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ABSTRACT: Atmospheric aging of naturally emitted marine aerosol often leads
to formation of internally mixed particles composed of sea salts and water-soluble
organic compounds of anthropogenic origin. Mixing of sea salt and organic
components has profound effects on the evolving chemical composition and
hygroscopic properties of the resulted particles, which are poorly understood.
Here, we have studied chemical composition and hygroscopic properties of
laboratory generated NaCl particles mixed with malonic acid (MA) and glutaric
acid (GA) at different molar ratios using micro-FTIR spectroscopy, atomic force
microscopy, and X-ray elemental microanalysis. Hygroscopic properties of
internally mixed NaCl and organic acid particles were distinctly different from
pure components and varied significantly with the type and amount of organic
compound present. Experimental results were in a good agreement with the AIM
modeling calculations of gas/liquid/solid partitioning in studied systems. X-ray
elemental microanalysis of particles showed that Cl/Na ratio decreased with
increasing organic acid component in the particles with MA yielding lower ratios relative to GA. We attribute the depletion of
chloride to the formation of sodium malonate and sodium glutarate salts resulted by HCl evaporation from dehydrating particles.

■ INTRODUCTION

Atmospheric aerosol is a diverse mixture of externally and
internally mixed particles containing various condensed phase
compounds at different concentrations.1,2 Compositional
differences in these particles can create significant impacts on
Earth’s climate and the atmospheric environment.3,4 For
example, absorption and scattering of solar radiation, formation
of cloud condensation nuclei, and heterogeneous reaction
during their transport are all directly dependent on the
chemical composition of the particles in the atmosphere.3−6

Whereas many field and modeling studies tend to distinguish
and separate environmental effects of organic and inorganic
particles, complex aerosol particles with internally mixed
inorganic and organic compounds are common in the
atmosphere.7−11 Inclusion of an organic component in an
inorganic salt is particularly important as their physical
properties tend to show a significant change in the mixture as
compared to pure components.12 Therefore, studies of both
mixing states and compositional dependence of physical
properties of the atmospheric particles are important for
predictive understanding of their environmental effects.
One of the most important physical properties of

atmospheric particles and of direct relevance to their radiative
and cloud forming effects is their hygroscopicity.13,14 The
amount of water uptake by particle at a particular relative
humidity (RH) depends on the overall chemical composition,
mixing states and solubility of its components. For example,

recent studies have shown noticeable changes in hygroscopic
properties of ammonium sulfate on internal mixing with
organic acids.12,15 Observed changes cannot be estimated in
most cases based on linear combination of hygroscopic
responses of the chemical components present. Several other
examples with a mixture of different types of chemical
components such as inorganic salts, organic substances, and
several naturally occurring materials showed similarly significant
effects on hygroscopic properties of complex aerosols that
cannot be accounted by a combination of individual responses
of components.15,16 Moreover, prediction of water uptake using
different environmental models has also been observed to fail
for these complex mixtures.17 The present study focuses on
composition dependent hygroscopic properties of internally
mixed NaCl/Malonic acid and NaCl/Glutaric acid particles.
Sea salt particles can react with atmospheric inorganic acids,

such as nitric acid and sulfuric acid and form corresponding
salts.18 Furthermore, previous studies have reported a wide
range of occurrence of malonic acid (MA) and glutaric acid
(GA) in the atmosphere. The overall concentrations of
atmospheric dicarboxylic acids (DCA) varies according to the
meteorological conditions. A field study on samples collected
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from Germany showed a typical concentration range of 5−100
ng m−3 for low molecular weight DCA.19 Other studies with
samples from distinct places over the globe (Tokyo, Vienna and
South Africa, Los Angeles, etc) showed DCA concentrations
varying from a few ng m−3 to μg m−3 range.20,21 We have
recently observed a substantial reactivity of sea salt with organic
acids in field samples collected in central California resulting in
depletion of chloride in the particles.7 The chloride depletion is
a result of an acid displacement reaction R1, which is driven by
high volatility of the HCl product.

* + → + ↑NaCl HA NaA HCl(aq) (aq) (aq) (aq,g) (R1)

Here, *NaCl represents a complex mixture of sea salt, and
HA can be any organic or inorganic acid with low volatility.
Because NaCl accounts for ca 90% of chloride in sea salt, we
selected NaCl particles mixed with MA and GA as a laboratory
system for our experiments. We show that the acid displace-
ment can occur in the particles of internally mixed carboxylic
acids with NaCl when particles go through the dehydration
process. During the dehydration, the evaporation of HCl
proceeds, resulting in compositional changes (depletion of
chloride and formation of organic sodium salt) of these
internally mixed NaCl/organic acid particles.7 Previous studies
on the mixture of MA and GA with NaCl demonstrated the
effect of organic acids on NaCl hygroscopic properties.16,22 A
study by Choi et al. on hygroscopic properties of mixture of
glutaric and malonic acid with NaCl showed that the resulting
water uptake by these mixture samples cannot be accurately
predicted using modeling approach based on the ZSR mixing
rules and the water activity of individual components.16

Another study, by Pope et al., showed a slightly different effect
compared to the study by Choi et al. with similar glutaric and
malonic acid mixture with NaCl.22 In this study, X-ray
elemental analysis of individual particles was used to determine
the composition of NaCl particles mixed with MA and GA for
better understanding of these largely neglected reactions
between organic acids and NaCl. Micro-FTIR was used to
determine the water content in reacted particles as a function of
RH, and to investigate the effects of these reactions on particle
hygroscopicity.

■ EXPERIMENTAL DETAILS
All samples of submicrometer sized particles were generated
using constant output atomizer (TSI, Inc., model 3076) from
aqueous 0.2 M solution prepared from reagent-plus-grade
chemicals (99.99% purity, Aldrich). The solution was prepared

with deionized water (18 MΩ·cm). Aerosol was dried down to
∼30% RH in a diffusion dryer (TSI, Inc., model 3062) prior to
sizing and collection using a micro-orifice uniform deposit
impactor (MOUDI) (MSP, Inc., model 110). Particles were
deposited on Si3N4 windows (Silson Ltd., England) and TEM
grids (Carbon Type-B, Ted Pella, Inc.) mounted on the
impaction plate of the seventh stage of the MOUDI. The
aerodynamic cutoff size of the seventh stage was 0.32 μm.
Samples collected on Si3N4 windows and TEM grids were used
for micro-FTIR23 and computer controlled scanning electron
microscopy with energy dispersed analysis of X-ray (CCSEM/
EDX)24 analysis, respectively. All samples were prepared at
room temperature and used within a couple of days after the
preparation.
A detailed description of the micro-FTIR experiment and its

application for studies of hygroscopic properties has been
reported elsewhere,25,26 and thus will be described only briefly
here. In this setup, a Bruker A590 IR optical microscope is
interfaced with a Bruker IFS 66/S FTIR spectrometer equipped
with a liquid-nitrogen-cooled mercury−cadmium−telluride
(MCT) detector. Cassegrainian optics were used to focus the
IR beam on the sample and to collect the transmitted IR light
after its interaction with the sample. The Si3N4 substrate with
deposited particles was placed in a sample holder inside a sealed
environmental stage (model THMS 600, Linkam, Inc.). RH
inside the environmental stage was controlled by a continuous
flow of mixed dry and humidified nitrogen with a total flow rate
of 1.0 slpm. An inline humidity sensor (Honeywell, Inc., model
HIH4000) was used to monitor RH with an uncertainty of 3%
at room temperature. FTIR absorbance spectra were acquired
by coadding 512 scans at a resolution of 4 cm−1. A typical
equilibration time of 5 min was used for measurement at each
RH. An ensemble of approximately 100 particles deposited on
the substrate was monitored in each of the hydration/
dehydration experiments. Condensed-phase water in the
particles was quantified from the integrated absorbance of the
OH stretching band.25

Due to residual charging issue in SEM for the pure organic
acid particles, atomic force microscopy (AFM) was used in
addition to SEM to obtain particle morphology for some of the
samples. AFM has been used to obtain 3D height images of
substrate-deposited MA and GA particles. AFM images were
obtained using molecular force probe 3D AFM (Asylum
Research, Santa Barbara, CA). Height images were collected
using intermittent contact mode (AC mode) at room
temperature using silicon probes (MikroMasch, San Jose, CA,

Figure 1. (a) SEM images (0% RH) of dry NaCl particles showing cubic shape of the crystals. (b) FTIR spectra of NaCl particles at selected RH
showing appearance of broad −OH stretching band centered at ∼3400 cm−1 as humidity increases. (c) Hydration and dehydration of NaCl particles
quantified by plotting the ratio of peak area at a particular RH to that at 80% RH as a function of RH. Dotted lines represent the calculated response
predicated by AIM model.
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CSC37) with a nominal spring constant of 0.35 N m−1 and a
typical tip radius of curvature of 10 nm.
A FEG XL30 scanning electron microscope (FEI, Inc.) was

used to investigate the morphology and elemental composition
of individual particles. The microscope is equipped with an X-
ray spectrometer (EDAX, Inc.) with a Si(Li) detector of an
active area of 30 mm2 and an ATW2 window. The CCSEM/
EDX analysis was performed in computer-controlled mode
which provides the elemental composition of a statistically
significant number of individual particles. Details of this
instrument and its applications for particle analysis are
published elsewhere.24

■ RESULTS AND DISCUSSION
Previous studies have shown that NaCl particles exhibit distinct
water uptake with deliquescence relative humidity (DRH) and
efflorescence relative humidity (ERH) at 75% and 48%,
respectively.27−36 On the other hand, dicarboxylic acids such
as MA and GA show continuous water uptake as a function of
RH without sharp deliquescence or efflorescence phase
transitions.16 In this study, we show that internally mixing
MA and GA with NaCl in various molar ratios results in drastic
changes in water uptake properties of NaCl, studied by micro-
FTIR spectroscopy. The chloride to sodium (Cl/Na) ratios of
individual particles from the CCSEM/EDX analysis are used to
identify the interactions between organic acids and NaCl and
provide possible reason behind changes in hygroscopic
properties of NaCl when mixed with MA and GA at different
molar ratios.
Figure 1a shows the SEM images of NaCl submicrometer

particles with characteristic morphology of cubic crystals.25

Figure 1b shows the FTIR spectra acquired for an ensemble of
these particles at increasing RH. Initially, no distinct signature
in the FTIR spectra was observed. When RH is gradually
increased, a new peak due to the OH stretching band of the
condensed water grows in the region from 3660 to 2750 cm−1

(indicated by the dashed lines in Figure 1b) and its integrated
peak area is used to quantify the hygroscopic properties.25,37

With a stepwise increase in RH, absorption spectra were
continuously recorded (only selected spectra are shown here).
NaCl particles deliquesce at around 75% RH, resulting in an
abrupt increase in the absorbance in the peak centered at 3400
and 1640 cm−1.25 The water content in NaCl deliquesced
droplets continues to grow with further increase in RH as
indicated by −OH band growth and expansion. Infrared spectra
of the NaCl droplets recorded in the dehydration cycle (not
shown here) are similar to those in Figure 1b and an abrupt
decrease in the water band absorption at ∼48% RH confirmed
efflorescence phase transition. Both deliquescence and
efflorescence RH values of pure NaCl particles are in good
agreement with the literature.38

The change in water content within the particle throughout
the complete hydration/dehydration cycle is shown in Figure
1c. The relative particle water content (WC) defined as
[WC]RH/[WC]80%RH = ARH/A80%RH, is expressed by plotting
the integrated peak area (ARH, between 3660 and 2750 cm−1)
normalized to the integrated peak area at 80% RH (A80%RH) as
a function of RH. The uncertainty associated with the
determination of WC is ca 3−4%. Our measurement is also
compared with the prediction of water uptake by AIM aerosol
thermodynamic model (Model III)39 and expressed as the same
[WC]RH/[WC]80%RH relative values. The calculated dehydra-
tion curves for all the samples have been generated by allowing

the components to exist in a metastable liquid state (i.e.,
formation of solid phases was disabled in the model input). The
hygroscopic properties of NaCl particles observed here are
consistent with the literature and AIM model.25,40,41

Water uptake of the pure MA and GA particles were
recorded next. AFM images were acquired initially to
characterize the morphology of the deposited particles. Figure
2 shows an AFM height image of dry MA and GA particles.

Particle size has been measured to be in the range of 0.2−1.2
μm for both the samples. The droplet-like, spherical particle
morphology is consistent with reported work on MA and GA
particles in the literature.37,42 FTIR spectra of MA and GA
particles acquired at different RH settings in the environmental
stage are shown in Figure 3a,b, respectively. Typical IR
absorption bands of the organic acids were observed in the
beginning of the experiment at 2% RH, with nearly
undetectable amount of water. All relevant IR features of dry
MA and GA were verified with literature and reported in Table
1.42−45 The transition centered at ∼3000 cm−1 (Figure 3a,b)
interferes with the water peak at ∼3400 cm−1. Therefore, IR
spectrum at ∼2% RH was subtracted from all the IR spectra at
higher RH to remove spectral features that originate from
organic acids toward particle water content measurements.
Moreover, peak broadening and peak shifts in the IR spectra of
MA and GA particles were observed, a typical phenomenon
reported in our previous water uptake studies of MA and others
in the literature.23,37

With gradual increase in RH, particle water content increases
and the characteristic −OH stretching band due to adsorbed
water was observed, centered at ∼3400 cm−1. The relative
water content in MA and GA particles have been measured as
[WC]RH/[WC]80%RH = ARH/A80%RH ratio in the identical way as
the NaCl particles and compared with the prediction by the
AIM model.46,47 Figure 3c shows the [WC]RH/[WC]80%RH
ratios in hydration/dehydration experiments with MA particles.
The prediction by the AIM model (fitted activity equation used
in the parametrization) and our experimental results are in
good agreement with each other. Comparison of hygroscopic
properties of GA particles (Figure 3d) with the AIM model
showed slight under estimation of the modeled values above
deliquescence, which was observed at the RH predicted by the
model. Overall, the water uptake by the pure organic acids
measured in this work was consistent with the AIM
thermodynamic model. However, unlike NaCl particles, MA
and GA particles did not exhibit well-defined deliquescence and
efflorescence phase transitions. Although MA particles showed
nearly continuous water uptake, GA particles have a poorly
defined deliquescence transition at ∼80% RH. No clear
efflorescence was observed for either of the samples. Shape of
the hygroscopic curves and absence of sharp phase transition

Figure 2. Representative AFM height images (∼30% RH) of (a) GA
and (b) MA particles with sizes ranging between 0.2 and 1.2 μm.
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for dicarboxylic acid components are consistent with the
literature.37,48,49

Next, internally mixed MA/NaCl and GA/NaCl particles
were studied. Figure 4 shows morphology of the internally
mixed dry MA/NaCl and GA/NaCl particles that varied
significantly, depending on the mixing ratios. Whereas NaCl
particles were cubic in shape (Figure 1a), the mixed particles
had more rounded morphology. For both mixtures, increase in
the relative amount of organic acid transformed the particle
morphology toward more spherical in shape. Differences have
been also observed between morphologies of MA/NaCl and
GA/NaCl particles at the same molar ratio. For example, as
shown in Figure 4a,d, particles at a 1:3 molar ratio are more
rectangular-shaped for GA/NaCl as compared to MA/NaCl
mixtures. Notable inhomogeneous mixing states were observed
for the most of the samples, such as a core−shell structure (1:1
MA/NaCl, Figure 4b), and inclusion of small sodium chloride
crystals within overall spherical particles (3:1 GA/NaCl, Figure
4f). Interestingly, MA/NaCl particles at a 3:1 mixing ratio

(Figure 4c) were seen as homogeneous spherical particles,
whereas GA/NaCl particles at the same mixing ratio (Figure
4f) showed observable inhomogeneity in their visual appear-
ance. Overall, addition of MA to NaCl had a greater impact on
the particle morphology and vanishing of NaCl crystalline
inclusions as compared to GA.
In aqueous micrometer size droplets, MA and GA can react

with NaCl through acid displacement reactions releasing gas-
phase HCl and forming sodium malonate and sodium glutarate
in the particle phase: NaCl(aq) + MA(aq) (GA(aq)) ⇔ sodium
malonate(aq) (sodium glutarate(aq)) + HCl(aq, g). Hence, particle
samples were subjected to CCSEM elemental analysis,
expecting the chloride depletion resulted from evaporation of
HCl.7 Effects of particle size on the Cl depletion has been
evaluated based on the analysis of more than 1500 individual
particles in each sample. The particle size distribution for each
sample is shown in Figure S1 (Supporting Information). Figure
5 shows the mean elemental Cl/Na ratio as a function of
particle size. For pure NaCl particles, experimentally
determined Cl/Na ratios match their nominal value of 1 for
micrometer-size particles and then deviate toward lower 0.9
value for smaller particles because of the beam damage of
particles. Nevertheless, observed Cl/Na values were used as a
reference to evaluate extent of the Cl depletion in mixed MA/
NaCl and GA/NaCl particles. GA/NaCl particles with 1:3 and
1:1 molar ratios showed only minor Cl depletion, as evidenced
by a small decrease in Cl/Na ratios. At a higher ratio of 3:1,
GA/NaCl particles showed 20−30% of Cl depletion. In
contrast, the MA/NaCl particles displayed substantially greater
levels of Cl depletion, as high as 10−20%, 30−40%, and 100%
for 1:3, 1:1 and 3:1 mixtures, respectively.
Chloride depletion in mixed MA/NaCl and GA/NaCl

particles results in formation of corresponding sodium salts
(sodium malonate and sodium glutarate) that become a
significant component of these particles. Although these
reactions are not thermodynamically favored in bulk solutions,

Figure 3. Changes in FTIR spectra of MA (a) and GA (b) particles as a function of RH. The gradual increase in −OH stretch in the spectral region
of 2750−3660 cm−1 was similar to the NaCl particles. Relative water content in MA (c) and GA (d) particles compared with the AIM model
prediction.

Table 1. FTIR Peak Assignment of Malonic Acid (MA) and
Glutaric Acid (GA)

compound absorption maxima, cm−1 assignment

malonic acid31−33 1174 γ(CH2), ω(CH2)
1223 γ(CC)
1323 γ(CO)
1431 υ(OH), δ(CH2)
1722 υ(CO)

glutaric acid30 1200 γ(CH2)
1238 ω(CH2), γ(CC)
1294 υ(CO)
1414 υ(OH), δ(CH2)
1697 υ(CO)

*Bands are as shown in Figure 3a, b. ν, stretching; ω, bending; γ,
rocking.
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irreversible evaporation of HCl gas is the main driving force for
this type of reaction that likely took place when atomized
aerosol was introduced in the diffusion dryer during sample
preparation.7 Enrichment of particles in sodium malonate and
sodium glutonate salts can be quantified from measured Cl/Na
ratios and the resulting chemical composition of particles in all
studied samples is tabulated in Table 2, whereas SEM images of
Figure 4 illustrate corresponding changes in the particle
morphology. It is worthwhile to mention that complete Cl
depletion in MA/NaCl particles at the mixing ratio of 3:1

(Figure 4c) indicates effective transformation of their chemical
composition to that of the MA/sodium malonate mixtures (free
of NaCl) that form homogeneous rounded particles. Following
the observed changes in morphology and Cl depletion due to
HCl evaporation, we performed hydration/dehydration experi-
ments with the internally mixed particles to probe effects of this
chemistry on water uptake.
Figure 6 shows the relative water content in the mixed

particles measured as [WC]RH/[WC]80%RH = ARH/A80%RH ratio
for all six samples. In contrast to NaCl particles, the abrupt

Figure 4. SEM images of dry particles (0% RH) showing morphology of MA/NaCl and GA/NaCl particles prepared from solutions with different
molar ratios.

Figure 5. Mean elemental Cl/Na ratio as a function of particle size for NaCl, GA/NaCl and MA/NaCl particles with different molar ratios. Dash
lines indicate nominal value of Cl/Na = 1 in pure NaCl particles. Error bars indicate a standard deviation of 1.

Table 2. Composition of Dry NaCl/MA and NaCl/GA Particles Generated from Solution

mixing ratio in solution composition of dry particles (molar percentage, %)

NaCl MA GA Cl/Na NaCl MA GA sodium malonate sodium glutarate

3 1 0.85 ± 0.1 72 ± 3 15 ± 7 13 ± 10
1 1 0.7 ± 0.1 41 ± 3 41 ± 3 18 ± 7
1 3 0 0 67 33
3 1 1 75 25 0
1 1 0.95 ± 0.1 49 ± 3 49 ± 3 3 ± 3
1 3 0.7 ± 0.2 19 ± 6 73 ± 3 8 ± 6
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deliquescence and efflorescence phase transitions were not
observed for any of these samples. For the 1:3 mixed MA/NaCl
particles (Figure 6a) the deliquescence transition took place
over a broad range of 55−75% RH, and the hysteresis between
the hydration and the dehydration cycles was also diminished.
With increased amounts of MA at 1:1 and 3:1 ratios in MA/
NaCl particles (Figures 6b,c), the hydration curves showed
continuous water uptake starting from below 50% RH. These
observations are somewhat different from hygroscopic behavior
of larger (5−10 μm) particles of mixed MA/NaCl (1:1) studied
previously by Choi and Chen in electrodynamic balance
experiment,16 where deliquescence and efflorescence phase
transition were still distinct. It is plausible that submicrometer
particles probed in our experiment may stay metastable (liquid-
like) over wide range of RH, exhibiting gradual water uptake/
evaporation in the hydration/dehydration cycle.
In the case of GA/NaCl particles with the 1:3 ratio (Figure

6d), deliquescence phase transition plodded over a range of
65−75% RH, without hysteresis between hydration and
dehydration curves. Relative to the GA/NaCl particles with
the 1:3 ratio, the 1:1 and 3:1 GA/NaCl mixed particles (Figure
6e,f) showed greater effect on the vanishing of deliquescence
and transforming the hygroscopic properties of particles to
more continuous water uptake as a function of RH. Notably, no
major differences were observed between hydration and
dehydration experiments for all mixed particle samples studied
here, including those cases where deliquescence and efflor-
escence transitions were clearly observed (Figure 6a,d,e). It can
be argued that this might be an effect of substrate−particle
interactions that promote efflorescence phase transitions for
substrate deposited particles that possibly would have taken
place at substantially lower RH if the particles were levitated.
Although these possible effects of substrates cannot be
completely ruled out, our similar experiments23,27 with
substrate deposited NaCl, sea salt, NaNO3, and (NH4)2SO4
particles always showed dehydration curves consistent with
those reported in the literature for levitated particles.38

Solid lines in the plots of Figure 6 show relative water
content of particles calculated at different RH using the AIM

model for hydration (black lines) and dehydration (gray lines)
experiments.46,47 The dehydration curves were calculated for
supersaturated metastable particles where precipitation of the
solid phases was disabled in the model input. Presently, the
AIM model does not consider formation of either sodium
malonic or sodium glutaric salts, and includes only water
activity of the organic acids themselves for calculating solid/
liquid/gas partitioning in aerosol. This limitation does not allow
model calculations with the correct composition of MA/NaCl
and GA/NaCl particles as listed in Table 2 for this study.
Instead, the relative water content is calculated for particles
with the nominal MA(GA)/NaCl composition prior to the
reactions between their components and the evaporation of
HCl. Comparison of the modeling results with our
experimental measurements indicates that the formation of
the sodium organic salts would have only marginal influence on
the overall hydration properties of mixed particles studied here,
and their liquid water content can be reasonably estimated by
the AIM model, assuming nominal (unreacted) composition of
the MA(GA)/NaCl mixed particles. This moderate match
between the AIM calculations and the experimental data is
likely indicative of close similarities between hygroscopic
properties of MA(GA) and their corresponding Na-salts.
However, composition of the reacted NaCl/MA(GA)

particles and especially internal heterogeneity of these particles
may have important consequences on particle acidity, optical
properties, viscosity, dynamics of phase separations, and
reactivity with gas-phase species. Presently, these changes in
particle properties are not considered in the interpretation of
neither experimental data from field or laboratory studies, nor
they are assumed by any of the atmospheric modeling studies.
Results of our study warrant additional tests to probe these
potential ramifications of the sea salt−organic acid chemistry in
the atmospheric environment.

■ ASSOCIATED CONTENT
*S Supporting Information
Size distributions in reported particle samples and method to
calculate the Cl/Na atomic ratios in particle samples reported

Figure 6. Relative water content in internally mixed MA/NaCl (a, b, c) and GA/NaCl (d, e, f) particles with different molar ratios. The solid lines
represent the AIM calculation. Experimental data for mixed MA/NaCl particles showed a better overall match with the AIM model prediction.
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in Table 2. This material is available free of charge via the
Internet at http://pubs.acs.org.
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