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ABSTRACT: Single particle analysis of individual sea
spray aerosol particles shows that cations (Na+, K+, Mg2+,
and Ca2+) within individual particles undergo a spatial
redistribution after heterogeneous reaction with nitric acid,
along with the development of a more concentrated layer
of organic matter at the surface of the particle. These data
suggest that specific ion and aerosol pH effects play an
important role in aerosol particle structure in ways that
have not been previously recognized.

The heterogeneous chemistry of sea spray particles with
nitrogen oxides has been studied in both the laboratory and

field.1−3 The growth of particulate nitrate concomitant with the
loss of chloride, along with the formation of important chlorine-
containing gas-phase molecules, following heterogeneous
reaction of nitrogen oxides with sea spray aerosol (SSA) is
well-known.2,4,5 The displacement of chloride by nitrate in the
heterogeneous reaction of nitric acid with sodium chloride,
Reaction 1, in sea spray aerosol (SSA) particles is important in
atmospheric chemistry due to the loss of nitrogen oxides from
the gas phase into the aerosol phase, and subsequent changes to
SSA properties.2,5

+ → +HNO NaCl NaNO HCl3(g) (aq) 3(aq) (g,aq) (1)

However, as discussed here, little is known about how this
anion displacement reaction affects the distribution of cations
and other chemical constituents within a phase state of individual
SSA particles. Using single particle analysis of unreacted and
nitric acid reacted SSA particles, it is shown here for the first time
that there is a large change in the internal structure and
redistribution of cations in individual SSA particles as they
undergo reaction, an unexpected and surprising result. Addi-
tionally, particles no longer undergo dehydration and crystal-
lization processes (efflorescence) following heterogeneous
reaction, as suggested by the spherical, not cubic, morphology
seen in TEM (vide infra).6,7

Since most laboratory studies of Reaction 1 and other
heterogeneous reactions are done on simple models for SSA
particles, typically consisting of pure sodium chloride or sodium
chloride mixed with sodium dodecyl sulfate, a surfactant
molecule,1,8,9 little is known about the reactivity of more realistic

SSA particles. However, SSA particles are more complex
mixtures containing other species that include additional
inorganic cations (Mg2+, Ca2+, and K+) and anions (SO4

2‑), as
well as multicomponent organic species which are transferred to
the SSA from the sea surface microlayer.10−12 Furthermore, most
laboratory studies are often done using bulk, multiparticle
methods of analysis. Therefore, there is a disconnect between
transferring the knowledge gained from fundamental laboratory
studies using simple model systems and bulk analysis to study
these reactions to atmospheric aerosols measured in field studies
using single particle methods.2,10

To bridge this gap, SSA particles generated under real-world
conditions using natural seawater and a unique ocean-
atmosphere facility equipped with actual breaking waves or a
marine aerosol reference tank (MART) that replicates those
conditions were exposed to nitric acid in situ in a flow tube.10,13

Details of this ocean-in-a-lab approach have been previously
described in Prather et al.10 Important aspects related to the
current heterogeneous reaction study are given in the Supporting
Information (SI). Several different particle types were identified,
with the majority of particles studied herein existing as mixtures
of inorganic ions (Na+, Mg2+, K+, Ca2+, Cl−, and SO4

2−) and
organic material.10,14 This type of particle is referred to as sea salt
mixed with organic carbon (SS-OC) and represents >50% of
particles in the size range critical to heterogeneous reactions in
the marine atmosphere (particle diameters between 0.3 to 2.0
μm) under a range of seawater conditions.10,15 Particles analyzed
in this study were 0.3−2.0 μm for both reacted and unreacted
particles. Particles generated using the ocean-atmosphere facility
were reacted in situ for 2−8 min at concentrations of HNO3
higher than the atmosphere (71−127 ppbv), to simulate long-
term atmospheric processing, and then analyzed by microscopy.
Those using the MART tank were reacted for 2 min at 57 ppbv
HNO3(g) before ATOFMS analysis. Particles were collected for
off-line analysis at 60% RH and sampled by the ATOFMS at 90−
100% RH.
Individual SS-OC particles with and without reaction can then

be analyzed both in real-time by aerosol time-of-flight mass
spectrometry (ATOFMS) and after impaction on transmission
electron microscopy (TEM) grids for high angle annular dark
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field scanning transmission electron microscopy analysis coupled
with energy dispersive X-ray (EDX) analysis and electron energy
loss spectroscopy (EELS).10,14 These individual particle methods
can be used to gain additional insights into these reactions.
ATOFMS can use total spectrum ion intensities as a proxy for the
power of the desorption/ionization laser, and the ratio of surface
to bulk ions generated can be probed (diagram in Figure 1).16

Subtraction of these mass spectra shows the segregation of
specific ions between the particle core and surface change upon
reaction. For example, Figure 1a shows that chloride and nitrate
are not evenly distributed throughout the particle following
reaction with nitric acid. Instead, nitrate is enhanced in the
interfacial region away from the particle core as a result of
heterogeneous chemistry,17,18 with chloride present within the
core. Additionally, the predominant cations in seawater are either
enhanced at the surface (Ca2+, Mg2+, and K+) or depleted (Na+),
as shown for unreacted particles in Figure 1b.19 What is most
unexpected is the fact that there is a redistribution of the cations
between the core and surface after heterogeneous reaction with
nitric acid (Figure 1c). In particular, before reaction, Ca2+, Mg2+,
and K+ are enhanced at the surface, while Na+ is mostly present in
the core.20Whereas after reaction, Na+ and sodium clusters along
with nitrate are enhanced at the surface and Mg2+, K+, and Ca2+

are present mainly within the core. The redistribution of cations
was further probed by elemental mapping using TEM-EDX
analysis, as shown in Figure 2. Ion redistribution within
individual particles is easily seen when comparing unreacted
(Figure 2a) to reacted particles (Figure 2b). Unreacted particles
have crystallized and undergone dehydration in the vacuum
environment of the TEM. There is a NaCl core andMg, K, Ca, S,
at the surface following crystallization.14,21 Organic matter is also
enhanced at the surface of the particles, as shown previously.22

However, the reacted particles clearly show a very different
behavior in that Ca, Mg, K, Cl, and S, in the form of sulfate as
determined by EDX,14 are depleted at the surface of the
particle,17,23 while Na is enhanced at the surface of the still
spherical particle. Additional evidence is seen in XPS analysis of
substrate deposited particles (Figure S1 in SI). Taken together,
these data (TEM-EDX and XPS) provide confirmation that the
heterogeneous reaction with nitric acid leads to ion redistribution
and change in internal structure.
It is difficult to obtain clear images of elemental C with EDX

with the carbon-containing TEM grid. Thus, TEM-EELS images
were obtained for both reacted and unreacted particles focusing
on three elements: C, O, and Cl (Figure 3). For the unreacted
particles (Figure 3a), Cl is again seen within the core with a
diffuse layer of C and O (organic carbon) indicative of a
dehydrated particle. The reacted particle however shows a very
different internal orientation with a much narrower, less diffuse
organic (C and O) ring ca. 50−100 nm thick on the edge of the
particle (Figure 3b). Based on scanning transmission X-ray
microscopy with near edge X-ray absorption fine structure
spectroscopy, carboxylate (COO−) groups are one of the major
functional groups present in the organic matter.10,14 It should be
noted that the reacted particle is very sensitive to beam damage
because the particle has not crystallized and can be volatilized by
the electron beam. (Details of beam damage to particles are
included in the SI.) Based on the ATOFMS spectra, TEM-EDX,
and TEM-EELS data, the chloride ion is still present within the

Figure 1. (a) Ratio of 35Cl− to 62NO3
− in reacted particles for different

laser intensities and schematic showing degree of particle desorption/
ionization as a function of laser intensity. Subtraction spectra showing
surface versus core enhanced ions for (b) unreacted and (c) reacted
particles.

Figure 2. High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images and energy dispersive X-ray (EDX)
elemental maps of Na, K, Mg, Ca, Cl, S, and O for (a) an unreacted sea spray aerosol containing sea salts and organic species (denoted as an SS-OC type
particle) and (b) a reacted SS-OC particle.

Figure 3. Energy Filtered (EF) TEM images of (a) an unreacted sea salt
particle (secondary electron, C, andO) and (b) a reacted sea salt particle
after vaporization (secondary electron, C, and O).
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core of the particle despite the ion rearrangement and formation
of a well-defined enhanced organic carbon layer after reaction
with nitric acid.
To verify that the relative distribution of inorganic cations,

Na+, Mg2+, K+, and Ca2+ is not a function of the offline analysis
leading to artifacts after collection and dehydration, comparisons
of ion ratios were made at different laser intensities using the
ATOFMS in Figure 4 (using the same method as that described
for Figure 1a). Since these online results are not subject to the
potential challenges of offline storage and analysis, though some
water loss can occur in the aerodynamic lens inlet,24 their use in
confirming what is observed with microscopy techniques is
essential. As shown here, the ratio of other cations to 23Na+ is
shown for 24 Mg+ (Figure 4a), 39K+ (Figure 4b), and 40Ca+

(Figure 4c). For all of the unreacted particles, the lowest ratios
(i.e., highest relative amount of Na) were observed in the core of
the particle and the relative amount of each cation increased
approaching the surface, indicating that Mg2+, K+, and Ca2+ were
enhanced at the surface of the particles. For the reacted particles
(Figure 4d−f) the opposite trend is observed and the highest
ratios (i.e., least Na+) were observed at the particle cores. The
shift in ratio is greatest for Ca2+ (suggesting it is spatially located
within the core of the reacted particle), which suggests the
precipitation of CaSO4 in the core of the aqueous portion of the
reacted particle. Mg2+ and K+ have similar shifts to the core, but
not as much of a redistribution as Ca2+ because they do not
precipitate out and likely exist as aqueous, dissociated Mg2+ and
K+. Furthermore, the observed ion distributions are much
sharper for the reacted particles, which would be expected for a
more ordered, heterogeneous internal structure (versus broad
distributions for a homogeneous mixture within an aqueous
solution as seen in Figure 4a−c).
Two important questions need to be addressed regarding the

changes observed after reaction with nitric acid: First, why do
Ca2+ and Mg2+ relocate to the core of the particle? Second, why
does the compact organic ring form? Regarding the organic ring
forming a more dense surface layer, after reaction of SSA in the
atmosphere with acids, the pH in SSA particles drops
dramatically from ca. 8 (matching the slight alkalinity of
seawater) to ca. 3 (highly acidic).25 Likewise the acidification
of the nascent SSA particles in the flow tube likely causes the pH
to drop below the isoelectric point of the organic material leading
to isoelectric precipitation and the formation of a new phase.

Further discussion of the pH and a comparison to atmospheric
conditions are included in the SI. Interestingly, it has been
recently observed that the nitrate ion can bind to carboxylic acid
groups and become enhanced in an organic phase.26 This was
shown previously during a liquid−liquid separation through a
series of studies using mixtures of NaNO3, water, and glycerol,

26

but this has not been shown for relevant and more complex SSA
particles. Additionally, similar studies with NaCl/water/glycerol
mixtures showed no phase separation or chloride enhancement
near the surface.27 The transition to a pH below the pKa of the
carboxylate group leads to two important changes. First, the
divalent cations, Mg2+ and Ca2+, are more likely to be solvated in
the aqueous phase, as they no longer can chelate to the
carboxylate anion. The greater enthalpies of hydration for Mg2+

and Ca2+ versus Na+ explain why they may be relatively enhanced
in the aqueous core.28,29 Na+ may also bind preferentially with
the phase separated organic species at the surface. Second, the
nitrate anion can now hydrogen bond with the carboxylic acid
groups leading to some enrichment in the organic phase.
Hydrogen bonding with nitrate should be stronger than chloride
due to the higher charge density of the oxygen atoms in the
nitrate anion. Prior to reaction Ca2+ and SO4

2− are both in
solution, in part due to the fact that MgCl2 enhances the
solvation of CaSO4 in NaCl solutions at seawater molality.30

After reaction and loss of Cl−, this effect is no longer operable
leading to precipitation of CaSO4(s). The remaining Cl

−, Mg2+,
and K+ are enhanced in the interior of the particle. Phase
separated systems have also shown increased formation of ion
pairs between Na+ and NO3

− in the organic phase.26

Therefore, the current results of particles collected or sampled
at ambient RH and concentrations similar to exposure of hours
over the SSA particle atmospheric lifetime of days are the first
direct observations of SSA particles undergoing such a cation
rearrangement and phase separation. This provides direct
evidence to support predictions that liquid−liquid phase
separations occur under atmospheric conditions.31,32

Figure 5 shows a schematic cartoon of the distribution of
cations, anions, and organic matter within an SSA particle before
and after reaction with nitric acid. The observations of ion
redistribution in, and organic concentration at the surface of, SSA
particles after reaction with nitric acid have important
implications for atmospheric chemistry. The ordering of organic
coatings can impact trace gas uptake, and subsequently impact
trace gas budgets of O3 and NOx.

33 Even the climate models with
the most detailed representations of aerosol chemical
composition often treat ambient SSA particles as a simple
aqueous NaCl solution;34 these results demonstrate that this
simplification may introduce error regarding how the particles

Figure 4. Ratios of peak areas for different cations to 23Na+ as a function
of laser intensity for unreacted particles (a) 24 Mg+, (b) 39K+, (c) 40Ca+

and reacted particles (d) 24 Mg+, (e) 39K+, (f) 40Ca+.

Figure 5. Schematic showing ion distributions of SSA particles before
and after reaction with nitric acid.
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undergo reactions and take up water. Just as in biological systems,
complexity matters. These measurements make clear the need to
apply fundamental chemical understanding to the complexity of
the ambient atmosphere and atmospheric aerosols. Furthermore,
specific ion effects are well-known in biology and have been
shown for simple aqueous salt solutions.17,23 These studies of
simple systems can be enormously important in providing
fundamental information on atmospheric systems,28,35−37 but
questions remain about how well they can reproduce the
complexity of SSA particles. There is little understanding of these
effects in more complex realistic atmospheric aerosols. Addi-
tional insights into these effects will provide important and much
needed information on atmospheric aerosols and their impact on
the environment and climate.
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