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ABSTRACT: The degradation of microcystin-LR (MC-LR) in cyanobacterial
aerosol with atmospheric oxidants, such as ozone and OH radicals, was predicted
by the Harmful Algal Aerosol Reaction (HAAR) model. The ozonolysis of MC-LR
in cyanobacterial aerosol at nighttime and its photooxidation during the daytime
was observed in an outdoor chamber. The HAAR model simulates the impact of
humidity and aerosol compositions on MC-LR decay. In the model, gas-particle
partitioning of atmospheric oxidants onto algal aerosol was kinetically treated using
the absorption and desorption processes. In the model simulation, the half-life of
MC-LR estimated with its ozonolysis rate constant (3 × 10−11cc/molecules/s) is
4.6 h ± 0.92 at 66 ppb ozone. With the reaction rate constant for MC-LR with OH
radicals (6 × 10−7 cc/molecules/s), the estimated half-life of MC-LR during daytime under Florida’s typical summer sunlight is 6
minutes, suggesting that the reaction with OH radicals dominates daytime MC-LR decay. Under moderate sunlight with a typical
wind speed (9.2 km/h), the dispersion and HAAR models predict that 25% of aerosolized MC-LR undergoes the atmospheric
process within 0.92 km from a bloom source in Florida’s largest lake, suggesting the critical role of the atmospheric oxidation of MC-
LR decay.
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1. INTRODUCTION

Over the last decades, research on freshwater algal blooms has
uncovered a plethora of toxins produced by cyanobacteria.
There is a significant concern that over the next few years, due
to climate change, a significant increase in the intensity and
frequency of freshwater algal blooms will be observed,
exacerbating the negative consequences associated with
cyanotoxins.1,2 Algal toxins are considered to threaten humans,
animals, and the ecosystem.3−7 Recent research has revealed
more than 2,300 cases of contaminated lakes in the contiguous
United States and more than 5000 in Alaska.8

Among all cyanotoxins, the most notorious ones are the
hepatotoxic microcystins (MCs), with over 100 identified
congeners.9 The (all-S,all-E)−3-amino-9-methoxy-2,6,8-tri-
methyl-10-phenyldeca-4,6-dienoic acid (ADDA) bond is
unique in MCs and plays a contributory role in MC binding
with other molecules and inhibition of protein phosphatases in
mammalian cells.10 Wang et al.11 report that chronic, low-dose
MC-LR exposure in mice by intratracheal injection induced
alveolar collapse and lung cell apoptosis as well as a breach of
cell junction integrity.
In addition to ingestion and dermal contact, inhalation is a

likely pathway to human exposure to cyanobacterial toxins.
Algae cells, bacteria, and waterborne toxins can be incorpo-
rated into the atmospheric air via a bubble-bursting process by
a wind-driven wave mechanism.12,13 When bubbles formed by
trapped air rise to the water surface, they burst and form jet

and film drops.14 Organic materials, salts, bacteria, and algae
on the water surface are ejected with and transferred into the
air by the formation of droplets.13 Many cyanobacterial
species, including MCs, have been detected in the aerosol.15,16

Their size fractions are considered respirable, causing multiple
adverse effects on human and animal populations onshore.
Despite the growing consensus on the health risks for persons
living and working near lakes and estuaries contaminated by
cyanobacteria, the potential exposure pathway of the inhalation
of aerosolized blue-green algae has not yet been understood.17

Atmospheric processes can affect the longevity of
cyanobacterial toxins in the algal aerosol. Preliminary studies
show that the direct photolysis of the MCs in water is
insignificant.18 On the contrary, the aerosolized MCs can be
rapidly oxidized by abundant atmospheric oxidants like ozone
or OH radicals. Studies suggest that the ADDA unit of MC-LR
in a cyanobacterial aerosol can be decayed via heterogeneous
chemistry in the aerosol phase. For instance, Jang et al. define
the second-order ozonolysis rate constant of MC-LR in
cyanobacterial aerosol by using chamber data.19 To date, no
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model is available to predict the decay of MCs in aerosolized
cyanobacterial algae. In order to accurately simulate the
atmospheric processes of MCs, the model needs to consider
the kinetic rate constants with different oxidants, such as ozone
and OH radicals. In addition, aerosol parameters like
hygroscopicity and aerosol compositions, which influence the
multiphase partitioning of oxidants, need to be incorporated
into the model. Therefore, the need for in-depth research on
the atmospheric aging of cyanobacterial aerosol acted as a
driving force for conducting this study.
The harmful algal aerosol reaction (HAAR) model was

developed for the prediction of atmospheric processes of MC-
LR, which is the most abundant in nature. A series of
experiments were conducted using the Atmospheric PHoto-
chemical Outdoor Reactor located at the University of Florida
(UF-APHOR) under controlled environmental conditions
(i.e., humidity, temperature, ozone, NOx, hydrocarbon, and
sunlight) during nighttime and daytime. The oxidation of MC-
LR was considered to occur via heterogeneous reactions with
atmospheric oxidants (O3 and OH) in the aerosol phase. The
aerosol water content and the aerosol composition were
included in the model as significant parameters that affect the
overall process of the MC-LR decay in the cyanobacterial
aerosol to accurately simulate the multipartitioning of oxidants.
The rate constant between MC-LR and ozone was determined
by simulating nighttime chamber data. The resulting
ozonolysis rate constant of MC-LR was then applied to
daytime simulation to determine the reaction rate constant of
MC-LR with the OH radical. The simulated degradation of
MC-LR in algal aerosol using the HAAR model was compared
to the enzyme-linked immunosorbent assay (ELISA) data of

the algal aerosol that was atmospherically aged under varying
conditions in the UF-APHOR chamber.

2. EXPERIMENTAL SECTIONS

2.1. Chamber Experiments. To study the decay of MC-
LR under different environmental conditions, the algae culture
aliquot (Microcystis aeruginosa or Anabaena sp.) was nebulized
into the UF-APHOR dual chambers (52/52 m3) and
atmospherically aged in the presence of oxidants (O3 and
OH). Both M. aeruginosa and Anabaena sp. are common
species of freshwater cyanobacteria on a global scale.20,21 The
commercially available Anabaena sp. (VWR International LLC,
GA) was purchased and cultured in our laboratory for 2
months. M. aeruginosa originating from Lake Okeechobee,
which is notorious for harmful algal aerosol blooms, was
cultured in the University of Florida’s Institute of Food and
Agricultural Sciences (UF-IFAS) and provided to our Lab. M.
aeruginosa cultures were grown in liquid BG11 medium at 25
°C under a 12:12 h light:dark cycle.22 Table 1 summarizes
experimental chamber conditions. Laboratory culture of the
strain of toxic M. aeruginosa was used for experiments A−F
(Table 1) and commercially available Anabaena sp. for
experiments G−J (Table 1).
A detailed description of the chamber experimental

procedure and information on instrumentation and chemical
used for this study can be found in Section S1 in the
Supporting Information (SI). Briefly, the chamber experiments
were conducted at high concentrations of cyanobacterial
aerosol to provide aerosols for various chemical analyses.
Specifically, cyanobacterial aerosol (40−250 μg·m−3) was
oxidized with ozone (60−160 ppb) at nighttime. The algal
aerosol containing MC-LR was shortly introduced into the

Table 1. Experimental Conditions of Atmospheric Oxidation of MC-LR Performed with Algal Aerosol in the UF-APHOR
Chamber

exp. date aliquot UV
[MC-LR]0

c

ppt
[NO]0
ppb

[2M2B]0
ppb

[O3]0
d

ppb
Min,dry

e

(μg/m3) Mor,dry/Min,dry
f RH (%) T (K) comments

A 5/24/2022 Microcystis
aeruginosa

no 1.47 3.4 N.A. 161 85 0.7 36 297−295 Figure 2 and
S1

B 5/24/2022 Microcystis
aeruginosa

no 0.65 3.2 N.A. 145 68 0.8 95 296−297 Figures 2
and S1

C 4/10/2022 Microcystis
aeruginosa

no 3.07 1.5 N.A. 66 46 1.9 89 278−280 Figures 2
and S1

D 4/10/2022 Microcystis
aeruginosaa

no 2.38 1.5 N.A. 111 44 1.7 49 277−279 Figures 2
and S1

E 4/14/2022 Microcystis
aeruginosa

no 2.38 2 N.A. 103 43 1.8 43 292−294 Figures 2
and S1

F 5/4/2022 Microcystis
aeruginosa

no 0.77 4.8 N.A. 104 18 2.4 95 291−292 Figures 2
and S1

G 2/11/2022 Anabaena sp.b yes 2.66 54 74.5 2.3 43 1.8 90−30 279−305 Figures 3
and S1

H 2/11/2022 Anabaena sp. yes 2.57 280 70 2.2 40 1.7 91−33 280−306 Figures 3
and S1

I 2/20/2022 Anabaena sp. yes 1.24 37 52.5 4.2 53 0.9 38−11 279−304 Figures 3
and S1

J 2/20/2022 Anabaena sp. yes 1.67 33 70.7 2 53 1 91−70 279−300 Figures 2
and S1

aM. aeruginosa BLCC-F108 is a high-MC-producing strain that was isolated from Lake Okeechobee, Florida, during a massive algal bloom in 2019
and cultured at UF/IFAS. bCommercially available Anabaena (=dolichospermum) (VWR International LLC). The MC-LR measured in
cyanobacterial aerosol originates mostly from the spiked MC-LR. cFor all of the experiments, 25 μL of MC-LR solution (1 mg of MC-LR to 1 mL
of methanol) was added to 5 mL of the green algae aliquot. The unit of MC-LR concentrations is in ppt in the air volume. dInitial concentration of
ozone. The ozone concentration increases during the daytime due to the photochemical reaction of hydrocarbons in the presence of NOx.

eThe
concentration of dry inorganic mass in cyanobacterial aerosol is calculated using ACSM and IC data. In addition,Min,dry can be determined by using
Mor,dry,Mor,dry’s hygroscopicity, Min,dry’s hygroscopicity (Section 2.2), and Mtot,dry (SMPS and aerosol density) by using an optimizing method.
fOrganic dry mass to inorganic dry mass (Mor,dry/Min,dry) in an algal aerosol. Water mass is calculated by the hygroscopicity regression curves for
inorganic mass and organic mass separately.
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chamber in the presence of ozone. For daytime oxidation, MC-
LR in cyanobacterial algal aerosol was also photochemically
aged in the presence of 2-methyl-2-butene (2M2B) (50−80
ppb) and NOx (30−280 ppb), as seen in Table 1. Figure S1
shows the time profiles of 2M2B, ozone, and NOx

concentrations, and the gas simulation of 2M2B in the
presence of NOx and under ambient sunlight. Figure S2
illustrates the time profile of the sunlight intensity on 02/20/
2022. For all experiments, 25 μL of Microcystin-LR (MC-LR,
>95%, Cayman Chemical, Ann Arbor, Michigan) solution (1
mg of MC-LR in 1 mL of methanol) was added to 5 mL of the
cyanobacterial aliquot solution. The resulting solution was
then sonicated for cell lysis and nebulized into the chamber.
The geometric mean diameter of the regulating algal aerosol
ranged from 65 to 115 nm with geometric standard deviations
between 1.65 and 1.95 nm.
A particle-into-liquid sampler (PILS) (Applikon, ADI 2081)

was used to collect aerosol within a small amount of water at
an airflow rate of 13−14 (L·min−1).23−25 The MC-LR
concentration in each sample was measured in duplicate
using an ELISA kit (Eurofins Analytics, Warminster, PA). All
samples were analyzed within 24 hours of sample collection.
The concentration of particles in the collected samples was
calculated using the gas and liquid flow rates of the PILS, the
data from a scanning mobility particle sizer (SMPS, TSI,
Model 3080) integrated with a condensation nuclei counter
(TSI, Model 3022), and the density of aerosol (1 g·mL−1

approximately).
2.2. Algal Aerosol Hygroscopicity. The water content in

algal aerosol was measured by using a Fourier transform
infrared (FTIR) spectrometer equipped with a specially
fabricated optical flow tube that regulated humidity between
25 and 90%.26−29 The intensity of the OH stretching bands
(centered at 1650 and 3350 cm−1) increases with increasing
humidity.27,30 The FTIR intensity of liquid water in wet
NaNO3 particles provided a reference for quantifying the liquid
water content of various aerosols on a silicon disk since its

thermodynamic properties are known.30,31 Algal aerosol was
collected on a silicon disk (13 mm × 2 mm, Sigma-Aldrich)
using a home-built impactor and analyzed using the FTIR
spectrometer (Nicolet iS50, Thermo Fisher Inc.) in trans-
mission mode. The FTIR disc was weighed using an analytical
balance before and after particle impaction to measure the
particle mass. The hygroscopicity measurement experiment
was conducted separately in the case of high inorganic and
organic contents. To separate hydrogel-like algal organics, the
algal aqueous solution was centrifuged (12,000 rpm) for 5 min.
The organic enriched portion was located at the bottom of the
centrifuge tube. The supernatant that included water-soluble
inorganic salts was separated by using a pipette. To further
remove inorganics, organics were washed three times with
water. These organics were applied to measure the functional
group compositions of algal organic matter originating from
both M. aeruginosa and Anabaena sp. cultures by using an
FTIR spectrometer as well as hygroscopicity of the decoupled
organics and inorganics.

3. HAAR MODEL

HAAR is a kinetic model developed to predict the atmospheric
processes of MC-LR concerning reactions with different
oxidants under various environmental conditions, such as
sunlight, humidity, and air pollutants (i.e., NOx and hydro-
carbons). The mixing state between algal organic and inorganic
salts is assumed to be a single-homogeneous phase owing to
the abundant polar functionality of cyanobacterial constituents.
The key model components consist of gas-aerosol partitioning
of atmospheric oxidants into liquid-like cyanobacterial aerosol
and the kinetic mechanisms of MC-LR with major atmospheric
oxidants (O3, OH). In addition, parameters, such as the
hygroscopicity and the chemical composition of cyanobacterial
aerosol, were introduced into the model. The HAAR model,
which was built in conjunction with the gas kinetic model in
the box model platform was simulated with a kinetic chemical
solver under the dynamically simple model of atmospheric

Figure 1. Components of the HAAR model to process the oxidation of MC-LR in an algal aerosol. Subscripts “g” and “p” denote the gas phase and
the particle phase, respectively. Gas-particle partitioning of oxidants (ox), such as OH and O3, is kinetically processed by using the absorption rate
constant (kabs,ox) and desorption rate constant (kdes,ox). The photolysis of HONO and H2O2 in the aqueous phase can also produce OH radicals.
kabs,HONO and kabs,Hd2Od2

are the absorption rate constants for HONO and H2O2, respectively. kdes,HONO and kdes,H d2O d2
are the desorption rate constants

of HONO and H2O2, respectively. kMCLR,ox is the reaction rate constant of the oxidation of MC-LR with oxidants (OH and O3). T and RH are the
temperature and relative humidity, respectively. Mor,dry and Mtot,dry are the dry organic mass and the total dry mass (μg·m

−3), respectively.
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chemical complexity (DSMACC)31,32 integrated with the
kinetic preprocessor (KPP).33,34 The formation of atmospheric
oxidants in the presence of hydrocarbons and NOx was
processed using explicit gas mechanisms, such as the Master
Chemical Mechanism (MCM version 3.3.1).34 The overall
schematic of the HAAR model is shown in Figure 1.
3.1. Gas-Particle Partitioning of Oxidants onto Algal

Aerosol. The absorption mode governs the gas-aerosol
partitioning of atmospheric oxidants onto liquid-like cyano-
bacterial aerosol. The reaction of MC-LR with oxidants is
assumed to occur in the bulk phase based on the small diffuse-
reactive parameter, q, which is estimated by using a rate
constant, the diffusion coefficient of the oxidant in liquid
media, and the aerosol size. For example, the q value of ozone
is in the order of 10−3.35,36 The gas-particle partitioning
coefficient (Kp_ox) of an oxidant (ox) on the algal particle (p)
is expressed in eq 1.

=
_

K TK V0.082p ox H,ox tot,aerosol (1)

Kp_ox is unitless expressed in L/L of air. The temperature
(T) dependency of Kp_ox is derived from Henry’s law constant
(KH,ox).

37,38 Vtot,aerosol is the total aerosol volume in L/L of air.
The water content of algal aerosol is estimated with the

hygroscopicity of both inorganic and organic constituents in
aerosol by using FTIR data (Section 2.2). Mor,dry, Min,dry, and
Mtot,dry are the dry organic mass, the dry inorganic mass, and
the total dry mass (μg·m−3), respectively. The resulting
regression equations for hygroscopicity (water mass normal-
ized with Mor,dry or Min,dry) of each component are illustrated in
Figure S3. Vtot,aerosol is the sum of Mtot,dry and the aerosol water
content, which is estimated from aerosol hygroscopicity. In
general, the aerosol water content increases at higher RH
increasing Vtot,aerosol and thus, increasing Kp_ox. In addition,
Kp_ox for ozone increases with increasing the fraction of Mor,dry

to Mtot,dry, as seen in eq 2.

= +
_

K TK V

M

M
0.082 1p ox H,ox tot,aerosol

or,dry

tot,dry

i

k

jjjjjj

y

{

zzzzzz (2)

The higher the organic fraction in the aerosol, the higher the
ozone solubility appears.39 Thus, the degradation of MC-LR is
influenced by the concentration of oxidants partitioned onto
algal aerosol, and thus it is also impacted by the aerosol
composition and the aerosol water content associated with
humidity.
In the model, the gas-particle (g-p) partitioning of ox on

algal aerosol is kinetically expressed by using the absorption
(kabs,ox) and desorption (kdes,ox)

40−42 rate constants, as
represented in eqs 3, and 4.

kox ox (s )g p abs,ox
1

(3)

kox ox (s )p g des,ox
1

(4)

kabs,ox is calculated using eq 5 as follows
41,43

=
_ _

k f M

f

4
labs,ox abs,ox tot,aeroso

ox p,mass to surface

(5)

where f p,mass_to_surface (m
2
·μg−1) is the coefficient to convert the

aerosol mass concentration (μg·m−3) to the surface area
concentration (m2·m−3) from particle size distribution. fabs,ox is
the coefficient for the uptake process. The total mass aerosol
concentration, Mtot,aerosol (μg·m

−3), is estimated based on

aerosol hygroscopicity. ωox is the mean molecular velocity (m·

s−1) of the oxidant and is calculated using eq 6 as follows41

=
8RT

MW
ox

(6)

where MW is the molecular weight (kg·mol−1). In our model,
fabs,ox was set at 4.2 × 10−6 in eq 5 to a have fast partitioning
process. In general, partitioning is known to be a rapid process
that can be completed within seconds. For example, Julin et
al.44 reported that τGP,I can be on the order of 10

−10 s, which is
much faster than gas-phase oxidation (order of 104 s) and
aqueous-phase oxidation (order of 103−104 s). kdes,ox is
determined using kabs,ox and Kp_ox as follows

40−42

=k
k

K
des,ox

abs,ox

p,ox (7)

kdes,ox is sensitive to environmental conditions as it decreases
when the humidity and organic matter in the algal aerosol
increase.
OH, radicals can also be produced via the photolysis of

HONO45 and H2O2
46 in the aerosol phase, as shown in eqs 8

and 9.36

+ · +
[ _ _ ]

h jHONO OH NOp p HONO to OH (8)

+ ·
[ _ _ ]

h jH O 2 OH2 2p p HONO to OH (9)

Trace concentrations of H2O2 and HONO are simulated
from the photooxidation of hydrocarbons and NOx using
explicit gas mechanisms. The photolysis rate constants in the
cyanobacterial algal aerosol are reduced by applying factor 0.1
to those in the gas phase. The photolysis rate of HONO in
organic media such as cyanobacterial algae aerosol is unknown.
The chromophores in an algal aerosol can absorb sunlight
available for HONO photolysis and this can lessen the
photolysis rates of HONO and H2O2. In addition, HONO can
undergo acid−base dissociation in aqueous solution and
include other aqueous oxidation paths.47

3.2. Oxidation of MC-LR in Algal Aerosol. The reaction
rates of the ADDA moiety with O3 and OH radicals are
expressed in eqs 10 and 11, respectively.19

+

_ +

kO MCLR

O MCLR 0.18 OH

(s )
3p p

3 p p

MCLR,ozone

1

(10)

+ _ kOH MCLR OH MCLR (s )
p p p MCLR,OH

1

(11)

kMCLR,ozone obtained by simulating ELISA data in the presence
of O3 in dark conditions was used to determine kMCLR,OH under
sunlight. eq 11 illustrates that the degradation of MC-LR via
ozonolysis yields OH radicals. The OH radical is a biproduct
produced from a Criegee biradical of an alkene ozonolysis
product.36 The OH yield from ozonolysis of MC-LR or
cyanobacterial algae aerosol is unidentified. The OH yield from
ozonolysis of the dissolved organic matter in wastewater is
reported as 0.13,48 and the average value of isoprene is 0.23.36

In this study, the OH yield of MC-LR was set to 0.18 (average
value).
3.3. Integration of Chamber Data with the HAAR

Model. As seen in Figure 1, major input variables for gas
simulation include meteorological parameters (sunlight,
temperature, and humidity) and the concentrations of

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

https://doi.org/10.1021/acsearthspacechem.3c00050
ACS Earth Space Chem. 2023, 7, 1141−1150

1144

https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00050/suppl_file/sp3c00050_si_001.pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hydrocarbons (i.e., 2M2B and methane), NOx, and ozone
(nighttime ozonolysis). The variables associated with algal
aerosol include Mor,dry and Min,dry to determine aerosol’s
hygroscopicity (Figure S3), and ultimately, they are used to
estimate Vtot,aerosol (eq 1). The second-order reaction rate
constant (kMCLR,ozone) for the reaction of MC-LR with aerosol-
phase O3 is determined via the HAAR simulation of the MC-
decay by using nighttime ozonolysis chamber data (Section
4.2). In the presence of kMCLR,ozone, the second-order reaction
rate constant (kMCLR,OH) for the reaction of MC-LR with OH
radicals is determined by simulating daytime chamber data
with the HAAR model (Section 4.3). For daytime simulation,
atmospheric oxidants, such as OH radicals and ozone, are
predicted via the simulation of the photooxidation of 2M2B in
the presence of NOx with the MCM gas mechanisms. The
simulated oxidant concentrations are dynamically integrated
with aqueous partitioning (Section 3.1) to heterogeneously
oxidize MC-LR (Section 3.2). The processes in HAAR,
including gas oxidation, multiphase partitioning, and MC-LR
oxidation in algal aerosol, are performed under the DSMACC-
KPP platform, as described in Section 2.1.

4. RESULTS AND DISCUSSION

4.1. Cyanobacterial Aerosol Composition. Figure S4
displays the FTIR spectra of organic matter in the
cyanobacterial algae collected on the FTIR disk. As reported
in the previous study by Jang et al.,19 MC-LR in both algal
aerosols originating from M. aeruginosa and Anabaena sp.
rapidly decayed. As seen in the FTIR spectra of Figure S4, the
distributions of organic functional groups in bothM. aeruginosa
and Anabaena sp. cultures are almost similar. Thus, we assume
that algal organic compositions that originate from different
algal aerosols are similar and their impact on hygroscopicity
and MC-LR decay can also be similar. The peak assignments
for FTIR spectra are shown in Table S2. The FTIR spectrum
was decoupled into functional groups using the curve fitting
method, assuming that a Gaussian distribution governs each
peak. The fitting parameters are the center frequency, the peak
absorbance, and the half-width at half-height.49 The relative
functional group intensities for −OH (−NH), −COOH, C�

O in ketones, C�O in amides, C−O, and C−N in amides
were normalized with that of the C−H stretching. The

decoupled FTIR bend for each functional group was applied to
estimate the functionality composition of algal aerosol using
the relative intensity of the functional group determined from
various reference compounds. The organic to carbon (O:C)
ratio and the nitrogen to carbon (N:C) ratio were estimated
with the resulting FTIR data to be 0.72 and 0.33, respectively,
suggesting that cyanobacterial aerosol is highly hydrophilic.
This aerosol functional group composition verifies our initial
assumption of a single-homogeneous phase between organic
and inorganic compositions under ambient humidity con-
ditions.
A detailed description of the characterization of aerosol

compositions of algal aerosol can be found in the chamber
procedure of Section S1. In brief, an organic carbon (OC)
analyzer (Sunset Laboratory) is used to identify Mor,dry of the
total cyanobacterial aerosol. Based on data from the Aerosol
Chemical Speciation Monitor (ACSM, Aerodyne Research
Inc., MA) and the data from ion chromatography, the
predominant inorganic salts in both cases are sulfate
(SO4

2−), sodium (Na+), potassium (K+), and nitrate
(NO3

−), which originates from nitrogen-containing organic
matter in cyanobacteria. In this study, the measurements of
calcium, magnesium, and phosphate ions are, however, missing
due to the limitation in an IC column and the method. May et
al.13 reported in their field study that inorganic species were
dominated by SO4

2−, Na+, potassium K+, and nitrate NO3
−.

The measured Mtot,dry (SMPS data and aerosol density) well
accords with the estimation obtained from Mor,dry, Min,dry

(Table 1), and the aerosol water content (Section 2.2).
4.2. Ozonolysis of MC-LR. ELISA data in Figure 2 shows

that the exposure of algal aerosol-containing MC-LR to O3
alone causes significant decay to MC-LR concentrations, as the
decrease between successive measurements exceeds the
standard error of the preceding measurement. In all cases,
O3 is present at a stable concentration in the chamber in the
presence of cyanobacterial aerosol, indicating that a pseudo-
first-order reaction can approach MC-LR degradation. In the
HAAR model simulation, kMCLR,ozone determined for the
reaction of MC-LR with aerosol-phase O3 is 3 × 10−11 cc/
molecules/s (Figure 1). The impact of humidity on MC-LR
decay is clearly shown in Figure 2a,b (Exp. A at 36% and Exp.
B at 95%, respectively). Under similar ozone concentrations

Figure 2. Degradation of MC-LR due to the reaction with ozone at nighttime (experiments A−F in Table 1). The error bars associated with ELISA
were estimated with the standard error for the mean MC-LR concentration when α = 0.95.
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and chemical compositions, the decay of MC-LR is much
faster in the higher RH. The high RH in Exp. B raises Vtot,aerosol
elevating the amount of ozone in algal aerosol (eq 1) as well as
the rate of MC-LR decay. The O3 concentration is significantly
lower in Exp. C than in Exps. D and E, but RH in C (89%) is
much higher than in the other two cases (Exps. D (49%) and E
(43%)). As a result, there is no significant difference in the
slopes of the decay curves of the three cases. The HAAR model
well simulated MC-LR decay in all five experiments (Examples
A−E) under different experimental conditions. The prediction
of MC-LR decay is, however, underpredicted in Exp. F
conducted with a high Mor,dry/Min,dry ratio under high RH. A
possible explanation is that the current regression equation
does not sufficiently predict the water content estimation in
the organic portion for RH > 85%. When humidity exceeds
90%, the aerosol water content can be dramatically increased,
even for the aerosol with high organics.
4.3. Degradation of Aerosolized MC-LR under Sun-

light. The resulting ozonolysis rate constant of MC-LR in
Section 4.2 was then applied to the daytime simulation to
determine the reaction rate constant of MC-LR with the OH
radical. The second-order reaction rate constant (kMCLR,OH) for
the reaction of MC-LR with OH radicals is 6 × 10−7 cc/
molecules/s. Figure 3 shows that the simulated results with

HAAR are in good agreement with experimental observations.
In Figure 3a (Exp. G) and Figure 3b (Exp. H), the MC-LR
decay was performed at two different NOx levels (50 and 250
ppb). As seen in gas simulations in Figure S1, the NOx level
influences ozone formation, showing the lower ozone
concentration under higher NOx conditions. However, the
impact of NOx levels on MC-LR decay in algal aerosol is
insignificant. Based on integrated reaction rate infrared
reflectography (IRR), expressed as an accumulated chemical
formation or consumption flux at a given reaction and initial
concentration, the oxidation of MC-LR in the aerosol phase is
primarily attributed to the reaction with the OH radical

generated mainly via photolysis of HONO. The OH radical
partitioned from the gas phase can partly react with MC-LR,
but it is minimal compared to that formed from HONO
photolysis. The MC-LR decay under the low NOx is attributed
to ozone and the OH radical, while the OH radicals’ reaction
dominates under high NOx conditions. For example, the IRR
analysis shows that 80% of MC-LR in Exp. G (low NOx) is
oxidized by the OH radical and 98% of MC-LR in Exp. H
(high NOx).
In experiments I (Figure 3c) and J (Figure 3d), the MC-LR

decay was examined for the case of low and high RH,
respectively. Figure 3c (%RH = 25 on average) and Figure 3d
(%RH = 81 on average) shows that higher RH conditions
increase the degradation rate of MC-LR, although exper-
imental conditions are somewhat different (Table 1). The
details about the impact of the environmental conditions
including RH, ozone, Mor,dry/Min,dry, and temperature, are
discussed in Section 5 below.

5. SENSITIVITY OF MC-LR DECAY TO
ENVIRONMENTAL VARIABLES AND
UNCERTAINTIES IN RATE CONSTANTS IN THE
HAAR MODEL

The sensitivity of MC-LR decay to major variables under
sunlight is illustrated in Figure 4: Temperature (Figure 4a, 283
vs 298 K), RH (Figure 4b, three RH levels at 20, 60, and 80%),
Mor,dry/Min,dry (Figure 4c, three levels at 0.5, 1.0, and 2.0), and
HC (ppbC)/NOx(ppb) (Figure 4d, three levels at 3, 10, and
20). In Figure 4e, the sensitivity of the MC-LR ozonolysis to
different ozone levels was examined in dark conditions. Among
all of the environmental variables, humidity is the most
influential on MC-LR decay, followed by Mor,dry/Min,dry ratios.
On the other hand, the MC-LR decay is marginally influenced
by temperature and NOx levels. As standard conditions, the
nighttime data from 04/10/22 were used to simulate all three
cases ([O3] = 20, 50, 100 ppb). The results illustrated in
Figure 4e show an increase by a factor of 2 and 5 times when
the ozone concentration increases from 20 to 60 and 20 to 100
ppb, respectively. However, the oxidation of MC-LR by OH
radicals dominates under sunlight; thus, the impact of ozone is
less noteworthy, as discussed in Section 4.
Figure S5 illustrates the model uncertainties associated with

the rate constant for predicting the decay of MC-LR under
sunlight at given experimental conditions (02/20/2022, Table
1). The ELISA method employed to determine the
concentration of MC-LR introduces an uncertainty in the
reaction rate constants of MC-LR with ozone and OH‑

radicals. Moreover, other factors, such as the calculation of
the water content or Henry’s law constants applied for the gas-
aerosol partitioning of the tracers, can introduce some
uncertainty in the model. In order to estimate the uncertainty,
the HAAR model runs under the same standard conditions
increasing or decreasing the rate constant for both ozonolysis
and reaction with OH− by 50%. As seen in Figure S5, the
decay of MC-LR by ozonolysis is much less critical during the
daytime than that by the reaction with the OH radical. The
OH radical is a powerful oxidant36 with a rapid reaction rate
with alkenes (i.e., an ADDA unit in MC-LR); thus, its reaction
tends to occur on the surface when the diffusion of the OH
radical in aerosol media or kabs,OH is not extraordinarily
fast.50,51 In our study, MC-LR oxidation by the OH radical is
limited by the absorption rate constant (kabs,OH). As a result,

Figure 3. Degradation of MC-LR during daytime (experiments G−J
in Table 1). The error bars associated with ELISA were estimated
with the standard error for the mean MC-LR concentration when α =
0.95.
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the MC-LR reaction with the OH radical stays unaffected by
changes in kMCLR,OH but is susceptible to kabs,OH. Unlike the
diffuse-reactive parameter, q (Section 3.1), of the ozonolysis of
MC-LR (order of 10−3), that of the OH radical reaction ranges
from 10−1 to 100, suggesting that the reaction potential on the
aerosol surface is higher.

6. ATMOSPHERIC IMPLICATIONS

The HAAR model of this study was developed to predict the
oxidation of MC-LR by O3 and OH using comprehensive
kinetic mechanisms in the aerosol phase. The hygroscopicity of
cyanobacterial algal aerosol and its chemical composition was
incorporated into the model to estimate the overall impact of
humidity and the content of both organic and inorganic
constituents on MC-LR decay. The HAAR model simulates
experimentally observed outdoor chamber data (Figures 2 and
3) in both nighttime and daytime conditions. The model
simulation results suggest that the gas-aerosol partitioning of
oxidants increases with increasing humidity due to the
increased aerosol mass and the Mor,dry/Min,dry ratio in algal
aerosol owing to increased solubility of oxidants (eq 1). As
discussed in the uncertainty analysis, the MC-LR degradation
is mainly attributed to its reaction with the OH radical under
sunlight. The ozonolysis of MC-LR is important at nighttime,
although less noteworthy than that with the OH radical during
daytime. The HAAR model suggests that the MC-LR decay is
significantly sensitive to humidity changes and relatively less
sensitive to Mor,dry/Min,dry ratios or temperature changes. In our
study, the MC-LR decay with the photooxidation of 2M2B was
unaffected by changes in NOx levels. In addition to gas-phase
OH radicals, the HONO produced at high NOx levels can be
dissolved in aqueous algal aerosol and heterogeneously form
OH radicals that can react with MC-LR. In the future, the
sensitivity of the MC-LR decay to NOx levels needs to be
evaluated with urban hydrocarbons (i.e., gasoline). In our
study, the temperature dependence of rate constants,
kMCLR,ozone and kMCLR,OH, was not considered. Both Anabaena
sp. culture and M. aeruginosa culture of this study showed
similarity in organic compositions (Figure S4). However,
numerous types of cyanobacteria are involved in the
production of algal aerosols during harmful algae blooms.

Thus, further characterization for algal aerosol compositions
generated from various algae cultures is needed.
Under sunlight near the summer solstice at Gainesville,

Florida, the half-life of degradation of MC-LR, which is
introduced to the ambient air at 11 AM with 20 ppb 2-methyl-
2-butene, 30 ppb NOx, 18 ppb formaldehyde, and 6ppb
acetaldehyde at 298 K and 70% RH, is simulated by using the
HAAR model. The estimated half-life during the daytime is
about 6 minutes. At nighttime, the estimated lifetime of MC-
LR in the presence of 66 ppb ozone (Exp. C in Table 1) is 4.6
h. Thus, the degradation of MC-LR is dominated by the
reaction with OH radicals under ambient sunlight. When
airborne MCs are fluxed in the middle of the day (maximum
sunlight), their lifetime can be even shorter than 6 minutes
with increased HONO and H2O2 concentrations.
During the summer, the average wind speed in the largest

lake (i.e., Okeechobee) in Florida is 5.7 mph (9.2 km/h).52

For a 6-min half-life of the MC-LR, the air can horizontally
travel 0.92 km from the bloom. In applying a Gaussian
dispersion model to predict the transport of aerosolized
cyanobacterial MCs from algal bloom events, the dispersion
can be assumed to occur mainly in the vertical direction due to
the formation of aerosol from a line source.53 During moderate
sunlight conditions, 75% of aerosolized MC-LR undergoes
dispersion within approximately 0.92 km from the bloom,
suggesting that the atmospheric process (25% of MC-LR
concentration) significantly contributes to the decay of
aerosolized MC-LR. For the MC-LR emitted from blooms to
the atmosphere under the maximum sunlight (half-life <
6min), the influence of atmospheric oxidation on MC-LR
might be much greater than 25%. MCs emitting from
cyanobacterial algae blooms can influence the residence and
recreation areas near lakes and estuaries although the
concentration of airborne MCs decreases via the dispersion
and photochemical oxidation processes during transportation.
However, the exposure levels of airborne MCs are still unclear
and not well established. Most exposure guidelines for
aerosolized MCs are based on the water level cell counts and
MC concentrations. For example, the estimated exposure of air
concentrations of MCs was in the level of pg·m−3 above a lake
with the water concentration of MCs higher than 5 orders of
magnitude in Microcystis sp. (cells·mL−1) of up to 3 orders of

Figure 4. Sensitivity of MC-decay to environmental variables including temperature (a), humidity (b),Mor,dry/Min,dry (c), HC (ppbc)/NOx (d), and
ozone (e). For all of the simulations T = 298 K, RH = 60%, Mor,dry/Min,dry = 1, HC (ppbc)/NOx = 10, and the sunlight intensity measured on 02/
20/2022 (Figure S7) are the standard selected conditions for the sensitivity analysis. For the ozone sensitivity test, the reference experimental
conditions are taken from the data on 04/10/2022 (Table 1).
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magnitude in total MCs μg·L−1.54 Studies suggest that inhaled
MCs can affect pulmonary health,55 and they are likely to
accumulate in the liver with longer-term exposure.56 The
reactive oxygen species (ROS) can also be produced during
the atmospheric process of the cyanobacterial aerosol and its
toxins. The significance of airborne ROS on pulmonary health
during algae breaks needs to be investigated.
In this study, the reaction of MC-LR with nitrate radicals

was not considered. Although the nitrate radical (NO3)
reaction with hydrocarbons is not significant during the
daytime due to its photolysis, NO3 is generally important
during the nighttime. The vital source of NO3 is the
decomposition of N2O5 via a thermodynamic equilibrium
reaction to form NO2 and NO3. In the presence of aqueous
aerosol, N2O5 reacts with water forming HNO3, which
significantly reduces the concentration of NO3.

57 Therefore,
the contribution of NO3 might be insignificant for the MC-LR
decay in ambient air. The sulfur species, including SO2, H2S,
and dimethyl sulfide, are emitted from anthropogenic fuel
combustions and wetlands and produce sulfuric acid via
homogeneous gas-phase reactions and heterogeneous aqueous
reactions in the aerosol phase. The role of aerosol acidity
associated with sulfuric acid also needs to be studied in future
research.
In addition to MC-LR, there is a wide variety of MCs in

cyanobacterial algae. Thus, the HAAR model needs to be
extended to other MCs to simulate the atmospheric processes
of algal toxins. However, major MCs, including MC-LR, MC-
RR, MC-YR, and MC-WR, generally comprise the unique
ADDA unit that can be highly reactive to atmospheric oxidants
dissolved in the aqueous algal aerosol. Thus, the HAAR model
of this study can be suitable for simulating the degradation of
other MCs as well. Although atmospheric oxidants can rapidly
oxidize the ADDA units that are the focal points for algal
toxicity in the daytime, the toxicity of cyanobacterial algal
aerosol is still poorly studied and need to be investigated in the
future.
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