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Abstract Atmospheric particles often include a complex mixture of nitrate and secondary organic materials
accumulated within the same individual particles. Nitrate as an important inorganic component can be
chemically formed in the atmosphere. For instance, formation of sodium nitrate (NaNO3) and calcium nitrate
(Ca(NO3)2) occurs when nitrogen oxides and nitric acid (HNO3) react with sea salt and calcite, respectively.
Organic acids contribute a significant fraction of photochemically formed secondary organics that can condense
on the preexisting nitrate-containing particles. Here we present a systematic microanalysis study on chemical
composition of laboratory-generated particles composed of water-soluble organic acids and nitrates (i.e., NaNO3

and Ca(NO3)2) using computer-controlled scanning electron microscopy with energy-dispersive X-ray
microanalysis and Fourier transform infraredmicrospectroscopy. The results show thatwater-soluble organic acids
can react with nitrates and release gaseous HNO3 during the dehydration process. These reactions are attributed
to acid displacement of nitratewithweak organic acids driven by the evaporation of HNO3 into gas phase because
of its relatively high volatility. The reactions result in significant nitrate depletion and formation of organic salts
in mixed organic acids/nitrate particles that, in turn, may affect their physical and chemical properties relevant
to atmospheric environment and climate. Airborne nitrate concentrations are estimated by thermodynamic
calculations corresponding to various nitrate depletions in selected organic acids of atmospheric relevance. The
results indicate a potential mechanism of HNO3 recycling that may further affect concentrations of gas and
condensed phase species in the atmosphere and the heterogeneous reaction chemistry between them.

1. Introduction

Ambient aerosol particles play important roles in atmospheric chemistry, air quality, global radiation budget,
hydrological cycle, and public health [e.g., Fiore et al., 2012; Forster et al., 2007; Heal et al., 2012; Pöschl, 2005;
Ramanathan et al., 2001]. Aerosol particles can affect the radiation directly by scattering and absorbing solar
and terrestrial radiation, and indirectly through aerosol-cloud interactions by acting as cloud condensation
and ice nuclei [e.g., Albrecht, 1989; Baker, 1997; Knopf et al., 2010; Lohmann and Feichter, 2005; Ramanathan
et al., 2001; Rosenfeld, 2000;Wang et al., 2012a, 2012b]. Particles also serve as heterogeneous reaction sites for
multiphase chemistry that alter condensed and gas phase compositions and thus affect atmospheric
composition and air quality [Abbatt et al., 2012; Andreae and Crutzen, 1997; Ravishankara, 1997; Rudich, 2003].
All these effects depend on the chemical and physical properties of particles, such as composition, sizes,
optical refractivity, hygroscopicity, and chemical reactivity.

Internal composition of individual ambient particles is typically a complex mixture of organic and inorganic
materials from various biogenic and anthropogenic sources. Atmospheric organic materials can contain
thousands of individual species and contribute, overall, a significant mass fraction of primary and secondary
fine particulate matter [Jimenez et al., 2009; Kanakidou et al., 2005; Murphy et al., 2006; Zhang et al., 2007].
Atmospheric aging of primary and secondary organics increases the oxidation state of carbon and forms
more oxygenated organic species such as carboxylic acids [e.g., Jimenez et al., 2009; Kroll et al., 2011; Rudich,
2003]. Water-soluble organic acids, including dicarboxylic acids, such asmalonic and glutaric acid, are a group
of organic compounds often detected in atmospheric particles [Chebbi and Carlier, 1996; Kawamura and
Kaplan, 1987; Saxena and Hildemann, 1996; Yang and Yu, 2008].

Various inorganic materials, including sulfate, nitrate, sea salt, and dust are ubiquitous components in
ambient particles that are often internally mixed with organics in different environments. Most of the nitrates
are formed from atmospheric reactions of nitrogen species, including N2O5, NO3, and HNO3 with NH3 and
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aerosol particles, including sea salt and mineral dust [Seinfeld and Pandis, 1998]. Most common and most
abundant forms of nitrate in ambient particles are NH4NO3, NaNO3, and Ca(NO3)2 [Seinfeld and Pandis, 1998].
Nitrate aerosols may become even more abundant in the atmosphere in the future because of the expected
increase in the emission of their precursors [e.g., Bauer et al., 2007]. Atmospheric HNO3 is the oxidation
product of NOx and is a reservoir of reactive odd nitrogen (NOy) that plays an important role in atmospheric
nitrogen chemistry and nitrate formation [Brown and Stutz, 2012; Seinfeld and Pandis, 1998].

Mineral dust and sea salt are ubiquitous inorganic particles emitted from natural sources of desert areas and
oceans, respectively [Lewis and Schwartz, 2004; Mahowald et al., 2005; Murphy et al., 2006; Usher et al., 2003;
Zhang et al., 2007]. In the atmosphere, these particles undergo atmospheric aging that may substantially
modify their composition resulting in changes to chemical and physical properties [Abbatt et al., 2012;
Finlayson-Pitts, 2003; Rossi, 2003; Rudich, 2003; Usher et al., 2003]. Sea salt andmineral dust particles react with
different oxides and inorganic acids, such as NO3 and HNO3 [e.g., Ault et al., 2013; Baltrusaitis and Grassian,
2012; Finlayson-Pitts, 2003; Gard et al., 1998; Rossi, 2003; Song et al., 2013; Usher et al., 2003]. Field and
laboratory studies have shown that heterogeneous reactions of sea salt and mineral dust with nitrogen
oxides and HNO3 convert NaCl into NaNO3, whereas CaCO3 is converted to Ca(NO3)2 [e.g., Finlayson-Pitts,
2003; Gibson et al., 2006; Krueger et al., 2003; Laskin et al., 2005a, 2005b; Liu et al., 2007, 2008; Rubasinghege
and Grassian, 2013]. Other mineral dust components and metal oxides, including CaMg(CO3)2, CaO, Ca(OH)2,
MgO, Al2O3, TiO2, Fe2O3, and FeOOH, could also react with HNO3 and nitrogen oxides and contribute to
nitrate formation [Chen et al., 2011; Johnson et al., 2005; Laskin et al., 2005b; Rubasinghege and Grassian, 2013;
Vlasenko et al., 2009; Wijenayaka et al., 2012].

There is a growing amount of literature showing that organic acids are important contributors to the particle
aging chemistry of mineral dust and sea salt that can proceed through both gas-particle reactions [Ma et al.,
2012; Tong et al., 2010; Usher et al., 2003] and aqueous reactions between organic acids and inorganics within
individual particles [Kerminen et al., 1998; Laskin et al., 2012; Laskina et al., 2013; Ma et al., 2013]. Recently, we
showed that water-soluble organic acids can effectively react with sea salt particles resulting in chloride
depletion [Laskin et al., 2012]. Gaseous HCl can be released from aerosolized sea salt particles as a result of
acid displacement between NaCl and secondary organic materials through a reaction mechanism (R1) driven
by the high volatility of gas phase HCl product [Laskin et al., 2012].

NaCl aqð Þ þ HA orgð Þ aq;gð Þ↔NaA orgð Þ aq;sð Þ þ HCl aq;gð Þ↑ (R1)

Here HA(org) represents a range of carboxylic acids present as condensed phase organic matter in atmospheric
particles. We attributed this reaction to our observations of the chloride depletion in internally mixed sea salt/
organic particles collected on board research aircraft during a field study in the vicinity of Sacramento, CA
[Laskin et al., 2012]. Those observations were also corroborated in a set of laboratory experiments where mixed
particles composed of NaCl, and selected organic acids showed similar effects of chloride depletion, although
different organic acids exhibited different potentials to deplete chloride [Laskin et al., 2012]. The possible extent
of these reactions at different ambient conditions and aerosol concentrations was then evaluated based on the
calculations of gas/particle partitioning of HCl in selected aerosol systems using the Extended Aerosol
Inorganics Model (E-AIM, http://www.aim.env.uea.ac.uk/aim/aim.php) [Clegg and Seinfeld, 2006a, 2006b; Laskin
et al., 2012]. The result showed that thermodynamically favored gas phase release of HCl shifts equilibrium of
reaction (R1) to the right and controls the chemical composition of resulted particles. Notably, substantial
levels of chloride depletion (20–50%) were estimated for mixed NaCl/malonic acid particles aerosolized at
atmospherically relevant concentrations (10–100μgm�3) and relative humidity (RH) (30–50%) [Laskin et al., 2012;
Lewis and Schwartz, 2004].

In this work, we present experimental results and corresponding E-AIM modeling calculations on internally
mixed HA(org)/nitrate particles. We show that similar acid displacement reactions can be also driven by gas
phase release of HNO3 and its partitioning between condensed and gas phases resulting in nitrate depletion
and formation of organic salts as the following:

NaNO3 aqð Þ þ HA orgð Þ aq;gð Þ↔NaA orgð Þ aq;sð Þ þ HNO3 aq;gð Þ↑ (R2)

To better understand these interactions between HA(org) and nitrate particles, we conducted systematic
studies on the reactions of selected HA(org) particles, including malonic acid (MA), malic acid (Malic), tartaric
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acid (TA), glutaric acid (GA), and citric acid (CA) with NaNO3 and Ca(NO3)2. Microspectroscopy particle analysis
was conducted using complementary techniques of computer-controlled scanning electronmicroscopy with
energy-dispersive X-ray microanalysis (CCSEM/EDX) and Fourier transform infrared microspectroscopy (micro-
FTIR). Elemental composition of individual particles determined by CCSEM/EDXwas used to assess the reactivity
of different HA(org) and their nitrate depletion potentials. Formation of organic salts and their characteristic
chemical functionality were confirmed by mid-infrared vibrational spectra acquired using a micro-FTIR setup.
Potential atmospheric implications of the reactions between organic acids and nitrates are also discussed.

2. Experimental Section
2.1. Sample Preparation

Particles were generated from aqueous solutions of mixed HA(org) and NaNO3 (or Ca(NO3)2) at different molar
ratios with total concentration of 0.5M. NaNO3 (99.5%), Ca(NO3)2 (99%), monosodium citrate (C6H7O7Na,
99.5%), malonic acid (99%), DL-malic acid (99%), DL-tartaric acid (99.5%), glutaric acid (99%), and citric acid
(99.5%) were obtained from Sigma-Aldrich, Co. LLC, and used without further purification. Deionized water
(resistivity≥18MΩ cm) was used to prepare the solutions. Aqueous particles were first nebulized from solutions
and then were dehydrated by passing through a diffusion dryer. The RH at the end of the dryer was measured
and was <35% (Sensirion Inc., model SHT75). The airborne particles were collected onto grid-supported thin
carbon film substrates used for transmission electron microscopy (Copper 400 mesh grids coated with Carbon
Type-B films, Ted Pella, Inc.) and silicon nitride membrane windows (Si3N4 windows, Silson Ltd.) placed on the
fourth, fifth, and sixth stages (cutoff sizes, D50 = 3.3, 1.8, and 1.0μm) of a multiorifice uniform deposition
impactor (model 110-R, MSP, Inc.). Particle samples were prepared in the same manner for all investigated
particle compositions. Particles collected on the carbon-filmed grids and Si3N4 windows were used for CCSEM/
EDX and micro-FTIR analysis, respectively. At least three independent samples were analyzed for each particle
composition. Fresh particle samples were analyzed within 24h after generation. Additional sets of selected
samples were stored at room temperature (295±1K) and 25%–45% RH after generation for ~4weeks and then
were reanalyzed. These stored samples served to estimate maximum nitrate depletion by HA(org) at these
conditions (295 K and <45% RH). Table 1 summarizes the investigated HA(org)/nitrate samples and the molar
ratio of HA(org) to nitrate in solution used for particle generation.We note that particle samples generated from
solution at a specific molar ratio of HA(org) to nitrate are referred as “HA(org)/nitrate (molar ratio)” throughout
the manuscript. For instance, particles generated from MA/NaNO3 solution at 1:1 molar ratio will be referred as
“MA/NaNO3 (1:1) particles”.

2.2. CCSEM/EDX and Micro-FTIR Analysis

CCSEM/EDX analysis was used to determine the size, morphology, and quantitative elemental composition of
individual particles, whereas micro-FTIR analysis was used to identify and quantify functional groups in
investigated particle samples.

Table 1. Summary of Mean N/Na and N/Ca* Ratios With 1 Standard Deviation for the Investigated Particle Samples of Mixed HA(org)/Nitratea

N/Na and N/Ca* Ratios Measured in Particlesb

NaNO3 Ca(NO3)2

Organic Acids, HA(org) Mixing Ratio in Solution Fresh Particlesc Stored Particlesc Fresh Particlesc Stored Particlesc

Malonic acid (MA) 1:3 0.65± 0.20 - 0.64 ± 0.22 -
1:1 0.45± 0.20 0.20 ± 0.12 0.38 ± 0.16 0.18 ± 0.12
3:1 0.10± 0.10 - (0.2–0.6) ± 0.2 -

Glutaric acid (GA) 1:1 0.63± 0.15 0.50 ± 0.20 (0.6–1.0) ± 0.2 (0.2–0.6) ± 0.2
Malic acid (Malic) 1:1 0.55± 0.15 0.36 ± 0.17 0.49 ± 0.16 0.29 ± 0.21
Tartaric acid (TA) 1:1 0.41± 0.12 0.10 ± 0.08 - -
Citric acid (CA) 1:1 0.51± 0.17 0.20 ± 0.18 (0.2–0.6) ± 0.2 (0.1–0.3) ± 0.1

aMolar ratios of HA(org) to nitrate are also listed for solutions used for particle generation.
bN/Ca* ratios listed here are experimentally measured values normalized to the reference ratios of Ca(NO3)2 particle standards. (See Figure 4 and associated

discussion for details.)
cThe samples analyzed within 24 h after generation were termed as “fresh sample”. The samples that were stored for 4weeks at 295 K and <45% RH were

termed as “stored sample”.
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The environmental scanning electron microscope (SEM) (Quanta 3-D model, FEI, Inc.) used in this study is
coupled with an EDAX X-ray spectrometer (EDAX Inc.) and a Si(Li) detector with an active area of 10mm2 and
an Atmospheric Thin Window (ATW2) window [Laskin et al., 2012; Wang et al., 2012b]. During CCSEM/EDX
analysis, particles deposited on the carbon-filmed grids were first identified and imaged using detection of
either transmitted electron (TE) signal or secondary electron (SE) signal. Then, X-ray spectra for each of the
identified particles were acquired at a beam current of 110 pA and an acceleration voltage of 20 kV for 5 s.
Elemental compositions and equivalent circle diameters of individual particles were determined from
recorded X-ray spectra and SEM images, respectively. Particle elemental composition is reported in terms of
atomic fractions and their ratios. Because of low X-ray energy characteristic peak and possible beam damage,
particles with an equivalent circle diameter larger than 0.9μm were analyzed to minimize experimental
artifacts. More details for the individual particle analysis by CCSEM/EDX on thin carbon-filmed grids can be
found elsewhere [Laskin, 2010; Laskin and Cowin, 2001; Laskin et al., 2006, and references therein].

A detailed description of the micro-FTIR experimental setup has been reported elsewhere [Cain et al., 2010;
Liu et al., 2008]. Briefly, the micro-FTIR apparatus consists of a Bruker A590 IR optical microscope coupled with
a Bruker IFS66/S FTIR spectrometer and a mercury-cadmium-telluride detector. A sealable environmental
sample stage (Linkam, FTIR 600), which allows IR beam passage through an optically transparent sample, is
attached to the optical microscope. A Si3N4 window loaded with particles was placed onto and sealed in the
sample stage. By moving the sample within the stage, the IR beam was positioned to pass through the
particle sample. Dry nitrogen was used as purging gas to reduce the amount of CO2 and water vapor present
along the pathway of the IR beam. Samples were purged by dry nitrogen at 1 L/min for 30min before spectra
were collected. Background spectra were acquired using a separated particle-free Si3N4 “reference” window.
All spectra were collected in transmission mode by coadding 512 individual scans between 4000 cm�1 and
500 cm�1 at a spectral resolution of 4 cm�1. Averages of five background spectra were used as reference
spectra for particle samples. For each sample, average of 15 spectra was used for further data analysis. All
spectra were acquired with 0.3mm aperture at 295 ± 0.5 K and dry conditions (RH< 10%). All the sample
spectra were acquired over an ensemble of a few hundred particles.

3. Results and Discussions
3.1. Particle Imaging

Figures 1 and 2 show typical SEM images for the investigated HA(org)/NaNO3 and HA(org)/Ca(NO3)2 particles
generated from the corresponding solutions at 1:1 molar ratio. Images acquired in TE mode enable
visualization of possible inclusions within individual particles whereas images acquired in SE mode are more
indicative of particle surface morphology. The images show that mixing of HA(org) with either NaNO3 or Ca
(NO3)2 salts produces particles with nearly homogeneous internal composition. Although different
components cannot be distinguished based on electron microscopy imaging, the homogeneous mixing of
internal compositions is confirmed by the elemental mapping of individual particles as exemplified by
Figures S1 and S2 in the supporting information. Only GA/NaNO3 (1:1) particles exhibit multiple inclusions,
which could be either organic sodium salt or NaNO3.

The round-shaped particles with relatively smooth surfaces seen in the TE and SEmodemicroscopy images in
Figures 1 and 2 suggest their likely noncrystalline, amorphous state. The only exception to this observation is
a single, relatively large GA/Ca(NO3)2 (1:1) particle that showed a crystalline structure (see Figure 2 (bottom
right)). Overall, noncrystalline particle morphologies are consistent with previous studies showing that drying
of aqueous droplets can yield particles in an amorphous state for NaNO3, Ca(NO3)2, and carboxylic acids
investigated here [Choi and Chan, 2002; Gysel et al., 2002; Hoffman et al., 2004; Krueger et al., 2003; Mikhailov
et al., 2009; Peng et al., 2001; Wise et al., 2003]. These particles can retain water and remain in a metastable
state at very low RH, and even under vacuum conditions. Micro-FTIR analysis also supports that these
particles contain condensed phase water (absorbance at about 3400 cm�1) and are in viscous semisolid state
(see section 3.3).

3.2. CCSEM/EDX Analysis of Individual Particles

Elemental N/Na or N/Ca ratios of individual particles were calculated from atomic fractions of N, Na, or Ca
quantified by CCSEM/EDX analysis. N/Na and N/Ca data for particles in a size range of 1.0–10μm were
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combined in 0.2μm bins. A statistically significant number of particles (2000–10,000) were analyzed for each
particle composition. Quantitative EDX analysis of particles containing NaNO3, Ca(NO3)2, and their mixtures
have a number of challenging issues. Intensities of characteristic EDX peaks of C, N, and O are severely
affected by complex sensitivity effects (ZAF effects) related to atomic number (Z)-dependent electron
scattering, absorption (A), and fluorescence (F), as well as effects of particle size and shape [Laskin et al.,
2005b]. Furthermore, nitrate particles are susceptible to damage by the electron beam that additionally may
impact measured intensities of peaks in the EDX spectra [Hoffman et al., 2004]. Although a few computer

MA/Ca(NO3)2 (TE) MA/Ca(NO3)2 (SE)

CA/Ca(NO3)2 GA/Ca(NO3)2

Ca(NO3)2

Malic/Ca(NO3)2

Figure 2. Characteristic SEM images of pure Ca(NO3)2 particles and variousmixed HA(org)/Ca(NO3)2 (1:1) particles. Figure 2
(top right) was acquired using SEmode; all other images were acquired using TEmode. A pair of TE and SE images show the
same group of MA/Ca(NO3)2 (1:1) particles. Size bar is 10μm for all images.

MA/NaNO3 Malic/NaNO3

CA/NaNO3 GA/NaNO3

NaNO3

TA/NaNO3

Figure 1. Characteristic SEM images of pure NaNO3 particles and various mixed HA(org)/NaNO3 (1:1) particles. All images
were acquired in TE mode. Size bar is 10μm for all images.
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modeling approaches were developed to
account for the sensitivity effects, these
codes do not assess the beam damage
effects [Ro et al., 2001, 2000, 1999]. For the
purpose of this study, we use measured
N/Na and N/Ca ratios as indicators for
residual nitrates in particles and compare
their absolute values to the reference values
measured for pure NaNO3 and Ca(NO3)2
particles. Ratios of N/Na and N/Ca lower
than the reference values indicate nitrate
depletion caused by reaction (R2) between
HA(org) and nitrate. Table 1 summarizes the
mean N/Na and normalized N/Ca ratios with
1 standard deviation for the investigated
particle samples. The ranges of ratios are
shown for the particle samples that have
clear size dependences.

Figure 3 shows mean ratios of N/Na
measured for internally mixed HA(org)/
NaNO3 particles along with the reference of
NaNO3 particles. The N/Na reference ratios
match well the nominal value of unity for
nearly the entire range of particle sizes. The
slightly lower N/Na values for NaNO3

particles smaller than 2μm most likely are a
result of electron beam damage. N/Na ratios
for all investigated HA(org)/NaNO3 particles
are significantly lower than the reference
values indicating nitrate depletion in these
particles. As shown in Figure 3a and Table 1,
the N/Na ratio decreases from ~0.65 to 0.45
and to 0.1 for MA/NaNO3 particles
generated from 1:3, 1:1, and 3:1 mixed
solutions, respectively. Nitrate was nearly
completely depleted by MA in MA/NaNO3

(3:1) particles. This indicates that the
increase in fraction of MA within those
particles enhanced nitrate depletion. In
addition, the results show the nonlinear
relationship between N/Na ratio (nitrate
depletion) and molar ratio of MA/NaNO3 (in
original solution). Because the investigated
organic acids are relatively weak, which
means they do not fully dissociate and may
have different extents of dissociation in
drying aqueous particles, the H+

concentrations in these systems and the
N/Na ratios in the reacted MA/NaNO3

particles are not expected to correlate
linearly to the MA/NaNO3 ratios in original

solutions. The stored particles that were stored at 295 ± 1 K and 25%–45% RH after generation for ~4weeks
have 25% more nitrate depletions compared to the fresh particles for MA/NaNO3 (1:1) particles. As shown in
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Figure 3. Mean elemental ratios of N to Na (N/Na) as a function of
particle size (in diameter) for HA(org)/NaNO3 particles. (a) MA/NaNO3
particles generated from solutions at different molar ratios; (b, c)
particles of MA, GA, Malic, CA, and TA mixed with NaNO3 generated
from solutions at 1:1 molar ratio. Reference data for NaNO3 particles
are shown as black solid diamonds. Dashed lines indicate the nominal
N/Na ratio of unity if no nitrate depletion occurs. Fresh and stored
particles are shown as solid and open symbols, respectively.
Representative uncertainties (one standard deviation (1 SD)) are
shown. Grey area in Figure 3c indicates the residual fraction of nitrate
as determined by micro-FTIR measurements over CA/NaNO3 (1:1)
particle sample.
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Figures 3b and 3c, other organic acids exhibit different nitrate depletion potentials for the fresh (solid
symbols) and stored (open symbols) HA(org)/NaNO3 (1:1) particles. For fresh samples, the nitrate depletion of
~40% was observed for GA/NaNO3, followed by ~45% to 50% for Malic/NaNO3 and CA/NaNO3, and ~55% to
60% for MA/NaNO3 and TA/NaNO3. About 10% to 30% of extended nitrate depletion was observed in the
stored particles compared to the corresponding fresh particles. Within the experimental scatter, no
significant size dependence was observed for any of the mixed HA(org)/NaNO3 particles studied here.

Figure 4 shows the mean ratios of N/Ca for internally mixed HA(org)/Ca(NO3)2 particles. In the case of Ca(NO3)2
particles, the ZAF effects and beam damage are more severe than in the case of NaNO3 particles for reasons
that have been discussed elsewhere [Laskin et al., 2005a, 2005b]. Because of the large difference between the
energy of N and Ca X-ray peaks, the ZAF effects result in underpredicted values of N/Ca with an overall trend
of a declining N/Ca ratio over a 1 to 10μm particle size range. Furthermore, smaller Ca(NO3)2 particles of the
submicron size are more susceptible to the electron beam-induced decomposition of nitrate, which
additionally impacts underprediction of the N/Ca values. When combined, ZAF and the beam damage effects
cause characteristic “rise-and-fall” tendency of the reference N/Ca values with respect to particle size, as seen
in Figure 4a [Laskin et al., 2005b]. As shown in Figure 4a, the reference N/Ca ratios for Ca(NO3)2 particles lie
well below the nominal value of 2 because of the combined results of ZAF effects and beam damage [Laskin
et al., 2005b]. However, the measured N/Ca ratios for all HA(org)/Ca(NO3)2 particles were systematically lower
than the N/Ca references indicating nitrate depletion by HA(org), as exemplified by the selected MA/Ca(NO3)2
particle data shown in Figure 4a. Similarly, measurements for other HA(org)/Ca(NO3)2 particles showed the
same ”rise-and-fall“ tendency of the individual data sets over the 1 to 10μm particle size range. To quantify
the extent of the nitrate depletion in HA(org)/Ca(NO3)2 particles, the measured N/Ca ratios were normalized
to the reference N/Ca values of Ca(NO3)2 particles. Therefore, the normalized mean N/Ca values (hereafter
marked as N/Ca*) indicate the fraction of residual nitrate in particles. Original N/Ca data and the associated
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Figure 4. Mean elemental N/Ca and N/Ca* ratios (N/Ca ratios normalized to the reference N/Ca values of Ca(NO3)2
particles) for HA(org)/Ca(NO3)2 particles. (a, b) Measured N/Ca ratios and N/Ca* ratios for MA/Ca(NO3)2 (1:3, 1:1, and 3:1)
particles; (c, d) N/Ca* ratios for HA(org)/Ca(NO3)2 (1:1) particles. Data for Ca(NO3)2 particles are shown as solid black squares
in Figure 4a. Dashed lines indicate the N/Ca* ratio of unity if no nitrate depletion occurs. Fresh and stored particles are
shown as solid and open symbols, respectively. Representative uncertainties (1 SD) are shown in Figures 4a and 4b.
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normalized results for MA/Ca(NO3)2
particles are shown in Figures 4a and 4b,
respectively. Figures 4c and 4d summarize
the N/Ca* ratios for HA(org)/Ca(NO3)2 (1:1)
particles. In general, different extents of
nitrate depletion were observed for the
investigated HA(org)/Ca(NO3)2 particles.
MA/Ca(NO3)2 (1:1) particles show nitrate
depletion of ~60%. Nitrate depletion in MA/
Ca(NO3)2 (3:1) particles are size dependent,
where large particles show less depletion.
MA/Ca(NO3)2 (1:3) particles have less
nitrate depletion (~35%) as compared to
MA/Ca(NO3)2 (1:1) and (3:1) particles. On
average, nitrate depletion of 50% and 60%
was observed for Malic/Ca(NO3)2 (1:1) and
MA/Ca(NO3)2 (1:1) particles, respectively.
No significant size dependence was
observed for these two systems. For GA/Ca
(NO3)2 (1:1) and CA/Ca(NO3)2 (1:1) particles,

larger particles exhibited less nitrate depletion. Nitrate was further depleted by ~10% to 40% in the stored
particles compared to the corresponding fresh particles as shown in Figure 4 and Table 1.

As shown in Figures 3 and 4, the stored particles have up to 30% more nitrate depletions as compared to
fresh particles. As discussed in section 3.1, the investigated HA(org)/nitrate particles were in viscous semisolid
state after dehydration. Because these particles retain water and remain in a metastable state at low RH, acid
displacement and the release of HNO3 into gas phase proceed gradually. This is a result of the low-diffusion
coefficient of HNO3 and organic acids in the high viscous matrix [Koop et al., 2011; Shiraiwa et al., 2011], in this
case HA(org)/nitrate particles. Thus, the observed nitrate depletions in these stored particles can serve as the
upper limits of acid displacement at 295 ± 1 K and 25%–45% RH. More depletion may occur if the particles
encounter additional hydration/dehydration cycles.

3.3. Micro-FTIR Analysis

Micro-FTIR analysis was used to provide spectroscopic evidences for the organic salt formation in CA/NaNO3,
MA/Ca(NO3)2, and CA/Ca(NO3)2 particles. For CA/NaNO3 (1:1) particles, the reaction (R2) will form monosodium
citrate (C6H7O7Na), because CA is a weak acid and may only go through first acid dissociation. This is also
supported by the incomplete nitrate depletion (~50%) inferred from the CCSEM/EDX microanalysis. Figure 5
shows the spectra for CA/NaNO3 (1:1) particles along with the reference spectra acquired from standards of
monosodium citrate, CA, and NaNO3 particles. The peak at ~1710 cm�1 is characteristic of the stretching
mode of ν(C=O) band (COOH group) in these samples [Cabaniss et al., 1998; Ghorai et al., 2011; Larkin, 2011;
Ma et al., 2012]. CA/NaNO3 particles post a new peak at ~1565 cm�1 compared to CA and NaNO3 particles.
This can be assigned to the out-of-plane ν(COO�) band in the carboxylate salt (COO� group) [Larkin, 2011;
Laskina et al., 2013;Ma et al., 2012]. This peak position is the same as that detected in the standard mixture of
CA/C6H7O7Na (1:1). The peak of COO

� functional group for pure monosodium citrate is at ~1585 cm�1. This
indicates that the peak experiences a red shift indicating the interaction between monosodium citrate and
CA [Laskina et al., 2013].

Figure 6 shows the FTIR spectra of MA/Ca(NO3)2 (1:1) and CA/Ca(NO3)2 (1:1) particles along with the reference
spectra of Ca(NO3)2, MA, and CA standards. MA/Ca(NO3)2 (1:1) and CA/Ca(NO3)2 (1:1) particles post a new
peak at ~1576 cm�1 and 1585 cm�1, respectively. These newly formed peaks can also be attributed to the
out-of-plane ν(COO�) band of corresponding carboxylate salts [Larkin, 2011]. The peak at 1640 cm�1 from
CA/Ca(NO3)2 (1:1) and Ca(NO3)2 particles is attributed to HOH bending of residual condensed phase water
[Liu et al., 2008]. The CA/Ca(NO3)2 (1:1) particles in this study were not completely dehydrated. Peng et al.
[2001] found that MA, CA, TA, and Malic can contain water at low RH, and no crystallization was observed
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Figure 5. Micro-FTIR spectra of CA/NaNO3 (1:1) particles along with
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even in the dehydrated particles. Peng and Chan [2001] andWu et al. [2011] showed that some organic salts
such as sodium malonate and sodium tartrate can contain water at low RH. Ca(NO3)2 particles are highly
hygroscopic and deliquesces at ~12% RH [e.g., Laskin et al., 2005b]. From the observed particles’
noncrystalline morphology inferred from SEM images and residual water detected by micro-FTIR, we suggest
that the CA/Ca(NO3)2 particles were in viscous semisolid phase at low-RH conditions.

Formation of monosodium citrate in CA/NaNO3 (1:1) particles was quantified from their IR spectral data using
the following equation:

np;s
nco;s

¼ Ap;s=σp
Aco;s=σco

¼ σco

σp
� Ap;s

Aco;s
; (1)

where np,s and nco,s are the moles of monosodium citrate product and CA, respectively; Ap,s and Aco,s are the
integrated absorbance; and σco and σp are the integrated cross sections of ν(C=O) and ν(COO�) bands,
respectively. The ratio of σp to σco was determined from the deconvoluted reference spectrum of CA/
C6H7O7Na (1:1) particle standard. For CA/NaNO3 (1:1) particles, the fraction of monosodium citrate (Xp) of
~0.45 ± 0.05 was determined using the following equation:

np;s
nco;s

¼ Xp

1 � Xp
� � : (2)

When converted to N/Na ratio, Xp=0.45 ± 0.05 corresponds to the ratio of 0.55 ± 0.05, which is consistent with
the results of CCSEM/EDX analysis shown in Figure 3c.

3.4. Driving Forces of Reactions

The CCSEM/EDX microanalysis and micro-FTIR spectroscopy confirm the nitrate depletion and the formation
of organic salts in a set of investigated HA(org)/nitrate particles following reaction (R2). In our previous study,
we demonstrated that the extent of chloride depletion in different HA(org)/NaCl particles is controlled by the
gas phase release of HCl(g) that shifts gas-particle equilibrium of reaction (R1) toward its products [Laskin et al.,
2012]. The same arguments hold for reaction (R2) and the case of mixed HA(org)/nitrate particles. In general,
the equilibrium conditions of these reactions for diluted aqueous particles are governed by the differences in
acidity and volatility of HA(org) versus those of HNO3.

Table 2 lists the acid dissociation constants (Ka1) and Henry’s law constants (KH) for the acids discussed in this

study along with the corresponding ratios of Ka;HNO3

Ka1;HA orgð Þ
and

KH;HA orgð Þ
KH;HNO3

calculated for each HA(org). Differences in

relative acidities (dissociations) of HNO3 and HA(org), Ka;HNO3

Ka1;HA orgð Þ
, indicate that equilibrium concentration of

undissociated organic acids will be a factor of 104–105 higher than that of the undissociated HNO3, shifting

equilibrium of reaction (R2) to the left. On the other hand, differences in the corresponding KH values
KH;HA orgð Þ
KH;HNO3

� �
suggest that the HNO3 gas phase concentration will exceed HA(org) gas phase concentration by a
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Figure 6. Micro-FTIR spectra for MA/Ca(NO3)2 (1:1) and CA/Ca(NO3)2 (1:1) particles along with the reference spectra
acquired for Ca(NO3)2, MA, and CA particle standards.
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comparable factor of ~105. Notably, with the exception of GA, for all other HA(org) species the gas phase
excess of HNO3 is larger than its shortage in the aqueous phase. Therefore, upon drying of particles, the
equilibrium of reaction (R2) will be gradually changed and shifted to the right by the continuous degassing of
HNO3 to the point where concentrations of “reactants” and “products” in the condensed phase would

become comparable. Calculated ratios of
KH;HA orgð Þ
KH;HNO3

=
Ka;HNO3

Ka1;HA orgð Þ
can be used to compare the differences in the

corresponding KH and Ka1 of HNO3 and HA(org) and assess plausibility of reaction (R2). Higher
KH;HA orgð Þ
KH;HNO3

=
Ka;HNO3

Ka1;HA orgð Þ

values indicate greater tendency for HNO3 evaporation and higher extent of nitrate depletion. As shown in

Figure 7, the
KH;HA orgð Þ
KH;HNO3

=
Ka;HNO3

Ka1;HA orgð Þ
value of 4.2 × 10�3 to 4.0 × 10�2 for GA is more than 2 orders of magnitude lower

than those values (1–1.4× 101) for other HA(org), so GA showed the least nitrate depletion among the
investigated HA(org). The stored particles also showed a similar trend (Figure S3). Saxena and Hildemann [1996]
reported that the estimated KH of Malic, TA, and CA could be 2×1013, 1 × 1018, and 2×1018M/atm, respectively,

which is several orders of magnitude higher
than the values used in Table 2. This indicates
that estimated gas phase excess of HNO3 can
be several orders of magnitude higher than its
condensed phase shortage for systems of
Malic, TA, and CAmixedwith nitrate. Therefore,
a greater shift of the reaction (R2) equilibrium
to the right would be expected for NaNO3 and
Ca(NO3)2 particles reacted with MA, Malic, TA,
and CA, while their reactivity with GAwould be
less noticeable. This is consistent with our
CCSEM/EDX results showing similar nitrate
depletion in both NaNO3 and Ca(NO3)2
particlesmixedwith CA, MA, Malic, and TA, and
substantially lesser effect in those particles
mixed with GA (see Table 1).

Interestingly, we were unable to produce and
study individual particles generated from the
mixture of TA and Ca(NO3)2 solutions because
of the very low solubility of calcium tartrate in
water, which is below 0.36 g/L at 20°C (0.002M)
[Seidell, 1919]. Therefore, bulk calcium tartrate
product precipitated immediately when 0.5M
solutions of TA and Ca(NO3)2 were mixed
together. This indicates that low solubility of
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Figure 7. Ratios of N/Na (circle) and N/Ca* (square) observed in

mixed HA(org)/nitrate (1:1) fresh particles as a function of
KH;HA orgð Þ
KH;HNO3

=
Ka;HNO3

Ka1;HA orgð Þ
(i.e., RatioKH/RatioKa1). Dashed lines

show the
KH;HA orgð Þ
KH;HNO3

=
Ka;HNO3

Ka1;HA orgð Þ
value of 1. Two data points for

CA/Ca(NO3)2 and GA/ Ca(NO3)2 represent the range of N/Ca*.
Green, brown, cyan, red, and blue represent mixed nitrate with GA,
Malic, TA, MA, and CA, respectively. Error bars in x axis for GA andMA
indicate the ranges of literature-reported data. Error bars in y axis
represent 1 standard deviation listed in Table 1.

Table 2. Physicochemical Properties of Acids Discussed in This Study Including Molecular Formula, Molar Mass, Acid Dissociation Constant (Acidity Constant, Ka1),
and Henry’s Law Constant (KH)

a

Acids Molecular Formula Molar Mass (gmol�1) Acidity Constant, Ka1
b Henry’s Law Constant, KH

c, (M/atm)

Ka;HNO3

Ka1;HA orgð Þ
KH;HA orgð Þ
KH;HNO3

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

Nitric HNO3 63.01 >2× 101 >2 × 105

Glutaric (GA) C5H8O4 132.12 4.8 × 10�5 (0.35–3.3) × 109 4.2 × 105 (0.2–1.7) × 104

Malonic (MA) C3H4O4 104.06 1.5 × 10�3 (0.26–3.3) × 1010 1.3 × 104 (0.1–1.7) × 105

Malic C4H6O5 134.09 3.9 × 10–4 3.5 × 1010 5.1 × 104 1.8 × 105

Tartaric (TA) C4H6O6 150.09 1.0 × 10�3 1.5 × 1010 2.0 × 104 7.5 × 104

Citric (CA) C6H8O7 192.12 8.4 × 10�4 6.5 × 1010 2.4 × 104 3.3 × 105

aKa1 ratio of nitric to organic acid
Ka;HNO3

Ka1;HA orgð Þ

� �
and KH ratio of organic to nitric acid

KH;HA orgð Þ
KH;HNO3

� �
are listed.

bData from Haynes and Lide [2011].
cData from Bilde et al. [2003], Booth et al. [2010], Cappa et al. [2007], Compernolle and Müller [2013], Ribeiro da Silva et al. [1999], Salo et al. [2010], and Soonsin et al.

[2010]. The range of KH values for MA and GA is compiled from the listed references.
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certain organic salts would have an additional effect on driving the reactions between HA(org) and nitrate in
atmospheric aerosols.

As shown in Figures 3 and 4, the extent of nitrate depletion in CA/Ca(NO3)2 and GA/Ca(NO3)2 particles exhibits
significant size dependence, while nitrate depletion in other HA(org)/Ca(NO3)2 particles is invariant of particle
size. It is possible that for the later HA(org)/Ca(NO3)2 systems, the particle phase diffusion of HNO3 is fast enough
that particle size has no significant effect on the HNO3 transport from particle to gas phase during the
dehydration processes. In contrast, for CA/Ca(NO3)2 and GA/Ca(NO3)2 particles, particle phase diffusion of HNO3

is likely slower to the point that particle size limits the HNO3 transport throughout the particle and its gas phase
partitioning at low RH. The reason for that could be that CA/Ca(NO3)2 and GA/Ca(NO3)2 particles become more
viscous or semisolid as result of fast dehydration in the diffusion dryer [Koop et al., 2011; Shiraiwa et al., 2011]
and lower solubility of associated calcium salts and their possible crystallization.

4. Atmospheric Implications

Although the data presented here are for 1.0 to 10μm particles, the gas/particle partitioning through
reaction (R2) would occur even faster in smaller particles in which greater nitrate depletion may be expected.
To estimate the extent of this reaction at ambient conditions, partitioning among gas, liquid, and solid phases
for some of the investigated aerosol systems was calculated using the E-AIM model [Clegg and Seinfeld, 2006a,
2006b]. Specifically, Model III of E-AIM at 1 atm ambient pressure and 298.15 K in a closed 1m3 air parcel was
used with standard UNIFAC (UNIversal Functional Group Activity Coefficients) parameters for HA(org).

Figure 8 shows NO3
�(aq)/Na+ equilibrium ratios as a function of RH forMA/NaNO3 (1:1) for deliquesced aqueous

(thick lines) microdroplets and particles in metastable aqueous form (thin lines) calculated when formation of
solid phases was disabled in the model. Intentionally, we selected the input value of MA/NaNO3 (1:1) aerosol
concentration to be such that the calculated NO3

�(aq)/Na+ ratio would match the measured N/Na ratio of
0.45 in corresponding CCSEM/EDX analysis (Figure 8b). Figure 8a shows that NO3

�(aq)/Na+ ratio of 0.45
would be expected over the range of 55%–80% RH if the model is initialized with an input of 1.0μg/m3 for
airborne NaNO3 concentration (1.18 × 10�2μmol/m3) mixed with MA at 1:1 molar ratio. The upper and lower
limits of measured N/Na ratio set by the error bars (0.45 ± 0.20) can be simulated using an input of 20 and
0.05μg/m3 for airborne NaNO3 concentrations, respectively, which are well within the range of common
nitrate mass loadings in typical atmospheric environments [e.g., Adams et al., 1999; Bauer et al., 2007].

Table 3 shows the range of airborne nitrate concentrations used as E-AIM model input to match
corresponding levels of nitrate depletion observed in dry MA/NaNO3, Malic/NaNO3, and GA/NaNO3 particles.
The calculated NO3

�(aq)/Na+ ratios from the E-AIM model between 40% and 80% RH (colored lines in
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Figure 8. (a) Mean N/Na ratios as a function of particle size determined by CCSEM/EDX analysis for dried MA/NaNO3 (1:1)
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�(aq)/Na+ ratios as a function of RH at gas/particle equili-
brium for aqueous (thick lines) and metastable (thin lines) of MA/NaNO3 (1:1) particles. Legends indicate airborne NaNO3
concentrations adjusted to match measured N/Na ratios shown in Figure 8a.
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Figure 8b) match the experimentally determined N/Na ratios (dotted lines in Figure 8a). The upper and lower
limits of airborne nitrate concentrations correspond to mean+ 1 standard deviation (SD) and mean� 1 SD of
N/Na ratio, respectively. Because these calculations were done for a constant volume system, higher-nitrate
concentration results in lower nitrate depletion for the same HA(org)/NaNO3 particles shown in Figure 8b.
During their atmospheric aging, sea salt and calcite components of mineral dust can be fully converted into
nitrate particles [e.g., Abbatt et al., 2012; Laskin et al., 2005a]. Considering typical airborne sea salt concentrations
of 1–1000μg/m3 in the atmosphere [Lewis and Schwartz, 2004], we conclude that all nitrate concentrations
listed in Table 3 are atmospherically relevant. E-AIM model calculations with an input of MA/NH4NO3 at 1:1
molar ratio (with 10μg/m3 NH4NO3) show that the majority of NH4NO3 will be in the gas phase below 80%
RH. Thus, the acid displacement by MAmay have no significant impact in terms of overall nitrate partitioning
in the MA/NH3/HNO3 aerosol system.

The corresponding gas phase concentrations of HNO3(g) for these investigated systems range from 0 to
16.7μg/m3 and are listed in Table 3. These concentrations are in the same order of magnitude as those
reported in field studies of atmospheric HNO3(g) at different geographic locations [e.g., Adon et al., 2010; Day
et al., 2009; Fischer et al., 2006; Hu et al., 2008; Lefer et al., 1999; Li et al., 2012;Morino et al., 2006]. For example,
Fischer et al. [2006] measured mean HNO3 concentrations of ~2.3μg/m

3 with a maximum of 21μg/m3 in the
New England coastal atmosphere during summer time. In that study, the elevated HNO3(g) to particulate
phase nitrate ratio of 2–6 were reported during the episodes of urban plumes, which likely would have been
impacted by higher concentrations of organics. Previous studies have shown that in Mexico City secondary
oxygenated organics [Aiken et al., 2009] and organic acids [Knopf et al., 2010; Moffet et al., 2010; Stone et al.,
2010] oftenmix internally with nitrate, such as NaNO3 and Zn(NO3)2 [Aiken et al., 2009;Moffet et al., 2008]. Low
molecular weight carboxylic acids can be up to 4μg/m3 [Stone et al., 2010]. If the proposed reaction occurred
and nitrate depletion was similar to that in mixed MA/NaNO3 (1:1) particles with NaNO3 of 1μm/m3 (Table 3),
~0.4μm/m3 HNO3(g) would be produced. This would have accounted for 16% of measured mean HNO3(g)
concentration at noon time (~1 ppb; i.e., 2.58μm/m3) [Zheng et al., 2008]. Zheng et al. [2008] also showed that
~23% HNO3 production could not be balanced after considering the photochemical production, deposition,
and losses. Thus, the production of HNO3 from the proposed reactions may contribute significantly to the
HNO3 atmospheric budget.

Results of E-AIM calculations suggest that for HA(org)/NaNO3 particles gas/particle partitioning through
reaction (R2) might be significant over a very wide range of RH <80% (see Figure 8b). As shown in Figure 8b,
the NO3

�(aq)/Na+ ratios for aerosol systems with low MA/NaNO3 concentrations (red and black lines) are
significantly lower than 1 even at RH close to 100%. This implies that HA(org) can possibly deplete nitrate not
only during substantial dehydration but also during cloud processing. Reactions between various HA(org)
and nitrate can release gaseous HNO3 and produce organic salts, which would become a significant
component of mixed particles. The current version of the E-AIM model only considers formation of solid
organic acids and inorganics separately and does not include solid organic salts formation. Formation and
precipitation of organic salts need to be considered in future modeling efforts for better estimation of the
chemical composition of complex organic/nitrate/chloride particles, especially at low-RH conditions.
Formation of organic salts from reactions (R1) and (R2) may alter particles’ physical properties, such as

Table 3. Estimated Range of Airborne NaNO3 Concentrations From E-AIM Model Calculation Where Nitrate Depletion at Low RH (~40%–80%) Can be Expected at
the Same Levels (Indicated by N/Na) as Those Measured for Selected HA(org)/NaNO3 Particles

a

Organic Acid,
HA(org)

Molar Ratio
HA(org)/NaNO3

Extent of Nitrate Depletion in Dry
Particles: N/Na (mean±1 SD)

Airborne NaNO3 Concentrations Required
to Account for the Corresponding

Nitrate Depletion (μg/m3)
Range of Potential HNO3(g)

Production (μg/m3)

Upper Limit Mean Lower Limit Upper Limit Mean Lower Limit

MA 1:3 0.65± 0.20 50 1 0.05 16.7 0.33 0.02
1:1 0.45± 0.20 20 1 0.05 8 0.4 0.02
3:1 0.10± 0.10 0.05 0.01 0.001 0.03 0.01 ~0

Malic 1:1 0.55± 0.15 12 5 2 4.4 1.9 0.9
GA 1:1 0.63± 0.15 0.5 0.05 0.01 0.1 0.01 ~0

aRange of potential HNO3(g) production is also reported. Upper and lower limits correspond to mean+ 1 SD and mean� 1 SD of N/Na ratio, respectively.
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hygroscopicity and refractive index. For instance, a few studies have shown that organic salts including
sodium malonate and sodium tartrate are more hygroscopic than their corresponding acids and are
comparable to typical hygroscopic inorganic salts [Peng and Chan, 2001; Wu et al., 2011].

The acid displacement reaction (R2) provides a recycling mechanism of HNO3. Release of gaseous HNO3

from reaction and its repartitioning on surfaces of other particles and environmental surfaces [e.g., Baergen
and Donaldson, 2012] may have significant impacts and consequences for atmospheric chemistry and
environments. The released HNO3 could react with ammonia (NH3) and form ammonium nitrate [Seinfeld and
Pandis, 1998]. The enhanced gas phase HNO3 would also affect nighttime nitrogen chemistry [e.g., Brown and
Stutz, 2012]. Additional sinks of HNO3, such as heterogeneous reactions with sea salt, mineral dust, soot
[Loukhovitskaya et al., 2013; Salgado Munoz and Rossi, 2002], and organic aerosols [e.g., Moussa et al., 2013;
Ziemba et al., 2010], will extend the reaction between HA(org) and nitrate particles. For coastal and urban
regions where HNO3, sea salt/mineral dust, and HA(org) are abundant, HNO3 can first react with sea salt and
mineral dust particles and form highly hydroscopic nitrates. When these nitrate particles interact or mix with
HA(org), HNO3 can be re-released as a result of acid displacement and then continues to react with sea salt
and mineral dust.

On the other hand, substantial presence of ammonia or amines in the particle content can counter balance
reactions (R1) and (R2) through the competing consumption of organic acids leading to formation of
ammonium/aminium salts and amides following reactions (R3) shown below [Qiu and Zhang, 2013; Rehbein
et al., 2011; Zhang et al., 2012].

(R3)

These reactions will reduce concentration of protons available for the acid displacement reactions ((R1) and (R2))
inhibiting yields and gas phase partitioning of the HNO3 and HCl products. Furthermore, in an atmospheric
environment, hydration and dehydration cycles of particles may cause either partial crystallization of particle
components [Ault et al., 2013; Liu et al., 2011] or liquid-liquid phase separations [You et al., 2012] that in turn
would impact internal distribution of various components with inherent effects on particle reactivity and gas-
particle partitioning of the reaction products. The influence of all these factors on the potential recycling of
HNO3 through (R2) will be an interesting topic for future investigations following the case study presented here.

5. Conclusions

Nitrate depletion and formation of organic salts in atmospherically relevant particles composed of water-
soluble organic acids (HA(org)) and nitrate (i.e., NaNO3 and Ca(NO3)2) were investigated using CCSEM/EDX
analysis of a statistically significant number of individual particles and micro-FTIR analysis of ensembles of a
few hundred particles. The results show that HA(org) can react with nitrate resulting in the release of gaseous
HNO3 and formation of organic salts during the dehydration process. Among the investigated HA(org)
species, malonic and tartaric acids show greatest nitrate depletion (~55%–60%) followed by malic and citric
acids (~45%–55%) and glutaric acid (~37%) for NaNO3. Higher HA(org) content in HA(org)/nitrate particles
results in greater nitrate depletion. No significant size dependence was observed for the investigated 1–
10μm size HA(org)/NaNO3 particles. Similar nitrate depletions were observed for HA(org)/Ca(NO3)2 particles
except for those with glutaric and citric acids which showed slight size dependence. Greater nitrate depletion
was observed in all investigated samples when they were stored at low-RH conditions (<45% at room
temperature). This is most likely a result of slow reaction and diffusion in the viscous semisolid particles. The
results from micro-FTIR analysis confirm the formation of organic salts and are consistent with CCSEM/EDX
analysis in nitrate depletion.

The nitrate depletion and organic salt formation are attributed to acid displacement of nitrate with HA(org)
through gas-particle reactive processes driven by the evaporation of HNO3 into the gas phase as particles
dehydrate. It is reasonable to expect that similar reactive reactions will also apply for other mixtures of
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nitrates with water-soluble organic acids. Similar reactions and processes applied to HA(org)/NaCl particles
and different HA(org) have shown various impacts on the chloride depletion levels [Ghorai et al., 2014; Laskin
et al., 2012]. Relevant airborne nitrate concentrations that might be subjects for these reactions are estimated
using a thermodynamic model (E-AIM). Those estimated concentrations are well within the typical range of
nitrate mass loadings reported for various atmospheric environments. The release of HNO3(g) from these
reactions could have considerable effects on the nitrate-nitric acid partitioning and its atmospheric budget.
The reported reaction suggests a potential mechanism of HNO3 recycling that would affect the related gas
and heterogeneous chemistry in the atmosphere. The resulting organic salts can contribute to a significant
fraction of particle content and may change the particles’ chemical and physical properties. These effects of
the reactive gas/particle partitioning in mixed HA(org)/NaNO3/NaCl particles were largely overlooked by
previous work; therefore, they need to be considered in future field, laboratory, and modeling studies.
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