymatic
redox carrier in most organisms and is a photoreceptor in
plants and fungi. Riboflavin fluoresces at Ex/Em = 280−500/
520−560 nm,48,50−53 which overlaps with the strong
fluorescence peak in the biogenic SOA at Ex/Em = 350−
500/450−575 nm. Other cofactors, coenzymes, and vitamins
that interfere with the SOA fluorophores include NADPH,
pyridoxine, pyridoxamine, neopterin, and ergosterol, which are
found in bioaerosols derived or containing fungi, plants,
microorganisms, and bacteria.50−52,54−57

Fluorophores can also be found in structural biopolymers
and cell wall compounds, which are critical to many organisms
and prevalent in the atmosphere. For instance, cellulose and
chitin, which are present in plants, fungi, and algae, can
fluoresce at Ex/Em = 250−350/350−500 nm58−60 and Ex/Em =
335/413 nm,61−63 respectively. However, the interference of
the peak in LIM/OH, LIM/O3, TOL/OH, and XYL/OH SOA

after acidic aging at Ex/Em = 325−375/375−425 nm can cause
complications in the analysis of these spectral regions and
potentially lead to an overestimation of the biological
components. Therefore, it is essential for researchers to
carefully consider the presence of nonbiological fluorophores
in their analyses of biological components using fluorescence
spectroscopy and to account for likely interference from aged
SOA particles, especially if they were exposed to acidic
conditions.

■ CONCLUSIONS
The acidity of atmospheric particles can have a large effect on
the chemical processing of organic compounds in these
particles and thereby their optical properties. The impacts of
highly acidic conditions on the optical properties of particulate
organics were explored by generating SOA from four different
VOCs and aging the resulting SOA in bulk sulfuric acid
solutions with atmospherically relevant acidities. We found
that highly acidic conditions (corresponding to pH ∼ −1)
resulted in the formation of chromophores and fluorophores
after 2 days of aging, a time comparable to the residence time
for aerosol particles in the atmosphere. The chromophores and
fluorophores responded differently to dilution, suggesting that
they represent different types of species. The mechanisms of
formation of chromophores and fluorophores are unknown at
this point but likely include intra- or intermolecular
condensation reactions involving SOA compounds that lead
to a loss of water and increase in the extent of conjugation in
the condensed products.

The ability to detect and analyze fluorophores in PBAPs
using fluorescence spectroscopy has proven useful for under-
standing the sources and types of PBAPs in the atmosphere.9,10

However, this study has shown that acidity is a major driver of
the formation of fluorophores in particles of nonbiological
origin, which presents challenges for quantitative and
qualitative analysis of PBAPs due to interferences from
SOA.7,11−15

These findings may be especially important in the context of
aerosol processing in the upper troposphere and lower
stratosphere (UTLS). Organic compounds in UTLS particles
are formed by the condensation of gas-phase precursors
brought up by deep convection onto pre-existing par-
ticles.64−66 The aerosols in this region are primarily composed
of sulfuric acid (40−80 wt %), but they are also known to
contain significant amounts of organic compounds.26,27,30

These results suggest that the organic material in these
particles should become fluorescent, making it hard to
distinguish these particles from PBAPs by fluorescence
methods. The findings from this work provide a first glimpse
of how chemical reactions between sulfuric acid and organic
compounds can proceed over the long lifetime of the UTLS
aerosols. Further studies should include identifying the
structures for chromophores and fluorophores and performing
these experiments at lower temperatures representative of
UTLS.
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