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[1] Chemical imaging analysis of internally mixed sea salt/organic particles collected
onboard the Department of Energy (DOE) G-1 aircraft during the 2010 Carbonaceous
Aerosols and Radiative Effects Study (CARES) was performed using electron microscopy
and X-ray spectro-microscopy. Substantial chloride depletion in aged sea salt particles
was observed, which could not be explained by the known atmospheric reactivity of sea
salt with inorganic nitric and sulfuric acids. We present field evidence that chloride
components in sea salt particles may effectively react with organic acids releasing HCl gas
to the atmosphere, leaving behind particles depleted in chloride and enriched in the
corresponding organic salts. While formation of the organic salts products is not
thermodynamically favored for bulk aqueous chemistry, these reactions in aerosol are
driven by high volatility and evaporation of the HCl product from drying particles.
These field observations were corroborated in a set of laboratory experiments where
NaCl particles mixed with organic acids were found to be depleted in chloride.
Combined together, the results indicate substantial chemical reactivity of sea salt particles
with secondary organics that has been largely overlooked in the atmospheric aerosol
chemistry. Atmospheric aging, and in particular hydration-dehydration cycles of mixed sea
salt/organic particles, may result in formation of organic salts that will modify the acidity,
hygroscopic, and optical properties of aged particles.
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1. Introduction

[2] Sea salt aerosol, generated by wave action of seawater, is
one of the major sources of naturally produced airborne parti-
cles that play an important role in tropospheric chemistry and
atmospheric environment [Keene et al., 1998; Lewis and
Schwartz, 2004]. Atmospheric sea salt particles undergo com-
plex multiphase reactions [Finlayson-Pitts, 2003; Finlayson-
Pitts and Hemminger, 2000; Rossi, 2003] that have profound
consequences on their evolving physicochemical properties,
especially in the areas influenced by anthropogenic emissions.
A noticeable depletion of chloride in sea salt particles was

reported in a number of field studies conducted in both polluted
and pristine marine environments [De Bock et al., 1994, 2000;
Ebert et al., 2000; Hopkins et al., 2008; Keene, 1995; Keene
et al., 1990; Kerminen et al., 1997, 1998; Laskin et al., 2002,
2005;Martens et al., 1973;Maskey et al., 2011;McInnes et al.,
1994;Mouri and Okada, 1993;Mouri et al., 1996; Newberg et
al., 2005; Pakkanen, 1996; Pio et al., 1996; Pósfai et al., 1995,
1994; Raemdonck et al., 1986; Ro et al., 2001; Sarin et al.,
2010; Shaw, 1991; Yao and Zhang, 2012; Zhao and Gao,
2008; Zhuang et al., 1999]. The acid displacement reactions
of sea salt chlorides with inorganic acids present in the atmo-
sphere are attributed to the chloride depletion that can be
expressed in a generalized form:

†NaCl aqð Þ þ HA aq; gð Þ↔ †NaA aqð Þ þ HCl aq; gð ÞðR1Þ

where †NaCl denotes chloride salts of seawater, and HA are
atmospheric acids such as HNO3 (nitric acid), H2SO4 (sulfuric
acid), and CH3SO3H (methanesulfonic acid, MSA). These
reactions release volatile HCl(g) to the atmosphere, leaving
particles enriched in corresponding salts and depleted in chlo-
ride. The majority of field studies report quantitative agreement
between depleted chlorine and the combined nitrates, non sea-
salt sulfates, and methanesulfonate formed in the particles.
However, there are reports that at some geographic locations
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the chloride deficit in sea salt particles cannot be fully com-
pensated for by the formation of inorganic salts [Keene et al.,
1990; Kerminen et al., 1998; Maskey et al., 2011; Yao and
Zhang, 2012; Zhao and Gao, 2008], and additional atmo-
spheric chemistry processes contribute to the chloride deple-
tion. The additional chloride lost can be partially attributed to
heterogeneous and interface chemistry with a variety of atmo-
spheric trace species, including OH, HO2, O3, NO2, N2O5, and
ClONO2 [Finlayson-Pitts, 2003] (and references therein). The
potential depletion of chloride by reaction with organic acids of
anthropogenic origin and corresponding formation of oxalate,
malonate, and succinate salts in sea salt particles has been
suggested by Kerminen et al. [1998]. Potential mechanisms
involving HCl(g) displacement by fulvic acids have been pro-
posed and discussed in the literature [Chameides and Stelson,
1992, 1993; Keene et al., 1993]. However, the overall role of
the organic acids in the chloride depletion remains uncertain
and more field and laboratory studies are needed to address this
issue.
[3] This work presents results from spectro-microscopy

studies that provide quantitative information on the level of
chloride depletion in field collected sea salt particles that are
internally mixed with anthropogenic organics containing
carboxylic acids. Samples were collected during the Carbo-
naceous Aerosols and Radiative Effects Study (CARES)
carried out in June 2010 in Central Valley, California
[Zaveri et al., 2012]. The study provided an excellent
opportunity to probe atmospherically aged sea salt particles.
These particles showed chloride depletion that we attribute
to the reactivity of chloride salts with organic acids. Results

from laboratory studies where chloride depletion was
detected in artificially prepared mixed NaCl/organic acid
particles confirm the possibility of these reactions. The
laboratory and field data sets are consistent with one
another and indicate a viable pathway for chemical aging
and atmospheric processing of sea salt particles that may
take place in many geographic areas where marine aerosol
interacts with anthropogenic pollutants. The mixing of sea
salt particles with anthropogenic secondary organic aerosol
(SOA) may facilitate acid displacement reactions that lib-
erate HCl(g) and impact the chemical composition, hygro-
scopic, and optical properties of particles in ways that were
not previously recognized.

2. Experimental Section

2.1. Field-Collected Samples

[4] Particle samples were collected onboard the DOE G-1
aircraft during the research flights conducted at the 2010
CARES study [Zaveri et al., 2012]. Dry airborne particles
were deposited on microscopy substrates by a compact time
resolved aerosol collector (TRAC) [Laskin et al., 2003, 2006]
attached to a common sampling line shared with other
instruments. The TRAC is a single stage impactor that
deposits particles on a rotating impaction plate containing
prearranged substrates. During sample collection, each sub-
strate was exposed for 3 min. The aerodynamic cutoff size
(D50) for the TRAC is 0.36 mm. Copper 400 mesh TEM grids
coated with Carbon Type-B films (Ted Pella, Inc.) were used
for sample collection and analysis. After collection, the
samples were sealed and stored pending analysis. In this
manuscript, we present data from one flight of the CARES
experiment - specifically, the morning flight of June 15th,
when sea salt particles contributed to 40–60% of the particle
mode in the size range of 0.4–2.5 mm.
[5] Figure 1 shows the G-1 flight path and forward trajec-

tories that are based on mean wind fields and turbulent vertical
mixing as simulated by the Weather Research and Forecasting
(WRF) model used operationally during CARES [Fast et al.,
2011] coupled with a Lagrangian particle dispersion model
[Doran et al., 2008]. Fast et al. [2011] also presented an
evaluation of the WRF simulations and found that simulated
wind fields and boundary layer depth were similar to CARES
measurements during much of the campaign. In the Lagrang-
ian particle dispersion model, thousands of particles were
released over the ocean within a few hundred kilometers of
San Francisco and then tracked for the three days prior to June
15th. Particle trajectories shown in Figure 1 are those that
intersected the G-1 flight path at the times and locations
corresponding to the four sampling episodes selected for
detailed particle analyses conveyed in this manuscript. The
trajectories indicate that during the time preceding collection,
the sampled air mass originated over open areas of the ocean
and then passed the San Francisco Bay area prior to arriving to
the sampling locations. Based on the meteorological data
presented in Figure 1, sea salt particles mixed with anthropo-
genic pollutants relevant to industrial emissions in the Bay
area were expected. The chloride depletion would then be
determined by the time that particles had spent in the polluted
plume (reaction time). For two sampling episodes, air trajec-
tories indicate a transport time between the Bay area and
the sampling location of 8 h. Air trajectories ending at two

Figure 1. G-1 flight path (yellow line) on June 15th during
the CARES 2010 study. Colored circles on the flight track
correspond to the collection locations of 4 particle samples
selected for the microscopy analysis. Corresponding blue,
green, beige, and red lines indicate the forward trajectories
of particles released at the ocean surface, based on a coupled
mesoscale and Lagrangian particle dispersion modeling sys-
tem, that correspond to the time and space location of the
collection aboard the G1.
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additional episodes indicate looping over the San Joaquin
Valley and subsequently yielded a longer transport time of
14–25 h. The observed air plume patterns were expected in the
area of the study based on meteorological measurements and
modeling forecasts [Fast et al., 2011] that were used to design
the CARES observation strategy with the scope of examining
effects and interactions between biogenic and anthropogenic
emissions [Zaveri et al., 2012].

2.2. Laboratory-Generated Samples

[6] Additional CCSEM/EDX particle analysis experiments
were preformed on dry particles generated from aqueous
solutions of mixed NaCl and organic acids at 1/1 molar ratio
and total concentration of 0.5 M. NaCl (99.99% pure), acetic
acid (99.7% pure), DL-malic acid (99% pure), malonic acid
(99% pure), DL-tartaric acid (99.5% pure), and citric acid
(99.5% pure) were obtained from Sigma-Aldrich Co. LLC
and used without further purification. Particle samples were
prepared in the same manner for all tested mixtures. Liquid
particles were nebulized from solutions, and then after being
dried in a diffusion dryer, the particles were deposited onto
TEM grids placed on the 7th stage (cut-off size,D50 = 0.32 mm)
of the Multi Orifice Uniform Deposition Impactor (MOUDI),
model 110-R (MSP, Inc).

2.3. Methods of Particle Analysis

[7] Two complementary analytical techniques were
used for particle analysis: computer controlled scanning
electron microscopy with energy dispersed analysis of
X-rays (CCSEM/EDX), and scanning transmission X-ray

Figure 2. SEM images of representative particles detected at 4 aircraft sampling locations. Blue arrows
indicate sea salt particles - irregularly shaped, larger than a micron with NaCl cubic cores and halos of
organic material. Magenta arrows indicate sulfate particles with minor contributions of sea salt, and orange
arrows indicate ammonium bisulfate/sulfate particles.

Figure 3. (a) Classification scheme applied to particles
from field samples. (b) Stacked column chart diagram of
particle classes identified by CCSEM/EDX analysis: “Sea-
Salt” – blue, mixed “SeaSalt/Sulfate” – magenta, “Sulfates”
– orange, “Carbonaceous” – black, “other” – gray.
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microscopy with near edge X-ray absorption fine structure
spectroscopy (STXM/NEXAFS). CCSEM/EDX analysis
provides microscopy imaging and quantitative data on ele-
mental composition of individual particles [Laskin, 2011;
Laskin et al., 2006], while STXM/NEXAFS analysis offers
chemical bonding speciation of carbon constituents and
an assessment of internal organic/inorganic heterogeneity
(mixing state) within individual particles [Moffet et al.,
2010a, 2010b].
[8] A FEI Quanta digital field emission gun environmental

scanning electron microscope was used in this work. The
microscope is equipped with an EDAX X-ray spectrometer
with a Si(Li) detector with an active area of 10 mm2 and an
ATW2 window. During CCSEM/EDX operation mode,
selected sample areas are inspected and particles are recog-
nized. Then, X-ray spectra are acquired for all detected
particles. In this work, particles with an equivalent circle
diameter larger than 0.1 mm were measured. The X-ray
spectra were acquired for 10 s, at a beam current of 500 pA
and an accelerating voltage of 20 kV. Additional details of

the CCSEM/EDX analysis of particles deposited onto car-
bon coated TEM grids can be found elsewhere [Laskin et al.,
2006, and references therein].
[9] STXM/NEXAFS measurements were performed at the

carbon K-absorption edge (280–320 eV). STXM instruments
at beamlines 5.3.2 and 11.0.2 of the Advanced Light Source
at Lawrence Berkeley National Laboratory were used. The
intensity of X-rays transmitted through the sample at a fixed
energy is measured as the sample is raster scanned to record
an image. Sequences of images are acquired at closely spaced
energies to record a “stack” of images. NEXAFS spectra
from individual pixels or particular regions of interest on the
sample image can be extracted from the stack. The absorption
through the sample is obtained by converting the signal using
the Beer-Lambert law and referencing to the flux measured
through a region of substrate free of the sample. The mapping
of chemical bonding information in individual particles
allows an assessment of particle internal heterogeneity and
apportionment of carbon bonding within individual particles
[Moffet et al., 2010a].

3. Results and Discussion

[10] Four samples along the flight path of G-1 were
selected for particle analysis based on meteorology and basic
pollutant measurements obtained from the real-time instru-
mentation deployed onboard the research aircraft [Zaveri
et al., 2012]. Figure 2 shows typical SEM images of char-
acteristic particles commonly present in all four samples. The
particles were mostly aged sea salt, sulfur-rich (sulfates),
mixed sea salt/sulfates, and carbonaceous particles. Similar
to previous studies [Hoffman et al., 2004; Hopkins et al.,
2008; Laskin et al., 2002], aged sea salt particles are recog-
nized by their cubic-shaped NaCl cores surrounded by a halo
of other components. Ammonium bisulfate/sulfate particles
are submicron in size and have a roundish morphology.
Sulfate particles internally mixed with sea salts are also
mostly submicron in size and have characteristic elongated
crystals of sodium sulfate [Buseck and Pósfai, 1999].
[11] Figure 3a illustrates the rule-based particle classifica-

tion scheme that was applied to separate analyzed particles
into five major classes. First, all particles containing sodium
above the threshold level of 0.5 atomic percent ([Na] > 0) are
separated from those without sodium ([Na] = 0). Out of the
sodium containing particles, those containing more sodium
than any other detected metal are subdivided into two classes:
“SeaSalt” - if [Na] > [S], and mixed “SeaSalt/Sulfate” – if
[Na] < [S]. The sodium-free particles are subdivided into two
additional classes: “carbonaceous” - if quantitative analysis
of their X-ray spectra shows the presence of only C, N, and O
elements, and “sulfates” – if sulfur is the only other detect-
able element in addition to C, N, and O. All remaining par-
ticles are assigned to a single, nonspecific class of “other”
particles. Figure 3b shows the results of this classification for
particles detected in the four samples. In each sample, 1000–
1500 particles were analyzed and classified. Consistent with
the meteorology data predictions, significant populations of
sea salt particles were observed in all four samples and
comprised up to 40–50% of the total particles by number.
Fractions of “sulfates” and mixed “sea salt/sulfate” particles
ranged from 10 to 30% between the samples. The fraction of
“carbonaceous” particles was less than 15% in all samples.

Figure 4. (top) SEM image and EDX elemental maps indi-
cating characteristic internal heterogeneity of aged sea-salt
particles from the CARES field study. (bottom) The
corresponding EDX spectrum of the particle. Low intensity
Cl signals indicate remarkable chloride depletion, and low
intensities of N and S suggest only modest formation of
nitrates and sulfates. The presence of C, Mg, and Na in the
halo area is likely due to formation of organic salts (see text
for additional details). Cu in the EDX spectrum is a back-
ground peak originating from the substrate.
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Fractions of “other” particles were only 5%. Particle-type
contributions remain consistent in all four samples, and, no
trends with shorter (8 h) or longer (14–25 h) transport times
(indicated in Figure 1) were observed.
[12] The typical chemical composition of dry aged sea salt

particles obtained by SEM/EDX elemental maps for a single
representative particle is shown in Figure 4. The observed
spatial variations in Na, Mg, Ca, Cl, S, C, N, and O signals
indicate formation of different salts outside of the remaining
NaCl core, and the substantial enrichment of C-containing
constituents in the outer layer (halo area) of the dry particle.
The appearance of Mg in the outer layer is consistent with
previous studies showing multilayered structures of sea salt
particles with highly soluble Mg-containing salts concen-
trated in the outer layer [Laskin, 2011; Liu et al., 2008].
However, in contrast to our previous observations, the Mg
map is not well correlated with the corresponding maps of Cl,
S, or N that would indicate magnesium chloride, sulfate and
nitrate, respectively. On the other hand, the contours and
intensity of the Mg map have notable similarities with the
C map. The carbon map shows substantial carbonaceous
content of the outer layer, which we attribute to the anthro-
pogenic secondary organics that either condensed directly
onto the airborne particles from the gas-phase or were formed
through the aqueous chemistry of organic precursors during
transport to the inland area where the field samples of parti-
cles were collected. Figure 4 (bottom) shows an EDX spec-
trum of the mapped particle. The spectrum shows a
significant deficit of Cl, but does not indicate substantial
enrichment in S and N that would be associated with poten-
tial formation of sulfates and/or nitrates.
[13] STXM/NEXAFS analysis provides specific informa-

tion on the carbon bonding of the organic material and its
internal heterogeneity within individual particles. Figure 5
shows maps of carboxylic acids (green) and inorganic
material (blue). This mapping method identifies carboxylic

acids based on the intensity of a peak at 288.5 eV,
corresponding to C 1s → p*COOH transition. Inorganic con-
stituents typically have strong absorbance in the pre-edge
(278 eV) whereas organic material will exhibit absorption in
the post edge (320 eV); therefore, the pre-edge to post-edge
ratio is indicative of the amount of inorganic material relative
to organic material. The ratio is then used for mapping of
inorganic components in individual particles [Moffet et al.,
2010b]. The maps show the presence of carboxylic acids
in all analyzed particles. Small homogeneous organic par-
ticles may be formed from condensational growth of newly
nucleated particles, while larger particles having inorganic
cores surrounded by carboxylic acids are a result of con-
densation of organics onto pre-existing sea salt particles.
Figure 5 shows STXM/NEXAFS maps for particles
corresponding to 8 (Figure 5a) and 14–25 (Figure 5b) hours
of transport time required for the air mass to arrive from the
coastal area to the sampling location (see Figure 1). Mor-
phological differences indicative of more extensive proces-
sing of sea salt particles at longer transport time can be
inferred from the visual comparison of the two panels. Sea
salt particles collected at shorter (8 h) transport time gen-
erally appear as agglomerates of NaCl cubic crystals (col-
ored by blue) with unstructured halos of organic compounds
(colored by green). At longer (14–25 h) transport time sea
salt particles are further processed, as indicated by less
dominant NaCl cubic cores, and increased areas where
organic shells dominate inorganic cores.
[14] A NEXAFS carbon K-edge spectrum of the organic

phase characteristic of this study is shown in Figure 6a, and
reveals a dominant contribution from carboxylic acids as
indicated by the C 1s → p*COOH transition at 288.5 eV. A
smaller peak corresponding to C 1s → p*CO3 transition at
290.4 eV in carbonate is also observed. However, the pres-
ence of carbonate is typical for marine particles and the
corresponding peak has been commonly observed in

Figure 5. STXM/NEXAFS maps of individual particles detected in samples corresponding to (a) 8 and
(b) 14–25 h of transport time as indicated in Figure 1. Areas dominated by organic carbon constituents are
green, and inorganic regions are blue. (These panels are compiled from maps of individual particles analyzed
in different fields of view and then compiled into a single panel.)
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NEXAFS spectra of sea salt particles collected in unpolluted
areas. For comparison, Figure 6b shows a map and typical
organic phase NEXAFS spectrum for fresh sea salt particles
collected during a previous field study north of San Fran-
cisco, at the Point Reyes National Seashore [Hopkins et al.,
2008]. Comparison of the NEXAFS spectra shows that the
carboxyl functionality is very minor in the fresh sea salt, and
is well pronounced in the anthropogenic organic material
detected in the aged sea salt particles described in this study.
The difference in absorption between the post-edge (320 eV)
and the pre-edge (280 eV) is an indication of the amount of
carbonaceous material present in the particles. It is clear that
the particles collected in the CARES study contain signifi-
cantly more carbon.
[15] Figure 7 shows the experimentally measured ele-

mental ratios of Cl/(Na+0.5Mg) (Figure 7, top) and (Cl+N
+0.5S)/(Na+0.5Mg) (Figure 7, bottom) for all particles
(�4000 total) from this study assigned to the “sea salt” class.

The dashed line in Figure 7 (top) indicates the characteristic
ratio expected in fresh sea salt particles, and the dashed
line in Figure 7 (bottom) is the ratio expected if chloride
is entirely displaced by nitrates and sulfates. Particles from
the four different samples are marked with different colors,
and show fairly similar results without consistent differences
between the samples. The plots show that the majority of
particles are either substantially or even completely depleted
of chlorine, yielding low Cl/(Na+0.5Mg) ratios with a size
dependence indicative of more extensive processing of
smaller particles. If all missing chloride was quantitatively
balanced by formation of nitrate and sulfates exclusively,
a modified (Cl+N+0.5S)/(Na+0.5Mg) ratio assessed for
individual particles would be close to unity. However, the
vast majority of the corresponding (Cl+N+0.5S)/(Na+0.5Mg)
ratios are only 30–40% of the value that would correspond to
complete and quantitative formation of nitrates and sulfates.
Therefore, additional chemical reactions must contribute
significantly (60–70%) to the observed chlorine depletion.
The results of STXM/NEXAFS (Figures 5 and 6) and SEM/
EDX (Figure 4) mapping analysis suggest that carboxylic
acid components of the condensed organic material may
evoke the possibility of additional acid-displacement reac-
tions that would liberate HCl(g) to the atmosphere. This
would be accompanied by the formation of corresponding
organic salts of magnesium and sodium inside particles.

Figure 6. STXM/NEXAFS maps and NEXAFS spectra of
organic constituents (green areas) in individual particles
characteristic for (a) aged sea salt particles detected in the
CARES study and (b) fresh sea salt particles collected in
the coastal area of Pt. Reyes National Seashore. Organic
material in the aged particle has a characteristic peak at
288.5 eV attributed to the presence of carboxylic acids from
anthropogenic sources. A peak at 290.4 eV is attributed to
carbonates present in seawater. The carbonates remain
unreacted during the aging process and are detected in both
fresh and aged particles.

Figure 7. Elemental ratios measured by CCSEM/EDX in
particles (�4000 total) assigned to the “sea salt” class from
all four samples. Each sample is color coded for the transport
time. (top) Cl/(Na+0.5Mg) ratios, the dashed line of ratio = 1
corresponds to unreacted sea salt. (bottom) Ratios of (Cl+N
+0.5S)/(Na+0.5Mg), the dashed line of ratio = 1 corresponds
to aged sea salt particles with chloride quantitatively dis-
placed by only nitrate and sulfate. These plots indicate that
chloride depletion is substantial and cannot be accounted
for by the reactions with atmospheric nitric and sulfuric
acids.
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[16] To evaluate the plausibility of chloride depletion by
carboxylic acids, laboratory tests on aerosolized particles of
mixed NaCl/organic acid composition (1/1 molar ratio) were
performed. Particles were atomized from aqueous solutions
of known concentrations. The atomized particles were first
dried in the diffusion drier, followed by deposition on sub-
strates, and CCSEM/EDX particle analysis. Figure 8 shows
SEM images of particles observed in these tests along with a
control test where pure NaCl particles were generated,
deposited, and analyzed following the same experimental
protocol. With the exception of mixed NaCl/acetic acid
particles, the particle morphologies in all other samples are
unique and remarkably different from pure NaCl. Mixed
NaCl/malic acid and NaCl/malonic acid particles have
characteristic core/shell round morphologies. In these two

cases, the amorphous organic salt forms outer shells that are
largely electron transparent, and are seen as relatively dark
areas while the remaining NaCl residues appear as bright
cores. NaCl cores are located in the center of NaCl/malonic
acid particles, while NaCl/malic acid particles can be
described as partially engulfed structures, where NaCl resi-
dues are adjacent to the edge of the organic salt. Mixed
NaCl/tartaric acid and NaCl/citric acid particles show round
homogeneous morphology typical for amorphous or glassy
materials. Mixed NaCl/acetic acid particles have morpholo-
gies very similar to cubic structures of pure NaCl crystals;
however, their edges are more rounded.
[17] Figure 9 summarizes results of the CCSEM/EDX ele-

mental analyses of individual NaCl/organic acid particles
prepared in the test experiments. The individual panels show
elemental Cl/Na ratios obtained from the quantitative

Figure 8. SEM images illustrating morphology and the internal heterogeneity of mixed NaCl/organic
acids particles. NaCl particles are shown for comparison.
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assessment of EDX spectra of 500–1000 particles in a size
range of 0.15–2 mm for each of the tested compositions. As a
reference, the first panel shows Cl/Na ratios measured for pure
NaCl particles generated and deposited on the substrates fol-
lowing the same procedure. The dashed horizontal lines show
the nominal ratio of Cl/Na = 1. Within experimental scatter,
the measured values of Cl/Na closely match the nominal unity
value for the pure NaCl particles. In sharp contrast, the ele-
mental analysis of mixed NaCl/organic acid particles showed
chloride depletion in all other experiments. However, the
extent of the observed chloride depletion varied. The lowest
(ca. 10–20%) depletion was observed for NaCl/acetic acid
particles. Mixed particles of NaCl/malonic acid composition
indicate chloride depletion in a range of 40–60%. Higher
values of 60–90% were typical for NaCl/malic acid and NaCl/
tartaric acid particles, and nearly complete depletion of chlo-
ride is evident in mixed NaCl/citric acid particles.
[18] We attribute the observed depletion of chloride to the

acid displacement reactions with a general formula analo-
gous to R1 where HCl(g) is displaced by organic acids,
specified as HA(org). Initially, this assumption may seem
counterintuitive based on general chemistry and reaction

equilibriums based on relative acidities (dissociation) of HCl
and HA(org) in dilute aqueous solutions. Table 1 lists solu-
bility, acid dissociation constants (Ka1), and Henry’s law
constants (KH) for these acids. In view of the Ka1 values
listed in the table, for the system of mixed NaCl/citric acid
aqueous (deliquesced) particles, the concentration of undis-
sociated HCl would be a factor of 1.2 � 1010 lower than the
undissociated HA(citric acid). As water is removed from
drying particles, they become more concentrated in all the
components, and at some point HCl and HA(citric acid)
begin to evaporate while sodium citrate and NaCl start to
precipitate. Corresponding KH values indicate that the equi-
librium gas-phase concentration of HCl can be a factor of
1 � 1019 higher than that of HA(citric acid). Therefore, for
the aerosolized particles at gas-particle equilibrium, the gas-
phase release of HCl(g) will control the direction of reaction,
R1, in the case of mixed NaCl/citric acid particles. During
the drying process, undissociated HCl would undergo con-
tinuous degassing (effervescence), leaving dried particles
devoid of chloride and enriched in citrate salt, which is
consistent with our experimental observations (Figure 9). In
contrast, for the case of mixed NaCl/acetic acid particles the

Figure 9. Values of Cl/Na ratios measured by CCSEM/EDX in dry residues of NaCl, and mixed organic
acid/NaCl (1/1 molar ratio) particles. Values of Cl/Na below unity (dashed lines) indicate Cl depletion by
organic acids.
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situation is different, the equilibrium gas-phase concentra-
tion of HCl would be only by a factor of 2 � 104 higher than
that of HA(acetic acid), and is insufficient to overcome the
equilibrium limit of HCl and HA(acetic acid) in the aqueous
phase which favors HA(acetic acid) by a factor of 5 � 1011.
In this case, upon drying, evaporation of HA(acetic acid)
from particles exceeds evaporation of HCl, and dry particles
become devoid in acetate and enriched in chloride, which is
also in agreement with our observations (Figure 9). In three
other cases of mixed NaCl/organic acids particles, these
considerations indicate a reasonable (within an order of
magnitude) balance between differences in the equilibrium
gas-phase and aqueous-phase concentrations of HCl and
HA(organic acid) and therefore explain partial chloride
depletion observed in these cases (Figure 9). Notably, the
same arguments apply to the atmospherically relevant reac-
tivity of NaCl particles with HNO3 and H2SO4, and CH3SO3H
acids. Considering the acidity argument alone, formation of
HCl(aq) by the acid displacement reaction R1 is not thermo-
dynamically favored in bulk aqueous solutions because HCl is
the strongest acid of all acids discussed here (see Table 1).
However, in airborne particles the equilibrium of reaction R1
can be shifted to the right because of the efficient evapora-
tion of HCl(g) from the particle surface, considering high
surface-to-volume ratios characteristic for aerosols.
[19] We note that both CCSEM/EDX and STXM/NEX-

AFS analyses detect the composition of dry particles, which
may not be identical to the composition of the airborne
particles at atmospherically relevant RH. Prior to analysis,
particles are dried in the sampling line, inside of the
impactor upon collection, and finally either in the vacuum
chamber of SEM or in the He filled chamber of STXM
during the analysis. Therefore, we cannot determine what
fraction of HCl was released in the atmosphere, and what
fraction of HCl was lost during sampling and analysis. The
field data presented in this manuscript indicates the terminal
composition of particles when depletion of chloride has been
completed to the maximum extent achieved in dry particles.
Analysis of particle composition and the gas-particle parti-
tioning of HCl at specific ambient conditions (RH, temper-
ature, pressure, and particle concentration) of our field
study is not a trivial task because of insufficient information
on detailed chemical characterization of ambient organic
acids and their corresponding concentrations. However, gas-
particle partitioning of HCl at ambient conditions can be
qualitatively assessed using an E-AIM community model for

calculating gas/liquid/solid partitioning in aerosol systems
(http://www.aim.env.uea.ac.uk/aim/aim.php [Clegg and
Seinfeld, 2006a, 2006b]) when applied for a simplified sys-
tem of mixed NaCl/malonic acid particles. Figure 10 shows
the Cl/Na ratio in condensed phase (aqueous ions and solids)
calculated at different RH values for particles containing
water, NaCl and malonic acid at 1:1 molar ratio, at equilibrium
with an atmosphere at P = 1 atm and 298.15 K (additional
details of input data are summarized in the auxiliary material).1

The ratios are calculated for atmospheric concentrations of
NaCl particles in a range of 1–103 mg�m�3 that represents a
typical range of airborne sea salt concentrations [Lewis and
Schwartz, 2004]. Solid lines indicate modeling results calcu-
lated for aqueous (thick lines) and metastable, supersaturated

Table 1. Physicochemical Properties of Acids Discussed in This Work

Acids Molecular Formula
Molar Mass
(g mol�1)

Solubility in Watera

(g L�1, at 20�C) Acidity Ka1(aq)
a

Henry’s Law Constant,
kH.

b (M/atm, at 25�C)

Hydrochloric HCl 36.46 720 >1 � 107 <2 � 10�1

Sulfuric H2SO4 98.08 miscible >1 � 103 >1 � 107

Methanesulfonic CH3SO3H 96.11 miscible 7.9 � 101 8.2 � 1011

Nitric HNO3 63.01 miscible >2 � 101 >2 � 105

Acetic C2H4O2 60.05 miscible 1.8 � 10�5 >4.1 � 103

Malonic C3H4O4 104.06 miscible 1.5 � 10�3 4.0 � 108

Malic C4H6O5 134.09 558 3.9 � 10�4 2.0 � 1013

Tartaric C4H6O6 150.09 1330 1.0 � 10�3 1.0 � 1018

Citric C6H8O7 192.12 730 8.4 � 10�4 2.0 � 1018

aData from Haynes [2011].
bData from R. Sander, Compilation of Henry’s Law Constants for Inorganic and Organic Species of Potential Importance in Environmental Chemistry

(Version 3), 1999, http://www.henrys-law.org.

Figure 10. Condensed phase ratios of Cl/Na in mixed
NaCl/malonic acid (1/1 molar ratio) particles calculated using
E-AIM model for four airborne concentrations of NaCl parti-
cles, as indicated by the legends, respectively. Solid lines
indicate equilibrium ratios calculated for aqueous (thick
lines) and metastable (thin lines) particles. Dotted lines indi-
cate calculations with solid phases of malonic acid and NaCl
allowed to form. (See text for additional discussion.)

1Auxiliary materials are available in the HTML. doi:10.1029/
2012JD017743.
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particles (thin lines), with formation of the solid phases dis-
abled in the model input. Dotted lines correspond to the cases
when solid phases of NaCl and malonic acid were allowed to
form. As indicated by the modeling results, the chloride
depletion in mixed NaCl/malonic acid particles is highly
dependent on atmospheric concentration of aerosol with the
highest depletion extent predicted for the most diluted system
of 1 mg�m�3. Notably, even for deliquesced particles at 80%
RH, the Cl/Na ratio can be as low as 0.3, for the lowest aerosol
concentration of 1 mg�m�3 (black line); and for the highest
concentration of 103 mg�m�3 the calculated ratio of Cl/Na is at
the level of 0.9 (red line). Considering metastable phase of
drying NaCl/malonic acid (1:1) particles at 30–50% RH, Cl/
Na ratios of 0.2–0.5 are predicted for a mid range (10–100
mg�m�3) of typical sea salt concentrations (green and blue
lines, respectively). The present version of the E-AIM model
assumes only malonic acid itself as its solid phase, and does
not consider formation of malonate and mixed malonate/
chloride salts. As a result, modeling results with the solid
phase of malonic acid show increasing Cl/Na ratio once the
concentration of malonic acid reaches saturation at low RH, as
marked by dotted lines in Figure 10. More detailed modeling
analysis of the HCl gas-particle partitioning at low RH would
require explicit speciation of additional solid phases which lies
beyond the scope of this work. Nevertheless, based on the
modeling results applicable to the cases of gas-aqueous phase
partitioning only (thick solid lines), we conclude that chemical
reactivity of mixed NaCl/malonic acid particles, and the
resulting HCl gas-particle partitioning are not limited only to
dry particles, but are also pertinent to deliquesced particles
aerosolized at atmospherically relevant concentrations. Other
water soluble organic acids may have similar effects on the
composition of mixed sea salt/organic acid particles with
important implications for atmospheric chemistry of wet sea
salt spray at high relative humidity typical for marine and
coastal air masses.
[20] Modeling results presented in Figure 10 assume a

closed thermodynamic system, and imply reversibility of
gas-particle partitioning for HCl and other species involved,
which is not necessarily true for the real atmospheric system.
For instance, HCl(g) released from sea salt particles may be
undergo gas-phase reaction with OH radicals yielding reac-
tive Cl-atoms [Riedel et al., 2012], that in turn can react
rapidly with organics. In addition, released HCl(g) may par-
ticipate in heterogeneous reactions with co-existing particles
such as mineral dust, where the latter may act as irreversible
sink for HCl. Previous field observations and the transport
modeling study of Sullivan et al. [2007] provided strong
evidence for this type of chemistry in externally mixed sea-
salt and mineral dust aerosol that was attributed to the con-
sequences of the sulfate formation/chloride depletion in sea
salt [Sullivan et al., 2007]. Based on the data presented here,
presence of organic acids in sea salt droplets may yield the
same result, where released HCl(g) would alter composition
of co-existing dust particles and atmospheric budgets of gas-
phase species as well.
[21] Water soluble low volatility organic acids present in

aged sea salt particles containing nitrates may additionally
alter gas-particle partitioning of HNO3 in a similar fashion to
the HCl volatilization, but likely at lower extent. Figure S1 of
the auxiliary information file shows equilibrium concentra-
tions calculated for NaNO3/malonic acid (1:1 molar ratio)

particles and indicate potential volatilization of HNO3(g) at
the level of 50% at aerosol concentration of 1 mg�m�3. Again,
the reaction is driven by relatively high volatility of HNO3(g)
and its evaporation through particle surface. Contrary, equi-
librium concentrations calculated for 0.5Na2SO4/malonic
acid particles (shown on the same plot, auxiliary material
Figure S1) indicate no changes in particle composition,
which is consistent with very low volatility of sulfuric acid.
Given potential volatilization of HNO3(g) upon reaction
with organic acids, it might be possible that both chloride
and nitrate were depleted from the aged sea salt particles
reported in this study as a result of similar acid-displacement
reactions.

4. Conclusions and Atmospheric Implications

[22] This combined laboratory study of field collected
and laboratory generated particles suggests that atmospheric
particles containing sea salt and organic acids exhibit
substantial acid-displacement reactivity upon drying. Low
volatility carboxylic acids are inherent constituents of SOA
formed from both biogenic and anthropogenic precursors, and
therefore the composition of mixed NaCl/SOA particles will
be likely affected by the same reaction processes. These
reactions liberate HCl(g) and promote the formation of organic
salts in the particle phase. In the atmospheric environment, the
released HCl(g) may result in consecutive acidification of co-
existing neighboring particles, and trigger additional acid-base
reactions, especially with alkaline components of mineral dust
or fly ash particles [Al-Hosney et al., 2005; Chen et al., 2012;
Cwiertny et al., 2008; Moffet et al., 2008; Prince et al., 2008;
Sullivan et al., 2007]. Formation and precipitation of organic
salts will modify the internal composition of particles and, in
turn, may inhibit acid-catalyzed reactions relevant to SOA
aging, alter particle viscosity, their hygroscopic and optical
properties, and propensity to serve as cloud condensation and
ice nuclei. Due to the high abundances of sea salt and SOA,
and common mixing between them, the acid displacement
reactions may play a significant role in areas where marine
aerosol combines with either anthropogenic or biogenic
organic emissions. Currently, this chemistry and the associated
changes in particle properties are not considered at even the
phenomenological level by any modeling efforts. Data pre-
sented here warrant additional examinations of the chloride
deficit in marine particles induced by the presence of organic
acids, with an ultimate goal to include these processes into the
atmospheric chemistry models applicable for coastal urban
regions. The coarse spatial resolution (Dx � 100 km) cur-
rently employed by global climate models do not allow an
accurate representation of the evolving chemistry in the
vicinity of coastal regions. However, as regional-scale (Dx �
10 km) climate assessments become routine in the future (as a
result increased computational resources), a more complete
representation of chemistry associated with mixingmarine and
continental air masses is needed.
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