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tion of size-selected sea salt
particles under the influence of organic acids
studied in situ using synchrotron radiation X-ray
photoelectron spectroscopy†
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Sea spray aerosols play a key role in the climate system by scattering solar radiation and by serving as cloud

condensation nuclei. Despite their importance, the impact of sea spray aerosols on global climate remains

highly uncertain. One of the key knowledge gaps in our understanding of sea spray aerosol is the chemical

composition of the particle surface, important for various atmospheric chemical processes, as a function of

size and bulk composition. Here, we have applied X-ray photoelectron spectroscopy (XPS) to determine the

surface composition of both pure inorganic sea salt aerosols and sea salt aerosols spiked with an amino acid

(phenylalanine) and a straight chain fatty acid (octanoic acid). Importantly, the use of a differential mobility

analyser allowed size-selection of 150, 250 and 350 nm monodisperse aerosol particles for comparison to

polydisperse aerosol particles. We observed enrichment of magnesium at the particle surfaces relative to

chloride in all aerosols tested, across all particle sizes. Interestingly, the magnitude of this enrichment

was dependent on the type of organic present in the solution as well as the particle size. Our results

suggest that the observed enrichment in magnesium is an inorganic effect which can be either

enhanced or diminished by the addition of organic substances.
Environmental signicance

Sea spray aerosol is a complex mixture of organic matter and inorganic salts, and is one of the most numerous natural aerosols in the atmosphere. Sea spray
aerosol particles are involved in various atmospheric chemical processes. They play an important role in the Earth's radiation budget, especially due their
hygroscopicity and thus capacity to serve as cloud condensation nuclei. Many aerosol particle characterisation techniques probe integrated particle properties
such as size and total elemental content. In contrast, the interaction of aerosol particles with their environment is oen determined by their surface chemical
composition. Through the use of high brilliance synchrotron radiation, we have carried out surface characterisation of size-resolved laboratory generated free
ying sea spray aerosol particles.
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1 Introduction

Bubble bursting processes at the ocean surface eject sea spray
aerosol particles to the atmosphere, where they are involved in
a multitude of physical and chemical processes.1,2 Bubble
bursting produces mainly two types of droplets, lm and jet
droplets, which have their own typical size distributions and
compositions.3–6 Film droplets are formed when the bubble cap
bursts, and they contain typically more organics and are smaller
than the jet droplets produced when the bubble cavity
collapses.4,7 Thus, sea spray aerosols are a complex mixture of
organic matter and inorganic salts and their representation in
atmospheric models is challenging.8,9 Several studies have re-
ported that certain ions or compounds are enriched in sea spray
aerosol particles compared to bulk seawater.10,11 Further, this
© 2022 The Author(s). Published by the Royal Society of Chemistry
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enrichment has been shown to depend on particle size11 which
also affects key properties such as particle hygroscopicity.12

Considering that interactions with gas phase species like
water pickup or heterogeneous chemical reactions depend on
the composition of the particle surface adds another layer of
difficulty.13,14 However, it also highlights that obtaining a better
understanding about the factors shaping the surface of sea spray
aerosol is imperative in order to further our understanding of
atmospherical processes. We opted to use X-ray photoelectron
spectroscopy (XPS) in the present study due to its high chemical
and surface sensitivity. We studied in situ generated aerosol
particles as a free-ying stream in order to avoid any X-ray
induced charging and damage, or substrate and deposition
effects. This also implies that the particle density in the inter-
action region was very small (order of 106 particles per cm3)
compared to studies where particles have been deposited on
substrates. Thus, these types of experiments benet from high
brilliance light sources, like synchrotron radiation facilities and
free-electron lasers (FELs), which have revolutionised studies of
dilute matter. The experimental techniques available at these
facilities have a great potential to provide highly accurate data on
atmospheric aerosols and can shed light on fundamental particle
formation processes, particle composition and morphology. For
example, today it is possible to carry out high resolution experi-
ments in the gas phase on atmospheric precursor molecules and
clusters15,16 and size-selected cluster ions,17 follow reactant
formation isomers selectively,18 and image single aerosol parti-
cles.19 Synchrotron radiation XPS studies of atmospheric aerosols
span the range from organic droplets20 to soot particles21 and
inorganic salt systems.22–25 Recently, we reported an XPS study on
free-ying nanoparticles generated with an atomiser from
a model sea salt aqueous solution.26 The results indicated that
dried particles had a core–shell structure, which can be modied
through the addition of an organic acid.

Here, we have carried out the rst size-selected core-level XPS
measurements of atomiser-generated sea salt nanoparticles and
studied the effect of two organic compounds, octanoic acid and
phenylalanine, on them. The aimwas to determine whether there
was a size-dependence in the surface chemical composition of
pure inorganic sea salt particles, and whether the surface
propensity of inorganic ions could be inuenced by these organic
substances11,27 in a similar way to that observed on liquid
surfaces.28 We have concentrated on size-selected particles with
dry diameters in the 150–350 nm range. Based on the studied
0.6 M sea water salt concentration, we estimate these particles to
originate from droplets with their wet diameters in the 1–2 mm
range. This is an interesting size range for SSA where both sea salt
and organic content are important.10 Smaller SSA droplets typi-
cally contain a higher fraction of organics.10,29 However, in our
experiments theaerodynamic lens setup used limited the parti-
cles we could study to those with dry diameters larger than 100.

2 Materials and methods
2.1 Aerosol generation

We have atomised three aqueous solutions using an aerosol
generator (model 3076, TSI Inc., USA) operated with nitrogen
© 2022 The Author(s). Published by the Royal Society of Chemistry
gas at 2.8 bar (Air Liquide, purity$ 99.999%). The rst solution
was pure Sigma sea salt aqueous solution made by dissolving
17.5 g of sea salt (ACS reagent grade, Sigma-Aldrich, S9883) in
500 ml of MilliQ water (specic resistance of 18.2 MU cm). In
the second experiment, we mixed Sigma sea salt with 0.05 M
phenylalanine (Phe) (2.06 g Phe and 8.75 g sea salt in 250 ml
MilliQ), which led to a solution with a pH of 7.8. In the third
experiment, we added �0.003 M octanoic acid (Oct) to the
aqueous sea salt solution (0.205 g octanoic acid + 17.5 g Sigma
sea salt in 500 ml MilliQ water). The pH of this solution was 5.9.

2.2 Measurement of monodisperse aerosols using
a differential mobility analyser

Fig. 1 shows the setup of the monodisperse aerosol experi-
ments. Atomiser generated aerosol was dried using two silica
diffusion driers aer which the particle stream entered
a differential mobility analyser (DMA, TSI Inc., USA, type
3008003 equipped with a long column 3081 and a so X-ray
neutralizer source 3088) via an impactor with a cutoff of
approximately 1 mm. The DMA was operated with a sheath to
sample ow ratio of approximately 4 : 1 (sheath ow: 2 l min�1,
sample ow 0.58 l min�1). With the internal soware, quasi-
monodisperse particles with aerodynamic diameters of
150 nm, 250 nm and 350 nm were selected by varying the
voltage applied to the DMA. The size-selected aerosol was
directed from the outlet of the DMA into the ow limiting orice
(270 mm in diameter) of the aerodynamic lens. To inititally
determine the particle number size distribution a condensation
particle counter (CPC, model 3786, TSI Inc., USA) was connected
aer the DMA.

2.3 Measurement of polydisperse aerosols

For pure inorganic sea salt aerosol, three different schemes to
measure polydisperse particles were tested. First, the particles
were directed to the aerodynamic lens directly aer the drying
stage. Second, an impactor with a cutoff of about 1 mm (aero-
dynamic diameter) was placed before a ow limiting orice of
the aerodynamic lens. Third, in addition to the impactor, the
particle stream also ew through a so X-ray neutraliser. As
discussed below, these three schemes resulted in closely similar
enrichment values, and the results obtained with the so X-ray
neutralised and the impactor are shown in the elemental ratio
and enrichment graphs. Polydisperse aerosol particles gener-
ated from a solution with phenylalanine were measured directly
aer they pass through the diffusion driers. Both the X-ray
neutraliser and the impactor were used in the polydisperse
measurements of inorganic sea salt and octanoic acid. The
polydisperse size distributions were processed and corrected for
multiple-charge effects using the manufacturer's soware (AIM
Ver. 9, TSI Inc., USA).

2.4 Measurements of the photoelectron spectra

The experiments were carried out at the French national
synchrotron radiation laboratory SOLEIL (Saint-Aubin, France)
at the so X-ray beamline PLEIADES.30 An Apple II-type
permanent magnet HU80 (80 mm period) undulator produced
Environ. Sci.: Atmos., 2022, 2, 1032–1040 | 1033
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Fig. 1 Schematic of the experimental set-up used to probe polydisperse and monodisperse particles at 350 nm, 250 nm and 150 nm using
a differential mobility analyzer (DMA). For the polydisperse measurements, the DMA was bypassed.

Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 1

40
1.

 D
ow

nl
oa

de
d 

on
 2

5/
11

/1
40

4 
06

:1
2:

41
 ..

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
linearly polarised light with a 55� angle between the polar-
isation vector and detection axis of the VG-Scienta R4000
hemispherical electron energy analyser. This conguration
ensured that the recorded partial photoionisation cross-
sections are independent of the photoionisation asymmetry
parameter b.

The spectrometer's contribution to instrumental broadening
was always 400 meV during the experiments, which was deter-
mined by a pass energy of 200 eV and 0.8 mm curved entrance
slits of the electron analyser. These settings offered a reasonable
compromise between the resolution and the transmission. The
exit slit of the monochromator was kept constant at 600 mm,
and resulted in a broadening of 400–1000 meV depending on
the photon energies. For each core level XPS measurement, the
photon energy was set approximately 70 eV above the ionisation
threshold of that level to ensure that the electron escape depth
remained similar to all experiments. This means that for Mg 2p,
Cl 2p, and C 1s experiments, photon energies of 135 eV, 273 eV,
and 360 eV were used. The inelastic mean free path is approx-
imately 0.9 nm at 70 eV in NaCl.31

A collimated beam of isolated, dry sea salt nanoparticles was
focused to the interaction volume with the synchrotron light
using an aerodynamic lens installed on the so-called multi
purpose source chamber (MPSC).32 A low limiting orice of 270
mm was used, and the aerosol ow was approximately 0.6
l min�1 before the orice. A 2 mm skimmer between the MPSC
and the experimental chamber housing the spectrometer was
used to skim away most of the N2 carrier gas. The pressure in
the experimental chamber was around 2.5 � 10�6 mbar during
the experiments.

The photoelectron spectra were recorded in short sequences
(2–12 sweeps per level in one sequence) so that possible uc-
tuations in the intensity of the nanoparticle beam would not
affect the nal intensity ratios between the levels. The nano-
particle beam intensity was monitored using a Faraday cup
installed on the axis to the beam. The spectra were normalised
with respect to the number of sweeps and photon uxmeasured
using an AXUV 100 photodiode (IRD Inc., USA).
1034 | Environ. Sci.: Atmos., 2022, 2, 1032–1040
2.5 Calculation of the surface enrichment

In order to present the composition of the particle surface in
a simple numerical form, we have dened two parameters from
the experimental spectroscopic data: ratio R and enrichment
ER. Ratio R is dened as

R ¼ Ai

siIi

�
Aref

srefIref

��1
(1)

where A is the peak area (obtained from a t of the photoelec-
tron spectrum with lineshapes modelled by a convolution of
Lorentzian and Gaussian proles), I is the photon ux and s is
the ionization cross section of a given level (Mg 2p/Cl 2p/C 1s).
The enrichment ER of a given atomic species (i ¼ Mg or C)
relative to a reference species (ref ¼ Cl or Mg) follows the de-
nition by Duce et al.,33 except that, due to practical reasons, we
cannot use the Na+ ion as a reference species since its spectral
signature is too small. This is likely due to the bulk preference
of Na+ in sea salt aerosols.26 ER thus uses the ratio derived above
from the spectroscopic data and compares it to molarities M in
the bulk solution:

ER ¼ R

�
Mi

Mref

��1
(2)

Mref is the molarity of Cl in bulk solution (0.544 M) andMi refers
to the molarity of given atomic species in bulk solution,
meaning that for example in the case of a 0.003 M solution of
octanoic acid, theMC is 0.021 M. This is because the tted peak
area of C 1s XPS represents a signal from 7 C atoms of the
carbon chain of the octanoic acid molecule. The 8th carbon
atom (carboxylic carbon) is chemically shied from the
aliphatic carbons (with the shi being approximately 3.5–4.5 eV
depending on whether the acid is in a carboxylate or acid
form34) and this is not taken into account in the spectral area
estimation. In the case of phenylalanine, the tted peak taken
into consideration in the ratio and enrichment estimation also
represents 7 carbon atoms in total (6 carbons in the phenyl ring
and the b carbon).
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00035k


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 1

40
1.

 D
ow

nl
oa

de
d 

on
 2

5/
11

/1
40

4 
06

:1
2:

41
 ..

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Error bars represent the estimated statistical error of the XPS
measurement. It is assumed that the measurement follows
Poisson statistics and that the error in the area A of the given
photoelectron peak can be taken as the square root of the
normalised peak area (total number of counts divided by the
number of acquisitions). Generally, the error bars are about�6–
11% in the case of monodisperse aerosol experiments. As the
count rate was much higher during experiments using poly-
disperse aerosol particles, the statistical errors are smaller, 1–
2%. It should be noted that these error bars present only the
uncertainty in the spectral acquisition. In general, the atomiser
provided a stable ow of particles. The effect of possible uc-
tuations in particle density in the interaction region was further
minimised by taking short acquisitions of Mg 2p, Cl 2p, and C
1s XPS in a repetitive manner. Thus, slow variations in particle
density affected recording of all levels in the same way.
Fig. 2 Surface size distribution vs. electrical mobility diameter
measurement using a scanning mobility particle sizer (SMPS) for sea
spray particles generated using a TSI 3076 aerosol generator. Single
lognormal fits to these data are also presented (fit coefficients: total
particle surface S ¼ 2.2 � 1011 nm2 cm�3, 4.2 � 1011 nm2 cm�3, 3.1 �
1011 nm2 cm�3, mode diameterDmode¼ 205 nm, 282 nm, and 262 nm;
geometric standard deviation s¼ 1.8, 1.8, and 1.9 for inorganic sea salt,
inorganic sea salt + phenylalanine and inorganic sea salt + octanoic
acid, respectively).

Fig. 3 Elemental ratios at the particle surface as defined by eqn (1) for
magnesium.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3 Results
3.1 Aerosol size distribution measurements

Fig. 2 presents the surface size distributions of the three sea salt
solutions used during the experiments along with single
lognormal ts to these data. The corresponding number size
distributions are presented in the ESI.† We observed an inter-
esting increase in the mean of the mode (Dmode) between
particles generated from pure sea salt solution and the two
solutions with added organics. This effect has been observed
previously by McNeill et al.35 An explanation for this observation
may be that long-chain acids inhibit the evaporation of the
particle's water lm causing generally larger particles that may
still contain water. Corresponding to the increase in Dmode, the
increase in the particle volume is so large (160% and 110% for
phenylalanine and octanoic acid solutions, respectively), that
the additional organic layer with the used concentrations is
unlikely to be the only contributing factor to the increased
particle size. The relative humidity of the particle stream was
not measured during this experiment, but in a previous exper-
iment with the same drying setup it remained constant at 3%,
measured before the ow limiting orice of the aerodynamic
lens.26
3.2 Relative abundance of elements on the particle surface

Fig. 3 presents the cross-section and photon ux normalised
Mg-to-Cl and C-to-Cl spectral intensity ratios from eqn (1) in the
studied mixtures obtained from the XPS measurements. The
photoelectron spectra and examples of peak ts used to esti-
mate the peak areas can be found in the ESI.† The C-to-Cl and C-
to-Mg spectral intensity ratios are not shown for the pure
inorganic sea salt due to the very low carbon signal.

Fig. 4 presents enrichment factors calculated using Eq. 2. It
is evident that Mg is highly enriched on the nanoaerosol surface
at each selected size as well as in polydisperse particles. This
observation is in accordance with the literature.36 However, in
the case of pure inorganic sea salt and pure inorganic sea salt +
octanoic acid, the polydisperse particles show the smallest
enrichment. This is also true for pure inorganic sea salt +
phenylalanine, but in this case the ER values of monodisperse
250 and 350 nm particles are also very close to those of
(a) magnesium to chloride, (b) carbon to chloride, and (c) carbon to

Environ. Sci.: Atmos., 2022, 2, 1032–1040 | 1035
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Fig. 4 (a) Magnesium and (b) carbon enrichment factors for three probed chemical compositions and different particle sizes and polydisperse
particles.
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polydisperse particles. The three different polydisperse
measurements performed for pure inorganic particles gave
slightly different enrichment factors depending on the setup
used. When the aerosol was measured without the impactor
and neutraliser in the path of the particle stream, an Mg-to-Cl
enrichment of about 7.8 � 0.1 was obtained. The measure-
ment using an X-ray neutraliser resulted in an ER of 8.7 � 0.1
and when both the impactor and neutraliser were used, the ER
was 9.2 � 0.2. All of these ER values are clearly smaller than the
values obtained for size-selected particles. While the error bars
for size-selected measurements are large, the observed trend
indicates that the surface enrichment decreases towards larger
particles, since the polydisperse particle stream contains
a signicant amount of surface area from micron-size particles.
The used aerodynamic lens follows the design by Zhang et al.,37

and simulations predict an inlet transmission efficiency of
100% for spherical particles with diameters 80–600 nm,32

dropping gradually37 until the used impactor cuts off super-
micron particles.

Given the photon energies used, this XPS measurement is
especially sensitive to the surface composition of the particles.
The addition of organic compounds to the inorganic sea salt
water solutionmodied theMg-to-Cl ratio and consequently the
Mg enrichment observed in the aerosol particles. Compared to
pure sea salt particles, the addition of octanoic acid increased
the Mg enrichment while the addition of phenylalanine
decreased it. This effect can be achieved in two ways: in the case
of octanoic acid, Mg is enriched and/or Cl depleted from the
particle surface, and in the case of phenylalanine, either Mg was
depleted or Cl enriched. Interestingly, the C-to-Cl ratios (Fig. 3b)
for both phenylalanine and octanoic acid enriched inorganic
sea salt aerosols were very close to each other, while for the
polydisperse measurements the C-to-Cl ratio was lower for
aerosol containing octanoic acid. As the amount of octanoic
acid added was much lower than that of phenylalanine (0.003 M
vs. 0.05 M), the C enrichment was respectively much higher for
particles containing octanoic acid (Fig. 4b). While particles
formed from phenylalanine spiked solutions did not show any
size-dependence, the polydisperse particles generated from
octanoic acid spiked solutions clearly exhibited a smaller
enrichment than corresponding size-selected particles.
1036 | Environ. Sci.: Atmos., 2022, 2, 1032–1040
Concerning the particles formed upon addition of acids, we
can use binding energy differences between the aliphatic or
phenyl carbons and carboxyl carbons to deduce whether they
were in acid or acetate form in the aerosol particles. In poly-
disperse sea salt particles with phenylalanine, we found that the
a and carboxyl carbons were shied 1.3 eV and 3.9 eV towards
higher binding energies compared to phenyl carbons. These
binding energy shis are smaller than those observed for gas
phase phenylalanine (1.6 and 4.55 eV (ref. 38)) and closer to the
measured values of solid state zwitterionic form (approximately
1.2 and 3.4 eV (ref. 39)). Similarly, the binding energy difference
between aliphatic and carboxyl carbons in sea salt particles with
octanoic acid was about 3.8 eV, which is lower than expected for
acid indicating a carboxylate form.34 Thus, we have an indication
that it was mostly COO� groups that were present on the particle
surface. However, it has to be noted that the signal of the carboxyl
carbon is very small, and the integrated intensity of the tted
peak is only about 4% from the aromatic carbon signal, whereas
17% would be expected based on purely stoichiometric argu-
ments. Thus, it is possible that the carboxyl peak is very broad
since the group can have many different chemical environments
and our ts do not reect this variety of carbon species to the
fullest extent. On the other hand, variation from the stoichiom-
etry has been observed before in different systems40–44 and can be
explained by various factors, e.g. a preferred orientation of
molecules combined with scattering effects. Radiation damage
which can similarly alter the stoichiometry39 can be ruled out in
our study due to a continuously renewing beam of particles which
spend less than 1 ms in the photon beam (approximately 4 � 107

photons per s per mm2)45 so that the probability for multiple
ionization of the same molecule is very low.

4 Discussion
4.1 Inorganic particles

The pure inorganic sea salt solution was prepared with
a concentration of 35 g l�1, and according to the specication
sheet provided by the supplier, the concentration of Mg was
approximately 1.2 g l�1, i.e. 0.05 M. However, the photon ux
and cross-section corrected Mg XPS signal was either compa-
rable to or up to twice the signal of Cl, even though the Cl
© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentration in the sea salt solution was about ten times
higher (0.5 M). This is interpreted as a 10–20-fold surface
enrichment of Mg, since at these photoelectron kinetic energies
XPS gives information only from the depth of rst 1–2 nm from
the particle surface. In a similar experiment by Pelimanni et al.
on particles produced via atomisation of aqueous binary salt
mixtures of MgBr2 and NaBr, Mg was observed to be highly
enriched over Na.25 When they atomised an aqueous solution of
MgCl2 and CaCl2, the particles produced did not show any
surface enrichment, but the Mg-to-Ca corresponded well to the
bulk ratio at all relative concentrations of MgCl2 and CaCl2 salts
studied. This behaviour showed a better correlation with
differences in efflorescence dynamics than solubilities of these
salts, which has also been discussed to be one factor driving the
surface segregation. The efflorescence and deliquescence RHs
for MgCl2 and CaCl2 are very similar, but differ for MgBr2 and
NaBr. The sea salt studied here is a complex mixture of ions.
However, Mg and Na are the most abundant cations, and their
chloride salts are likely to be the most abundant species in the
dried sea salt particles. The solubilities of NaCl and MgCl2 are
very similar, being 6.1 and 5.8 mol kg�1, respectively.46 The
efflorescence relative humidity (ERH) of NaCl particles has been
reported to be in the range of 45–48%,47,48 whereas MgCl2
effloresces only below 2% RH48 (as a hydrate MgCl2$6H2O at 9–
11% RH49). Gupta et al.50 studied 1–10 mm deposited NaCl–
MgCl2 particles as a function of RH and mixing ratio. At the
seawater mixing ratio (XNa ¼ 0.9) they observed two efflores-
cence points, at 45.6% and 5.1%. Electron microscopy with X-
ray emission elemental analysis of effloresced particles
revealed a cubical Na-rich core with a Mg-rich layer on the top.
The surface layer also contained oxygen, and based on Raman
micro-spectrometry, it was concluded that the formed phase
was MgCl2$4H2O. Our observations of in-ight analysed parti-
cles are in line with Gupta et al. Furthermore, we observed
increased enrichment in size-selected particles compared to
polydisperse particles. As the aerodynamic lens used in our
study has better transmission for larger particles, the poly-
disperse particle experiment probed preferentially these larger
particles. Thus, there is an indication that the surface chemical
composition depends on the particle size. This is further sup-
ported by the trend observed in ER values of three different
measurements on inorganic polydisperse particles. The dried
aerosol measured directly aer the atomiser gave the smallest
ER, and the measurement carried out with both the neutraliser
and the impactor gave the largest ER. When the impactor was
not used, also the super-micron particles were probed. The
introduction of a neutraliser may have caused particle losses
especially on large particles. Thus these three experiments
probed on average slightly different size distributions, and the
trend in ER values is consistent with the result that larger
particles show lower Mg enrichment. The slightly reduced
enrichment of Mg in the polydisperse particles may be due to
island growth on the surface of large particles, whereas smaller
size-selected particles could be completely covered. This spec-
ulation needs verication by experiments using electron
microscopy or preferably in-ight single particle imaging
available at FELs. Furthermore, increasing the electron escape
© 2022 The Author(s). Published by the Royal Society of Chemistry
depth by using a substantially higher photon energy would be
benecial to clarify the composition of surface and bulk layers.
This requires a very high photon ux and high particle densities
to compensate the quickly decreasing photoionisation cross-
section as a function of photon energy. We look forward to
future development of high brilliance hard X-ray beamlines to
accommodate gas-phase nanoparticle sample environments
that would enable such depth-proling experiments.
4.2 Addition of organics

We have used octanoic acid as a proxy for the hydrophobic long-
carbon chain organic molecules present in seawater due to
decomposing marine organisms.51 Its addition to the sea salt
solution further enhanced the Mg-enrichment over Cl (Fig. 4a).
The acid itself was also highly enriched on the particle surfaces
(Fig. 4b). Cochran et al. observed that the addition of surface
active organics (including octanoic acid) to the aerosolised
solution leads to the enrichment of certain inorganic species
(especially Ca) and the depletion of chloride and sulfate in the
aerosol phase. They observed that this effect was especially
pronounced in smaller aerosol particles (diameter < 200 nm).10

They did not observe enrichment of Mg.
However, their method of aerosol generation differs from our

experiment, since they used a bubble-chamber which is likely to
preferentially produce lm drops, and thus they probedmore the
surface of the solution. Furthermore, their mass spectrometric
elemental analysis probes the composition of the aerosol particle
as a whole, while we have information only about the particle
surface. In our previous study,26 we observed that in the liquid
phase, Ca was present in excess on the surface of NaCl/CaCl2
solutions with and without acetic acid, but this surface enrich-
ment in the liquid phase was not reected in the surface chemical
composition of dried sea salt aerosol particles. In contrast, upon
addition of acetic acid, the Ca signal disappeared from the
particle surface. The reason for this behaviour is the efflorescence
points of the various salts contained in the aerosol particles.
Thus, one has to be careful when comparing enrichment between
liquid surfaces probed in liquid jet experiments, aerosol particles
extracted mostly from the liquid surface, and atomised dried
particles. First of all, our method for aerosol generation (atom-
iser) extracts the liquid from the bulk solution. If there is strong
surface–bulk partitioning in the solution, this may lead to
different compositions already in the initial droplets compared to
methods which extract preferentially droplets from the surface.
In addition, our XPS probe is extremely surface sensitive, and
thus a direct comparison with mass spectrometry experiments
which probe the total amount of species in the aerosol particles is
not straightforward, especially, when the dynamics upon particle
drying drive some species towards the surface and other species
to the bulk. In addition, our previous work suggested that drying
aerosol in free ight instead of drying them on a hydrophobic
substrate, as is oen done, might lead to a different morphology
of the dry aerosol.26

Aerosol particles with long-chain organic compounds have
been suggested to be “inverted micelles”, consisting of a highly
concentrated aqueous core surrounded by a layer of organics
Environ. Sci.: Atmos., 2022, 2, 1032–1040 | 1037
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with their hydrophobic tail pointing outwards from the particle
core.51 Such structures are expected here as well, and the octanoic
acid layer may prohibit complete drying of the core. This is
supported by the lower than expected signal intensity fromCOO�

compared to aliphatic carbons. However, it should be noted that
deduction of the orientation of the molecules using only XPS
intensities is not straightforward.44 Mg and Na can form (di)
octanoate salts with octanoic acid, which are sparingly soluble in
water (solubilities are 0.004 mmol l�1 and 4.7 mmol l�1 for Mg
dioctanoate and Na octanoate, respectively, as estimated using
ALOGPS 2.1 (ref. 52)). One possible reason for increased Mg-
enrichment upon addition of octanoic acid would be that Cl is
expelled from the surface due to salt formation between cations
and carboxylate. Cl can form HCl, which will leave the solution
owing to its volatile nature. Thus, our method, where we
compare the abundance of the ions to the Cl signal instead of the
more commonly used Na reference,10,11 is not ideal. However, Na
XPS signal is so small that taking it as a reference would intro-
duce large errors in the analysis. Also, addition of organic acid
was shown to change the relative cation ratio on the particle
surface,26 and thus, it is difficult to nd an absolute constant
reference for the ER.

Phenylalanine is a common amino acid present in seawater
and we have used it here as a model of surface active amino
acids.53 The effect of phenylalanine seems to be exactly opposite
to the effect of octanoic acid. Compared to pure inorganic
particles, Mg-enrichment decreases upon phenylalanine addi-
tion. Phenylalanine has both carboxylic acid and amine groups,
and thus it can be present in the aqueous environment in three
ionized forms: cation, zwitterion, and anion. In a recent liquid
microjet experiment, it was reported that under acidic condi-
tions, phenylalanine increases the surface propensity of Cl� in
aqueous KCl solution.28 Close to neutral pH, there was no
enrichment of either of the ions, K+ or Cl� compared to the
same solution without phenylalanine. However, Cl� exhibited
overall surface propensity in all these solutions. In our experi-
ment, the pH of the atomised solution was 7.8, in which the
zwitterionic form should be prevalent. It is therefore difficult to
explain the reduced Mg-enrichment by an increase in Cl surface
abundance. Again, the dried aerosol particles show different
behaviour from their aqueous solution, highlighting the
importance of studying aerosol particles under realistic condi-
tions. We would have liked to quantify the water content
remaining in the aerosol particles but this was not possible in
our experiment. The O 1s signal from organic acids would
overlap with the water signal,38,54 and very high statistics would
be needed for the quantication. In pure sea salt particles, the
intensity of the O 1s signal is very low in the polydisperse
particles (see ESI†), indicating a very small water content.

The ionic ratios in particles generated from phenylalanine
spiked solutions (Fig. 3) do not seem to be size-dependent, with
only the smallest size (d¼ 150 nm) exhibiting a higherMg surface
content than other sizes and polydisperse particles. This differs
from inorganic particles and particles with octanoic acid, which
both exhibited lower enrichment with polydisperse particles.
When the particle diameter gets larger, the surface-to-bulk ratio
decreases. Assuming that the very surface active octanoic acid
1038 | Environ. Sci.: Atmos., 2022, 2, 1032–1040
forms a monolayer on the particle surface, it can be expected that
in the experiment on polydisperse particles a larger proportion of
Cl is observed. As explained earlier, the polydisperse experiment
probes larger sizes, which have a smaller surface-to-bulk ratio
compared to smaller sizes. Thus, while Cl is more preferentially
in the bulk, the lower surface-to-bulk ratio reduces the C
enrichment in polydisperse particles. A similar effect is not
observed in phenylalanine spiked particles. This can be due to the
much higher solubility of phenylalanine than octanoic acid,
meaning that phenylalanine may not form a monolayer but is
highly present under the immediate particle surface. XPS analysis
carried out as a function of the concentration of the organic
compound would be benecial to shed light on the organisation
of the organics on the particle surface. This is le for further
study, in which also the photon polarization could be varied for
additional information on the surface layer orientation.

5 Conclusions

Here, we report the rst X-ray photoelectron study of laboratory
generated, size-selected sea salt aerosol particles. We observed
the enrichment of Mg in dry aerosol particles as a pure inorganic
effect, which can be amplied or suppressed depending on the
organic compound chosen. Addition of phenylalanine,
a common amino acid present in seawater, decreased the Mg-
enrichment. A very surface active organic acid, octanoic acid, in
contrast, caused an enhancement of the Mg enrichment. The
results are discussed in light of experiments carried out in
aqueous solutions using liquid jets as well as experiments
probing the total elemental content of particles.We conclude that
the enrichment behaviour observed on dried particle surfaces
cannot be satisfactorily explained based on previous studies of
innite surfaces or total elemental composition. Therefore, it is
important to carry out chemical analysis of actual aerosols rather
than aerosols sampled on lters or proxy liquid solutions. In our
experiment, we especially investigate about 2 nm of the particle
surface, which changes as a function of particle size and organic
content. Since the surface is relevant for the chemical processes
within the particle and its surrounding, it is not enough to probe
only bulk chemical processes. In future, it would be interesting to
collect the particles aer the XPS analysis of grids to obtain
complementary information on the total elemental composition
and morphology of the exactly same particles probed with XPS.
Brilliant light sources, especially FELs, also enable single particle
imaging experiments for studies of the particle morphology,
which can be combined with mass spectroscopic analysis of
particle fragments. These experiments would give further
complementary information about particle shape and total
chemical composition. Furthermore, the recent development of
ambient pressure XPS systems will provide opportunities to study
free-ying particles under controlled relative humidity condi-
tions, which are more realistic for atmospheric applications.
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42 J. Söderström, N. Mårtensson, O. Travnikova, M. Patanen,
C. Miron, L. J. Sæthre, K. J. Børve, J. J. Rehr, J. J. Kas,
F. D. Vila, T. D. Thomas and S. Svensson, Phys. Rev. Lett.,
2012, 108, 193005.

43 O. Björneholm, J. Werner, N. Ottosson, G. Öhrwall,
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