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Abstract

Microplastic (MP) particles can be ejected into the air by jet drops when gas bubbles burst at water surfaces.

For a qualitative and quantitative understanding of this transport mechanism from the hydrosphere to the atmos-
phere, we studied the transfer of MP due to bubble bursting at the air-water interface in laboratory experiments.

Gas bubbles were produced with filtered air that was pushed through a stainless-steel frit at two different volume
flow rates in a glass flask filled with polystyrene (PS) particles of six different diameters (0.35 um, 0.5 um, 0.75 um,

T um, 1.5 um, 2 um) suspended in deionized water. Airborne PS particle concentrations were measured by an opti-
cal particle counter. Additionally, size and volume of the bursting bubbles and the resulting jet droplets were ana-
lyzed with a camera. Depending on the volume flow rates, bubble bursting rates from 688 s~ to 1176 s~' and mean
diameters of the bursting bubbles from 0.76 mm to 0.81 mm were observed. The mean diameters of the top jet drops
were estimated to be between 0.10 mm and 0.11 mm. The measured number of jet droplets ranged from 2092 s~
to 2391 s~ For particle diameters from 0.35 um — 2.0 pym, the airborne MP particle concentrations ranged from 4.2 |
to 348 |”!. We determined size-dependent transfer factors for the water-air transfer and found a maximum for 1 um
particles. For MP particles up to 1 um diameter, the particle concentration in the jet droplets was enhanced compared
to the bulk water concentration, indicating an enrichment of MP particles at the water—air-interface of bubbles.
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Introduction

Approximately 10'® — 10%° bubbles burst every second
over the oceans [22]. Whitecaps and breaking waves are
the main sources of gas bubbles in the oceans, with bubble
sizes ranging from smaller than 0.1 mm to approximately
10 mm [10]. Bubble bursting generates sea spray aerosols
(e.g. [17]), and inorganic salts, organic matter as well as
bacteria and viruses are efficiently transferred from the
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water into the air by this mechanism (e.g. [3, 8, 31]). Since
microplastic (MP) particles are abundant in ocean water
(e.g. [13]), on shorelines [12] and in ocean sediment [41],
it can be expected that bubble bursting is an efficient pro-
cess for MP transfer from oceans to the atmosphere (e.g.
[2, 26, 38]). Currently, this process is poorly quantified and
recent studies such as Masry et al. [27] point out that MP
transfer rates must be quantified in order to evaluate the
relevance of bubble bursting as a source for atmospheric
MP. Atmospheric MP particles are considered a potential
risk to human health [14, 30], and may also be a vector for
toxic substances added or attached to MPs [16, 20].

At the water surface, bubbles burst and film droplets
develop from the surface water film when the bubble
exceeds a diameter of approximately 2.4 mm [37]. For
bubbles with diameters less than 3 mm, the film simply
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rolls up [36]. In addition, one or multiple jet drops are
formed due to the collapse of the bubble cavity [37]. The
top jet drop is the largest and fastest drop [22, 35], and
may be ejected up to a height of 20 cm for a~2 mm bub-
ble in salt water [10].

It has been postulated that the composition of film
drops is influenced by the sea surface microlayer, while
jet drops represent the bulk water composition (e.g. [39]).
The sea surface microlayer is known to be enriched in
hydrophobic compounds such as organic matter (e.g. [18,
40]), and also MP particles (e. g. [4, 13, 34]). Anderson
et al. [4] report an enrichment of approximately an order
of magnitude of MP particles in the sea surface micro-
layer of two estuaries compared to bulk water. Chae et al.
[13] observed higher MP particle concentrations in the
sea surface microlayer compared to bulk surface water
off the Western Korean coast, and Song et al. [34] found
a strongly enhanced MP concentration in the sea surface
microlayer compared to conventional Manta trawl sam-
pling off the Southern Korean coast.

Particles transported from the ocean into the air via
bubble bursting (e.g. [33]) can be picked up by wind and
transported to more distant areas [2]. Various studies have
detected atmospheric MP particles in remote areas (e.g.
[1, 11]), and in recent years, further studies have identi-
fied MP in the marine boundary layer [2, 19, 23, 26, 38, 42].
Liu et al. [26] sampled suspended atmospheric MP during
a cruise in the west Pacific Ocean and detected 0 to 1.37
particles per cubic meter of air. Allen et al. [2] sampled
air in the marine boundary layer on the Atlantic coast in
France. The average concentration of MP particles found
in onshore winds was 2.9 m™3, and in offshore winds
9.6 m~>. Trainic et al. [38] sampled aerosols in the North
Atlantic Ocean and found atmospheric MP particles with
estimated atmospheric residence times from 5 min to
2 days in 20% of their samples.

In laboratory experiments, Quinn et al. [31] studied
the water—air transfer of 0.48 pm and 0.79 pum polysty-
rene particles in jet drops produced by bubble burst-
ing. In their experiments, they found that the particle
concentration in the jet drop was basically independ-
ent of the particle concentrations in the bulk water but
increased with the bubble age. Similarly, Sakai et al.
[32] found an enrichment of 0.5 um latex particles in
the surface layer of rising bubbles, and in jet drops.
Recently, Masry et al. [27] showed that 0.35 um poly-
styrene particles are transferred from water to air by
bubble bursting. They also used 0.6 pm and 1 pm par-
ticles but could not clearly confirm water—air transfer
of these larger particles, and they conclude that MP
particle transfer rates could bring answers to the sig-
nificance of bubble bursting as a source of atmospheric
MP particles.
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We hypothesize that bubble bursting is an efficient
water—air transfer process of MP particles. The goal of
this study is to quantify the water—air transfer of MP par-
ticles as a function of particle size by the bubble burst-
ing process. To this end, we present results of laboratory
experiments with well-defined bubble populations and
pre-defined concentrations of polystyrene (PS) particles
with diameters between 0.35 pm and 2 um suspended in
water. Specifically, we quantify size-dependent transfer
rates of MP particles, and analyze bubble and jet drop
size distributions in order to contribute to estimating an
order of magnitude of the global emission of atmospheric
MP particles from oceans by bubble bursting.

Methods

General setup of bubble bursting experiments

We set up experiments to generate small gas bubbles in
water with varying concentrations of MP particles, and
to measure the number concentration of particles trans-
ferred from the water into the air due to the bubble burst-
ing process (Fig. 1).

A glass flask with a total volume of 2.45 1 was filled with
11 of deionized water (Seradest S750, conductivity k<0.1
uS cm™!) at room temperature, resulting in a total water
column of 8 cm. Deionized water was used to reduce the
production of polydisperse airborne salt particles from
drying droplets. The water volume was mixed with 0.1
to 5 ml of aqueous suspensions of monodisperse spheri-
cal polystyrene (PS) particles (Polybead Microspheres,
Polysciences, Hirschberg an der Bergstrafle, Germany)
containing 2.5% solids and a small amount of propri-
etary surfactant. Six different particle diameters in the
diameter range from 0.35 pm to 2 um (0.35 pm, 0.5 pm,
0.75 pm, 1 pm, 1.5 pm, 2 um) were used. The particles
contain a slight anionic surface charge from sulfate ester
groups [29]. The MP particle suspensions were filled into
small glass vials, and defined volumes were taken with a
microliter pipette in order to produce a bulk concentra-
tion of approximately 10'! particles per liter of water for
particle diameters from 0.35 um to 1 um. For 1.5 pm and
2 um particles, the bulk concentration was approximately
3x10'°171, and for 0.5 um, an additional experiment with
an increased particle concentration of approximately
3x 10 1! was prepared (details in Table S1, Supplemen-
tary material). The pipette volume was discharged into
the glass flask, and the water was stirred for uniform par-
ticle distribution. The MP particle density of 1.05 g cm™
is slightly larger than the density of water.

Before and after each experimental run, the glass
flasks and all materials that came in contact with the
water and the suspended MP particles were cleaned
by thoroughly rinsing with deionized water and deter-
gent, and again with deionized water. At the beginning
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Fig. 1 Schematic representation of the experimental setup including two glass flasks with filtered gas supply and a stainless-steel frit to produce
bubbles (white) in water with MP particles (black), and droplets (blue) in the headspace. Sample air is transferred through a diffusion dryer
to an optical particle counter (OPC). The valve is switching between the two flasks every 15 min

of the experiment, the headspace with a volume of
1.45 1 was free of particles. In order to produce gas bub-
bles, filtered (NY Simplepure syringe filter; 0.45 pm,
Membrane Solutions LLC., USA) room air was pushed
through a stainless-steel frit (IDEX Health & Science,
Oak Harbor, WA, USA) with a pore size of 20 pm with a
peristaltic pump (IPS-8, Ismatec SA, Glattbrugg-Ziirich,
Switzerland) at two different pumping rates. The volume
flow rates (VFR) corresponding to the two pumping
rates measured with a bubble flowmeter (mini-Buck-
Calibrator M-5, A.P. Buck Inc., Orlando, Florida, USA)
were 182 mm?® s™' [50 RPM] and 353 mm?® s™* [90 RPM].
Depending on the pumping rate, this produced a popu-
lation of small air bubbles bursting in an area of approx-
imately 50 cm?. Thus, the air flux rate per unit area of
water surface was 36.4 and 70.6 ml m™2 s, respec-
tively. The mean bubble diameter ranged from 0.76 mm
to 0.81 mm with maximum diameters up to 2.72 mm,
thus producing mostly jet drops after bubble bursting.
With a volume flow rate of 1.2 1 min™, air was sampled
from the headspace of the glass flask through a dryer to
an optical particle counter. Droplets were dried with a
Nafion diffusion dryer (Perma Pure MD-110-24S-4,
Lakewood, NJ, USA) and introduced into an optical
particle counter (OPC, Mini Laser Aerosol Spectrom-
eter 11-R, Grimm Aerosoltechnik, Ainring, Germany)
to measure the particle number size distribution in 31
size channels between 0.25 and 32 pm particle diam-
eter with a sampling interval of 6 s. A HEPA filter was
added to the glass flask to compensate for the difference
of the OPC sample flow rate and the volume flow rate
for generating gas bubbles. Note that the volume flow
rate from the glass flask to the OPC is much higher than

the volume flow rate used to generate bubbles, and thus,
air flow through the HEPA filter is always directed into
the glass flask. No particles or droplets are lost to the
HEPA filter. In each experimental run, two experiments
with different MP particle diameters were run in par-
allel. Two glass flasks were filled with deionized water
taken out of a glass tank that was bottled before all
experiments to guarantee the same water quality for all
experiments. Suspensions of MP particles with different
diameters were added to each flask according to Table
S1 (Supplementary material). Both glass flasks were
connected to the diffusion dryer and the OPC through
a pinch valve that switched the sample flow between the
two flasks every 15 min. In order to remove all particles
from the headspace in the flasks, the OPC sampled air
alternating every 15 min between the two glass flasks
until the average total particle concentration was less
than 1171, Then, the peristaltic pump was turned on for
one hour with a VFR of 353 mm?® s™! before data was
collected for evaluation. After the one-hour lead time,
the experiments were carried out for 300 min with VFR
182 mm?® s~! and 353 mm? s, respectively. In total, this
resulted in 10X 15 min sample intervals per glass flask
and VER. For each particle diameter, two experiments
with different particle concentrations in water were car-
ried out. Depending on the experiment, an increased
background particle concentration was measured in the
diameter range from 0.25 pm to 0.5 pm. In order to take
into account this particle background, the particle con-
centration measured in parallel in the diameter range of
interest in the flask without MP particles of this diame-
ter was considered as a background concentration from
the particle concentration.
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Characterization of air bubbles and jet droplets

To analyze the number of rising bubbles, the size of
bursting bubbles and of the resulting jet droplets, a
standard camera (Panasonic DC-FZ82) with a resolution
of 1280 pixel X720 pixel and a frame rate of 100 frames
per second was used in three different arrangements with
illumination by high-power LEDs as shown schematically
in Fig. 2.

In order to count the number of rising bubbles, the cam-
era was directed at the setup from the side, and the setup
was illuminated from the back (Fig. 2a, d). Overlapping
bubbles were identified and marked separately from indi-
vidual bubbles. Recording of the water surface from the top
allowed capturing the bursting bubbles (Fig. 2b, €). To block
interference with lower ascending bubbles in the tank, the
illumination was restricted to a thin layer on the surface
by using LEDs in combination with slit blinds. Size was
calibrated by using a benchmark at the surface level. The
resulting video material was then analyzed using computer
vision to detect and track individual bubbles. Threshold-
ing the image based on brightness values resulted in iso-
lated bubble contours. However, those contours can either
belong to single bubbles or clustered bubbles and require
segmentation. The segmentation was done following an
algorithm proposed by Bettaieb et al. [6]. In contrast to the
proposed algorithm, start and end points of individual seg-
ments were identified by convexity defects of the bubble

Fig. 2 Schematic setup (a
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shapes. As individual segments can belong to the same
bubble, they were matched and recombined. This involved
fitting circles to each segment. The fitted circles were then
compared to every other segment in the corresponding
cluster. Identical geometry and center coordinates (within
a tolerance of + 25% of bubble radius) indicated contour
segments belonging to a single bubble. Estimated center
coordinates and radii were matched between previous and
current frames to track bubble movement. Matching was
done by using a simple linear movement estimation from
the last two frames of a bubble. The estimated position was
then matched with the currently detected bubbles by short-
est distance but limited by the maximum distance a bub-
ble could reasonably travel within a frame to avoid wrong
matching. Using this method allowed following individual
bubbles until no more match was detected, indicating that
the bubble of interest burst or merged. To check whether
the lost bubble did in fact burst and not merge into a bub-
ble nearby, all surrounding bubbles were checked for
an increase in size. If so, the lost bubble was marked as
merged and did not contribute to further analysis. Accord-
ing to Kocérkova et al. [24], the shape of small bubbles can
be approximated by a sphere for Bond numbers up to 0.25,
which corresponds to bubble diameters up to approxi-
mately 2.7 mm for air bubbles in water at room tempera-
ture. Image resolution in the rising bubble setup (Fig. 2a)
led to a pixel-length conversion factor of 19 pm/pixel.

L

to quantify the number of rising bubbles (camera from side and back illumination), (b) to quantify the bursting

bubble diameters (camera from top and illumination from side), and (c) to capture the trajectories of resulting jet droplets (camera from front

and illumination from side). Raw images of (d) rising bubbles (individual bubbles in green, overlapping bubbles in magenta), (e) bursting bubbles,
(f) jet droplets; (g) enlarged view of raw image of rising bubbles and captured bubble shapes (individual bubbles in green, segmented bubbles

in magenta); (h) raw video image of jet droplets (left), tracked droplets (center) and processed droplet position (right)
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For the characterization of jet droplets, the camera was
directed at the setup from the front, and illumination
with high-power LEDs from the side (Fig. 2c, f). Over-
lapping and merging of droplets was neglected. However,
the droplet movement did produce motion blur in the
image material. To estimate the droplet size, a rotated
rectangle was fitted around the blurred droplets. Estimat-
ing that the deformation only occurred in the direction of
movement, the shorter side of the rotated rectangle indi-
cated the actual size of the droplet. Matching between
previous and current frames was carried out as described
above for bursting bubbles.

The image recognition of bursting bubbles and jet
droplets in this study was technically limited. First,
the detection of larger bubbles was limited under poor
lighting conditions, which may have led to bubbles with
diameters over 1 mm being detected as several smaller
bubbles. This was caused by irregular illumination from
point light sources on the edges of the rectangular basin.
Second, the resolution of the video material was not suf-
ficient to accurately detect and quantify the sizes of bub-
bles and droplets with diameters below 0.4 mm. In the
bursting bubble setup (Fig. 2b), the pixel-length conver-
sion factor was 104 pum/pixel, and in the droplet setup
(Fig. 2c¢), the conversion factor was 172 pm/pixel. The
minimum resolved bubble diameter was 0.32 mm, and
the minimum resolved droplet diameter was 0.15 mm. In
general, the number of bubbles and droplets in the small-
est size classes may be underestimated.

Data analysis and calculations

Airborne MP particle concentrations were calculated
from the observed OPC particle size distributions. For
each of the six particle diameters used in this study, the
corresponding size channels of the OPC were evalu-
ated individually. In each 15 min sampling interval, the
first 5 min after switching the valve were discarded. The
remaining data were averaged separately for each experi-
ment and each VFR.

The expected airborne MP concentration were calcu-
lated assuming that particle input into the flask head-
space is only from drying droplets generated by bubble
bursting, and particles are removed from the flask head-
space only with the sampling flow of the OPC. In this
evaluation, there is no differentiation between film drops,
the top jet drop and following secondary jet drops.

The input of airborne particles into the flask headspace,
dN,,/dt [s™"], is estimated by Eq. 1,

dN i,

Ny
dr = 7w e Quefy_y (1)

with N,,, number of MP particles in the water volume V,,
[mm?], Q,, rate of droplet volume generated per second
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[mm?® s7'], and £, , a dimensionless transfer factor that
takes into account the effective water — air transfer of MP
particles.
The number of particles removed from the flask head-
space per unit time, dN,,,/dt, is estimated by Eq. 2,
dNoy N,

a v, Q )

with N, number of MP particles in the headspace vol-
ume V, [mm?], Q,, air sampling flow rate [mm?3s1].

For steady state conditions, the steady-state concen-
tration of particles in the headspace can be calculated
by equating the particle input and output fluxes of
Egs. 1 and 2, and solving for N_/V:

Aﬁ:&.&.fw—a (3)
Vﬂ VW Qﬂ
In this study, the water volume is V,,=10° mm? (=11),
the headspace volume is V,=1.45x10° mm? (=1.45 1),
the sampling flow rate of the OPC is Q,=2x10*
mm?® s7! (=1.2 1 min™Y), the number of MP particles in
the water volume N, is taken from Table S1 (Supple-
mentary material), and the droplet volume generated
per second, Q,, is estimated from the observed bubble
and droplet size distributions (Bursting bubbles and
jet droplets - number concentrations and size distribu-
tions). Note that the transfer factor f,,_, is unknown; it
is determined by equating observed and expected air-
borne MP concentration acc. Equation 3, N,/V,_, and
solving for f,, .,

N o @

When switching the sampling flow between two glass
flasks in 15 min intervals, the change in airborne MP
particle number in one particular glass flask will be N;,
— Ny for the 15 min intervals when the sampling flow
is taken from this glass flask, and N,, for the 15 min
intervals when the sampling flow is taken from the
other glass flask.

In addition to experimentally derived droplet size
distributions, droplet size distributions were estimated
from observed size distributions of bursting bub-
bles, by applying the universal scaling law for the top
jet drop diameter, D;., as a function of the bursting
bubble diameter, D, ;, as given by Gandn-Calvo [21].
These estimated droplet size distributions were used
to calculate the droplet volume flux for fully evaporat-
ing droplets (more details in Size-dependent MP parti-
cle transfer rates). The ambient droplet volume flux of
ocean sea spray has been calculated using the param-
eterization by Andreas [5] following environmental



Oehlschlagel et al. Microplastics and Nanoplastics (2024) 4:1

Table 1 Overview of experimentally determined bubble burst
rates, minimum, mean and maximum bubble diameters, volume
of bursting bubbles and droplet production rates, mean and
maximum droplet diameters, average number of droplets per
bursting bubble, and volume of droplets generated per second
for low and high VFR
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observations by Monahan et al. [28]. Details of the cal-
culation method can be found in the Supplementary
material (S2).

Results and discussion
Bursting bubbles and jet droplets—number

Low High  concentrations and size distributions
VER [ 5] 18 253 Under two different conditions to generate bubbles,
AT flux [mi/m?/s-] 264 206 the number of bursting bubbles increased with increas-
Burst rate (&' 685 11%6 ing volume flow rates from 688 bursts per second at the
5 o 08 03, low VER (182 mm?® s7!) to 1176 s! at the high VFR (353
Db“b'”““” - OA81 0‘76 mm? s™!) (Table 1). Thus, the rate of bursting bubbles at
Db“b’mea”[mm] S0 Jse the low VFR was about 59% of the high VFR.
Bb:bé”\"/axl e rat 255 3'62 While the number of bursting bubbles changed, the
[#ms]s ;zwL]l e bubble size distributions were similar for the different
Droplet rate [s”'] 2092 5397 VERs. The mean diameter of the bursting bubbles ranged
D, (mm] 042 048 from 0.76 mm to 0.81 mm, with minimum diameters
D, . (] 546 415 from 0.32 mm to 0.48 mm and maximum diameters from
Droglet volume rate Qg [mm®s™] 159 340 2.40 mm to 2.72 mm (Table 1). The fraction of bubbles
Droplets per bubble [] 30 20 with diameters larger than 2.4 mm was negligible, and
therefore mostly jet drop production is expected in these
experimental conditions. Overall, the modal diameter
a) i b) _
a ]
— 400 .
0, § 4
o 300 -
E = =
>
m 100 -
0 -
0 04 08 12 16 20 0 04 08 12 16 20
Bubble diameter [mm]
c) 1000 d)
-y
b,
o 600
9
@ 400
&
5 200
0

0 04 08

1.2

16 20 0

04 08 12 16 20

Droplet diameter [mm]

Fig. 3 Experimentally derived average size distributions of bursting bubbles at (a) VFR 182 mm? s~ and (b) VFR 353 mm? s~

!, and average

droplet size distributions at (c) VFR 182 mm? s~ and (d) VFR 353 mm? s™'. Note that the minimum resolved bubble diameter was 0.32 mm
and the minimum resolved droplet diameter was 0.15 mm due to experimental limitations
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Fig. 4 Particle size distribution for experiments with (a) 0.35 um diameter MP particles and (b) 1.0 um diameter MP particles, VFR=353 mm?3s.

Blue line indicates size distribution of pure water

of the bursting bubbles was 0.6 mm. Figure 3a, b shows
average bubble size distributions derived experimentally
at two different VEFRs.

In stationary behavior, the total volume of the observed
bursting bubbles should correspond to the VFRs. As
shown in Table 1, estimated burst volumes per second
exceeded corresponding VFRs, indicating an overestima-
tion of bubble number or size, especially with the lower
VER. Uncertainties might be introduced by the limited
image resolution, which did not allow for precise seg-
mentation of coalesced bubbles. Additionally, non-opti-
mal lighting could lead to large bubbles being detected as
several small bubbles. At higher VER, the burst volume
is only slightly overestimated, possibly due to the smaller
relative influence of larger bubbles and coalescence with
higher bubble counts. With varying burst rates of bub-
bles and similar bubble size distributions, an increasing
droplet number and similar droplet diameters generated
by bubble bursting for the two different VFRs is expected.
Table 1 shows the experimentally determined number
of droplets generated per second, the mean and maxi-
mum droplet diameter, the average number of droplets
generated per bubble and the droplet volume rate for
low and high VERs. The droplet rate, i. e. the number of
droplets generated per second, increases from 2092 s
to 2391 s~!. Comparing with the burst rate, this yields
on average 3.0 droplets per bursting bubble at VFR 182
mm? s~! and 2.0 droplets per bubble at VFR 353 mm?s~!
(Table 1). Figure 3c, d shows average droplet size dis-
tributions for the two different VFRs. There is a slight
increase in mean droplet diameter for the higher VFR
from 0.42 mm to 0.48 mm, and the maximum droplet
diameter increases from 2.46 mm to 4.15 mm. Consist-
ent with the shift of the droplet size distribution to larger

|
1
Particle diameter [um]

T
6 7 89

1

diameters, the mean volume of droplets generated per
second increases from 159 mm? s! at low VER to 340
mm? s~! at high VER.

The minimum droplet diameter that could be resolved
with the experimental setup was 0.15 mm, and it was
observed in both VFR setups. Taking into account Egs.
S2.1 and S2.2, the top jet droplet diameter can be expected
to be smaller than 0.15 mm for bubble diameters smaller
than 0.55 mm. Figure 3a, b indicates that a consider-
able fraction of the bubble size distributions was smaller
than 0.55 mm. The bubble size distributions can be used
together with Eqs. S2.1 and S2.2 to calculate an inde-
pendent estimate for the diameters of the top jet droplets
resulting from the bursting bubbles. This calculation yields
a mean diameter of the top jet droplet of 0.11 mm for VFR
182 mm? s, and 0.10 mm for 353 mm?® s, respectively.

Airborne MP concentrations
In order to identify water—air transfer of MP particles
due to bubble bursting, size distributions of airborne
particles in the head space of the glass flask were meas-
ured and analyzed for concentration increases in the size
range of interest. For example, Fig. 4 shows average par-
ticle size distributions of two experiments with 0.35 pm
and 1.0 um MP particles. Significantly enhanced num-
ber concentrations can be seen in the diameter ranges
around 0.35 pm and 1 pm, respectively. An example of
the temporal evolution of the particle concentrations in
the size channels corresponding to 0.35 pm and 1.0 pm
diameter MP particles as well as the expected airborne
MP concentration acc. Equations 1 — 3 can be found in
Figure S3 (Supplementary material).

Enhanced particle concentrations in the correspond-
ing size ranges were detected in all experiments. Figure 5



Oehlschlagel et al. Microplastics and Nanoplastics (2024) 4:1

Page 8 of 12

—_— 0.35 um
1200 p— 0.5 um
0.75 pm
1000 == 1.0 pm
— 1.5 pm
— —— pure water, no PS
= 800
=
g
2 600 \\
S \
400 \
\
\
200 \‘
\<
~—___.--—~\~\~__._\~
0 LS pep——I o —
1.0 2.0

Particle diameter [um]

Fig. 5 Particle size distributions with MP particle diameters from 0.35 um to 1.5 um (black and grey) and pure water particle concentration (blue),

VFR=353 mm?®s.”

Table 2 Observed MP particle concentrations in air for six different particle diameters D, at VFR=182 mm? s~' and VFR=353
mm? s~ Results for 0.5 um particle diameter are for experiment with total number of 1.09x 10'" particles in water volume

Particle diameter [um] MP concentration [I7']

Transfer factor f,,,

VFR 182 mm3s™' VFR353 mm3s~'

VFR 182 mm3s™' VFR 353 mm3s~'

0.35 88.6 165.2
0.5 1433 2488
0.75 126.0 2524
1 147.2 3483
1.5 9.2 246
2 42 14.3

1.67 0.14
263 0.20
2.33 0.20
324 0.33
0.68 0.08
0.29 0.04

shows average size distributions for five experiments with
MP particle diameters from 0.35 pum to 1.5 pm, and one
experiment with pure water without addition of MP sus-
pensions. Local maxima of the particle size distributions
can be clearly seen for the 0.35 um, 0.5 pm, 0.75 pm and
1.0 um MP particles. For larger MP particles, the concen-
tration is still enhanced in the corresponding diameter
range, but cannot be clearly distinguished from back-
ground measurements without MP particles. The size
distributions in Fig. 5 indicate that the bubble bursting
process also produces particles in size ranges not corre-
sponding with the added MP particle diameters. Particles
smaller than the nominal MP diameter are expected to be
produced from minuscule impurities of the water and the
liquid MP suspensions in drying droplets, yielding poly-
disperse airborne salt particles. In addition, agglomerates
of monodisperse MP particles may contribute to the par-
ticle fraction larger than the nominal MP diameter.

The left part of Table 2 shows observed airborne parti-
cle concentrations of experiments with six different par-
ticle diameters and two different VFRs. As expected, the
observed particle concentrations are higher in the experi-
ments with higher VFR, and thus, higher burst rates and
droplet production rates. The observed particle concen-
trations of 1.5 um and 2 pm particles are in the range of
background concentrations and should be treated with
caution. Low concentrations of airborne MP particles of
1.5 um and 2 um diameter are expected due to the low
concentration of these MP particles in the water volume
(cf. Table S1, supplementary material). For experiments
with MP particle diameters of 1 pm and less, the number
concentration in water is close to 10! 17!, and changes in
airborne MP particle number concentration indicate size-
dependent effects in the water—air transfer.
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Fig. 6 a) Water-air transfer factors £, , as a function of particle diameter in the range from 0.35 um to 2.0 um, and b) droplet volume Q; generated
per second by all droplets with the given maximum droplet diameter. Results for low volume flow rates are shown in red, for high volume flow rates
in blue. Error bars in 6a indicate uncertainty due to a variable background concentration of up to 50 particles per liter

Size-dependent MP particle transfer rates
Size-dependent water—air transfer factors of MP par-
ticles, f,._, are shown in Fig. 6a and in Table 2. Transfer
factors f;, , were calculated using Eq. 4, with the observed
airborne MP concentrations given in Table 2, the water
volume V,,=1 1, the number of MP particles in the water
volume N,, given in Table S1 (supplementary material),
and the sampling flow rate of the OPC, Q,=20 mls™.

The droplet volume generated per second, Q,, can be
estimated from the observed droplet size distributions
(Fig. 3¢, d) as given in Table 1, or from the droplet size
distribution calculated based on the observed bubble
size distributions using Eqs. S2.1 and S2.2. Most large
droplets are expected to return to the water volume by
gravitational settling before fully evaporating. Vertical air
motion in the headspace of the glass flask is expected to
be negligible, and the droplet settling time can be esti-
mated by dividing the headspace height of 10 cm by the
size-dependent gravitational settling velocity calculated
acc. Eq. S2.3. For droplets larger than approximately
7 pm, the droplet settling time becomes smaller than the
average residence time in the headspace, i.e. the head-
space volume V,=1.45 | divided by the volume flow rate
of the OPC, Q,=20 ml s™%. Droplet diameters of 7 pm
and below cannot be resolved in our droplet images due
to the limited image resolution. Because of this limita-
tion, we calculated the droplet size distribution based
on the observed bubble size distribution, extrapolated
the calculated droplet size distribution using a Weibull
fit (Fig. 6b), and estimated the total volume of drop-
lets smaller than 7 pm from this extrapolation, yield-
ing Qo =10x10" mm’® s and Qqpig=2.3x107"
mm? s~! for the two different VFRs (indicated by the ver-
tical broken line at 7 pm in Fig. 6b).

For each individual particle diameter, the experiments
with the low VFR=182 mm? s™! (red squares in Fig. 6a)

yield larger transfer factors than with the high VFR=353
mm? s~ (blue diamonds in Fig. 6a). While the bubble
burst rate is 70% higher at high VFR compared to low
VER, the number of observed droplets is only 14% higher
(cf. Table 1), yet the droplet volume rate is larger by an
order of magnitude (Fig. 6b). Also, a shift to larger sizes
at high VFR can be seen in the observed droplet size
distributions (Fig. 3¢, d). One possible explanation for a
shift of the droplet size distribution to larger sizes might
be coalescence of droplets, leading to a larger fraction of
large droplets that cannot efficiently transfer particles
from water to air. Another potential explanation for the
more efficient water—air transfer of microplastic parti-
cles could be the more efficient scavenging of suspended
microplastic particles by rising bubbles at low VER.
Interestingly, for particle diameters up to 1.0 um,
transfer factors larger than 1 were observed. This means
that the MP particle concentration in the droplet was
enhanced compared to the bulk water concentration.
These findings are consistent with earlier studies by Blan-
chard and Syzdek [9] and Bezdek and Carlucci [7], who
found enhanced bacterial concentrations in jet drops due
to enrichment of suspended bacteria at the water—gas
interface of rising bubbles. Similarly, enrichment of sus-
pended MP particles at the interface of rising bubbles
was expected in the present experiment. It must be noted
that the observed enrichment is likely an underestima-
tion due to additional loss processes of airborne drop-
lets and MP particles. For example, a fraction of 4.3% to
5.1% of the jet drops ejected by bubble bursting reached a
height of 10 cm or more in the experiments at VFR=182
mm? s7! to VFR=353 mm? s, and thus, were lost to
the glass flask wall. Clearly, the transfer factors shown
in Fig. 6a increase with increasing particle diameter
from 0.35 pm to 1 um. This observation was made for
both VFRs, and it suggests a size-dependent transfer
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efficiency of MP particles by bubble bursting. Under the
experimental conditions of this study, MP particles with
a diameter of 1.0 pm were transferred most efficiently
from water to air by bubble bursting. The decrease of the
transfer factor for particle diameters greater than 1 pm
may be an artifact due to the low particle number con-
centrations and the large uncertainties in the 1.5 um and
2 um diameter experiments. The presented findings indi-
cate that particle enrichment at the interface of the rising
bubble, bubble size distributions and the resulting drop-
let size distributions, as well as droplet and particle loss
processes in the glass flask contribute to changes of the
observed airborne MP particle concentrations. Particle
enrichment and particle loss processes are expected to be
dependent on particle size, and it is not possible to fully
disentangle these size-dependencies within this study. It
must be noted that the burst rate per unit area of water
surface is in the upper range of the average estimate of
natural bubble bursting in the oceans, and bubble diam-
eters observed in our experiments tend to be larger than
the majority of bubbles in sea water. Also, the transfer
efficiency in natural waters, as mentioned before, is cer-
tainly affected by additional factors such as water salinity
or surface tension, and the presented results should not
be applied directly to natural systems. Nevertheless, we
conclude that particle size must be taken into account in
future parameterizations of the water—air transfer of MP
particles.

Recently, Masry et al. [27] demonstrated in their lab
experiments that bubble bursting can transfer MP parti-
cles from water to air. Their experimental setup was simi-
lar to ours in principle, however, with larger water and air
volumes, uncharacterized bubble and droplet size spec-
tra but probably a much larger droplet volume compared
to this study. In their study, they clearly demonstrate the
water—air transfer of 0.35 pm polystyrene particles but do
not distinguish 0.6 and 1.0 pm particles from background
concentrations. Given the fact that the water—air trans-
fer factor was highest for 1.0 pm polystyrene particles
in the present study, it can be speculated that the water
concentration of the larger particles was too low, similar
to the experiments using 1.5 and 2.0 pm particles in this
study. Also, it must be noted that the observed decrease
in transfer factors with increasing volume flow rates for
droplet generation suggests less effective water—air trans-
fer of particles in their experiments in general.

Environmental implications

Even though the presented size-dependent water—air
transfer factors of MP particles are associated with large
uncertainties, this study corroborates the hypothesis
that oceans (and other water bodies) can act as sources
of airborne MP particles. Recently, Lehmann et al. [25]
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investigated the ejection of marine MP particles by
impacting rain droplets, and estimated an upper bound-
ary on the order of 10" MP particles ejected per year
globally. Due to the large uncertainties associated with
MP particle concentrations in marine waters, we do not
attempt to extrapolate our findings to the global scale
but rather compare the relative efficiency of the water—
air-transfer processes due to impacting rain droplets and
due to bubble bursting. To do this, we follow the assump-
tions made in Lehmann et al. [25] and only consider
jet droplets with diameters less than 200 um which are
likely to be picked up by wind under the typical condi-
tions at the ocean surface. The ocean surface water con-
centration of MP particles assumed in this calculation is
2.9 MP particles per liter according to Choy et al. [15].
It must be noted that MP concentrations in the oceans
are expected to greatly vary in time and space, and MP
particles with diameters<2 um used in this study are
certainly underrepresented in measurements of sea sur-
face MP concentrations due to limitations in sampling
and analytical techniques. Since most film droplets are
smaller than 1 pm in radius (e.g. [17]), it can be expected
that supermicron MP particles are transferred from
water to air mostly by jet droplets (e.g. [33]). In order
to estimate ambient droplet volume fluxes of ocean sea
spray, we use Eqs. 52.4 — S2.7 (supplementary material)
to calculate a jet droplet size distribution at formation
according to Andreas [5] and Monahan et al. [28]. With
an average wind speed of 8 m s™!, we calculate a total
volume flux of droplets smaller than 200 pm diameter
of 1.5x1078 1 m™2 s™!, With the total surface area of the
global oceans of approximately 3.61x10'* m? the total
annual droplet volume flux is 1.7 x 104 1.

Assuming the particle concentration in jet droplets is
the same as in the bulk water at the ocean surface, this
results in an estimated 5x 10 particles per year glob-
ally that are ejected in droplets small enough to poten-
tially enter atmospheric uptake by wind. Taking into
account the enrichment of MP particles in jet droplets,
with an MP concentration in jet droplets enhanced by a
factor ranging from 3 (as observed in this study) to 200
(as observed e.g. by [32]), the global emission estimate of
MP particles from oceans by bubble bursting ranges from
10" to 10'7 particles per year. This is 10 to 1000 times
larger than the estimated 10'* MP particles per year by
impacting raindrops. There are various uncertainties
affecting these estimates including (1) uncertainties of the
size distribution of the jet droplets, (2) the rate of burst-
ing bubbles on global oceans, and (3) MP concentrations
in the ocean surface water. Nevertheless, this estimate
indicates that bubble bursting is an effective water—air
transfer process for MP particles in the environment.
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Conclusions

The results of this study demonstrate that submicron MP
particles are readily transferred from water to air by bub-
ble bursting. This supports the hypothesis that oceans
(and other water bodies) can act as sources of atmospheric
MP particles. Compared with the ejection of MP parti-
cles by impacting rain droplets, bubble bursting is esti-
mated to be more efficient by a factor of 10 to 1000. The
experimentally determined water—air transfer factors are
dependent on particle size and the droplet volume flow
rate, with a maximum for 1 um particles at low volume
flow rate. For particle diameters up to 1.0 um, MP particle
concentrations are found to be larger in the droplet than
in the bulk water. The enhanced concentration of MP par-
ticles in droplets compared to the bulk water concentra-
tion can be explained by enrichment of MP particles at
the water—gas interface of rising bubbles, as previously
discussed by Quinn et al. [31] and Sakai et al. [32]. Hence,
bubble bursting may not only be a highly efficient trans-
fer mechanism for MP particles from water to air but also,
rising gas bubbles may be an important vertical transport
process of MP particles in the water column, potentially
contributing to the enrichment of MP particles in the sea
surface microlayer. While the water—air transfer of MP
particles with diameters larger than 1.0 pm could not be
quantified, it should be noted that this is very likely due
to experimental limitations such as low particle concen-
trations, relatively high background concentrations, a low
sampling flow rate, and particle losses in the experimental
setup. Therefore, the presented experiments do not allow
conclusions regarding the water—air transfer of MP parti-
cles larger than 1.0 pm. In future work, it is also important
to investigate the effects of surfactants and water salinity
on the bubble bursting process and the water—air transfer
of MP particles, which is expected to play a role in natural
waters [27].
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