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Comments, Responses and List of changes in revised manuscript
General Comments from Anonymous referee # 1

This work reports a systematic and rigorous experimental study about hygroscopic behavior of
individual particles with sizes < 10um of a common but important atmospheric system i.e
NaCl/NaNO3. Optical microscopy was used to investigate deliquescent and efflorescence of
individual particles impacted on hydrophobic substrate for various mixing ratio of NaCl and
NaNO3. The change in particle size with the variation of humidity is monitored by measuring the
particle areas in the optical images, complementary SEM/EDX measurements were carried out
on dried particles to assess the mixing state of individual particles. The experimental results
presented by Authors are supported by a well-used thermodynamic model (i.e. AIOMFAC). The
introduction is well documented and clearly points out the main difficulties for studying
hygroscopicity properties of individual particles. The methodology used here was previously
published by Authors (Ahn et al., 2010 and Eom et al., 2014) and has demonstrated its feasibility
for investigating hygroscopic behavior of individual particles. Thus, citation of these articles in
the experimental section is lacking. The results provided by Authors allow building complete
DRH and ERH phase diagrams for individual particles with micrometer sizes with mole fraction
of NaCl varying from 0.1 to 0.9. Authors clearly demonstrated the hygroscopic behavior as
function of the particle composition (i.e. XNaCl = 0.38 (eutonic composition), XNaCl > 0.38 and
XNaCl < 0.38) and explain in a very didactic manner the efflorescence and deliquescent
behavior of particles step by step during the humidification and dehydration process. Authors
evidenced two-stage phase transitions during humidifying process except for the eutonic
composition. This is in good agreement with the thermodynamic modeling. The dehydration
behavior of particles was also explained by the mixing ratios of the two salts. Interestingly,
eutonic composed particles and particles with XNaCl > 0.38 showed two-stage efflorescence
transitions while NaNO3 -rich particles showed only a single transition. The microstructure of
the dried particles was investigated. SEM/EDX evidenced the core-shell structure of the dried
particles which is composed of NaCl in the center and eutonic composed solid shell whatever the
initial composition of the particle. Finally, the results are discussed in regards to the atmospheric
implication. To our knowledge this is a huge insight in the comprehension of the hygroscopic
behavior of individual particles. Actually, this work provides a complete description of the
behavior of the particles including particle microstructure during humidifying and dehydration
processes. | strongly recommend the publication of the work as is in ACP.

* Response to the general comments by Anonymous Referee #1:

We thank the reviewer very much for the positive evaluation of our work and very insightful
comments. We incorporated the references of our previous works in the experimental section as
pointed out by the reviewer:

Line # 200-201: (Ahn et al., 2010; Eom et al., 2014);

Line # 206: (Ahn et al., 2010, Li et al., 2014).

Anonymous Referee # 1
However, | have two minor questions: 1- The change in particle size with the variation of RH is
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based on optical image analyses meaning that 2D projected areas are taken into account. Since
some of particles are not perfectly rounds after crystallization (as seen on SEIs images figure 5),
what is the diameter taken into account? feret’s diameter?

* Response:

1: The change of particle size (area ratio = A/AQ) in the hygroscopic curves plotted both for the
humidifying and dehydration processes are with respect to the initial particle area (A0) at the
start of the humidifying cycle. These measurements were based on the optical image processing
(Matrox, Inspector v9.0) and the final effloresced particle sizes were not integrated with Feret’s
diameter from SEl-images to keep the consistency of the plot data. This was discussed in detail
in our previous publication (Ahn et al., 2010).

Anonymous Referee # 1

2- On figure 2.a we can see that A/AO of NaNO3-rich particles after efflorescence is larger than 1.
This means that the particle size is larger than the initial one at the final step of the process. We
cannot observe this behavior for the other mole fractions. Moreover the microstructure of
individual particles showed on the figure 5 does not seem to exhibit some differences with NaCl-
rich particles. Do the authors have any explanation for this size variation?

* Response:

2: The particle area ratios plotted in Figure 2(a) is with respect to the initial particle area (AO) at
the start of the humidifying cycle as pointed out above. As the 2-D projected area ratio was
obtained, the different A/AO values obtained at the start of the humidifying process and at the end
of the dehydration process (which would happen due to the deliquescence and efflorescence
events) does not necessarily mean that the actual volume (or mass) of the particle (which should
be the same) was changed on re-crystallization/solidification (Ahn et al. 2010). The
microstructures in SEI images and elemental X-ray maps (Figure 5) clearly complement the
efflorescence mechanism of the NaCl-rich and NaNO3-rich and eutonic composed particles
(Figure 4). NaCl homogeneously nucleates to crystallize first for all mole fractions and hence
forms the core. For NaCl-rich and eutonic composed particles, during the dehydration process
the NaCl from the metastable aqueous eutonic part crystallizes at the second ERH (apparently
the MERH) on the already crystallized NaCl part (from first ERH). For NaNO3-rich particles,
the microstructure is similar because NaCl is homogeneously crystallized in the core and NaNO3
solidifies heterogeneously around the core. We would like to point out that from SEM-EDX
mapping (Figure 5) the final microstructure of effloresced NaCl-NaNO3 mixture particles of all
mixing ratios show a NaCl core (through homogeneous nucleation) and NaNO3 solidified
around that core. This observation is discussed in detail in section 3.5 entitled as: Spatial
distribution of effloresced NaCl-NaNO3 solid particles.

Ref: Ahn et al. (2010). "Combined Use of Optical and Electron Microscopic Techniques for the
Measurement of Hygroscopic Property, Chemical Composition, and Morphology of Individual
Aerosol Particles.” Analytical Chemistry 82(19): 7999-8009.

General Comments from Anonymous referee # 2
This paper presents results of very thorough investigation of hygroscopic properties of mixed
NaCl/NaNO3 particles. Particles with the broad range of the mixing ratios are systematically
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studied experimentally and the results are complemented with thermodynamic modeling. The
paper is very well organized, carefully written and previous literature relevant to this study is
adequately discussed and meticulously referenced. | recommend publication nearly ‘as is’, with
only minor/editorial suggestions and comments listed below.

* Response to the general comments by Anonymous Referee #2:
We thank the reviewer very much for his/her positive evaluation of our work and helpful
suggestions.

Anonymous Referee # 2:

Because accuracy of the RH measurement is +/-0.5%, it does not make sense to report RH values
with an accuracy of a tenth percent. | suggest to round up all the reported values to the nearest
percent value.

* Response:

The accuracy of the RH measurements in the experimental set-up, i.e. +/-0.5%, was determined
by repeated measurements of the DRH of pure NaCl particles. We use the average/mean and
standard deviation for the DRH values and error values/bars from repeated humidifying cycles in
text and for the deliquescence phase diagram in Figure 3, respectively. For the dehydration
process we use the number average and range of ERH values in text and for the efflorescence
phase diagram in Figure 4. Hence, we think that the decimal digit in RH representation is not
meaningless: for example, we believe that two experimental values such as 76.4(+/-0.5)% and
75.5(+/-0.5)% are different in our experiments, which will be the same as 76(+/-0.5)% if they are
rounded as suggested by the reviewer.

Anonymous Referee # 2:
Section 3.2. | think that presenting the eutonic case first (3.2.2) followed by NaCl-rich and
NaNO3-rich cases might have some advantage for the text flow and presentation logic.

* Response:

We thank the reviewer for his helpful suggestion in enriching the manuscript flow. Accordingly
the section was corrected and rearranged in Line # 265-335 as shown in the marked-up section of
the revised manuscript.

Anonymous Referee # 2:
P33145, line 1 and other similar places: use of ‘remnant’ is somewhat incorrect here. I would
avoid using this word.

* Response:
The word “remnant” was “removed” or “replaced” as marked up in the revised manuscript:

Line # 35, 104, 572, and 716 and Figure 6 caption (2 times).

Anonymous Referee # 2:
P33145, line 6: remove ‘genuine’

* Response:



In the revised manuscript, line# 40 was modified and “genuine” was removed.

Anonymous Referee # 2:
P33146, line 13 and other similar places: use of word ‘full’ is unnecessary

* Response:
The word “full” at Line # 72 and 156 was removed in revised manuscript.

Anonymous Referee # 2:
P33152, line 10: replace ‘on the other hand’ by ‘however’

* Response:
Replaced at line # 228 of the revised manuscript.

Anonymous Referee # 2:
P33152, line 20: replace ‘exemplar’ by ‘representative’

* Response:
Replaced at line # 238 of the revised manuscript.

Anonymous Referee # 2:
P33153, line 11: replace ‘particular’ by ‘specific’

* Response:
Replaced at line # 259 of the revised manuscript.
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Hygroscopic properties of NaCl and NaNO3; mixture particles as reacted inorganic sea-salt

aerosol surrogates

Dhrubajyoti Gupta, HyeKyeong Kim, Geonhee Park, Xue Li, Hyo-Jin Eom, and Chul-Un Ro"

Department of Chemistry, Inha University, Incheon, 402-751, Korea

ABSTRACT

NaCl in fresh sea-salt aerosol (SSA) particles can partially or fully react with
atmospheric NO,/HNO3, so internally mixed NaCl and NaNO; aerosol particles can co-exist
over a wide range of mixing ratios. Laboratory-generated, micrometer-sized NaCl and NaNOs
mixture particles at ten mixing ratios (mole fractions of NaCl (Xnaci) = 0.1 to 0.9) were examined
systematically to observe their hygroscopic behavior, derive experimental phase diagrams for
deliquescence and efflorescence, and understand the efflorescence mechanism. During the
humidifying process, aerosol particles with the eutonic composition (Xnaci = 0.38) showed only
one phase transition at their mutual deliquescence relative humidity (MDRH) of 67.9(x0.5)%.
On the other hand, particles with other mixing ratios showed two distinct deliquescence
transitions, i.e., the eutonic component dissolved at MDRH and the remainder in the solid phase
dissolved completely at their DRHs depending on the mixing ratios, resulting in a phase diagram
composed of four different phases, as predicted thermodynamically. During the dehydration
process, NaCl-rich particles (Xnaci > 0.38) showed two-stage efflorescence transitions: the first
stage was purely driven by the homogeneous nucleation of NaCl and the second stage at the
mutual efflorescence RH (MERH) of the eutonic components, with values in the range of
30.0-35.5%. Interestingly, aerosol particles with the eutonic composition (Xnaci = 0.38) also
showed two-stage efflorescence with NaCl crystallizing first followed by heterogeneous
nucleation of the remaining NaNO3 on the NaCl seeds. NaNOs-rich particles (Xnaci < 0.3)
underwent single-stage efflorescence transitions at ERHs progressively lower than the MERH,

because of the homogeneous nucleation of NaCl and the almost simultaneous heterogeneous

* Corresponding author. Tel.: +82 32 860 7676; Fax.: +82 32 867 5604; E-mail: curo@inha.ac.kr
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nucleation of NaNOs on the NaCl seeds. SEM/EDX elemental mapping indicated that the
effloresced NaCl-NaNO; particles at all mixing ratios were composed of a homogeneously
crystallized NaCl moiety in the center, surrounded either by the eutonic component (for Xnac >
0.38) or NaNOj3 (for Xnaci < 0.38). During the humidifying or dehydration process, the amount of
eutonic composed part drives particle/droplet growth or shrinkage at the MDRH or MERH
(second ERH), respectively, and the amount of remnant pure salts (NaCl or NaNOj3 in NaCl- or

NaNOs-rich particles, respectively) drives the second DRHs or first ERHSs, respectively.
Therefore, their behavior can be a precursor to the optical properties and direct radiative forcing
for these atmospherically relevant mixture particles representing the coarse, reacted inorganic
SSAs. In addition, the NaCl-NaNOs; mixture aerosol particles can maintain an aqueous phase

over a wider RH range than the—genuine pure NaCl particles as SSA surrogate, making their

heterogeneous chemistry more probable.

1. Introduction

Atmospheric aerosols play important roles in global climate change, directly by
scattering or absorbing incoming solar radiation and indirectly by serving as cloud condensation
nuclei (Pandis et al., 1995; Satheesh and Moorthy, 2005). The radiative effects depend on the
chemical composition and sizes of the atmospheric aerosol particles. The optical properties and
the chemical reactivity of the atmospheric aerosols also depend on their mixing states and
different aerosol phases (Martin, 2000). Studies of the hygroscopic properties of inorganic salt
particles as aerosol surrogates can provide important insights to several of these important
aerosol properties, such as (i) alteration of aerodynamic properties; (ii) cloud-droplet nucleation
efficiency; (iii) optical properties; and (iv) physicochemical changes, through complex
heterogeneous chemical reactions with atmospheric gas-phase species (Wang and Martin, 2007;
Haywood et al., 2000; ten Brink, 1998; Krueger et al., 2003).

Sea-salt or sea-spray aerosols (SSAs) comprise a large proportion of the atmospheric
particulate mass (25-50%) (Finlayson-Pitts and Pitts, 2000). Thus far, many studies have
examined the hygroscopic behavior of both airborne and laboratory-generated SSAs (Tang et al.,
1997; Wise et al., 2007; Wise et al., 2009; Prather et al., 2013), but the hygroscopicity of the
SSAs is not completely understood (Meskhidze et al., 2013). NaCl in the nascent SSAs can react

(M4 g H2s )
(M 218 2124 )
[&Iﬂﬂ: (i.e., pure NaCl particles) }
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quickly (within a few minutes to a hours of residence in air) with the atmospheric NOy/HNO3
(ten Brink, 1998; Saul et al., 2006; Liu et al., 2007). This can lead to the formation of partially or
fully reacted particles containing NaCl and NaNO; over a range of mixing ratios. Indeed, studies
of individual marine aerosols have clearly shown the existence of fully- or partially-reacted SSA
particles, and a significant portion of these particles were reported to be mixtures of sodium
chloride, nitrate, and/or sulfate (Gard et al., 1998; Ro et al., 2001; Laskin et al., 2003; Ault et al.,
2014). Moreover, the further reactive uptake of N,Os was reported to be dependent on the
chloride to nitrate ratio of the reacted SSAs and their phases (Ryder et al., 2014). The primary
and secondary organics, biogenic particulates, sea-salt sulfates (ss-SO4%), non-sea-salt sulfates
(nss-SO,%), etc., add greater complexity to these SSAs (O'Dowd and de Leeuw, 2007; Keene et
al., 2007; Prather et al., 2013; Beardsley et al., 2013; Ault et al., 2013b). A detailed knowledge of

the full hygroscopic properties, mixing states, and the spatial distribution of the chemical

components in NaCIl-NaNO3z mixture particles, as partially or fully reacted SSA surrogates, can
serve as a good preliminary step to a better understanding of the complex chemical/physical
mixing states, hygroscopic behavior, and reactivity of ambient SSAs.

Many studies have examined the hygroscopic properties of two-component inorganic
salt particles as inorganic aerosol surrogates (Cohen et al., 1987a; Tang and Munkelwitz, 1993,
19944, 1994b; Tang et al., 1978; Ge et al., 1996; Ge et al., 1998; Chang and Lee, 2002). Stepwise
phase transitions generally occur for particles composed of two inorganic salts during the
humidifying process (Wexler and Seinfeld, 1991). On the other hand, particles with the eutonic
composition deliquesce completely at the mutual deliquescence relative humidity (MDRH),
resulting in a single phase transition. For two-component inorganic hygroscopic salt particles, the
first transition generally occurs at their MDRH, and the aqueous phase resulting from the partial
deliquescence has the eutonic composition. The residual solid component keeps absorbing water
with further increases in the RH and completely dissolves when the RH reaches their DRH,
which depends on the composition of the particle. As the humidifying processes of inorganic
salts are governed by thermodynamics, a range of thermodynamic models have been developed
to predict the deliquescence behavior or the ionic activity coefficients of two-component aerosol
particles (Tang, 1976; Ansari and Pandis, 1999; Clegg et al., 1998; Wexler and Clegg, 2002;
Zuend et al., 2008, 2011). The Extended Atmospheric Inorganic Model (E-AIM) predicts the

physical state and chemical compositions of aerosols containing several atmospherically relevant
7
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inorganic ionic species and/or organic species (http://www.aim.env.uea.ac.uk/aim/aim.php). The

Aerosol Inorganic-Organic Mixtures Functional group Activity Co-efficient (AIOMFAC) model
allows calculations of the activity coefficients in organic and/or inorganic mixtures from simple
binary solutions to complex multicomponent systems (http://www.aiomfac.caltech.edu). On the
other hand, there have been few systematic, experimental hygroscopic studies to support the
theoretical models for mixed salt particles.

During the dehydration process, where the RH is decreased from high to low, the
concentration of single salts in the aqueous droplets becomes dense and the inorganic single salts
can be finally crystallized at their efflorescence RH (ERH). The ERH is sometimes significantly
lower than the DRH. For example, pure NaCl particles have a DRH of ~75% and ERH of ~45-
47% (Martin, 2000). From a thermodynamic point of view, or as observed in bulk ternary
systems, aqueous droplets with double salts should show step-wise efflorescence transitions: a

component in the aqueous droplets precipitates first at their ERH and then the femnant-aqueous

phase of the eutonic composition effloresces at their mutual ERH (MERH), which should be
lower than either ERHs of the pure salts. Therefore, effloresced mixed particles may form a
heterogeneous, core-shell crystal structure owing to the step-wise crystallization process (Ge et
al., 1996). On the other hand, aqueous droplets with a eutonic composition are expected to
crystallize simultaneously, resulting in a homogeneous crystal structure. Efflorescence, however,
is a kinetic or rate-driven process that requires a sufficient activation energy to overcome the
kinetic barrier (Martin, 2000). This Kkinetic or critical-nucleation barrier in turn depends on a
range of factors, such as the mixing states of the chemical components, micro-physical states,
supersaturation levels, vapor pressure, interfacial tension, viscosity, inter-ionic forces, and solute-
water and solute-solute interactions (Cohen et al., 1987b). Therefore, the ERHs of single or
multi-component salts are difficult to predict theoretically (Seinfeld and Pandis, 2006). A
theoretical model for the efflorescence behavior of the NaCl-Na,SO, mixed system was reported,
where the efflorescence was considered to be driven primarily by the homogeneous nucleation of
the more supersaturated salt, resulting in a sufficiently large seed for the subsequent
heterogeneous nucleation of the other salt (Gao et al., 2007). However, there is no general model
that covers the efflorescence of multi-component particles because it depends on many
complicated parameters and varies with the salt characteristics. Therefore, the best way to

understand the efflorescence behavior of aerosols is through experimental measurements
8
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(Seinfeld and Pandis, 2006). For example, a recent experimental study of the two component
NaCl-KCI mixture particles showed that during the dehydration process, the aqueous droplets of
various mixing ratios underwent single step efflorescence (Li et al., 2014). Based on the
experimentally-obtained efflorescence phase diagram and X-ray elemental maps of the
effloresced NaCl-KCI mixture particles at various mixing ratios, it was suggested that the more
supersaturated salt nucleated homogeneously to crystallize in the center and the other salt
underwent heterogeneous crystallization on the former almost simultaneously in the time-scale
of the measurements. Full phase diagrams, covering the entire range of mixing ratios, are needed
to fully understand the hygroscopic behavior of multi-component aerosol particles (Martin,
2000).

Up until now, there have been only a few studies on the hygroscopic properties of mixed
NaCl-NaNO; aerosol system. Tang and Munkelwitz (1994a) examined the temperature
dependent deliquescence behavior of equi-molar mixed NaCl-NaNO; particles using a single-
particle levitation technique. Ge et al. (1998) also studied the deliquescence behavior of mixed
NaCl-NaNOj3 particles with a NaCl mole fraction of 0.2, 0.378 (eutonic), and 0.8 using rapid
single-particle mass spectrometry (RSMS), where only MDRH was measured experimentally
and it was claimed that the second-stage DRHs agreed with the thermodynamic predictions of
AIM. Although the crystallization process was not studied experimentally, a core-shell type of
heterogeneous morphology in the NaCIl-NaNOg particles was proposed based on the two-step
deliquescence phase transitions observed during the humidifying process (Ge at al., 1998;
Hoffmann et al, 2004) and by measuring the secondary electron yields from the nebulized
mixture particles (Ziemann and McMurry, 1997). On the other hand, as observed for the NaCl-
KCI mixture particles, particles that exhibit two-step deliquescence phase transitions do not
always have a core-shell type (Li et al., 2014). Moreover, it was reported that pure NaNOs
droplets do not crystallize easily during the dehydration process, and at very low RHs they
appear to exist in an amorphous form (Hoffmann et al, 2004; Gibson et al., 2006; Kim et al.,
2012). Therefore, the mixing states in NaCl-NaNOj particles can be understood only when the
efflorescence phenomena for these mixture particles are elucidated. In this study, the hygroscopic
properties and microstructure of mixed NaCl-NaNOj particles at various mixing ratios were
examined extensively by optical microscopy and scanning electron microscopy/energy dispersive

X-ray spectroscopy (SEM/EDX). The phase transitions of the mixed NaCl-NaNOj aerosol
9
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particles were observed by monitoring the size changes of the particles on the optical images as a
function of the RH. SEM/EDX mapping was used to investigate the compositional distribution in

the effloresced particles. This paper describes the fult hygroscopic behavior of the NaCl-NaNOs

binary aerosol particles as reacted SSA surrogates at ten different mixing ratios for the first time.

2. Experimental Section

2.1. Preparation of mixed NaCIl-NaNOj particles
Mixed NaCl-NaNO; particles were generated by the nebulization of mixed aqueous
solutions. Pure solutions (1.0 M) of NaCl and NaNO; (NaCl, >99.9% purity, Aldrich; NaNOs,
99.9% purity, Aldrich) were prepared and the desired solution was made by mixing the two
solutions volumetrically. A single jet atomizer (HCT4810) was used to generate aerosol particles
to be deposited on TEM grids (200 mesh Cu coated with Formvar stabilized with carbon, Ted
Pella, Inc.), which behave as hydrophobic substrates (Eom et al., 2014). The aqueous aerosol
particles were dried by passing through a silica packed diffusion dryer (HCT4920) with a
residence time of ~2 s. The size of the dry particles ranged from 1 to 10 pum.
In this study, NaCl-NaNOj3 particles with 10 different mixing ratios were investigated;
i.e., 9 compositions with NaCl mole fractions of 0.1- 0.9 (Xnaci = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8, and 0.9, where Xnaci represents the mole fraction of NaCl.) and a eutonic composition (Xnaci
= 0.378 = 0.38, which was calculated from the ionic activity products predicted by the
AIOMFAC model). Based on the mixing ratio of two salts, the mixed NaCIl-NaNOj3 particles
were divided into three categories: (1) eutonic particles (Xnaci = 0.38), (2) NaCl-rich particles
containing larger NaCl fraction than the eutonic composition (Xnaci > 0.38), and (3) NaNOs-rich

particles containing larger NaNOjs fraction than the eutonic composition (Xnaci < 0.38).

2.2. Hygroscopic Property Measurement

The hygroscopic properties of the particles were investigated using a “see-through” inertia
impactor apparatus equipped with an optical microscope. The experimental set-up is described in
detail elsewhere (Ahn et al., 2010). Briefly, the apparatus is composed of three parts: (A) see-
through impactor, (B) optical microscope and (C) humidity controlling system. A TEM grid on

10
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which aerosol particles were deposited was mounted on the impaction plate in the see-through
impactor. The RH inside the impactor was controlled by mixing dry and wet (saturated with
water vapor) N, gases. The wet N, gas was obtained by bubbling through deionized water
reservoirs. The flow rates of the dry and wet N, gases were controlled by mass flow controllers
to obtain the desired RH in the range of ~ 3 — 93%, which was monitored using a digital
hygrometer (Testo 645). The digital hygrometer was calibrated using a dew-point hygrometer
(M2 Plus-RH, GE), providing RH readings with £0.5% reproducibility. To achieve a steady state
for condensing or evaporating water, each humidity condition was sustained for at least two
minutes. The particles on the impaction plate were observed through a nozzle throat using an
optical microscope (Olympus, BX51M). Images of the particles were recorded continuously
using a digital camera (Canon EOS 5D, full frame, Canon EF /3.5 L macro USM lens) during
the humidifying (by increasing RH from ~3 to ~93%) and dehydration (by decreasing RH from
~93 to ~3%) experiments. The image size was 4368 x 2912 pixels and the image recording
condition was set to 1SO200. The exposure time was 0.4 s, and the DOF was F/3.5. All
hygroscopic experiments were conducted at room temperature (T=22+1 °C).

The change in particle size with the variation of RH was monitored by measuring the
particle areas in the optical images. The particle images were processed using image analysis
software (Matrox, Inspector v9.0). The size of the imaging pixel was calibrated using 10 um
Olympus scale bars. Particles with Dy > 0.5 pm could be analyzed using the present system (Ahn
etal., 2010; Eom et al., 2014).

2.3. SEM/EDX Measurement

After the hygroscopicity measurements of the individual particles, SEM/EDX was
performed for the effloresced particles to determine the morphology and spatial distribution of
the chemical elements_(Ahn et al., 2010; Li et al., 2014). The measurements were carried out
using a Jeol JSM-6390 SEM equipped with an Oxford Link SATW ultrathin window EDX
detector. The resolution of the detector was 133 eV for the Mn Ka, X-rays. The X-ray spectra and

elemental maps were recorded under the control of Oxford INCA Energy software. A 10 kV
accelerating voltage and 0.2 nA beam current was used and the typical measuring times were 10

min. for elemental mapping.
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3. Results and Discussion

3.1 Hygroscopic behavior of pure NaCl and NaNOj particles

Aerosol particles generated from a pure NaCl aqueous solution showed typical
hysteresis curves with DRH = 75.5(£0.5)% and ERH = 47.6 — 46.3%, and these values were
consistent with the reported values (Wise et al., 2007; Tang et al., 1997). The DRH and ERH of
the single-component NaCl aerosol particles are denoted as those of the “pure NaCl limit”. The
dry-deposited NaNO3 powder particles exhibited typical hygroscopic curves with definite phase
transitions at DRH = 74.0(£0.5)%, and ERH = 45.7 — 26.7%, which are similar to the values
reported by Tang and Munkelwitz (1994b). Hereafter, the DRH of the “pure NaNOgs limit” is
defined as 74.0%. On the other hand, most wet deposited aerosol particles (> 90%) generated by
nebulization from a NaNOj3 aqueous solution grew continuously and shrank without any phase
transition during the humidifying and dehydration processes, which have also been reported
(Gysel et al., 2002; Mclnnes et al., 1996; Lee et al., 2000; Hoffman et al., 2004) However, a few
wet deposited particles showed ERH in the range, 25.8 — 18.9%. This discrepancy was attributed
to the different nucleation mechanisms, i.e. homogeneous and heterogeneous nucleation, for pure
and impure (seed containing) NaNOj3 particles, respectively. Detailed discussions can be found
elsewhere (Kim et al., 2012). Nebulized NaNOj3 particles may exist as amorphous particles with
no visible ERHs (Hoffmann et al., 2004; Kim et al., 2012).

3.2 Hygroscopic behavior of mixed NaCl-NaNOj; particles
To describe the measurement procedure for observing the hygroscopic behavior of
individual aerosol particles during humidifying and dehydration processes, Fig. 1 presents

Jepresentative optical images of NaCI-NaNOj particles with a NaCl-rich composition, i.e., Xnaci

= 0.8, taken at various RHs. Images (a—e) and (f—j) were recorded when the RH was first
increased (1) from ~ 3% to 90% (humidifying process), and then decreased (|) from ~ 90% to
3% (dehydration process), respectively. As the optical images of the particles were recorded
using a digital camera, the data for 10 — 15 particles in each image field was obtained. During the

humidifying process, the sizes and shapes of the particles did not change until all the particles
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absorbed moisture and showed a first partial deliquescence transition at RH = 67.9(x0.5)%,
which is the DRH of the eutonic composed part (i.e., Xnaci = 0.38) (see Fig. 2c¢). Upon further
increases in RH, the particles absorbed more moisture and grew in size until a second
deliquescence transition occurred at RH = 73.7%, where all the particles were fully converted to
homogeneous aqueous droplets. After the second deliquescence transition, liquid droplets
underwent hygroscopic growth with increasing RH due to the condensation of water vapor.
During the dehydration process, the aqueous droplets decreased gradually in size, until the first
efflorescence transitions were observed over the range of RH = 45.2 — 44.7% for different
droplets in the image field, where they became partially crystallized. Upon further decreases in
RH, they underwent a second and final efflorescence transition over the range of RH = 33.5 —
30.0%. All particles in the image field were finally transformed into solids at RH = 30.0%, below
which no further decrease in size was observed. All the particles in the image field showed two

stage deliquescence transitions at specific RHs because the deliquescence transitions are prompt.

On the other hand, the two stage efflorescence transitions occurred over a range of RH because
the efflorescence driven by the nucleation kinetics is a stochastic process (Martin, 2000; Krieger
et al., 2012). As the projected optical image of a particle placed on the substrate was monitored
during the hygroscopic measurements, the shape and size of the effloresced particles did not
appear the same as the original dry particle due to the rearrangement of a solid particle when it
crystallizes during the dehydration process.

Figure 2 presents the humidifying and dehydration curves for mixed NaCl-NaNOs
particles at different mixing ratios. The humidifying and dehydration curves are represented as
the area ratio (A/A.: left-hand axis), which was obtained by dividing the 2D projected particle
area at a given RH (A) by that before starting the humidifying process (Ao). The hygroscopic

NaCl-rich, and NaNOs-rich particles, which are discussed in the next sections.

3.2.1 Eutonic particles (Xnaci. = 0.38)

Fig. 2c shows the 2D projected area ratio plot as a function of the RH obtained during

humidifying and dehydration processes for a representative eutonic particle. During the

humidifying process, a single phase transition from solid particles to liquid droplets was
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observed at RH = 67.1-67.9%. After deliquescence, the size of the liquid droplet grew gradually

and continuously with further increases in RH. As the eutonic particles deliquesced at RH =
67.9(+0.5)%, they approached the MDRH of the mixed NaCl-NaNOj3_particles. The measured

MDRH is consistent with the value calculated from the ionic activity products predicted by the

AIOMFAC model and other experimental values (Tang and Munkelwitz, 1994a). During the

dehydration process, however, the eutonic droplets showed two stage efflorescence transitions.

The particle (Fig. 2c) decreased gradually in size due to water evaporation and the particle size

decreased sharply at the first efflorescence transition at RH = 37.3 — 36.6%. The particle was

then observed to undergo a second efflorescence transition at RH = 35.3 — 34.4%. All eutonic

droplets in the optical image field showed first and second ERHs over the range of RH = 37.7 —

35.7% and 35.4 — 33.4%, respectively.

In _general, the effloresced particle areas are different from the original ones; i.e., the

AJA, values deviate from unity (see Fig. 2) due to the rearrangement of the particles during

recrystallization. Because only the top-view 2D images are obtained from particles sitting on the

substrate, the morphology of the particles may not appear the same after recrystallization unless

they are perfectly spherical.

3.2 2 NaCl-rich particles (Xnaci> 0.38)

Fig. 2e presents the 2D-area ratio plot as a function of the RH of a NaCl-rich particle
(Xnac1 = 0.8). During the humidifying process, the particle size remained constant until RH = ~
65.5%, where a slight decrease in size was observed due to water adsorption in the lattice
imperfections of the solid salts in the particle and structural rearrangement inside the crystal
lattice. A first deliquescence transition was observed from RH = 67.7% to 68.0%, where its size
increased sharply. With further increases in RH, it grew gradually until RH = 73.7%, at which
point the second transition occurred. Thereafter, with further increases in RH, the particle grew
continuously. The first phase transition at RH = 68.0%, i.e., MDRH (RH = 67.9(% 0.5)%) of the
NaCl-NaNOj3 system, was assigned to the deliquescence of the eutonic component in the particle.
At the MDRH, the particle consisted of a mixed phase of liquid droplets (eutonic solution) and
NaCl solid inclusion. The solid inclusions in the partially deliquesced mixed inorganic salt

particles were also observed by environmental transmission electron microscopy (ETEM)
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(Freney et al. 2009, 2010). Above the MDRH, with the increase in RH, the condensed water kept
dissolving the NaCl solid inclusion, and NaCl solid dissolved thoroughly at RH = 73.7%, which
is the second DRH of the particles with Xnaci = 0.8.

All other NaCl-rich particles with different compositions (e.g., Xnaci = 0.5 and 0.9 in Fig.

2d and 2f, respectively) also exhibited two-stage phase transitions during the humidifying
process: the first transition at MDRH (RH = 67.9(x0.5)%) due to deliquescence of the eutonic
component and the second one at their DRHs owing to complete deliquescence of the particles.
The MDRH is independent of the particle composition. On the other hand, the DRHs are
dependent on the compositions and shift toward the a pure NaCl limit (DRH = 75.5(x0.5)%)
with increasing NaCl mole fraction. Fig. 3 plots the measured DRHs for the NaCl-rich particles
with various compositions as a function of the NaCl mole fraction, showing that the
experimental DRH values are in good agreement with the values calculated from the AIOMFAC
model.

During the dehydration process (Fig. 2e), a representative NaCl-rich particle with the
composition of Xyaci = 0.8 shows two-stage phase transition. The liquid droplet gradually
decreased in size with decreasing RH and became supersaturated by NaCl below 73.7% RH
(DRH for Xnaci = 0.8). With the further decreases in RH, the droplet size decreased sharply at
RH = 46.6 — 45.1% due to the crystallization of NaCl in the droplet. At RH = 45.1%, the first
ERH for Xnaci = 0.8, the particle was composed of a mixed phase of eutonic solution and NaCl
solid. With further decreases in RH, the eutonic component in the particle precipitated at RH =
32.2%, which is the MERH of the aerosol particle, resulting in the formation of a completely
effloresced solid particle. The measured first ERH and MERH for the particles with a
composition of Xnac) = 0.8 varied among the particles and were in the range, RH = 45.2 — 44.7%
and RH = 33.5 — 30.0%, respectively. All other NaCl-rich particles with different compositions
also exhibited two-stage transitions during the dehydration process: the first transition at their
ERH, which is specific to their compositions, owing to the homogeneous nucleation and
crystallization of NaCl, and the second transition at the MERH due to precipitation of the eutonic
component.

As the NaCl-rich particles show two-stage phase transitions during the dehydration

process, they may form a core-shell type structure where the crystalline NaCl occupies the center
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and the eutonic solid is present at the surface. Detailed microstructures of the effloresced NaCl-

rich particles will be discussed later.

3:2.3 NaNOs-rich particles (Xnaci < 0.38)

All NaNOs-rich particles also showed two-stage transitions during the humidifying
process. For example, in Fig. 2b, a NaNOgz-rich particle with the composition of Xnaci = 0.2
showed the first and second transition at RH = 67.5 — 67.9% (MDRH) and RH = 71.2%,
respectively. At the MDRH, the deliquesced component formed a eutonic aqueous solution and
the un-deliquesced NaNO3 solid was still included in the eutonic solution. Above MDRH, the
aerosol particle absorbed water continuously with a further increase in the RH, and it deliquesced
completely at RH = 71.2%, which is the second DRH of the particle of Xnac) = 0.2. Above DRH,
the size of the liquid droplet increased with increasing RH due to the condensation of water
vapor. Other NaNOs-rich particles (e.g., Xnaci = 0.1 in Fig. 2a) also exhibited two-stage phase
transitions during the humidifying process: the first transition at MDRH due to the deliquescence
of the eutonic component (independent of chemical composition) and the second one at their
DRH due to the complete deliquescence of the particles. In all NaNOs-rich particles, the second
DRH was dependent on the mixing ratio of the particles and shifted toward the pure NaNOgs limit
(DRH of NaNO3 = 74.0 (+0.5)%) with increasing NaNOs mole fraction (Fig. 3).

The hygroscopic behavior of the NaNOs-rich particles during the dehydration process
was different from that of NaCl-rich particles. The NaCl-rich particles showed two-stage
transitions, whereas the NaNOgs-rich particles showed a single-stage transition. For example, a
droplet of Xnaci = 0.2 decreased continuously in size with decreasing RH until it showed an
efflorescence transition at RH = 29.4 — 29.2% (Fig. 2b). Similar to the NaCl-rich case, the
NaNOjs-rich particles would be expected to exhibit two-stage transitions during the dehydration
process, i.e., the first transition accompanying the precipitation of solid NaNOs, and the second
one due to the efflorescence of the eutonic component. However, all the NaNOs-rich particles
with Xnacr = 0.1, 0.2, and 0.3 showed single-stage efflorescence transitions during the
dehydration process (Figs. 2a, 2b, and 4), suggesting that all the components in the NaNOs-rich
particles crystallized (almost) simultaneously. The supersaturated NaNOs in the droplets did not

appear to crystallize until the NaCl crystallized and acted as heterogeneous nuclei for the almost
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Fig. 2c shows the 2D projected area
ratio data obtained during humidifying
and dehydration processes for a
representative eutonic particle. During
the humidifying process, a single
phase transition from solid particles to
liquid droplets was observed at RH =
67.1-67.9%. After deliquescence, the
size of the liquid droplet grew
gradually and continuously with
further increases in RH. As the eutonic
particles deliquesced at RH =
67.9(£0.5)%, they approached the
MDRH of the mixed NaCIl-NaNO3;
particles. The measured MDRH is
consistent with the value calculated
from the ionic activity products
predicted by the AIOMFAC model and
other experimental values (Tang and
Munkelwitz, 1994a). During the
dehydration process, however, the
eutonic droplets showed two stage
efflorescence transitions. The particle
(Fig. 2c) decreased gradually in size
due to water evaporation and the
particle size decreased sharply at the
first efflorescence transition at RH =
37.3-36.6%. The particle was then
observed to undergo a second
efflorescence transition at RH = 35.3 —
34.4%. All eutonic droplets in the
optical image field showed first and
second ERHs over the range of RH =
37.7 - 35.7% and 35.4 — 33.4%,
respectively. .
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simultaneous solidification of NaNOs. To confirm this assumption, particles with small fractions
of NaCl, such as particles with Xnaci = 0.01, 0.03, and 0.05, were investigated. The particles with
Xnact = 0.05 showed two-stage and single-stage transitions during the humidifying and
dehydration processes, respectively, which is similar to that observed with the NaNOs-rich
particles with a composition of X,ci > 0.1. On the other hand, the particles with Xaci = 0.01 and
0.03 underwent continuous hygroscopic growth and shrinkage without phase transitions during
the humidifying and dehydration processes, respectively, which is similar to that of aerosol
particles generated from an aqueous single-component NaNO3 solution. Pure nebulized NaNO3
did not show clear efflorescence transitions apparently because of its amorphous nature
(Hoffman et al., 2004; Gibson et al., 2006; Kim et al., 2012). Therefore, a sufficient quantity of
heterogeneous nuclei (NaCl in this case) is needed to induce the crystallization of NaNOs. A
similar observation was reported for the crystallization of NH;NO3; and NH4HSO, aerosol
particles (Schlenker and Martin, 2005). Both the pure one-component salts did not effloresce,
even at RH = 1% and their crystallization could be promoted with the addition of some fraction

of inclusions that could serve as good heterogeneous nuclei.

3.3 Deliquescence phase diagram of mixed NaCIl-NaNO; particles
Fig. 3 presents the measured MDRHs (the first DRHs) and second DRHs of the NaCl-

NaNO3z; mixture particles with different mole fractions along with the measured DRHs of the

pure NaCl and NaNOs particles. As shown in Fig. 3, a clearly demarked phase diagram depicting

their deliquescence behavior was obtained experimentally; i.e.,

(i) NaCl(s) + NaNOs(s) phase in Fig. 3: both NaCl and NaNOg are mixed as solids below the
MDRH at all mole fractions;

(i) NaCl(s) + eutonic(aq) phase: a mixed phase of solid NaCl and aqueous eutonic
components between the MDRH and second DRHSs for Xyac) > 0.38;

(ili)  NaNOs(s) + eutonic(aq) phase: a mixed phase of solid NaNO3; and aqueous eutonic
components between the MDRH and second DRHSs for Xnaci < 0.38; and

(iv)  NaCl(ag) + NaNOg3(aq) phase: both NaCl and NaNO3 are mixed in the aqueous phase
above the second DRHs at all mole fractions.

This MDRH and second DRHs obtained experimentally agrees well with the values
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calculated from the ionic activity products of constituents predicted by the AIOMFAC model, as
shown in Fig. 3 (dotted line for MDRH and dotted curve for the second DRHSs). Although many
theoretical models have been developed to predict the hygroscopic behavior of a mixed sodium
chloride and nitrate system (Tang, 1976; Ansari and Pendis, 1999; Clegg et al., 1998; Wexler and
Clegg, 2002), only a few experimental results have been reported. Tang and Munkelwitz (1994a)
reported an MDRH = 68.0(x0.4)% at 25 °C. Ge et al. (1998) examined the deliquescence
behavior of mixed NaCl-NaNO; particles with a NaCl mole fraction of 0.2, 0.38(eutonic), and
0.8, using RSMS. They claimed that the DRHs were generally consistent with the AIM
thermodynamic model predictions. On the other hand, the measured DRH values were not
reported except for the MDRH of 67.0%, which was lower than the 67.9% obtained in the
present study, because the RSMS appeared to detect only the start of the transition similar to the
present system where mutual deliquescence for Xnaci = 0.38 began at 67.1 % (Fig. 2b), whereas
the actual MDRH was at the end of the transition at 67.9 % when the eutonic particle dissolved
completely.

All the mixed NaCl-NaNOg; particles showed the first phase transition at the MDRH
regardless of the mixing ratio of the two salts. Thermodynamically, as the phase transition of
mixed-salts is governed by the water activity at the eutonic point, the MDRH of the mixed-salt
particles is independent of the initial composition of the mixture. Other inorganic mixed particles,
such as NaCI-KCl, Na;SO4-NaNO3; and NH4CI-NaCl particles, also exhibited a mutual
deliquescence transition at RHs, which were independent of the initial dry-salt compositions, and
the phase diagram followed the typical pattern for these two-component inorganic salt + water
ternary systems (Tang and Munkelwitz, 1994a; Li et al., 2014; Kelly et al., 2008). For the NaCl-
rich particles of Xnaci > 0.38, which contain more NaCl than the eutonic composition, the second
DRH value approached the DRH of the pure NaCl salt as the NaCl concentration was increased.
For the NaNOs-rich particles of Xnaci < 0.38, the DRH approached that of pure NaNOj3 as the
NaNOz; mole fraction was increased (Fig. 3). This suggests that the second-stage deliquescence is

purely driven by the solid salt remaining after the first deliquescence of the eutonic composition.

3.4 Efflorescence phase diagram of mixed NaCI-NaNOj particles
Fig. 4 shows the measured ERHs and MERHSs for the mixed NaCI-NaNOj particles with
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various mixing ratios as a function of the NaCl mole fraction. Unlike the deliquescence phase
diagram, which showed four systematic phases, the efflorescence phase diagram is composed of
three distinct phases; i.e.,
0] NaCl(aq) + NaNO3(aq) phase: both NaCl and NaNOs are mixed in the aqueous phase
above the first ERHSs at all mixing ratios;
(i) NaCl(s) + eutonic(ag) phase: a mixed phase of solid NaCl and aqueous eutonic
components between the first ERH and second ERH (MERH) for Xnaci> 0.38; and
(iii)  NaCl(s) + NaNOs(s) phase: both NaCl and NaNOj3 are mixed as solids below the second
ERH (MERH) for Xnaci> 0.38 and below the first ERHs for Xnaci < 0.38.
This experimental phase diagram for efflorescence is reported for the first time, for which no
theoretical predictions or other experimental reports exist to the best of the authors’ knowledge.
The ERH of NaCl-rich droplets (Xnaci > 0.38) shifted toward the pure NaCl limit (RH =
47.6 — 46.3%) when the NaCl content was increased (see Fig. 4). The measured MERH was
observed at a relatively wide range of RH = 30.0 — 35.5%. The droplets with the eutonic
composition (Xnaci = 0.38) showed the first and second ERHs (MERH) over a range of 37.7 —
35.7% and 35.4 — 33.4%, respectively. The NaNOs-rich droplets (Xnaci < 0.38) had only one
stage efflorescence transition and the decreasing trend of their ERHs as the NaCl mole fraction
was decreased clearly follows that for the NaCl-rich and eutonic droplets (Fig. 4). This suggests
that the first efflorescence of the NaCl-NaNO3; mixture droplets at all mixing ratios is driven by
the homogeneous nucleation of NaCl. For the NaCl-rich droplets, crystallized NaCl acts as a
seed for further precipitation of the remaining metastable eutonic aqueous part. For the eutonic
droplets, NaCl is crystallized homogeneously at the first ERH and the remaining NaNO3 solidify
heterogeneously on the NaCl seeds at the second ERH. For NaNOgs-rich droplets, due to the low
NaCl content, the homogeneous nucleation rate of NaCl decreases with decreasing NaCl mole
fraction, and the NaNO3 appears to undergo almost simultaneous heterogeneous crystallization
(precipitation) on the NaCl seeds under the time scale of measurements (i.e., within 2 minutes of

the equilibrating time for recording images during the first observed efflorescence transition).

3.5 Spatial distribution of effloresced NaCIl-NaNOj solid particles
To examine the morphology and spatial distribution of the chemical components in
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NaCl-NaNOj; particles at various mixing ratios, SEM/EDX were performed for the effloresced
solid particles formed after the humidifying and dehydration cycles. Fig. 5(a) shows the
secondary ion image (SEI) and elemental X-ray mapping images of a NaCl-rich (Xnaci = 0.8)
particle. The elemental X-ray maps suggest that Cl (from NaCl) is concentrated in the central
part, whereas O (from NaNOj) is more concentrated at the edges. This suggests that NaCl
nucleates homogeneously to crystallize in the center at the first ERH, whereas NaCl and NaNO3
from the eutonic phase crystallized on these central NaCl seeds and precipitated on the edges at
the second ERH (MERH), respectively.

For a typical particle with a eutonic composition (Xnaci = 0.38), the elemental map of ClI
suggests that NaCl is again more concentrated at the central part like NaCl-rich particles and O
from NaNOj is concentrated around this NaCl core (Fig. 5(b)), suggesting that NaCl is nucleated
homogeneously to crystallize in the center at the first ERH, whereas the remaining NaNOj
precipitated at the second ERH. The thermodynamically-expected, homogeneously-mixed
eutonic particles were not observed, and the spatial distribution was rather ruled by the two stage
efflorescence transitions.

In the case of NaNOs-rich particles, as shown in Fig. 5(c), the Cl component was
localized in the core region, and Na and O are distributed over the entire particle. This suggests
that even for NaNOgs-rich particles, NaCl is nucleated homogeneously to crystallize in the core at
the single observed ERHs, whereas the NaNOj precipitate simultaneously on this core within the
time scale of the measurements. Although the NaNOs-rich droplet was supersaturated with
NaNO3 with decreasing RH during the dehydration process, NaNO3 could not crystallize easily
even at the MERH of the NaCl-rich mixtures. Therefore, RHs lower than MERH (see Fig. 4 for
the lower ERHs in case of Xyaci < 0.3 than MERH) were necessary for the homogeneous
crystallization of NaCl followed by the almost simultaneous, induced heterogeneous
crystallization of NaNOs.

Up until now, the binary inorganic salt aerosols, except the eutonic composition, are
generally believed to form a core-shell type heterogeneous solid of a pure salt core surrounded
by the eutonic component. The formation of the core-shell type had been reported for a range of
binary mixed aerosol particles, such as NaCI-KCl, KCI-KI, (NH4),SO4-NH4NO;3 system (Ge et

al., 1996). Based on the secondary electron yield measurements of the NaCl-NaNOj; mixture
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particles, it was claimed that individual particles exist in core-shell form with the richer salt
(NaCl in NaCl-rich or NaNOg3 in NaNOgs-rich), and the eutonic components occupy the core and
shell, respectively (Ziemann and McMurry, 1997). However, the study was conducted on
particles nebulized from aqueous solutions that had not gone through the proper dehydration
process. Hoffmann et al. (2004) predicted a core-shell type structure based on their observations
of NaCl inclusions in the partially deliquesced particles only. On the other hand, a previous
report on NaCI-KCI mixture particles showed that NaCl and KCI were crystallized as separate
phases and not necessarily in the core-shell configuration. In addition, a eutonic solid shell in the
dry particle was found to be unnecessary for the exhibition of the two stage deliquescence
transitions during the humidifying process at all mixing ratios. The efflorescence phase diagram
(Fig. 4) and the X-ray maps (Fig. 5) showed that effloresced NaCl-NaNOj particles of all mixing
ratios had NaCl crystallized homogeneously in the center, surrounded either by the eutonic
component for Xnaci > 0.38 or NaNO;3 for Xnacr < 0.38. These micro-structures and spatial
distributions of chemical components have obvious atmospheric implications (Ziemann and
McMurry, 1997).

4. Atmospheric implications

The particle/droplet size variations with RH for the different mixing states (Fig. 2), the
four and three distinct phases observed during the humidifying (Fig. 3) and dehydration (Fig. 4)
processes, respectively, have important atmospheric implications in terms of radiative forcing
(Baynard et al., 2006; Ma et al., 2008), cloud nucleation efficiency (Petters et al., 2007; Wex et
al., 2008), atmospheric chemistry (Ault et al., 2013a; Ryder et al., 2014, Wang and Laskin, 2014),
and gas adsorption/desorption (gas-particle partitioning) (Woods et al., 2012). Some of these

implications related to the observed experimental results are discussed.

4.1 Particle size change at different phase transitions

In this study, the measured NaCl-NaNOs; mixture particles, 1-10 um in size and their
size variations according to the RH change, are atmospherically relevant because inorganics are
dominant in the super-micron or coarse size fraction of SSAs (Keene et al., 2007; Ault et al.,
2013b; Prather et al., 2013). In Fig. 6A, 2D diameter ratios (d/dx = V(A/A,), where x is the
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particle state at RHs before the transitions), which represent the size increase due to mutual
deliquescence of the eutonic part at MDRH (compared to the rearranged solid particle) as well as

to deliquescence of the pure salts at the second DRHs (compared to the partially deliquesced

particle at MDRH), were plotted as a function of the NaCl mole fractions. As shown in Figs. 2
and 6A, the particle size variations during the humidifying process depends on the mixing ratio
of the two-component NaCl-NaNOj particles as the extent of the increase in particle size due to
the water uptake is associated with the chemical composition of the particles. For single-
component NaCl and NaNOg; particles, their 2D diameters increase ~ 2.0 and ~ 1.5 fold,
respectively, when they deliquesced at their DRHs (Fig. 6A). The difference was attributed to the
different solubility of the salts. Because NaCl is less soluble than NaNOg (their solubility is
36.09/100g and 91.2g/100g, respectively) (Lide, 2002), NaCl requires more water than NaNOj3 to
form a saturated solution, resulting in a larger increase in size when solid NaCl particles
deliquesce. Therefore, for the mixed NaCl-NaNOjs particles, the extent of the particle size
increases at the MDRH or the second DRH is associated with the mixing ratios of the two salts.
At the MDRH, where only the eutonic component deliquesces, the extent of the size increase
depends on the fraction of the eutonic component in the particles. Therefore, at the MDRH,
particles with a eutonic composition (Xnaci = 0.38) show the largest increase in size (d/dx = ~1.7
as shown in Fig. 6A). For NaCl-rich particles (Xnaci > 0.38), the size increase at the MDRH
decreases with increasing NaCl fraction (Figs. 2d-f and 6A) because the eutonic fraction, which
depends on the NaNOj3 content in the particle, decreases with increasing NaCl mole fraction. In
contrast, for NaNOs-rich particles (Xnaci < 0.38), the size at the MDRH increases with increasing
NaCl fraction (Figs. 2a, 2b, and 6A), because the eutonic fraction, which depends on the NaCl
content, increases with increasing NaCl mole fraction. The particle size change at the RHs
between MDRH and the second DRH during the humidifying process depends on the residual
solid components after the mutual deliquescence. For NaCl-rich particles, the particles with a
larger NaCl fraction grow more at the RHs between MDRH and their second DRHs (Figs. 2d-f
and 6A) because the partially deliquesced particles have a larger residual NaCl solid fraction. In
contrast, for the NaNOgs-rich particles, the particles with the larger NaCl fraction grow less (Figs.
2a, 2b, and 6A), because they have a smaller residual NaCl solid fraction.

At the first ERH, where efflorescence occurs by the homogeneous nucleation of NacCl,

the NaCl-rich and eutonic droplets (Xnaci > 0.38) show a larger decrease in size for droplets of a
22
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larger NaCl fraction (Fig. 6B). For the NaNOs-rich droplets, the simultaneous heterogeneous
precipitation of the NaNO3 on the homogeneously-crystallized NaCl seeds occurs at their ERH,
and the droplets of higher NaNOj3 content show a larger decrease in size. The decrease in size at
the second efflorescence transition for aerosol particles of Xyaci > 0.38 should be governed by the
eutonic content in the aerosol particles; i.e., the more eutonic content, the greater the size
decrease (Fig. 6B).

Aerosol particles with mixing ratios of Xnaci > 0.38 did not show a noticeable change in
the 2-D area when the RH was decreased from their first ERH to the start of the second ERH
(MERH) (see Figs. 1g-i and 2c-f). At this RH range, the aerosol particles are expected to
gradually decrease in size due to the evaporation of water in the eutonic solution. As discussed
above, however, less soluble NaCl solid particles require more water than NaNO3 to form a
saturated solution, resulting in a larger increase in size when NaCl particles deliquesce (Fig. 6A).
On the other hand, when aqueous NaCl droplets crystallize, more water in the droplets
evaporates than when NaNQOg is present in the droplets. For NaCl-rich droplets, because a large
portion of water in the droplet might be removed when NaCl crystallizes at their first ERH, only
a small amount of water remains in the eutonic solution, which evaporates gradually until
complete efflorescence occurs, even though shrinkage was not observed well on their optical
images. On the other hand, in this RH range, the particle boundary appeared to be clearer when it
became more concentrated with decreasing RH. Indeed, the change was clear when viewed
directly through the optical microscope (unlike the digital images) during the dehydration
measurements. The size variations of aerosol particles with different mixing ratios according to
the RH change can help predict their aerodynamic properties and hence their residence time in
ambient air. These variations, however, also depend on the original size of the particles, possibly

more for sub-micron particles (Hu et al., 2010).

4.2 Hygroscopic growth and cloud droplet nucleation

Cloud droplet nucleation can begin when the air is supersaturated with water vapor (i.e.,
RH is above 100%) and the hygroscopic growth at high RHs are correlated with the cloud
condensation nuclei (CCN) activity (Petters et al., 2007; Wex et al., 2008). Under these

experimental conditions, the highest working RH was ~ 93%. On the other hand, as the DRHSs of
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pure NaCl and NaNOj are 75.5(+0.5)% and 74.0(+0.5)%, respectively, the hygroscopic growth
begins at less than ~76% RH for particles of all mixing ratios. In Fig. 7, the growth factors in
terms of the 2D diameter ratios (dgs/do, where dgs = the diameter at RH = 95%, determined by
extrapolation, and do = dry diameter at ~3% RH) are plotted as a function of the mole fraction of
NaCl for the NaCI-NaNO3 mixture particles to indicate the cloud droplet nucleation efficiency of
these particles at various mixing ratios. NaCl, eutonic, and NaNOj particles, which have single
deliguescence transitions (one DRH), appear to show relatively higher hygroscopic growth, in
the order, NaCl > eutonic > NaNOs, than particles with other mixing ratios, having two-stage
deliquescence (MDRH and the second DRH). The hygroscopic growth first decreases with
decreasing eutonic content for NaCl-rich particles with 0.38 < Xnaci < 0.6 and then begins to
increase with increasing NaCl content for particles with 0.6 < Xnaci < 1.0. Similar behavior was
observed for NaNOs-rich particles. Therefore, for NaCI-NaNOs; mixture particles, the CCN
efficiency should also follow the same trend. This can serve as a precursor to the hygroscopic
growth and CCN activity of more complex, reacted SSAs containing other salts and organics
(King et al., 2012). However, an estimation of the full CCN activity and cloud droplet number
concentration require further experiments on a wider dry particle size range under both under-

and super-saturated conditions (Fuentes et al., 2011; Mochida et al., 2011).

4.3 Atmospheric chemistry

The knowledge of mixing states, phases, and spatial distribution of chemicals of NaCl-
NaNO3; mixture particles, as reacted SSA surrogates, at various RHs is expected to help better
understand the complexity of real ambient SSAs, their hygroscopic properties, aqueous phase
chemistry, etc. For SSAs comprising NaCl-NaNO3; mixture particles generated from a partial or
full reaction with NO,/HNOs3, their aqueous surface regions are crucial for atmospheric
heterogeneous chemistry because the aqueous phases of NaCl, NaNOs3, or the eutonic composed
part at different RHs are expected to be available for further reactions with gas phase species,
such as N,Os (Ault et al., 2013a; Ryder et al., 2014) or organics (Wang and Laskin, 2014), and/or
for facile gas-particle partitioning ( Woods et al., 2012).

SSAs are generated by sea-spray action, so that they are initially aqueous droplets when

they become airborne. Although real ambient SSAs are complex mixtures containing NaCl, other
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inorganic salts, and organics (O'Dowd and de Leeuw, 2007; Keene et al., 2007; Prather et al.,
2013; Beardsley et al., 2013; Ault et al., 2013b), NaCl particles have been studied as genuine
SSA surrogates in many laboratories (Martin, 2000; Krieger et al., 2012). Based on the
experimental phase diagrams of deliquescence and efflorescence for the NaCl and NaNO;
system (Figs. 3 and 4), once airborne as droplets, the genuine SSA surrogate would remain in the
aqueous phase unless the droplets experience an ambient RH below their ERH of 47.6 — 46.3%
(pure NaCl). Their aqueous phase can facilitate heterogeneous reactions with gaseous species,
such as NOy/HNOg;, to become NaCl-NaNOs; mixture droplets. When mixture droplets are
formed, their full efflorescence occurs at lower RHs (i.e., at MERH of ~33.1% for the mixture
droplets of Xnaci > 0.38 or at ERH of ~35-21% for those of Xnaci < 0.38; see Fig. 4) than ERH
for pure NaCl, so that their chance for a further gas-particle interaction would be larger with less
probability to fully effloresce. Even when the mixed particles become solids due to the full
efflorescence below either their MDRH or ERH, they can deliquesce at a lower DRH (i.e., the
NaCl-NaNO3z; mixed particles with various mixing ratios partially deliquesce at a MDRH of
~67.9%, whereas pure NaCl deliquesces at a DRH of ~75.5%; see Fig. 3). In other words, NaCl-
NaNO; mixture aerosol particles can maintain an aqueous phase over a wider RH range than the
genuine SSA surrogate, making their heterogeneous chemistry more probable. Therefore, NaCl-
rich particles with higher CI'/NO3™ can show higher uptake of N,Os at ambient RHs (usually >
60%) in the marine boundary layer (Ryder et al., 2014). On the other hand, a high uptake of
HNO; due to surface adsorbed moisture on crystalline NaCl particles has also been reported
(Saul et al., 2006; Liu et al., 2007). The ionic activities of aqueous Na*/CI'/NO; at high to very
low water activities during hydration and dehydration, indicating the chemical reactivity of these

ions, can be calculated using the AIOMFAC model.

5. Conclusion

The hygroscopic behavior and microstructures of mixed NaCl-NaNOs particles at
various mixing ratios collected on a TEM grid were investigated by the use of optical
microscopy and SEM/EDX. The DRHs and ERHs of the mixed NaCl-NaNO; particles in the
micrometer size range at room temperature were determined by monitoring the change in the

particle area in 2D optical images with the RH variation of ~ 3-93%. During the humidifying
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process, the particles with a eutonic composition (Xnaci = 0.38) exhibited single-stage
deliquescence behavior at MDRH = 67.9(+ 0.5)%. The mixed NaCl-NaNOj3 particles, except for
the eutonic composition, showed two-stage phase transitions: the first transition at MDRH,
which is independent of the chemical compositions, and the second transition at the DRHSs,
which depend on the mixing ratios of the two salts. For the NaCl-rich particles (Xnaci > 0.38), the
increase in the mole fraction of NaCl shifted the DRH toward a pure NaCl limit (DRH =
75.5(+£0.5)%). For NaNOs-rich particles (Xnaci < 0.38), the increase in the mole fraction of
NaNOj; shifted the DRH toward the pure NaNOj limit (DRH = 74.0(+0.5)%). The measured
DRH values agreed well with those calculated from the thermodynamic AIOMFAC model.

The dehydration behavior of the mixed NaCl-NaNOj; particles depend on the mixing
ratios of the two salts. NaCl-rich particles (Xnaci > 0.38) showed two-stage efflorescence
transitions: the first stage, which is driven purely by the homogeneous nucleation of NaCl, and
the second stage at MERH. Interestingly, the eutonic composed particles (Xnaci = 0.38) also
showed two stage efflorescence with NaCl crystallizing first followed by the heterogeneous
nucleation of NaNO3; on NaCl seeds. NaNOs-rich particles (Xnaci < 0.3) showed single-stage
efflorescence transitions at ERHs progressively lower than MERH due to the slower
homogeneous nucleation of NaCl and the simultaneous heterogeneous efflorescence of NaNO3
on the NaCl seeds. SEM/EDX elemental mapping shows that effloresced NaCl-NaNOj3 particles
of all mixing ratios had NaCl crystallized homogeneously in the center, surrounded either by the
eutonic component for Xnaci > 0.38 or NaNO3 for Xnaci < 0.38. A pure salt core and eutonic
composed solid shell in the dry particle was not necessary for exhibiting the two stage
deliquescence transitions in all mixing ratios.

During humidifying or dehydration processes, the amount of the eutonic composed part
drives the particle/droplet growth or shrinkage at the MDRH or MERH (second ERH),
respectively, and the amount of remnant pure salts (NaCl or NaNO; in NaCl- or NaNOs-rich

particles, respectively) does at the second DRHSs or first ERHSs, respectively. Therefore, their
behavior can be a precursor to the optical properties and direct radiative forcing for these
atmospherically relevant mixture particles representing the coarse, reacted inorganic SSAs. On
the other hand, the hygroscopic growth at a RH of 95% for the various mixing ratios of these

mixture particles can be a precursor to the cloud droplet nucleation efficiency and indirect
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radiative forcing. In addition, NaCI-NaNO3z mixture aerosol particles can maintain an aqueous
phase over a wider RH range than the genuine SSA surrogate (i.e., pure NaCl particles), making

their heterogeneous chemistry more likely.
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Figure 1. Optical images of NaCl-NaNOj; particles with a mole fraction of Xnaci = 0.8, obtained during humidifying (1) and
dehydration (|) processes for the same image field.
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Figure 2. Plots of 2D projected area ratio as a function of the relative humidity (humidifying process: closed circles; dehydration
process: open triangles) for different mole fractions of NaCl-NaNOs, expressed in Xnaci values of (a) 0.1 (NaNOs-rich), (b) 0.2
(NaNOgz-rich), (c) 0.38 (eutonic), (d) 0.5 (equi-molar/NaCl-rich), (e) 0.8 (NaCl-rich), and (f) 0.9 (NaCl-rich). The transition relative
humidity in both humidifying and dehydration processes are marked with arrows.
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Figure 3. Measured first DRH or MDRH (open triangles), second DRH (closed circles) values, calculated MDRH (dotted line), and
the second DRHs (dash-dotted curve) from the AIOMFAC, plotted as a function of the mole fraction of NaCl in NaCI-NaNO;
mixture particles. The phase notations shown in brackets are s = solid; and aq = aqueous.
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Figure 4. Measured first ERH values (open circles) and second ERH values (open triangles) as a function of the mole fraction of
NaCl in NaCl-NaNO3; mixture particles as well as ERH (closed circle) for wet deposited NaNOj3 particles containing seeds. The
phase notations shown in brackets are s = solid; and aq = aqueous.
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Figure 5. Secondary electron images (SEls) and elemental X-Ray maps for ClI (from NaCl), O (from NaNQOs), and Na of the
effloresced NaCl-NaNO3 mixture particles with compositions of (a) Xnaci = 0.8 (NaCl-rich); (b) Xnaci = 0.38 (eutonic); and (¢) Xnaci
= 0.2 (NaNOs-rich).
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Figure 6. (A) 2D diameter ratios (d/dy) of the particles/aerosols plotted as a function of the NaCl mole fractions (Xnaci), Which
represent the size increase due to the mutual deliquescence of the eutonic part at MDRH (“d””) compared to that of the solid particle
at the start of the first transition ( “dy”) (eutonic: open squares); and due to the complete deliquescence of the pure salts (in the

figure, NaNOs: closed circles and NaCl: open circles) at their second DRHs (“d”) compared to that of the partially deliquesced
particle at MDRH (“dy”) and (B) 2D diameter ratios (d/dy) of droplets/aerosols plotted as a fucntion of the NaCl mole fractions
(Xnac1), which represent the size decrease due to the efflorescence of NaCl (“d”) compared to that of the liquid droplets at the start
of the first efflorescence (“dy”) (first ERH: closed circles); and due to the mutual efflorescence of the remnant eutonic compositions

(second ERH: open circles) (“d””) compared to that of the partially effloresced particles ( “dy”).
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Figure 7. Hygroscopic growth factors in terms of the 2D diameter ratios (dgs/do, where dgs = the diameter at ~ 95%, determined by
extrapolation, and do = dry diameter at lowest or ~3% RH) are plotted as a function of the mole fraction of NaCl for the NaCl-
NaNO3z mixture particles.

3.5 T R LR B SRR R B B BRI I I R
@ 2-D hygroscopic growth factor i

. at 95 % RH I l

3.0 ~ : l l_

50 ;J cl
S i A 14

o 251 S T

T E T TSGR S
5 |é-o L |

% 204 F ¢ : i
£ ! i '
“ ! 1 I

T 1 i :

2 15| | | -

10 llIlllIIIIIIIIIIIIIIIlllllIIIIIIIIIIIIIIIIllllllllllill

00 01 02 03 04 05 06 07 08 09 10
Mole fraction of NaCl (X __)

40



