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Morphology and hygroscopicity of nanoplastics
in sea spray†

Sarah Suda Petters, ‡*a Eva Rosendal Kjærgaard, a Freja Hasager, a

Andreas Massling, b Marianne Glasius a and Merete Bilde *a

The role of airborne nanoparticles in atmospheric chemistry and public health is largely controlled

by particle size, morphology, surface composition, and coating. Aerosol mass spectrometry provides

real-time chemical characterization of submicron atmospheric particles, but analysis of nanoplastics in

complex aerosol mixtures such as sea spray is severely limited by challenges associated with separation

and ionization of the aerosol matrix. Here we characterize the internal and external mixing state of

synthetic sea spray aerosols spiked with 150 nm nanoplastics. Aerosols generated from pneumatic

atomization and from a sea spray tank are compared. A humidified tandem differential mobility analyzer

is used as a size and hygroscopicity filter, resulting in separation of nanoplastics from sea spray, and

an inline high-resolution time-of-flight aerosol mass spectrometer is used to characterize particle

composition and ionization efficiency. The separation technique amplified the detection limit of the

airborne nanoplastics. A salt coating was found on the nanoplastics with coating thickness increasing

exponentially with increasing bulk solution salinity, which was varied from 0 to 40 g kg�1. Relative

ionization efficiencies of polystyrene and sea salt chloride were 0.19 and 0.36, respectively. The growth-

factor derived hygroscopicity of sea salt was 1.4 at 75% relative humidity. These results underscore the

importance of separating airborne nanoplastics from sea salt aerosol for detailed online characterization

by aerosol mass spectrometry and characterization of salt coatings as a function of water composition.

The surface coating of nanoplastic aerosols by salts can profoundly impact their surface chemistry,

water uptake, and humidified particle size distributions in the atmosphere.

1 Introduction

The environmental detection, fate, and transport of micro- and
nanoplastics are of great interest in environmental chemistry,
atmospheric chemistry, and public health.1,2 The presence of
microplastics (diameter o 5 mm) in living tissue suggests a
strong potential for numerous adverse health effects.3–5 Plastic
waste accumulates in the ocean, where weathering, oxidation,
and biological processes convert larger plastics into micro- and
nanoplastics (having at least one spatial dimension between
1 and 1000 nm;6,7 sometimes defined as r100 nm8–10).11–14

Plastic buoyancy in the water column changes with degradation
and surface fouling,12 and nanoplastics at the water surface can

be transferred to the air with sea spray through wave-breaking
and bubble bursting.14,15 Microplastics have been found in the
remote marine atmosphere and in cloud water.14,16 The low
mass concentration of nanoplastics relative to sea salt, as well
as organic or inorganic coatings on nanoplastic aerosols, are
significant challenges for studies investigating the mechanism
of nanoplastic aerosolization at the air–sea interface.15

Both plastic and sea salt particles can be detected by size-
resolved aerosol mass spectrometry, which provides real-time
bulk chemical characterization of submicron atmospheric
aerosols.17,18 However, the analysis of nanoplastics in complex
aerosol mixtures such as sea spray is limited by challenges
associated with ionization and speciation of the aerosol
matrix.19,20 Furthermore, the role of airborne nanoparticles in
atmospheric chemistry and public health is strongly influenced
by physico-chemical properties including particle size,4,15,21,22

shape,23–25 and coatings.26–29

Sea salt coating on nanoplastic aerosol can impact water
uptake and cloud droplet nucleation efficiency as well as sur-
face chemistry and size distribution dynamics. In this work we
characterize the internal and external mixing state, hygrosco-
picity, and ionization efficiency of sea spray aerosols spiked
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with 150 nm polystyrene latex spheres. A humidified tandem
differential mobility analyzer (HTDMA) is used as a size and
hygroscopicity filter, separating the nanoplastic particles from
the sea spray, and an inline high-resolution time-of-flight
aerosol mass spectrometer (HR-ToF-AMS) is used to determine
particle composition. The hygroscopicity of sea salt and the
coating of sea salt on nanoplastics are characterized. The
relative ionization efficiency of sea salt chloride and polystyrene
are investigated by comparing the high-resolution AMS spectra
to the HTDMA mass measurements. This work shows the relation-
ship between salinity and sea salt coatings on nanoplastic particles
and presents a novel separation method for the online detection
and physico-chemical characterization of microplastic and nano-
plastic particles in externally mixed aerosols.

2 Methods
2.1 Sample preparation

The following reagents were used without additional purification:
NaCl (Sigma-Aldrich, Z99.5%, lot #STBK1847); MgCl2�6H2O
(Sigma BioXtra, Z99.0%; lot #BCCG7484); Na2SO4 (Sigma,
Z99.0%, lot #MKCM5983); CaCl2 (Sigma BioUltra, Z99.5%,
#BCCD5465); K2SO4 (Sigma, Z99.0%, #MKBR1323V); KNO3

(Sigma ACS Reagent, Z99.0%, lot #MKBR7577V); NaBr (Sigma
ACS Reagent, Z99.0%, lot #MKBP5844V); MilliQ water
(Z18.2 MO cm resistivity at 25 1C, 2 ppb total organic carbon,
EMD Millipore); aqueous polystyrene latex spheres (PSL) of
diameter 147 � 3 nm, stock solution containing trace amounts
of dispersant and of sodium azide (Thermo Scientific NIST
traceable, 3051A, lot #39009).

Synthetic sea salt containing Cl�, Na+, SO4
2�, K+, Ca2+, Br�,

Mg2+, and NO3
� with mass contributions relative to Cl� of 1.00,

0.56, 0.14, 1.7 � 10�2, 2.2 � 10�2, 3.1 � 10�3, 6.8 � 10�2, and
2.6 � 10�3, respectively, was prepared following Nielsen and
Bilde30 and diluted in MilliQ water following a logarithmically-
spaced salinity ramp from 40 to 8 � 10�5 g kg�1, with addi-
tional samples having salinity between 0.6 and 0.15 g kg�1

(Table 1). Solutions were spiked with 0.15 to 0.18 mg kg�1

PSL, diluted from stock solution containing 1% solids by
mass.

Aerosol containing sea salt and PSL was generated either by
atomization or by bubble bursting. Atomization experiments
used a Collison atomizer (TSI 3076) at room temperature with a
constant liquid flow of 0.4 mL min�1 (provided by a syringe
pump) and an air flow of 3 L min�1 (Table S1, ESI,† lines 1–66).
Bubble bursting experiments were performed using the ÆGOR
sea spray tank holding 20 L of temperature-controlled solution,
held at 20 1C, that was bubbled with 3.35 L min�1 of clean air
from a glass frit placed at the tank bottom (Table S1, ESI,† lines
67–107).31–33 These experiments were carried out as part of a
campaign described in more detail by Kjærgaard et al.15 For all
experiments, clean pressurized air from the in-house air hand-
ling system was supplied through an air purifier at 35 psi
(TSI 3074B), and the mass flow rate was actively held steady
by a mass flow controller (Vögtlin Instruments). Aerosol was

dried to below 7% relative humidity (RH) using two inline silica
gel diffusion dryers.

2.2 Instrumentation

Fig. 1 shows the instrument schematic downstream of sample
generation. Particles in the aerosol stream were size-selected,
humidified, and separated using a hygroscopicity tandem
differential mobility analyser (HTDMA). The fractionated par-
ticle stream was routed to a high-resolution time-of-flight
aerosol mass spectrometer (HR-ToF-AMS; Aerodyne;17 here-
after, AMS). The instrumentation was operated in three modes:
scanning electrical mobility spectrometer mode (SEMS mode;
Brechtel Model 2002; Fig. 1, elements A and B-1); HTDMA mode
(Fig. 1, elements A, B-2, C, and D-1); and HTDMA-AMS mode
(Fig. 1, elements A, B-2, C, D-2, and E). The inset (F) depicts the
fractionation of particles from an externally mixed aerosol
upstream of AMS analysis. In a typical set of experiments, the
aerosol size distribution was measured in SEMS mode, flows
were optimized in HTDMA mode based on the observed signal-
to-noise ratio, the HTDMA scan duration setting was extended,
and the instrument was physically reconfigured for measure-
ment in HTDMA-AMS mode.

The HTDMA (Brechtel Model 3002) described by Lopez-
Yglesias et al.34 was used as in prior work.35,36 An impactor at
the inlet removed particles larger than 1 mm in diameter. The
polydisperse dry aerosol was then returned to an equilibrium
charge distribution by an X-ray-based neutralizer (Fig. 1, element
A). DMA 1 was scanned between 5 and 1000 nm (SEMS mode) or

Table 1 Solutions prepared for aerosol generation

#a Salinityb (g kg�1) PSLc (mg kg�1)

A 41 0.18
1 6.21 0.18
2 0.94 0.18
3 0.14 0.18
4 0.022 0.18
5 3.27 � 10�3 0.18
6 4.96 � 10�4 0.18
7 7.52 � 10�5 0.18
8 0 0.18
2a 0.596 0.18
2b 0.378 0.18
2c 0.239 0.18
2d 0.151 0.18
MilliQ 0 0
ÆGOR 1 0 0.15
ÆGOR 2 0.01 0.15
ÆGOR 2 0.01 0.15
ÆGOR 3 0.0215 0.15
ÆGOR 4 0.0464 0.15
ÆGOR 5 0.1 0.15
ÆGOR 6 0.2154 0.15
ÆGOR 7 0.464 0.15
ÆGOR 8 1 0.15
ÆGOR 9 0 0

a Unless otherwise indicated, solutions were atomized using a Collison
atomizer. ÆGOR solutions were aerosolized via bubble bursting using
the ÆGOR sea spray tank.15,31–33 b Salinity is the total synthetic sea salt
mass mixing ratio in water. c Polystyrene latex nanosphere mass mixing
ratio in water, 147 � 3 nm, Thermo Scientific Lot #39009; NIST trace-
able. An experiment list is found in Table S1 (ESI).
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held at 150 nm (HTDMA and HTDMA-AMS modes) with a sample
flow of 0.5 to 1 L min�1 and a sheath flow of 3, 5, or 6.5 L min�1.
Sheath and sample flows were set as needed to increase peak
height (by using a larger sample flow) while maintaining narrow
peaks (by increasing the sheath/sample flow ratio), within instru-
mental limits. The humidifier and DMA 2 (Fig. 1, elements C and
D) were held at a stable RH of 75%. DMA 2 scanned from 75 to
500 nm or from 100 to 400 nm with a sheath flow of 5 L min�1 and
a sample flow of 0.5 L min�1. Typical HTDMA scans lasted
2–3 min. Table S1 (ESI†) includes the experiment list as well as
scan settings and measured parameters for each experiment.

The AMS assisted in confirming the transmission of nano-
plastic aerosols through the HTDMA and in characterizing the
relative ionization efficiency of both polystyrene and NaCl. In
HTDMA-AMS mode (Fig. 1, element D-2), the aerosol exited
DMA 2 and flowed to the AMS at 0.15 L min�1, passing through
two diffusion dryers before being split between an excess flow
to waste (0.05 L min�1 controlled by an external pump in
combination with needle valve) and a sample flow to the AMS
inlet (0.1 L min�1), verified daily. The flow was laminar with a
minimal pressure drop. A delay of 80 s between the instruments
was found by calibrating the alignment between data streams
in independent tests. This corresponds to a flow of 0.15 L min�1

through 4 m of 3/1600 (inner diameter) tube, 0.15 L min�1 through
1 m of 1/200 tube (corresponding to two dryers), and after the split,
0.1 L min�1 through 0.5 m of 3/1600 tube.

In the AMS, particles passed through an aerodynamic lens, a
spinning chopper, and a 0.295 m long particle time-of-flight
zone. The particle beam was impacted on the heated vaporizer
and the resultant gas was ionized via electron ionization at
70 eV. Radical cations then passed via ion optics into the time-
of-flight mass analyser operated in single-reflection mode
(‘‘V’’-mode, path length 1.3 m, m/z 9–409)17 with an average

resolving power m/Dm of 2500 during the experiments
(Table S2, ESI†). The upstream HTDMA scans were increased
in duration to 2 h (Table S1, ESI†) to increase the diameter
resolution for the AMS, which reports a mass spectrum
every 1 min.

Fig. 2 shows the AMS vaporizer characterization. The vapor-
izer temperature was raised from its typical value of 615 1C to
811 � 20 1C to allow faster desorption of plastics and salts.18

The temperature was controlled by adjusting the current setting
to between 70 and 100% of the maximum value of B1.28 A.
Temperature is characterized as a function of the power provided
across the resistive element because the temperature probe may
come loose and provide erroneously low values.37,38

Fig. 2, panel A shows the vaporizer current as a function of
the control box setting. The vaporizer current of this instru-
ment (at Aarhus University) is typically set to 0.93 A (‘setting 80,’
i.e., 80% of the maximum) during measurements and in
standby mode. In-house tests with ammonium nitrate indi-
cated that this corresponds to a temperature of B600 1C,
recommended by Williams37 for standard operation. Following
Ovadnevaite et al.,18 the current was raised to 1.19 A (‘setting
95,’ i.e., 95% of the maximum) to encourage complete and fast
evaporation of sea salt. We also found that the higher tempera-
ture was beneficial for measuring plastics.

In Fig. 2, panels B and C show the vaporizer temperature as a
function of current and power. The AMS vaporizer temperature-
setting relationship was found using the temperature coeffi-
cient of resistance. Power (P), current (I), and voltage (V) were
characterized at setting 80 and 95 (Table S3, ESI†). Resistance
(R) was found via R = V/I. The temperature dependence of
resistance of a fixed-size element is R = R0(1 + a(T � T0)), where
a is the temperature coefficient of resistance, R0 is the resis-
tance at temperature T0, and R is the resistance at a new

Fig. 1 HTDMA-AMS instrument schematic. Dry polydisperse aerosol is generated upstream by either an atomizer or the ÆGOR sea spray tank, is dried,
and then particles larger than 1 mm are removed by an impactor. Polydisperse dry sample aerosol is represented by open circles. Flows are varied and are
described in the text. (A) X-Ray-based charge neutralizer, (B) first differential mobility analyzer operated as a scanning electrical mobility analyzer (SEMS)
with a mixing condensation particle counter (MCPC) as its detector (path 1), or in single-size selection mode (path 2). (C) Humidification and (D) second
DMA operated as a humidified scanning electrical mobility analyzer (HSEMS) with an MCPC detector (path 1), or as a scanning humidified-size selector
(path 2). Path 2 includes a pump and needle valve to adjust sample flow out of the DMA. (E) High-resolution aerosol time-of-flight mass spectrometer
(HR-ToF-AMS) consisting of an aerodynamic lens, a chopper, flash vaporization and electron impact ionization, and a time-of-flight mass analyzer
operated in single-reflection mode. (F) Schematic showing how the aerosol is separated into more- and less-hygroscopic particles for real-time analysis.
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temperature T. After rearrangement we can solve for the unknown
vaporizer temperature at setting 95:

T95 ¼ T80 þ
1

a
R95

R80
� 1

� �
(1)

where subscripts indicate the vaporizer setting (80 or 95). The T80

was generally very close to 600 1C (probe temperature reading of
615 1C), and the value of a for pure tungsten is 0.0045 1C�1; R80 and
R95 were 3.29 and 4.08 O, respectively (Table S3, ESI†). For the
porous tungsten inverted cone vaporizer, we multiply a by a factor
of 0.25 based on the measurements of Williams37 and prior
calibrations at Aarhus University (Fig. 2, panel C). The adjusted
T95 is then 811 1C. We estimate an uncertainty of �20 1C based on
the scatter in the Williams data.

2.3 Data processing and calculations

Data streams from DMA 1, DMA 2, and the AMS were aligned
and combined during analysis. Alignment is based on a fixed
80 s delay between instruments, as in past work.34,39 The DMA 1
and DMA 2 alignment is built into the HTDMA software based
on user calibration.34 For the HTMDA-AMS alignment, the
exponential diameter scan of DMA 2 was mapped onto a time
axis based on the scan’s start and stop times (log10 D is linear
with scan time and can be interpolated onto a new time axis40).
The HTDMA times at 1 Hz resolution were interpolated onto
the AMS times (at a much lower resolution of about 1 min�1).
The AMS signal is then displayed as a function of the HTDMA-
selected mobility diameter.

An inversion algorithm is used to determine the value of D
associated with each peak in the humidified diameter scan
(Fig. S1, ESI†).41,42 The hygroscopic growth factor, GF, is
calculated as the ratio D/Ddry, where D is the humidified
diameter and Ddry is the dry diameter. The inversion algorithm
fits the raw instrument response function (concentration vs.

electrical mobility) using a GF probability distribution based
on a forward model that accounts for the upstream aerosol
size distribution and its transfer through the HTDMA. A two-
component model was used, corresponding to a bimodal GF
distribution. The shape of the humidified size distribution is
governed by the width of the transfer functions, not necessarily
by a broad distribution of hygroscopicity values.15,42 The inver-
sion accounts for the transfer function and the effect of particle
charging, including multiply charged particles. The algorithm
returns the GF and number fractions of the more- and less-
hygroscopic modes, corresponding to sea salt and to PSL.
(An example is shown in Fig. S1, ESI†).

The coating thickness of salt on PSL particles was deter-
mined using the growth factor of PSL, GFPSL. The wet volume of
the coated PSL particles was found via:

Vwet ¼
p
6
GFPSL �Ddry;PSL

� �3
(2)

The volume of salt water enveloping the PSL at 75% RH was
determined via

Vsw ¼ Vwet �
p
6
Ddry;PSL

3 (3)

Here Vsw = Vs + Vw, Vs is the dry sea salt volume, and Vw is the
water volume dissolving the salt. The hygroscopicity relation
proposed by Petters and Kreidenweis43 describes the fixed ratio
of solute to water as a function of the activity of water (aw) via
aw
�1 = 1 + kVsVw

�1, which can be rearranged as follows:

Vs ¼ Vsw
1� aw

aw k� 1ð Þ þ 1

� �
(4)

The hygroscopicity parameter of the sea salt mixture (Section 2.1),
k, was found using the measured growth factor of sea salt at 75%
RH via k = aw

�1(GF3 � 1)(1 � aw).43–45

Fig. 2 Vaporizer characterization for the Aarhus University high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS; Aerodyne 2018). (A)
Vaporizer current as a function of instrument setting. (B) Vaporizer temperature as a function of current, calculated for this work (black) and compared to
the data presented by Williams (2010) for the Xiamen quadrupole aerosol mass spectrometer. (C) Vaporizer temperature as a function of power for
several instruments (Williams 2010; square symbols are from her second slide, triangle symbols labeled with original colors are presented in her third
slide). The line represents a fit to the Williams data. Prior temperature measurements (black circles) are compared to the values of this work (black
crosses). A known issue wherein the temperature probe can become loose affects some of these data points. Data are given in Table S3 (ESI†).
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To calculate a coating thickness, the dry, coated PSL volume
is used:

Vdry;coated ¼ Vs þ
p
6
DPSL

3 (5)

Ddry;coated ¼
6

p
Vdry;coated

� �1=3

(6)

The coating thickness (t) is then t = (Ddry,coated � Ddry,PSL)/2.
The size of generated droplets prior to any water evaporation

was calculated using the salinity of the aerosolized stock
solutions. For droplets containing PSL, the volume of the salt
coating, Vs, calculated in eqn (4) was used to find the mass of
salt via ms = Vsrs (where ms is the mass of salt and rs is the
density of salt, 2.16 g cm�3). The volume of water is then Vw =
ms/(srw) (where s is salinity expressed in kg kg�1 and rw is the
density of water). The droplet volume is Vdrop = Vw + Vs + VPSL,
where VPSL is the volume of the clean and dry (un-coated) PSL
particle, and the resulting droplet diameter is

Ddrop ¼
6

p
Vdrop

� �1=3

(7)

The AMS data analysis is described in detail in Section S3
(ESI†). Briefly, unit-mass AMS data were analysed using ToF-
AMS Analysis Toolkit 1.65C (Squirrel 1.65C; mass calibration,
air beam correction, background subtraction, and mass spectra
with unit m/z resolution).17,46 High-resolution mass spectra
were obtained using ToF-AMS HR Analysis 1.25C (Pika 1.25C;
peak shape factor analysis and data export) and MATLAB 2021a
(high-resolution fitting following Corbin et al.47 and Sueper
et al.46). High-resolution fitting was performed for sea salt and
polystyrene ions. Sea salt ions analyzed included 35Cl, H36Cl,
37Cl, H37Cl, and Na35Cl (following, e.g., Ovadnevaite et al.18)
and polystyrene ions analyzed included m/z 104 (corresponding
to the radical cation C8H8

�+),48 103, and 78.49,50 The m/z
values obtained by high-resolution ToF fitting are tabulated
in Section S3, Tables S5 and S6 (ESI†).

The particle time-of-flight (PToF) measurement of the AMS
was used to calculate the vacuum aerodynamic diameter (Dva).
The airbeam-subtracted unit-mass data were used. The PToF
particle velocity was converted to Dva via eqn (S6) in Section S3
(ESI†). The Jayne shape factor, S, was calculated via

S = Dva/Dmob � r0/rm (8)

where Dmob = 150 nm is the mobility diameter selected by
the DMA, r0 is unit density, and rm is the bulk material
density (using 2.16 and 1.054 g cm�3 for sea salt and PSL,
respectively).51,52

Understanding of the ionization efficiency of the nanoplas-
tics is important because the AMS is often used in the field
to detect and characterize unknown aerosols without the aid of
an upstream HTDMA for mass concentration verification.
In the future we hope to distinguish between different types
of plastics. Further, it is important to know the ionization
efficiency of sea salt for comparison with a limited number of
other studies quantifying NaCl using electron ionization.

Ionization efficiency (IE) and relative ionization efficiency
(RIE) were calculated for chloride and polystyrene by compar-
ing the HTDMA mass measurement to the AMS mass spectra.
Collection efficiency was set to 0.25 for both the salt and the
salt-coated PSL, following the recommendation of Ovadnevaite
et al.18 for dry salts. Details are given in Section S4 (ESI†).

3 Results and discussion
3.1 Separation of sea salt and plastic particles

Fig. 3 shows the separation of 147 nm nanoplastics from sea
salt particles of the same dry size for samples generated using
an atomizer. Dry size selection was performed at 150 nm. Panel
A shows the nanoplastic in the absence of salt, and panels B–F
illustrate the effect of adding synthetic sea salt to the solution
prior to atomization. Growth factors are tabulated in Table S10
(ESI†).

The PSL peak remained distinct from the sea salt, disap-
pearing at a salinity of between 1 and 6 g kg�1 (Fig. 3, panels E
and F). Even with 6.21 g kg�1 of sea salt, a distortion in the
humidified size distribution near 150 nm can be attributed to
PSL, despite the 350-fold increase in salt mass relative to the
18 mg kg�1 of PSL in panel F. The PSL and sea salt peaks are
of similar magnitude in Fig. 3, panels B and C, where the sea
salt concentration is 1.2� and 7.8� larger than that of PSL,
respectively.

Fig. 4 shows the separation of nanoplastics and sea salt for
samples generated using the ÆGOR sea spray tank. Though
fewer particles were generated by the tank method, the separa-
tion of salt from plastic is still evident. The growth factor of sea
salt was GFs = 1.74. The growth factor of the PSL particles was

Fig. 3 Size distributions of humidified 147 nm particles at 75% RH.
Atomized stock solutions contained 0.18 mg kg�1 of 147 nm polystyrene
latex spheres and varying sea salt concentration. Sea salt concentrations
are printed in g salt per kg water. Note that the size distributions are not
inverted and have units of particles per cm3. (Experiments: (A) 1, 2, 19; (B) 9,
27; (C) 11, 30; (D) 44, 58; (E) 14, 31; (F) 15, 34; found in Table S1, ESI†).
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near 1 but increased as particles became coated with salt as
salinity was raised. Only after humidified separation by the
HTDMA instrument is the plastic peak apparent. Growth fac-
tors are tabulated in Table S10 (ESI†). Note that the nano-
plastics used in this study are assumed to be spherical before
acquiring a coating of dried salt. Microplastics have been
observed to be highly irregular in shape, though the shape of
nanoplastics may be more spherical due to different formation
mechanisms.53 Irregularly shaped particles have different aero-
dynamic drag, and can be perceived differently in both the
HTDMA and AMS instruments due to their larger mobility
diameter and due to beam broadening in the AMS. This must
be addressed in future studies of irregularly shaped nano- and
microplastics.

Our experiments explore a reasonable range of salinities
representative of a range of conditions from freshwater to
concentrated ocean water, with similar plastic concentrations
in each experiment. The salinity of the global oceans is gene-
rally near 35 g kg�1 but varies with the input of rivers; in the
Aarhus Bay, for example, it is about 19 g kg�1.54 Because runoff
is a source of plastic pollution,53 we can expect that sometimes
an enhanced concentration of nanoplastic particles will coin-
cide with lower salinity. Van Sebille et al.55 provide an estimate
of microplastic mass in the global oceans; extending their
surface density of microplastics (diameter o 5 mm) to a depth
of 1 m, we estimate a maximum concentration of microplastics
of 0.1 mg kg�1 of ocean water. The concentration of nanoplas-
tics at the ocean surface is not well known, but microplastics

have been detected in the marine boundary layer mixed with
sea spray13,14 and spectroscopically matched with the plastics
found in the waves below.14 The concentration of nanoplastics
added to our solutions (0.15–0.18 mg kg�1; Table 1) is close to
the upper estimate for microplastics provided by van Sebille.54

Note that particle concentration in Fig. 3 and 4 is not
inverted, meaning that only the charged particles that passed
all the way through the HTDMA are reported (Fig. 1, route A, B,
C, D-1). Raw counts per bin are converted to units of particles
per cm3 (dN/dD, rather than dN/d log10 D; N is the number of
particles). The count on the y-axis can therefore be compared
directly to the downstream AMS signal without dividing by
log10(DD).

Fig. S4 in the ESI,† overlays the upstream polydisperse
aerosol and the separated salt and plastic downstream using
the HTDMA. These data correspond to the atomizer experiments
shown in Fig. 3. As salinity increases, the PSL peak disappears from
the dry size distribution measured prior to the HTDMA. A similar
trend was observed as salinity was increased in the ÆGOR experi-
ments performed by Kjærgaard et al.,15 which were run in parallel
to the experiments shown in Fig. 4.

3.2 Sea salt growth factor and hygroscopicity

The physical/chemical characterization of nanoplastic-containing
sea salt aerosol is strongly influenced by the presence and water
uptake of the salts. Fig. 5 shows the hygroscopic water uptake
(panel A) and corresponding growth factor derived k values
(panel B) for sea salt aerosols in the context of other measure-
ments and models.43,56–59 Data are plotted as a function of aw to
remove the diameter dependence of RH (i.e., the Kelvin term);
here, RH B aw � 100%. The atomizer-generated sea salt aerosol
of Zieger et al.56 was more hygroscopic than that of this work.
Zieger et al.56 include a comparison of atomizer-generated sea salt
to atomizer-generated NaCl, showing NaCl to be slightly more
hygroscopic than sea salt. The results of Rosati et al.44 (not shown)
also suggest NaCl is more hygroscopic than sea salt, and the
Aerosol Inorganics Model (AIM)57,60 is in agreement (the solid
green line is NaCl, the dotted line is sea salt; Br� is replaced in the
model by Cl�). The spread in atomizer-generated sea salt k in this
work is 1.4–1.8 at an aw of 0.75, slightly lower than the AIM model
for sea salt k.

Sea spray tank-generated aerosols had greater diversity
between studies. The tank-generated sea salt aerosol of
Wex et al.58 had k values as high as 1.85 at an aw of 0.75. These
measurements were very close to the prediction made by
AIM57,60 for NaCl, and were the highest of the measured k
values shown in Fig. 5. The ÆGOR tank-generated sea salt
aerosol (this work) was less hygroscopic, and the tank-gene-
rated sea salt aerosol of Zieger et al.56 was the least hygroscopic
measurement in this comparison, with a k of 1.32 at an aw of
0.75. The mechanism of aerosolization can be an important
control of the resulting aerosol physicochemical properties.

Fig. 5 also compares the aerosols generated by atomization
to those generated by a sea spray tank. The range of hygro-
scopicity observed for atomizer-generated overlaps with the
range observed for tank-generated sea salt aerosols. Growth factor

Fig. 4 Size distributions of humidified 147 nm particles at 75% RH.
Particles were generated using the ÆGOR sea spray tank. (Experiments:
(A) 69, 71; (B) 74, 76; (C) 80; (D) 83, 84: (E) 86; (F) 91, 92; (G) 95, 96, 98;
(H) 99, 101, 103; found in Table S1, ESI†). Note that the size distributions are
not inverted and have units of particles per cm3.
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differences could be more conclusively attributed to differences in
spray generation methods if an intercomparison were performed
using the same synthetic sea salt solution.

The growth factor of NaCl aerosol recommended by Petters
and Kreidenweis43 (PK07) is shown as grey shading. This range
is based on observations and is converted to a growth factor for
this work (panel A) using the published range in recommended
k values (panel B). The growth factor of pure NaCl predicted by
AIM57 is a little higher than the PK07 model, especially for
lower water activities. The hygroscopic growth measurements
(panel A) and k values (panel B) of sea salt aerosols fall between
these predictions for NaCl, likely due to the high fraction of
NaCl within the sea salt mixture.

Hydrated forms of MgCl2 and CaCl2 may be present after
complete drying the sea salt particles, retaining 5 to 14%
greater volume as bound water than their anhydrous forms.59

The bound water can be removed upon heating of the aerosol.33

Measurement artifacts may also arise in other cases where the
mobility-equivalent diameter selected by the first DMA is not
equivalent to the mass-equivalent diameter, such as when the
particles are non-spherical or porous.61,62 Rosati et al.59 recom-
mend a hygroscopic growth factor and hygroscopicity for fully
hydrated and fully anhydrous sea salt (plotted in Fig. 5, red
triangles). The recommended range encompasses the range
observed by several sources including this work.

Sea salt begins taking up trace amounts of water below its
deliquescence point at an RH of 74%,63 and the deliquescence
point of the sea salt is evident in Fig. 5 (panel A) just above an
aw of 0.7. The dry salt measurement greatly reduces the
apparent k value plotted in panel B at aw o 0.66. Above an aw

of 0.66, the k values sharply rise in response to pre-deliquescent
water uptake. Water uptake prior to deliquescence occurs due
to hydration of the MgCl2 and CaCl2 salts63 and can begin as
surface accommodation of water on NaCl.64 The measurements
by Wex et al.58 for sea salt aerosol generated by a sea spray tank
are higher when measured by an HTDMA, and lower when

measured by the Leipzig Aerosol Cloud Interaction Simulator
(LACIS).65 Interestingly, the LACIS-derived k value of sea salt is
lower compared to values derived by other techniques, perhaps
due to the optical detection method for the particles.65

3.3 Coating thickness of nanoplastic aerosols

Fig. 6, panel A shows the hygroscopic growth factor of salt
coated PSL as a function of exponentially increasing salinity.
The blue and grey shadings indicate the measurements per-
formed without any salt in the bulk solution, showing growth
factors very close to 1 below which coating cannot be detected.
A measurable increase in water uptake by the nanoplastics is
observed above a salinity of about 0.1 g kg�1.

Note that the growth factor is measured for the wet particle,
which ranges in size from 150 to 260 nm, and is fitted to a
precision of �1 nm (increments of 0.01 in GF). This corre-
sponds to a Dt ranging from �0.07 nm (at GF = 1.01) to
�0.15 nm (at GF = 1.80). The width of the DMA transfer
function is much larger, ranging from �15 nm at 150 nm to
�25 nm at 260 nm (corresponding to Dt range of �0.9 to
�3.7 nm). The uncertainty of the coating thickness is likely
between these extremes.

Fig. 6, panel B shows the coating thickness (in nm) and mass
(in femtograms) of sea salt on PSL as a function of increasing
salinity between 10�3 and 1 g kg�1, as calculated for the
inverted size distributions following eqn (1)–(5). The ÆGOR
sea spray tank appears to produce thinner salt coating on the
PSL particles than the atomizer. Future investigation of this
trend could shed light on the differences between these two
aerosol generation methods. Coating thickness increases with
increasing salinity following a power law described by log10t =
0.29 log10 s + 0.43, where t is expressed in nm and s in g kg�1.

Fig. 6, panel C shows the size of droplets containing the
nanoplastics, as calculated following eqn (7). The droplet size
decreased with increasing salinity, following a power law
described by log10 Ddrop = �0.23 log10 s � 0.031, where Ddrop is

Fig. 5 (A) Sea salt growth factor as a function of water activity compared to other studies. W10 is Wex et al., 2010. Z17 is Zieger et al., 2017. R20 is Rosati
et al., 2020. PK07 is Petters and Kreidenweis, 2007. AIM is the Aerosol Inorganics Model (https://www.aim.env.uea.ac.uk/aim/aim.php).57,60 The AIM
calculation for sea salt was initialized using the exact composition used in this work (with Br� replaced by Cl�). The NaCl measurement of Zieger et al. is
from atomization. (B) Growth factor derived hygroscopicity. The dry NaCl (Z17 in panel A at aw o 0.75) was below the kappa range and is not shown.
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the droplet diameter expressed in mm and s is expressed in g kg�1.
Droplets were generally at least a factor of 1000 times larger in
diameter than the dried aerosols. The increasing droplet size
with lower salinity is a result of the constant size selection at
150 nm in DMA 1. The plotted droplets therefore reflect the size
of a liquid droplet collapsing with evaporation to a 150 nm dry
diameter.

Fig. 6 also shows the comparison of the atomizer and ÆGOR
sea spray tank aerosols. Although the Collison atomizer has
often been used to generate sea salt aerosol,62,66–70 in the
marine boundary layer sea spray aerosol is generated by bubble
bursting, which is more accurately simulated using a sea spray
tank.31,71–73 For the same water salinity, the PSL-containing
particles from the ÆGOR tank were slightly smaller than those

generated by the atomizer, and thus the expectation is that
these dried particles will have smaller coatings.

The PToF measurement (eqn (8)) enabled measurement of
the Jayne shape factor, which was found here to be between 1
and 1.04 for the PSL peak, and between 0.99 and 1.16 for the
sea salt peak. Water is not retained after passage through two
dryers and the aerodynamic lens, and both salt and plastic
peaks were detected at their dried-down diameters close to the
sphere-equivalent 150 nm. The shape factors were found close
to the expected values of between 1.08 and 1.12 for pure
NaCl51,52,62,74 and 1 for pure PSL. The PToF measurement
performs best with larger particles than the 150 nm particles
used in this study; because of this and the very reasonable
shape factor estimate, we do not explore the shape factor
further.

3.4 HTDMA-AMS spectra

Fig. 7 shows the overlay of the AMS-derived ion count as a
function of humidified diameter and the HTDMA-derived
particle and mass counts. Panel C shows the clear separation
of small and large particles at 75% RH, similar to Fig. 2 and 3
and with similar resolution. These data were obtained in
HTDMA mode prior to instrument switching into HTDMA-
AMS mode.

Fig. 7, panel B shows the conversion of these particle number
concentrations to particulate mass concentration (assuming a

Fig. 6 (A) Polystyrene latex spheres’ growth factors as a function of
increasing salinity. Shadings indicate the level of water uptake in experi-
ments without salt. (B) Coating thickness of dry sea salt on 147 nm
polystyrene latex nanospheres as a function of bulk water salinity. Shading
indicates the background level of coating. (C) Droplet size prior to
evaporation. PSL content is 0.18 mg kg�1 (circles) and 0.15 mg kg�1

(diamonds). Note the log scale of the y-axis. Size selection was performed
at 150 nm. Data are tabulated in Table S10 (ESI†). The black lines in panels B
and C are fit to the data and the dotted lines are the 68% (1s) and 95% (2s)
confidence intervals of the fit.

Fig. 7 Overlay of two repeated HTDMA-AMS scans aligned to the HTDMA
diameter axis give scan times and rates. (A) AMS signal in units of ions
per second for the polystyrene (PS) family of ions (m/z 104, 103, and 78;
turquoise) and for the chloride (Cl) family of ions (dark blue). Experiments
are included in Table S1 (ESI†) (#53 and 54). (B) Particulate mass as
reported by the HTDMA. (C) Particle count reported by the HTDMA.
(Experiment #51). Note that the size distribution is not inverted and has
units of particles per cm3.
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density of NaCl throughout, r = 2.16 g cm�3. Assuming a density
of 1.05 g cm�3 for PSL reduces the height of the PSL peak to
0.011 mg m�3). As could be expected, the smaller peak containing
150 nm particles is significantly more difficult to detect using the
mass-based measurement. The peaks in mass concentration do
not shift relative to the peaks in number concentration.

Fig. 7, panel A shows the extracted ion chromatograms of
the high-resolution AMS signal after alignment to the HTDMA
diameter axis. The peak in the styrene signal identifies the
smaller particles as nanoplastics and the peak in sea salt ions
identifies the larger peak as sea salt. These data were obtained
in HTDMA-AMS mode with scan durations of up to two hours. The
increase in scan time affords a higher signal-to-noise ratio, which
was observed to be more important for the HTDMA-AMS measure-
ments than for the HTDMA alone. These data are displayed as a
timeseries in Fig. S2 (polystyrene) and S3 (sea salt chloride) in
the ESI,† and the signal-to-noise ratios of these peaks to the
background AMS signal are tabulated in Tables S5 and S6 (ESI†).

Fig. 7 shows that the separation of the particles upstream of the
AMS by their differential hygroscopicity can aid in the identifi-
cation of plastics or other nanoparticles in the sea salt mixture.
TDMA techniques are versatile and have been used to probe
hygroscopicity44,45,75–77 and volatility distributions75,78,79 and mea-
sure viscosity.80,81 Coupled with the AMS, the HTDMA technique
has been used to characterize the hygroscopicity-resolved composi-
tion of the components of biomass burning smoke.77 Upstream
separation of particles by TDMA prior to the AMS also opens the
possibility for volatility- or viscosity-resolved measurements that
would aid in the interpretation of the AMS spectra.

3.5 Ionization efficiency

Table 2 shows the ionization efficiencies for sea salt chloride
and for polystyrene, which are described further in the ESI†
(Section S4). The RIE of sea salt chloride was 0.358, somewhat
lower than that reported for chloride in the AMS charac-
terization.82 This is likely due to the refractory nature of
NaCl,83 and occurs despite raising the vaporizer temperature
to 800 1C. Likewise, the RIE of polystyrene, quantified relative
to the monomer, was 0.190, lower than the recommended RIE
of 1.4 for organics,82 also due to the refractory nature of the
polymer. An elevated background signal associated with the
slow desorption of NaCl complicates the analysis of sea salt by
electron impact ionization techniques.

4 Conclusions

In this work, sea salt coating on polystyrene nanoplastics is
observed and probed as a function of aerosol generation

methods including a Collison atomizer and the ÆGOR sea
spray generation tank at Aarhus University in Denmark. Growth
factor inversion was performed to calculate salt coating thick-
nesses between 0.5 and 5 nm for salinities ranging from 3 �
10�3 to 1 g kg�1. Coating on 150 nm polystyrene latex spheres
increased with increasing salinity following a power law, and
the atomizer was observed to produce thicker salt coatings than
the sea spray tank. A hygroscopicity TDMA (HTDMA) instrument
was used at 75% RH for online separation of nanoplastic aerosol
from the sea spray aerosol. Clear separation of the airborne sea
salt particles from the nanoplastics was achieved for salinities up
to 6 g kg�1. Hygroscopic growth factors for polystyrene latex were
approximately 1, but increased with increasing salinity. The sea
salt growth factor was 1.74 and its hygroscopicity parameter (k)
was 1.41, in agreement with previous studies of sea salt and very
close to the range established for pure NaCl. HTDMA-separated
aerosol was routed to an HR-ToF-AMS to obtain hygroscopicity-
resolved mass spectra, using an elevated vaporizer temperature to
evaporate the (semi-)refractory NaCl and polystyrene particles.
After applying a collection efficiency of 0.25 (based on the salt
or salt-coated surfaces), the relative ionization efficiencies at
800 1C of sea salt chloride and salt-coated polystyrene latex were
found to be 0.36 and 0.19, respectively.

It seems clear that atmospheric nanoplastic aerosols from
sea spray generation will be accompanied by sea salt.1,9 Our
results demonstrate the power-law dependence of nanoplastic
salt coating thickness on bulk salinity for bubble-bursting
aerosol and pneumatically atomized aerosols using online
separation of airborne nanoplastics from sea salt particles
coupled to detailed characterization by aerosol mass spectro-
metry. Sea salt coatings found on nanoplastic particles
increased in thickness exponentially with increasing bulk water
salinity. The mechanism of bubble bursting and aerosol release
is shown to be influenced by the bulk solution salinity.

Surface coatings on particles impact their optical properties
because the thin layer of salt encourages water uptake; this
impacts global climate, and visibility in the boundary layer. Salt
coating also dilutes other coatings that may be present, shifting
the equilibrium composition and activity of solution. Solution
activity is a controlling factor in heterogenous reaction rates of
atmospheric aerosols. Further investigation of nanoplastic sur-
faces will be necessary to understand the impact of environmental
conditions on aerosolized nanoplastic water uptake, surface
chemistry, and size distribution dynamics in the atmosphere.
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Table 2 Ionization efficiencies of major ions in our experiments, flow rate to AMS 0.0980838 L min�1. Collection efficiency is assumed to be 0.25 for
salt-coated PSL and for chloride

Species Ions, m/z Mw (g mol�1) IE RIE

Polystyrene C8H8
+ 104, 103, 78 1.2417 � 10�8 a 0.19

Chloride 35Cl+, H35Cl+, 37Cl+, H37Cl+, Na35Cl+ 35, 36, 37, 38, 58 7.8896 � 10�9 0.36

a Per monomer of m/z 104.0649.
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