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Micro- and nanoplastic particles have been detected in most environmental compartments. The presence
of microplastics in the remote marine atmosphere and close to large lakes suggests bubble mediated
water—air transfer as a source of airborne microplastics, however, quantitative estimates of plastic
emission from surface waters remain uncertain. In this work, we elucidate the emission of submicron
polystyrene nanospheres by bubble bursting in a laboratory setting from low salinity waters (salinity 0—
1.0 g kg™Y, polystyrene particle diameter (103, 147 and 269 nm), aqueous particle number
concentrations in the range 4 x 107-2 x 10° cm™>, and bubble formation rate (0.88-3.35 L min™* of air).
Production of polystyrene aerosols was demonstrated using a scanning mobility particle sizer and

confirmed by analysis of filter samples using pyrolysis gas chromatography coupled to mass
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Accepted 10th June 2024 spectrometry. We show that production of polystyrene aerosol particles scales linearly with the number

concentration of plastic particles in the water. Our results suggest that small amounts (0.01 g kg™) of
DOI: 10.1039/d4em00124a salt increase polystyrene particle production. To the best of our knowledge this is the first study of

rsc.li/espi bubble mediated water—air transfer of plastic particles as small as 100 nm.

Environmental significance

It has recently become clear that plastic particles constitute a pollutant in the atmosphere with largely unknown impacts on human health, eco-systems and
climate. Nano- and microplastic accumulates in ocean and freshwater reservoirs. This work addresses transfer of plastic nanoparticles from low-saline waters to
air via bubble bursting at the water/air interface and contributes to the emerging understanding of transfer of nanoplastics from polluted surface waters to the
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atmosphere.

Introduction

Plastic pollution in the form of microplastic (MP, 1 pm-5 mm)*
and nanoplastic (NP, < 1 pm)* is accumulating in most envi-
ronmental compartments on Earth® including soil,® oceans,?
and fresh water.* Micro- and nanoplastics are emitted directly
into the environment or formed as a result of weathering
processes of plastic debris from, for example, cleaning and
skincare products, pharmaceuticals, textiles, and tire wear.>® In
recent years, it has become clear that plastic is also a pollutant
in the atmosphere and that the atmosphere may act as an

Department of Chemistry, Aarhus University, DK-8000 Aarhus C, Denmark. E-mail:
bilde@chem.au.dk

T Electronic supplementary information (ESI) available: Experimental details on
set-up and chemicals used, AEGOR headspace equilibration calculation, details
on integration of particle spectra, filter sampling details, experimental time
evolution of PSL number concentration, SMPS transfer function calculation, full
SMPS  size reproducibility.  See  DOL:
https://doi.org/10.1039/d4em00124a

i Current address: Center for Environmental Research and Technology,
University of California, Riverside, 92507 California, USA.

spectra, and test of

This journal is © The Royal Society of Chemistry 2024

efficient and fast transfer medium for microplastic.”® Several
methods are being developed for identifying and quantifying
nano- and microplastic in complex atmospheric aerosol
mixtures.”*> Airborne plastic may be inhaled with potentially
highly adverse, albeit not yet fully resolved, effects on respira-
tory human health.™ Airborne micro- and nanoplastics may also
affect global climate by serving as seeds for cloud droplet™ and
ice crystal” formation and by directly affecting the radiative
balance.*

The transfer of MP and NP from surface waters has recently
been proposed as a source of plastic in the atmosphere."** Field
work support this hypothesis: Allen et al.** detected micro-
plastic in marine boundary layer air in samples dominated by
sea spray and Trainic et al.’” detected polyethylene and poly-
propylene microplastic using p-Raman analysis in both air and
water in the North Atlantic Ocean suggesting local production
of marine microplastics via wave breaking. There is large vari-
ation in the proposed source strengths ranging from ~800 ton
yr* (ref. 18) to 8.6 x 10° ton yr ' More recently, lakes and
lake spray aerosol (LSA) have been receiving much attention.
Lakes are often located near populated areas and can be
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hotspots for pollution.”*** May et al.>> measured particles from
SSA and LSA at a rural site >25 km from the nearest Great Lakes
sources and found that LSA contributed to the total PM mass
during a day-long wind event.

Number and mass concentrations of microplastic in surface
waters are typically quantified for sizes larger than around 300
micrometer” and little is known about concentrations of
smaller particle sizes although number concentrations of these
are expected to be greater.”* In the North Atlantic subtropical
gyre surface water concentrations of up to 1.62 particles per m*
(Dp > 335 um) of surface water were observed.”* Recently,
Materi¢ et al* reported polystyrene (PS) nanoplastic concen-
trations of 4.2 ug L™ (upper diameter of 200 nm) corresponding
to minimum 10" nanoplastic particles per m® of water in the
Dutch Wadden sea.

Recently, it has become clear that concentrations of micro-
plastic in freshwater systems can be of similar magnitude or
even larger than in subtropical oceanic gyres.** Egessa et al.”®
report concentrations in the range of 0.02-2.19 microplastic
particles m > (size range 0.3-4.9 mm) for coastal surface waters
in northern Lake Victoria in East Africa, which is the second
largest fresh water lake in the world.>® High concentrations of
microplastic have also been measured in several large Chinese
lakes.””*® For example, Su et al.”® report concentrations of 3.4-
25.8 x 10° plastic particles m * (>333 um) in surface waters of
the third largest freshwater lake in China, Taihu Lake. In the
US, Mason et al.?® sampled plastic in Lake Michigan and report
surface concentrations of plastic of ~17 000 particles km >
(>333 um). This converts to ~0.1 particles m > assuming the
height of the surface layer to be 16 cm corresponding to the
height of the used Mantra trawl opening. To our knowledge, the
number concentrations of particles smaller than 333 pm have
not been reported in lakes. In lack of such knowledge, we esti-
mate the number concentration of 100 nm particles by scaling
the lower and upper number concentrations listed above by the
diameter ratio cubed. We here assume spherical particles and
a volume concentration and density of the 100 nm particles
equal to that of the larger particles (assuming a diameter of 333
pm). On this basis, number concentration of 100 nm particles
would be in the range 4 x 10°~1 x 10" particles per m® across
these lakes. We expect these values to represent upper limits,
but field measurements are needed to establish the number
concentrations of nanoplastic particles in lakes.

Lately, and during the course of this work, laboratory studies
have confirmed transfer of plastic from water to air in bubble
bursting processes for particle of size 300 nm and larger.'®***
Bubble bursting has been studied from waters ranging from
fresh to saline and air entrainment has been mimicked in
different ways. Most studies have addressed particles made of
polystyrene (PS), polypropylene (PP) and polyethylene (PE)
which are among the plastic polymers produced in the highest
amount* and identified in both sea®” and lake*' water. As
highlighted above, freshwater lakes can contain high concen-
trations of plastic debris with number concentrations of MP
particles that can exceed those in oceanic gyres. Even so, to our
knowledge few laboratory studies have so far addressed transfer
of microplastic from freshwater to air.
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Mastry et al.** bubbled air through a diffuser (sintered glass
frit) into 4 L of water and detected transfer of particles in the
size range 250 nm-32 um using an optical particle counter and
demonstrated transfer of PS particles of diameters 350 nm,
600 nm and 1 um from pure water. They observed a higher
transfer of particles when the surfactant Sodium Dodecyl
Sulfate (SDS) was added to the water. For PE particles (size
distribution from 200 to 9900 nm) no transfer was observed
unless the particles had been UV aged.

Oehlsclagel et al® use a stainless steel frit to generate
bubbles into 1 L deionized water and quantified polystyrene
particle transfer for sizes between 0.35-2 pm using an optical
particle counter. Number concentrations in water were around
10'" particles per L. They observed a size dependent transfer
with a maximum for particle sizes of 1 pm.

Harb et al** deployed a Marine Aerosol Reference Tank
(MART) generating bubbles by plunging sheet of water into
a water pool of 147 L of artificial seawater (salinity of 35 g kg™,
room temperature). Harb et al. demonstrated and quantified
transfer of PS (diameters of 0.5, 2 and 10 um) and PE particles
(size distribution ranging from 1 to 10 pm) at different
concentrations ranging from 10-10° L™ * for PS and 10’-10% L ™*
for PE particles in the water (10°-10° m™?). Aerosolization was
observed to increase monotonically with increasing number
concentration of plastic particles in the water. The aero-
solization factor (defined as the number concentration of
plastic particles in the air relative to the number concentration
in the water) was the same for 0.5 and 2 um PS particles and
significantly lower for 10 pm particles. Consistent with Masry
et al** transfer of PE was observed to be less efficient than for
PS.

Catarino et al.** used an intermittent water jet (mini-MART
tank, water volume of 6 L) to investigate the transfer of fluo-
rescent PS particles (0.5, 1, 5 and 10 pm in diameter, respec-
tively) in artificial seawater (salinity 31 g kg™') at a temperature
of 18 °C for a constant concentration of plastic particles in the
water of 10° m >, They report transfer of all particle sizes from
water to air with an increase in number with decreasing particle
size consistent with the trend reported by Harb et al.*°

Shui et al®® used a diffuser setup (130 mL of water) with
varying salinity (0, 17 and 34 psu) and fluorescent PS particles
with a diameter of 1.04 pm. The concentration of PS particles in
the water was 2.3 x 10° particles m>. Two experiments were
also performed with addition of alginic acid sodium salts from
brown algae. Shiu et al.** confirm transfer of MPs in both fresh
and salt water and observed that the number of transferred
plastic particles increased with increasing salinity. Further-
more, transfer of PS particles was increased with addition of the
alginic acid sodium salts to the saline solutions, but not when
added to fresh water.

Yang et al.*® studied transfer of PS (0.4, 0.6, 0.8, 1.0, and 1.6
pum in diameter), PE and PP particles (10, 20, 70 and 700 pm in
diameter) from artificial sea water (3.5% NacCl) and in natural
seawater using a plunging jet. Concentrations in the water of
0.8 um PS particles was up to 0.5 ¢ m~> which corresponds to
1.8 x 10"* particles m > of water if a PS density of 1.05 g cm > is
assumed.

This journal is © The Royal Society of Chemistry 2024
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Finally, while the studies mentioned above have deployed
bubble plumes, Shaw et al* demonstrated and quantified
transfer of PE particles in the size range of 10 to 280 um
(diameter) in a single bubble system. Here bubbles escape from
a needle and ascend in liquids with different densities (deion-
ized water, artificial seawater with a salinity of 42 g kg™* and
ethanol), all with a small amount of the surfactant SDS added.

Typically, marine sea spray***° and lake spray*"** aerosol size
distributions have main modes of dry particle diameters below
300 nm, however as seen from the list above, little knowledge is
available on the transfer of particles smaller than 400 nm in size
from sea as well as fresh water.

In the current work, we complement existing knowledge
about the bubble-mediated transfer of NP across the air-water
interface under conditions with salinities up to 1.0 g kg~ We
use the AEGOR tank®® with bubble generation by a diffuser at
the bottom of the tank and perform characterization of particle
size at high resolution using a scanning mobility particle sizer
and confirm chemical composition using detailed off-line
chemical analysis. We use monodisperse polystyrene particles
(103, 147 and 269 nm) and investigate effects of NP concen-
tration in the water, bubble formation rate and low salinity on
the plastic particle transfer from water to air for concentrations
of NPs in the range 4 x 10’-2 x 10° particles per cm?® of water.

Materials and methods
Materials

Polystyrene latex spheres of 103 + 1 nm diameter from Bangs
Laboratories, Inc. (NTO5N) and 147 4+ 3 nm and 269 + 5 nm
diameter from Thermo Scientific™ (3000 Series Nanosphere™)
were all aqueous suspension of 1% solids by mass with a density
of 1.05 g mL™ " at 25 °C. The flasks were ultrasonicated for 10 s
prior to measurements to ensure particle dispersion. The
following salts (with purities) were purchased from Sigma
Aldrich: NaCl (=99.5%), MgCl,-6H,0 (=99.0%), CaCl,-2H,0
(299.5%), KNO; (=99.5%), NaBr (=99.0%), K,SO, (=99.0%)
and Na,SO, (=99.0%). Milli-Q water (EMD Millipore, >18.2
MQ-cm resistivity at 25 °C, 2 ppb TOC) was used in all experi-
ments. Synthetic salt water composed of Cl~, Na*, SO,>~, K,
Ca*', Br, Mg>", and NO;~ with mass contributions relative to
Cl™ of 1, 0.56, 0.14, 1.7 x 1072, 2.2 x 1072, 3.1 x 107, 6.8 X
1072, and 2.6 x 1073, respectively, was prepared following
Nielsen and Bilde* and diluted to salinities ranging from 0.01
to 1.0 g kg~ " (Table S17). Dry particle-free air was obtained from
the in-house clean air system and routed through an additional
inline air purification system (TSI 3074B) before use.

Experimental setup

The AEGOR sea spray simulation tank® at Aarhus University
was used to generate aerosols by bubble bursting at the water
surface. A schematic of the setup is shown in Fig. S1.1 Briefly,
the AEGOR tank is a 34 L temperature-controlled stainless steel
cylindric container with ports for sampling from the headspace
and temperature probes both in the air and water. The
temperature in the tank is regulated by continuous flow of

This journal is © The Royal Society of Chemistry 2024
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coolant (glycol-water mixture) inside the double walled system
of the tank. The temperature of the coolant, tank water, tank
headspace and room temperature are continuously measured
with Vernier temperature probes. The tank is filled with 20 L of
solution and the height of the water column is 29 cm. In this
study air bubbles were generated using a sintered glass diffuser
at the bottom of the tank (40 mm diameter, VitraPOR sintered
glass filters, Cat.-Nr. 15054, ISO 4793-80, Por. 4, pore-diameter
10-16 pm, ROBU Glasfilter-Geraete GmbH, Germany). All
airflows were controlled with thermal mass flow controllers
(Vogtlin Instruments) and measured in-line with a TSI 4100
series flowmeter. Air purified using a filtered air supply was
bubbled through the diffuser at the bottom of the tank. AEGOR
was operated with a sweep airflow through the headspace of 5.6
L min~" and a flowrate of 3.35 L min~" through the diffuser as
the base case. Assuming well-mixed air in the headspace and
the stated flows (see Section S1.371), the time to reach 95% of the
equilibrium particle concentration in the 13.9 L headspace of
AEGOR is 4.7 min.

Aerosols were sampled from the headspace, dried using two
silica diffusion dryers to a relative humidity below 25%
(measured in-line after the dryers with Rotronic HygroFlex5),
and routed to downstream instrumentation. The efflorescence
relative humidity is 48% for NaCl,** ~50% for artificial sea salt
(Sigma Seasalt),” and ~45% for an Atlantic Ocean sea water
sample.** We thus assume that the particles sampled from the
headspace are dry when measured in the SMPS. The particle-
laden air was sampled through conductive silicone tubing to
reduce electrostatic particle loss. We cannot exclude some
particle loss to walls in the AEGOR tank and tubing enroute to
the SMPS. As in other studies e.g. ref. 30,46 such losses are not
accounted for in the analysis in this study.

Dry particle size distributions were measured online using
a scanning mobility particle sizer (SMPS; TSI 3082) and an
optical particle sizer (OPS; TSI 3330). The SMPS consisted of
a differential mobility analyzer (DMA; TSI 3081) coupled to
a condensation particle counter (CPC; TSI 3750). Prior to the
DMA, particles passed through an X-ray charge neutralizer (TSI
3088) and an impactor (orifice 0.0701 cm, with an average upper
D50 of 709 nm). The SMPS sampled with a sheath flow of 5
L min~" and a sample flow of 1.08 L min ', reporting a size
spectrum (9.9-538 nm, 223 bins, 128 channels per decade) every
5.5 min (300 s voltage scans with a 30 s flush time). The AIM
11.3.0 software was used for data-acquisition and inversion,
including corrections for multiple charges and diffusion loss in
the DMA. When possible, log-normal fits were applied to peaks
in the size distribution to obtain particle number concentra-
tions (cm?; see Section S21). The OPS sampled at 1 L min ™,
reporting size spectra (0.3-10 pm, 16 bins) every 60 s. The AIM
10.3 software was used without a refractive index correction.

In some experiments, after completion of measurements
using the SMPS, particles were sampled directly from the
AEGOR headspace during bubbling onto quartz fiber filters
(Frisenette, 47 mm, pre-baked at 600 °C for 6 h) using a custom-
built metal filter holder. Sampling was conducted overnight for
14 or 21 h, without diffusion dryers, at a continuous flow of 1.6
or 2.9 L min~ ', respectively. Flow was controlled by an SKC Flite
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3 pump (model 901-3011); other instrumentation was discon-
nected from the tank during filter sampling. A procedural blank
filter was obtained to determine contamination from the
experimental procedure and sample preparation. The filter
samples were placed in a closed glass container at —18 °C until
analysis by pyrolysis gas chromatography coupled to mass
spectrometry (py-GC-MS). The pyrolysis module (GERSTEL
PYRO) was interfaced with a gas chromatograph coupled to
a mass spectrometer (Agilent Technologies 7890b and 5977a).
Details on filter sampling and analysis are given in Section S37f
and details on the polystyrene analysis method are given by
Hasager et al.’

Experiments

Table 1 provides an overview of the experiments performed,
listing the operating conditions, instruments, and aqueous
solution composition. Before and after each experiment the
empty tank interior was wiped with a paper towel and ethanol,
then filled with a mixture of 200 mL 96% ethanol and 20 L
demineralized water and purged with clean air flowing through
the diffuser and headspace for at least 30 min. This was then
repeated with 20 L of Milli-Q water.

Each experiment started with 20 L of Milli-Q water in the
clean tank. The tank was closed and purged with clean air
flowing through the diffuser and headspace for approximately
15 min. After this, background particle size spectra, generated
by bubbling the Milli-Q water, were recorded by the SMPS and
OPS for at least 30 min. Then, polystyrene latex (PSL) solution
was added to the Milli-Q water through a small port in the tank
lid with no bubbling (for 103 nm PSL experiments the PSL was
weighed in a glass beaker and then added to the tank while the
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diffuser was off). For saltwater experiments the salt was added
after the addition of PSL. Before each new measurement, the
system was allowed at least 15 min to reach stable particle
concentration in the headspace (the system equilibrated
rapidly, as demonstrated in Section S47t). The temperature was
kept constant at 20 °C during all experiments.

Results and discussion
Transfer of nanoplastics from pure water

Fig. 1 shows size distributions of dried aerosol from the head-
space of AEGOR before and after addition of PSL particles to
Milli-Q water. Results are summarized in Table 2 and details of
peak integration are given in the ESI, Section S2.7 After addition
of either 103, 147 or 269 nm PSL particles we clearly observe
a peak of corresponding diameter in the headspace of AEGOR.
As an example, after addition of 147 nm PSL particles (Fig. 1B)
we observe a peak centered at 145 nm (median diameter) with
an integrated particle number concentration of 13 cm™>. The
peak is slightly broader than predicted from the standard
deviation of the PSL size (+3 nm), which is explained by the
width of the DMA transfer function (see Section S5t). The
production flux of particles is 1.9 x 10® particles per second,
calculated following Christiansen et al*®* as the integrated
particle number concentration obtained by the SMPS (Ng;,)
multiplied by the sum of the sweep air flow through the head-
space and the diffuser flowrate.

The particle production at diameters consistent with those of
the added PSL particles, demonstrates aerosolization of PSL
particles via bubble bursting at the air-water interface. This was
further established by off-line chemical analysis of aerosols
collected onto filters. Aerosol particle filter collection and py-

Table 1 List of experiments. All experiments were performed in the AEGOR tank at 20 °C with 20 L of (initially pure) Milli-Q water. PSL refers to

polystyrene latex solution

# Date Water composition Salinity (g kg™") Diffuser flow (L min~") Instrumentation
1 17.05.22 25 drops 147 nm PSL — 3.35 SMPS, OPS

2 18.05.22 50 drops 147 nm PSL ¢ — 3.35 SMPS

3a 19.05.22 25 drops 147 nm PSL, variation of — 3.35 SMPS

3b diffuser flowrate 2.60

3c 1.74

3d 0.88

4 20.05.22 25 drops 269 nm PSL — 3.35 SMPS

5 23-25.05.22 25 drops 147 nm PSL + sea salt 0 3.35 SMPS, HTDMA-AMS?
5a 0.01

5b 0.02

5c 0.05

5d 0.1

5e 0.2

6a 21-23.03.23 103 nm PSL, 5 drops — 3.35 SMPS, OPS

6b 10 drops ¢

6¢c 20 drops

6d 30 drops

6e 40 drops

6f 50 drops

“ 25 additional drops added to previous 20 L sample from May 17. ” A companion paper addresses hygroscopicity of the transferred particles. For
further details see Petters et al.’® © Drops of PSL spheres (103 nm) were added consecutively. The number given is the total number added.
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Fig. 1 Mean particle number size distribution measured by the SMPS (headspace air) for a solution of Milli-Q water (blue) and after addition of
PSL (orange). (A) Addition of 30 drops of 103 nm PSL (Experiment 6 in Table 1). (B) Addition of 25 drops of 147 nm PSL (Experiment 1). (C) Addition
of 25 drops of 269 nm PSL (Experiment 4). The diffuser flowrate was 3.35 L min~! and the temperature was held constant at 20 °C. All data are
averages of 30 min (5 scans) and 1 standard deviation is shown as a shading. Note the different y-axes and logarithmic x-axes in the different
panels. For the full-size spectrum down to 10 nm see ESI Section S6.1

GC-MS analysis was performed for experiments 2, 4 and 5d and
the chemical analysis unambiguously confirms the presence of
PSL in the air sampled from the AEGOR headspace (Section
S31). Recently, Chen et al' have measured microplastics,
including polystyrene, in urban air samples also using py-GC-
MS.

The number of larger particles (>300 nm) as observed by the
OPS was negligible (Fig. S81) and no peaks appeared in the size

spectra observed by the SMPS above the peak of PSL (Section
S61). These observations give rise to the conclusion that
formation of particles by coagulation or agglomeration of PSL
particles either does not happen under the conditions in the
AEGOR tank or are such that agglomerated particles are not
transferred from water to air. This is in contrast to Masry et al.>*
who report water-air transfer of agglomerates of PSL spheres
from aerosolization of 350 nm particles from Milli-Q water.

Table 2 Results of experiments listed in Table 1. N is number concentration, M is mass concentration, D, is particle diameter, N,, is the estimated
concentration of polystyrene latex (PSL) particles in water, Ny, is the integrated PSL number concentration in air, and Ny is the particle water—air
flux per second. For simplicity errors are only shown for N;.. Since aerosol number concentrations are typically provided in number of particles
per cm?® of air, number concentrations are here given per cm® of water or air. The number concentrations in water fall in the range 4 x 1072 x
10° cm~ corresponding to 4 x 10%°-2 x 102 L™  or 4 x 10*-2 x 10 m~3 of water

PSL in water PSL in air (SMPS)

# Dy (nm) N, (em™) M, (gm™) D,? (nm) Ny (em™) M, (ug m ) Naux® (particles s
1 147 + 3 2.6 x 10° 0.45 145 1342 0.02 1.9 x 10°
2 147 £ 3 5.2 x 10° 0.91 145 30+ 1 0.05 4.5 x 10°
3a(3.35 L min™") 145 13+1 0.02 1.9 x 10°
3b (2.60 L m.in;l) 147 4 3 2.6 % 10° 0.45 144 5.6 +1 0.01 7.7 X 10i
3c (1.74 L min 144 21+1 0.004 2.6 x 10
3d (0.88 L min ™) 145 1.4 +2 0.002 1.5 x 10?
4 269 + 5 4.2 x 107 0.45 262 3.0 0.03 4.5 x 10>
5(0gkg™ 143 1041 0.02 1.6 x 10°
5a (0.01 g kg™) 144 25 +2 0.04 3.7 x 10°
5b (0.02 g kg:ll) 147 4 3 2.6 % 10° 0.45 144 23+ 1 0.04 3.4 x 102
5¢ (0.05 g kg™) 144 23 +£1 0.04 3.4 x 10°
5d (0.1 gkg™) 145 29+ 1 0.05 4.3 x 10°
5e (0.2 gkg™) 147 41 0.07 6.1 x 10°
6a 103 £1 1.7 x 10° 0.10 — 13 0.007 2.3 x 10°
6b 103 £1 3.0 x 10® 0.18 — 19 0.01 3.5 x 10°
6¢c 103 £1 6.5 x 10° 0.39 98 31+2 0.02 5.7 x 10°
6d 103 £1 1.0 x 10° 0.60 98 45 +2 0.03 8.1 x 10°
6e 103 + 1 1.3 x 10° 0.81 98 57 +1 0.03 1.0 x 10*
6f 103 + 1 1.7 x 10° 1.02 98 7243 0.04 1.3 x 10*

“ Calculation based on the density of PSL particles (1.05 g cm~*) and average mass of 1 droplet PSL solution 0.0363 + 0.0013 g for 147 nm, n = 6. For
103 nm PSL total added volume in each experiment was weighed, for 269 nm same droplet mass as for 147 nm was assumed. 1% solids by mass, and
assuming spherical particles. b Median diameter and number concentration (Nai) derived from log-normal fits to distributions, if possible, see
Section S2 for details. Errors represent the standard deviation on integration of each distribution within the average. © M,;, calculated from N,
based on the density of PSL particles (1.05 g cm™?), Dy, (103, 147 or 269 nm) and assuming spherical particles. 4 Obtained by Ny x Qheadspace
(where Qpeadspace = diffuser flowrate + sweep air flowrate). For comparison the notation in Harb et al.*® is E = Cout X Qout-
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While we use a sintered glass filter with pore size 10-16 um,
Mastry et al. use a porosity grade 3 filter (16-40 pm pore size) and
a wire mesh with a 125 pm mesh size. The air flowrate through
the diffuser is higher in this study compared to Masry et al., 3.35
vs. 2.5 L min~", respectively. Additionally, the water column
height in this study is 29 cm whereas it is 13 cm in Masry et al. It
is however not clear if these differences can explain the differ-
ence between our results and those of Masry et al. and the
conditions favoring or preventing transfer of agglomerates
should be further investigated.

Similarly to Sofieva et al.,*” we observe a background signal of
small particles (diameter mostly <60 nm) from bubbling of air
through Milli-Q water. In most cases the number of the smallest
particles increases after addition of PSL, as observed in
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Fig. S6a.T These changes likely arise from additives in the PSL
solution. Reproducibility was confirmed by the comparison of
experiments 1, 3 and 5, which were performed using the same
concentrations of 147 nm PSL particles in Milli-Q water and
diffuser flow rate of 3.35 L min~ " (see Table 2 and Fig. $97). The
three experiments were performed on different days with
emptying, cleaning and refilling of the tank in between. Based
on the particle fluxes given in Table 2 and the time of the
individual experiments the loss of particles from the water
never exceeded 0.001% of the initial concentration in the water.

Fig. 2 compares the peaks in generated particles for experi-
ments performed with 25 or 50 drops of 147 nm PSL solution
added to Milli-Q water (Panel A) and with various concentra-
tions (5-50 drops) of 103 nm PSL in Milli-Q water (Panel B). It is
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Fig. 2 Particle number generated in the AEGOR tank, as measured by the SMPS for a solution of 20 L Milli-Q water containing increasing
concentrations of polystyrene latex (PSL). All data are averaged over 30 min (5 scans). (A) Particle number size distribution for 147 nm PSL
(Experiment 1 and 2). (B) Particle number size distribution for 103 nm PSL (Experiment 6). (C) Number concentration in air (N;) as a function of
PSL concentration in water (N,,) including both 103, 147 and 269 nm PSL, experiments 1-4 and 6. Blue: integrated number concentration from
Milli-Q water only (110-180 nm, Exp. 1), orange circles: 147 nm PSL, orange square: 269 nm PSL, purple circles: 103 nm PSL. Experiments were
performed with a diffuser air flowrate of 3.35 L min~t and at a constant temperature of 20 °C. A linear fit to the data gives Naiy = 4.0 x 1078 x N,, +
3.9 x cm~>. (D) Emission rate of polystyrene nanoplastic transfer to air vs. number concentration of nanoplastics in water for experiments from
this study (Qneadspace = 8.95 L min~%, fresh water, diffuser) combined with results from Harb et al.3° (Qneadspace = 6 L min~, salinity 35 g kg™,
plunging sheet), Oehlschlagel et al.** (Qneadspace = 1.2 L min~2, salinity 0 g kg%, diffuser) and Catarino et al.3 (Qneadspace =10 L min~2, salinity 31 g
kg~% intermittent plunging jet). Both axes are on a logarithmic scale. Circles represent pure water experiments and triangles represent exper-
iments from saline water. Catarino et al. report the number of particles captured on a filter that was sampled over 24 hours with a constant
flowrate of air through the filter of 10 L min~*. Based on this information we have estimated the number of particles per volume of air and the
emission rate.
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seen that increasing the concentration of PSL particles in the
water increases the number of particles transferred from water
to air for the same air flow rate through the diffuser. Fig. 2C
compares the number concentration of airborne PSL particles
(103, 147 or 269 nm) for different number concentrations of the
PSL nanoparticles in water, suggesting that an approximately
linear relationship exists between the concentration of nano-
plastic particles in water (sizes 103-269 nm) and the number of
nanoplastic particles transferred to air via bubble bursting for
a fixed bubble flow rate. Harb et al.*® recently reported a linear
relationship on a logarithmic scale between the concentration
of polystyrene spheres (0.5-10 pum) in air relative to artificial
seawater.

Comparing plastic particle transfer from water to air
measured in different laboratory systems is difficult because
several metrics for comparison are specific to the individual
setups. Harb et al®*® report aerosolization factors for their
experiments defined as the air to water concentration ratio
(INPlair/[NP]yater) in the range 1.6 x 107°-2.4 x 10~ increasing
with decreasing size for polystyrene particles in salt water (35 g
kg™"). From the data given in Catarino et al.** we derive aero-
solization factors in the range 7.4 x 107°-9.9 x 10~® for poly-
styrene particles with diameters in the range of 0.5-5 pm. For
our system the slope of the linear regression line in Fig. 2C
corresponds to an aerosolization factor of 4.0 x 10~ ® which is in
agreement with data by Catarino et al. We speculate this could
be consistent with an effect of salt in the water increasing the
transfer of PS particles, see further discussion of the effect of
salt below. Aerosolization factors are useful for comparing
results of experiments in the same setup and between experi-
mental setups with similar flow rate through the headspace (as
the measured [N,;] depends on the flow rate of air through the
headspace). For the three studies mentioned above air flow
through the headspace was 8.95 L min~" (this study), 6 L min ™"
(Harb et al.**) and 10 L min~" (Catarino et al.??).

To place the results from this work in perspective, Fig. 2D
shows emission rates versus the number concentrations in
water observed in this study and in literature studies from
which such information could be extracted. Emission rates were
calculated as Npyx = Nair X Qneadspace following Harb et al.*® and
are given in Table 2. It should be kept in mind that the studies
represented in Fig. 2D vary significantly in several ways. While
the results of Harb et al.** and Catarino et al.** were performed
in artificial sea water, our work and that of Oehlschlégel et al.**
was performed in Milli-Q water. Furthermore, the studies
herein and those of Oehlschligel et al® are based on
measurements using a diffuser with a certain bubble flow rate
and that for bubbling through saline water diffusers are known
to produce different bubble size distributions and modes of
particles than a plunging jet.**** Even with these experimental
differences, it is remarkable that across several orders of
magnitude an increase in the number concentration of PS
particles (size 0.1-10 pm) in water seems to suggest a mono-
tonic increase in transfer to the air. The difference in emission
rate at number concentrations in water between the results of
this study and those of Oehlschlédgel et al®' can in part be
explained by the different diffuser flow rates (3.35 vs. 0.02
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L min~ ", respectively). If the emission rate is normalized to the
volume of air rising as bubbles per time the values for the
number of particles emitted per volume of air entrained
becomes of the same order of magnitude. Thus, while the figure
should not be over-interpreted, it calls for future studies
addressing the influence of particle number concentrations in
water over the wide range of potential nanoplastic particle
concentrations in seawater as well as freshwater under different
conditions of for example bubble generation and air entrain-
ment rate.

Fig. 3A shows how varying diffuser flow rates affect the
particle size distribution sampled from the headspace of
AEGOR for a solution of 147 nm PSL particles in Milli-Q water
(Experiment 3). This figure illustrates that transfer of poly-
styrene particles from water to air depends on the bubble
formation rate. Increasing the bubble formation rate through
the diffuser increases particle production. This is consistent
with results of Shiu et al.,** who show an increase in water to air
transfer for micrometer-sized polystyrene particles with
increasing diffuser flowrate (from 0.85 to 1 L min').
Ocehlschligel et al.** also observe an increase in airborne poly-
styrene particle number concentration for increasing flowrates
of air through the water (0.01-0.02 L min ). For seawater
Christiansen et al®® observed a linear relationship between
generated sea salt aerosol and volume flow rate of air through
the diffuser for flow rates up to 1.3 L min . Sofieva et al.*’
performed similar experiments with a diffuser (NaCl solution)
and observe an almost constant total number concentration
with increasing flow rate for low flow rates (below 1 L min™")
and a strong non-linear increase at higher flow rates (up to 2
L min ). Fig. 3B shows that in this work we are in a non-linear
regime and the PSL particle number concentration in the
headspace increases exponentially with the flow rate through
the diffuser over the studied range of flow rates. We speculate
that coalescence of air bubbles in the water column at high air
flow rate in the diffuser could be a reason behind this
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Fig. 3 (A) Mean particle number size distribution measured by the
SMPS for a solution of 25 drops of 147 nm polystyrene latex (PSL)
added to Milli-Q water in AEGOR (Experiment 3). Particles were
produced with a diffuser with varying flow rates between 0.88
L min~to 3.35 L min~1. An average over 48 min (8 scans) is shown. (B)
Integrated number concentration over the region 110-180 nm with
the same color-code as in panel A, determined by integrating a single
log-normal distribution fit to dN/dlog (D) vs. Dy. The line is an
exponential fit to the data.
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observation along with reduction of the bubble lifetime with
increasing air flow rate as suggested by Sofieva et al.*”

Transfer of nanoplastics from saltwater

Fig. 4 shows the particle size distribution sampled from the
headspace of AEGOR when bubbling air through a saltwater
solution with varying salinities and containing 147 nm PSL
particles (Experiment 5). The PSL particles show up as a peak at
~147 nm as seen in the pure water experiments. The salt
particles create a peak at smaller diameters which grows to
larger sizes with increasing salinity (see Fig. S107). The plastic
peak is clearly distinguishable from the salt peak until the
salinity reaches 0.1 g kg~ '. The plastic signal is visible as
a shoulder on the salt peak for the measurement with 0.2 g kg™*
of salinity. At higher salinities the salt peak broadens, engulfing
the plastic peak.

To account for the influence of the salt peak the number
concentration of nanoplastic in air was derived by fitting a sum
of two log-normal distributions to the size spectra (see ESI
Section S27t for details, here also upper number concentration
limits based on single log-normal fits are given).

As seen from Table 2, our experiments suggest that the
production flux of PSL particles is larger in Milli-Q water con-
taining a small amount of salt (0.01-0.1 g kg™ ) than in pure
Milli-Q water. This is consistent with observations by Shiu
et al®® of higher transfer of micrometer sized polystyrene
particles from medium (17 psu) and high (35 psu) salinity water
than from pure water. There could be several factors contrib-
uting to the effect of even small amounts of salt on PSL transfer
from water to air. It is known that ions in sea salt diminish
bubble coalescence. This results in a higher proportion of
smaller bubbles in salt water compared to fresh water****** and
a difference in surface bubble coverage and lifetime.>***
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Fig. 4 Mean particle number size distribution in air measured by the
SMPS for a solution of 20 L Milli-Q water containing 25 drops of
147 nm PSL and varying salinity of synthetic sea salt (figure centered on
the PSL peak). The diffuser flow rate was 3.35 L min~* and temperature
was held at 20 °C (Experiment 5). All data are an average of 78 min (13
scans). The full spectrum is shown in Fig. S10.}

Environ. Sci.; Processes Impacts

View Article Online

Paper

Martensson et al.** report an order of magnitude increase in
salt particle number concentration from 0.9 g kg™' to 3 g kg™*
salinity. Zinke et al.>* show that salt particle production from
saline water increases with increasing salinity in a non-linear
way with the highest increase in particle production per
salinity unit for salinities smaller than 5 g kg™ *. Zinke et al.**
relates this to a transition in bubble coalescence with salinity.
Recently, Dubitsky et al.>* showed experimental evidence sug-
gesting that salinity affects sub-micron aerosol production by
affecting the length scale of the bursting bubble film across
different salts, bubble coalescence and bubble generation
mechanisms. While the mechanism is not clear we speculate
that there could be a link between the potential effect of salt on
underwater bubble size distribution, bubble surface lifetime
and bubble film thickness and the transfer of polystyrene
nanoplastic to air via bubble bursting.

Conclusions

This study demonstrates and quantifies transfer of nanoplastic
PSL particles (<300 nm) from water to air via bubbles bursting
and suggests that small amounts of salt increases polystyrene
particle emission. We find that the transfer depends on bubble
formation rate and scales linearly with the number concentra-
tion of plastic particles in water at concentrations likely corre-
sponding to highly polluted areas.

This complements existing data suggesting a similar trend at
low concentrations and reveals an increasing trend in plastic
particle transfer from water to air over the entire range of
current estimates of plastic particle concentrations in surface
waters. In this work bubbles were generated using a diffuser at
the bottom of the AEGOR sea spray simulation tank in line with
several other studies targeting water-air transfer of micro-
plastics.>**3* It is known that the size distribution of sea spray
aerosol generated from the diffuser is narrower than the size
distribution obtained when air is entrained via a plunging jet in
AEGOR.*® Thus, in future studies it would be interesting and
relevant to probe nanoplastic particle transfer using the
plunging jet at different velocities corresponding to different air
entrainment rates. This work is thus expected to contribute to
the growing understanding of plastic polluted surface waters as
sources of airborne nanoplastics. Future studies should address
transfer of other types, sizes and concentrations of plastic
polymer particles from water to air and include in a systematic
way more complex freshwater proxies. Additionally, salinity
seems to play an important role which should be further
investigated. Recent studies suggest a strong effect of temper-
ature on sea spray aerosol production.”** and the effect of
temperature on transfer of nanoplastic from water to air clearly
warrants future study.
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