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Environmental signicance

Plastic particles with dimensions in the nanometer range, or nanoplastics,
are emitted over land and the ocean into the atmosphere, where they are
exposed to condensable products of the gas-phase oxidation of volatile
organic compounds. These products can partition onto the particles,
transforming the initially hydrophobic nanoplastics into potential cloud
condensation nuclei. Here, we report appreciable hygroscopic growth,
a prerequisite for cloud droplet activation, of polystyrene nanoplastics
coated with secondary organic aerosol from the ozonolysis of a-pinene.
Furthermore, we provide compelling evidence that under certain condi-
tions, coating through partitioning can lead to partially-engulfed, rather
than core–shell, morphologies, which may impact the direct and indirect
climate effects of nanoplastics.
Nanoplastics have been shown to be emitted into the atmosphere

over land and the ocean and transported long distances to remote

regions. During their atmospheric lifetime, nanoplastics may influence

climate directly by absorbing and scattering sunlight and indirectly by

enhancing ice or liquid cloud formation. Bare nanoplastics will not

influence liquid cloud formation, since they are hydrophobic, but

nanoplastics internally mixed with hygroscopic species during atmo-

spheric aging have the potential to act as cloud condensation nuclei.

Here, we report measurements of hygroscopic growth of initially 100,

200, and 250 nm polystyrene nanoplastics internally mixed with

secondary organic aerosol (SOA) from the ozonolysis of a-pinene in

a smog chamber. SOA formation and water uptake were quantified

using parallel differential mobility analyzers at <10 and 90% relative

humidity (RH), respectively. Interestingly, early in each experiment, at

low SOA volumes, the mobility diameters of the humidified particles

became smaller than those of the dry particles, despite certain water

uptake. This discrepancy indicates that the particles at low RH have

a non-spherical, partially-engulfed morphology. When they are

humidified, the SOA takes up water, becomes less viscous, and coa-

lesces around the nanoplastic, so the coated particles adopt a spher-

ical morphology. Eventually, the SOA volume is high enough that the

dry particles are also spherical, and the apparent volume of water

scales linearly with the volume of SOA, as expected. A fit to

measurements during this stage gives a hygroscopicity parameter of

0.02. Together, these observations have important implications on

both the direct and indirect climate effects of nanoplastics in the

atmosphere.
1. Introduction

Plastic particles with dimensions in the range of nanometers
have been observed in the atmosphere.1–3 These nanoplastics
University, Stillwater, OK 74078, USA.

tion (ESI) available. See DOI:

the Royal Society of Chemistry
may be emitted into the environment directly or form from
larger plastic pollution through chemical and physical
processes.4–6 They are small enough to be entrained over
terrestrial sources, so their emission may increase with wind
speed.7,8 They can also be emitted over oceans,9–11 where they
tend to be concentrated at the sea surface microlayer, due to
their low densities, ideally situated to be incorporated into sea
spray aerosol upon wave breaking.12–14 Because of their small
dimensions, they can reside in the atmosphere for weeks,
sometimes transported to remote regions, including the
Arctic.15,16 In turn, through wet and dry deposition, the nano-
plastics are transferred from the atmospheric to the aquatic and
terrestrial environments,7,17,18 where they can continue to have
a wide range of harmful inuences on organisms.19–21

While they are in the atmosphere, nanoplastics may have
direct and indirect effects on climate, by absorbing and scat-
tering solar and terrestrial radiation and by inuencing cloud
formation, respectively.22,23 Though all nanoplastics will scatter
visible radiation, only those that are colored will strongly absorb
at visible wavelengths. It is conceivable that colored nano-
plastics whiten during their atmospheric lifetime, due to light-
driven processing. Atmospheric aging is likely to also inuence
the indirect effects of nanoplastics, as the bare hydrophobic
particles accumulate hygroscopic components. Bare and
Environ. Sci.: Atmos., 2024, 4, 9–17 | 9
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capped nanoplastics have been shown to act as ice nuclei.24

Nanoplastics internally mixed with ammonium sulfate have
been shown to take up water below saturation, so they have the
potential to act as cloud condensation nuclei.25 With aging, the
nanoplastics are exposed to the condensable products of the
gas-phase oxidation of volatile organic compounds, so they can
also become internally mixed with secondary organic aerosol
(SOA), much like black carbon, another solid carbonaceous
aerosol.26,27 Themorphology of the hygroscopic SOA coatings on
the nanoplastics will have implications on their direct and
indirect climate effects.

Here, we report a series of smog chamber experiments
designed to characterize the hygroscopicity and morphology of
SOA-coated nanoplastics. The nanoplastic particles that were
used in the chamber experiments are composed of the homo-
polymer polystyrene, with a proprietary surfactant to reduce
aggregation in the concentrated aqueous suspensions during
storage. Polystyrene has been observed in the form of micro-
plastics in both the aquatic and terrestrial environments,28,29

and it has been shown to be transported through the atmo-
sphere to remote regions.7,9 Polystyrene has also been used as
a model microplastic species in many toxicological studies,
shown to have diverse detrimental effects on marine and
terrestrial organisms.19–21,30,31 In aerosol science, spherical
polystyrene particles are oen used as standards for particle
characterization, including size, hygroscopicity, and
viscosity.32–34 Three different sizes of polystyrene nanoplastics,
rst conditioned to ensure they were spherical with a uniform
surface, were coated with SOA from the ozonolysis of a-pinene
in a smog chamber at <10% relative humidity (RH). SOA
formation and water uptake were measured using parallel
differential mobility analyzers (DMAs), controlled at <10% and
90% RH, respectively, and coupled to a condensational particle
counter (CPC). The changes in mobility diameter with aging
and humidication contrast with the trends that would be ex-
pected for spherical core–shell particles, allowing us to identify
partially-engulfed morphologies for SOA-coated nanoplastics
under certain conditions.

2. Materials and methods
2.1. Introduction of nanoplastics

The nanoplastics were coated with SOA in a 1.2 m3 smog
chamber, illustrated in Fig. S1.† The chamber is constructed of
peruoroalkoxy (PFA) lm (Ingeniven) and supported in
a movable stainless-steel frame. Before each experiment, the
chamber was ushed for at least 36 h with clean, dry air from
a commercial zero-air generator (Aadco, 747-30). The back-
ground particle number concentration, measured with a CPC
(TSI, 3750), was never greater than 5 cm−3 aer ushing. The
RH in the chamber was always less than 10%. Additional details
are provided in the ESI.†

Aqueous suspensions of nanoplastics composed of poly-
styrene were prepared from commercial particle size standards
(Polysciences, 64 000 Series), with nominal diameters of 100,
200, and 250 nm, by dilution with ultrapure water (18.2 MU cm)
from a commercial water purication system (Thermo,
10 | Environ. Sci.: Atmos., 2024, 4, 9–17
Smart2Pure 3 UV). A given suspension was then sonicated while
supplying a constant output atomizer (TSI, 3076). From the
atomizer, the aerosolized nanoplastics were directed through
two diffusion dryers, packed with indicating silica gel desiccant
(Parker, DRP-14-10B), at a ow rate of 1.7 L min−1. The dry
nanoplastics were then directed to a custom-built thermal
denuder, consisting of a 1.8 m length of 1/4′′ copper tubing. In
the rst half of the copper tubing, the sample was heated to 473
K while, in the second half, it was cooled passively to 298 K.
Heating in the thermal denuder did not produce additional
particles, which have been observed for macroplastics heated in
a tube furnace.35 The conditioned nanoplastics were then
injected into the smog chamber to a number concentration of at
least 2000 cm−3.
2.2. Introduction of a-pinene and ozone

Aer the nanoplastics were injected into the smog chamber, a-
pinene was introduced as the SOA precursor using a syringe
pump (Harvard Apparatus, 11 Plus), based on similar proce-
dures reported in earlier studies.36,37 The syringe contained
a solution of (1R)-(+)-a-pinene (Acros,$98%, 80% ee) in hexane
(Fisher, $98.5%), which it passed into a three-neck round-
bottom ask. The ask was placed in a heating mantle, set to
340 K and lled with sand to distribute the heat evenly. The
solution evaporated in the ask, and the vapor was carried into
the smog chamber with clean, dry air, at a ow rate of 2 Lmin−1.
The initial mixing ratio of a-pinene in the chamber was 100 ppb.
The nanoplastics and volatile organic compounds were allowed
to mix in the chamber for 30 min.

Aer this mixing time, ozone was introduced into the
chamber to begin the ozonolysis of a-pinene. Ozone was
generated by irradiating air in a quartz tube with the emission
of a Hg lamp (UVP, SOG-2) at a ow rate of 0.5 L min−1. Ozone
was introduced for the duration of each experiment, and its
mixing ratio, measured with an ozone monitor (2B Technolo-
gies, 106 M), was never greater than 20 ppb.
2.3. Characterization of particles

The formation of SOA and the uptake of water were monitored
during reaction in the chamber using parallel DMAs coupled to
the CPC (see Fig. S1†). Particles sampled from the chamber were
rst passed through a wire-mesh denuder packed with catalyst
(Carus, Carulite 200) for the destruction of ozone. Downstream
of the catalyst, particles were sampled alternately through one
of two branches of conditioning and classication.

In the rst branch, the particles were size-selected at low RH
using an electrostatic classier (TSI, 3082), equipped with a so
X-ray advanced aerosol neutralizer (TSI, 3088) and a long DMA
(TSI, 3081). The sample and sheath ow rates were 0.3 and 3
L min−1, respectively. The RH of the recirculated sheath ow
was controlled using a diffusion dryer to be <10% RH, to match
that of the chamber. The sample and sheath RH values were
monitored using calibrated sensors (Sensirion, SHT75).38 The
voltage of the DMA was set in LabVIEW, and the transmitted
particles were directed to the CPC. The total ow rate of the CPC
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Diameter growth factor and apparent coating thickness as
functions of reaction time in the smog chamber for a representative
experiment with initially 250 nm nanoplastics.
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was 1 L min−1, so 0.7 L min−1 was drawn from the laboratory
through a lter.

In the second branch, the particles were conditioned at high
RH, specically 90 ± 2%, using a Naon membrane humidier
(Perma Pure, MD-110-48S-4) before being classied. Aer they
passed through the humidier, the particles were directed
through a length of copper tubing to allow 30 s for equilibration
at high RH. The particles were then directed to the second DMA,
which was equipped the same as the rst, with the same ow
rates. The sheath ow of this DMA was set to 90 ± 2% RH, to
match the humidied sample ow, using a second membrane
humidier. For each particle size spectrum (see Fig. S2†), or
measurement distribution function,39,40 the sample and sheath
RH values agreed to within 2% during collection. The CPC
sampled from the two DMAs alternately.

3. Results and discussion

Since our focus is on bare and SOA-coated nanoplastics, it was
important that the initial particles were spherical with
a uniform surface. In a previous study, a similar surfactant in
aqueous suspensions of polystyrene was shown to form much
smaller, hygroscopic particles, less than 100 nm in mobility
diameter, externally mixed with the nanoplastics.34 A compar-
ison of the manufacturer-reported diameters, measured in
suspension, and our mobility diameters, measured aer aero-
solization, are consistent with an external mixture (see Table
S1†). To ensure the surface of the nanoplastics was uniform, we
heated the particles to 473 K in the thermal denuder before
injection into the smog chamber. If trace amounts of surfactant
were present, this elevated temperature would promote
desorption from the particle surface. Furthermore, this
temperature is well above the glass transition temperature of
polystyrene, 380 K, but below the melting point, 513 K.41

Bispheres of polystyrene with point contacts have been shown
to undergo coalescence to form spheres when heated above the
glass transition temperature, due to surface tension, as the
material becomes less viscous.33 If any surface features were
present, the decreased viscosity of the particles when heated
would be expected to result in perfectly spherical particles upon
cooling and vitrication. Volatility differential mobility analysis
was performed by varying the temperature of the thermal
denuder, and while no signicant changes in mobility diameter
were observed (see Fig. S3†), a slight drop is discernable for
initially 100 nm particles just above the glass transition
temperature (see Fig. S4†). Also, no water uptake to the condi-
tioned polystyrene was observed, indicating that no traces of
hygroscopic surfactant were present. Together, these observa-
tions conrm that the conditioned nanoplastics were spherical
with a uniform surface.

The coatings of SOA were formed by gas-phase oxidation of
a-pinene in the smog chamber. A representative experiment
with initially 250 nm nanoplastics is shown in Fig. 1. SOA
formation as a function of time is quantied here in terms of
the diameter growth factor, Gfd, which is the ratio of the
mobility diameter during reaction to that of the bare nano-
plastics (see ESI†). At reaction time zero, the particles in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
chamber were bare polystyrene, and the Gfd is one. As reaction
progresses, oxidation products began partitioning to the
particle phase, so the Gfd increases. Since the DMA was oper-
ated at <10% RH, like the chamber, water does not contribute to
this growth. Since a-pinene was introduced with an excess of
hexane, which is an effective hydroxyl radical scavenger without
signicantly altering the distribution of SOA species or the
production of HO2 radicals,42–44 the SOA was strictly from the
ozonolysis of a-pinene. By the end of the experiment, aer
nearly 250 min, the Gfd of the dry particles is 1.34 (see Fig. 1).
Assuming the SOA coating is uniformly distributed, the average
coating thickness is about 40 nm across the surface of the
initially 250 nm nanoplastics. Comparable coating thicknesses
have been measured for solid carbonaceous particles, speci-
cally black carbon, exposed to ambient air in Houston, USA, for
10 to 15 h.45 The apparent volume growth factor, Gfv, can be
calculated from this timeseries, assuming the particles are
spherical for the entirety of the experiment (see ESI†). Since the
reaction kinetics can vary slightly between experiments, this
apparent Gfv, instead of reaction time, is used as an indepen-
dent variable in the subsequent discussion. In turn, the mass
growth factor, Gfm, can be calculated to reach 2.68 at the end of
the experiment (see Fig. S5†). The densities of polystyrene, a-
pinene SOA, and water are taken as 1.05, 1.28, and 1.00 g cm−3,
respectively.46,47 By the end of the experiment, the dry particles
are 63% SOA by mass (see Fig. S6†). Importantly, given the
second-order rate constant for the ozonolysis of a-pinene, 8.4 ×

10−17 cm3 mol−1 s−1,48 and the upper limit for the mixing ratio
of ozone, 20 ppb, 55% of the initial a-pinene was still present at
the end of the experiment. By design, these reaction conditions
allowed slow, steady growth of the coatings and ensured their
composition was relatively uniform, as rst-generation prod-
ucts formed for the duration of the experiment.

Additional growth of the SOA-coated nanoplastics due to
water uptake was measured by conditioning and classifying the
particles at high RH. In k-Köhler theory, water uptake is
Environ. Sci.: Atmos., 2024, 4, 9–17 | 11
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Fig. 2 Hygroscopic volume growth factor as a function of the volume
growth factor of the dry particles, a measure of the SOA coating
volume, for three experiments with initially 250 nm nanoplastics,
illustrating intra- and inter-experiment variability. There is more scatter
in the hygroscopic volume growth factor than in the individual time
series of diameter growth factors, because the hygroscopic volume
growth factor is a measure of the small difference between these time
series.
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governed by the hygroscopicity parameter k,49,50 which is
dened by its impact on water activity, aw, according to eqn (1).

1

aw
¼ 1þ k

Vs

Vw

(1)

Here, Vs is the volume of the dry, water-soluble particle before
uptake, and Vw is the volume of water aer uptake. In the smog
chamber experiments, only the SOA coating is water-soluble, so
Vs is taken as the volume of SOA, VSOA. Eqn (1) can be rearranged
to relate the volume of water to VSOA according to eqn (2).

Vw ¼ k
aw

ð1� awÞVSOA (2)

Typically, individual k values are reported for SOA from distinct
precursors, although k may increase slightly with further
oxidative aging of the SOA, in terms of the oxygen-to-carbon
ratio.51 In hygroscopic tandem DMA experiments, VSOA is held
constant, by setting the voltage of the rst DMA, and the activity
of water is ramped up to increase the volume of water, Vw.52–54

Here, in contrast, the volume of SOA is increased, and the
activity of water is held constant. We assume that the activity of
water is equal the saturation ratio, neglecting the Kelvin effect
for the SOA-coated particles.49,50 Since k and aw are steady, the
volume of water taken up by the particles will increase linearly
with the volume of SOA partitioned onto the polystyrene.
Surprisingly, between 0 and about 100 min, the Gfd of the
humidied particles is lower than that of the dry particles (see
Fig. 1). At 125 min, the two timeseries intersect, and aerwards
the humidied particles are larger than the dry particles, as
expected. Towards the end of the experiment, the two timeseries
increase proportionally. In one experiment, the parallel DMAs
were interchanged to rule out instrumental artefacts, yielding
the same trends.

What is the origin of these unexpected observations? The
difference between the Gfd values for the dry and humidied
particles is quantied in terms of the hygroscopic volume
growth factor, HGfv.26,55 When the ozonolysis in the chamber
begins, the HGfv decreases, eventually to a minimum value of
about 0.95, before beginning to increase (see Fig. S7†). It returns
to unity when the timeseries of Gfd intersect, e.g., at 125 min in
Fig. 1. With further reaction, the HGfv increases rapidly to reach
a plateau at about 1.07 aer 150 min. If this trend in HGfv is
plotted as a function of the apparent SOA coating volume, as
shown in Fig. 2, the plateau occurs at a Gfv of about 2. Analo-
gous trends for initially 100 and 200 nm nanoplastics are shown
in Fig. S8.† The apparent volume of water can also be calculated
from this timeseries. Note that the apparent volumes of SOA
and water are based on the assumption that the particles are
spherical throughout each experiment. Since the nanoplastics
are spherical to begin the experiment, as described above, this
assumption would be true if the coating occurred uniformly
across the nanoplastic surface. The seeming loss of water from
already dry particles that are non-volatile demonstrates that the
coated particles adopt partially-engulfed, rather than core–
shell, morphology at small SOA volumes. SOA from a-pinene is
known to be glassy at low RH but less viscous at high RH.56

Consequently, the coated nanoplastics classied by the DMA at
12 | Environ. Sci.: Atmos., 2024, 4, 9–17
low RH retained the non-spherical morphology of particles in
the dry chamber, whereas those classied by the DMA at high
RH coalesced to give spherical morphology. Importantly,
although smaller values have been determined in the free
molecular regime,57 the dynamic shape factor, c, of bispheres in
the continuum (or viscous) ow regime is known to be 1.10,58,59

which is more than enough to allow for the degree of restruc-
turing observed here and broadly consistent with partially-
engulfed morphology at low RH.

The relationship between the volume of water and the
volume of SOA, according to eqn (2), can further highlight these
differences in morphology. Since k and aw are steady, the rela-
tionship should be linear. As shown in Fig. 3, the apparent
volume of water drops below zero at early reaction times, i.e.,
small SOA volumes. During this period, the particles in the
chamber, at low RH, have partially-engulfed morphology. When
they are humidied before classication in the second DMA,
the SOA takes up water, transitions to liquid, and fully encap-
sulates the polystyrene to give spherical core–shell particles at
all SOA coating volumes. At low RH, signicantly more SOA
volume must accumulate to fully encapsulate the polystyrene
and give spherical particles; in this case, the polystyrene may be
uncentered in the SOA coating. The apparent volume of water
increases and returns to zero at the intersection of the Gfd
timeseries for the dry and humied particles. Once the particles
become spherical at low RH, at large SOA volumes, the volume
of water scales linearly with the SOA volume, as initially ex-
pected. The SOA volume required to reach spherical
morphology at low RH increases with the diameter of the
nanoplastics (see Fig. 3), because they must be fully
encapsulated.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Apparent volume of water as a function of the apparent volume
of SOA, as if the particles were spherical for the duration of each
experiment. Measurements from three experiments for each initial
diameter were concatenated, sorted from smallest SOA volume to
largest, and averaged to give the error bars, which indicate one stan-
dard deviation for five adjacent datapoints. The individual experiments
are shown in Fig. S9.†
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A t of eqn (2) to the data for spherical particles at sufficient
SOA volumes can provide a measure of the hygroscopicity of the
a-pinene SOA. Since the activity, or saturation ratio, of water is
constant throughout the coating experiments, the slope of the
line in Fig. 3 can be divided by the term aw/(1 − aw) to give
a value of 0.02 for the hygroscopicity parameter k. This value is
at the lower end of the range previously measured for pure a-
pinene SOA, which extends from about 0.02 to 0.06.51 Our
choice of a biogenic volatile organic compound as the SOA
precursor that has a lower k value than most anthropogenic
precursors was strategic,51 allowing us to focus on the lower
range of Gfd values, where the evidence for partially-engulfed
particles occurs. For instance, greater hygroscopic growth over
the same reaction time likely would have obscured the coales-
cence observed here. Furthermore, our choice of mixing ratios,
leading to rst-generation ozonolysis products for the duration
of each experiment, allowed us to rule out evaporation, e.g., due
to hydrolysis,60 because the fraction evaporated would be
consistent throughout the experiments, rather than evolving as
shown in Fig. 2. To the best of our knowledge, these are the rst
smog chamber observations to demonstrate that SOA coating of
any solid carbonaceous particles can lead to partially-engulfed
particles. Nanoplastics composed of other polymers, including
polyethylene and polypropylene, which are also abundant in
plastic litter,61 should be investigated in the future.
4. Atmospheric implications

These observations have signicant implications on the fate
and impact of nanoplastics in the atmosphere. Nanoplastics
have been shown to be emitted directly over land or resus-
pended over the ocean.7,10 When emitted from the ocean, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
nanoplastics are likely internally mixed with some mass frac-
tion of sea spray aerosol components.12,13,62 When emitted over
land, the nanoplastics may be bare. The bare nanoplastics are
hydrophobic, so they will not take up water below saturation nor
inuence liquid cloud formation23,63 except through heteroge-
neous nucleation, similar to black carbon.26,55,64 On the other
hand, the bare nanoplastics may inuence ice cloud formation
by providing a solid surface for crystallization.23,24 The bare
nanoplastics will be exposed to oxidants, which may introduce
polar, hydrophilic functional groups at the surface.65 The bare
nanoplastics will also be exposed to the oxidation products of
volatile organic compounds in the atmosphere.48,66 These
products will partition according to their saturation vapor
pressures,67,68 resulting in some volume of SOA internally mixed
with the nanoplastics. Nanoplastics internally mixed with other
species have been observed in ambient samples.18 Here, we
show that nanoplastics internally mixed with a-pinene SOA can
undergo hygroscopic growth and, in turn, will enhance liquid
cloud formation, according to the polarities of the SOA
constituents.50,51 We also show for the rst time that SOA
coating can lead to partially-engulfed particles when the SOA is
a solid. The RH conditions required for the SOA to be suffi-
ciently viscous will vary with the precursor,56,69,70 so interme-
diate RH values most representative of atmospheric conditions
should be explored in future work. Furthermore, if aggregates of
nanoplastics are emitted into the atmosphere or form through
coagulation, SOA coatings may lead to restructuring at elevated
RH, when the SOA is a liquid,55 similar to what has been
observed for aggregates of black carbon.71,72 The morphology of
the SOA-coated particles resulting from these coupled processes
will play a vital role in both the direct and indirect effects of
nanoplastics on climate.22,23
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Jiménez, A. Simonneau, S. Binet and D. Galop,
Atmospheric Transport and Deposition of Microplastics in
a Remote Mountain Catchment, Nat. Geosci., 2019, 12(5),
339–344, DOI: 10.1038/s41561-019-0335-5.

10 S. Allen, D. Allen, K. Moss, G. L. Roux, V. R. Phoenix and
J. E. Sonke, Examination of the Ocean as a Source for
Atmospheric Microplastics, PLoS One, 2020, 15(5),
e0232746, DOI: 10.1371/journal.pone.0232746.

11 D. Allen, S. Allen, S. Abbasi, A. Baker, M. Bergmann,
J. Brahney, T. Butler, R. A. Duce, S. Eckhardt,
N. Evangeliou, T. Jickells, M. Kanakidou, P. Kershaw,
P. Laj, J. Levermore, D. Li, P. Liss, K. Liu, N. Mahowald,
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