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ABSTRACT
Particle rebound was studied for ten atmospherically relevant inorganics. Experiments were
conducted with submicron particles in aerosol form to a relative humidity (RH) of <5% followed by
progressive exposure to RH up to 95% for 2 s. At low RH, particles of MgCl2, NaCl, NH4Cl, KCl,
(NH4)2SO4, and Na2SO4 crystallized. As RH increased, these particles completed the transition from
rebounding to adhering close to their deliquescence RH (DRH). The onset of decreased rebound,
however, was below the DRH. Rebound curves for particles of MgCl2, NH4NO3, MgSO4, and NaNO3

had different features than explained by water adsorption and deliquescence. Particles of MgCl2
had rebound curves characterized by two domains, corresponding to its two hydrates. At low RH,
particles of MgSO4 and NaNO3 did not crystallize but rebound occurred, suggesting a glassy or
high-viscosity though noncrystalline state. Gel formation for MgSO4 can increase viscosity, affecting
rebound behavior. Particles of NH4NO3 adhered even to <5% RH, suggesting a low-viscosity state
even to low RH. Particles of NH4HSO4 were investigated as a special case by exposure to 5 ppm
ammonia at 10% and 90% RH. At low RH, these particles still had sufficient molecular diffusivity to
maintain active heterogeneous chemistry, although with some kinetic limitations. The different
behaviors between nitrates and sulfates suggest different roles of heterogeneous chemistry in
regions affected by NOx compared to SO2 emissions. The results of this study could have
implications for the use of different wet and dry seed particles in chamber experiments.
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1. Introduction

Atmospheric aerosol particles affect global climate
(IPCC 2013), visibility (Hyslop 2009), and human
health (Poschl 2005). Physicochemical properties of
aerosol particles can govern the extent of these effects
when they occur. For example, diameter changes associ-
ated with the hygroscopic growth of aerosol particles
increase their efficiency for light attenuation (Zieger
et al. 2015). Size changes also alter the penetration of
aerosol particles into the human respiratory tract (Lon-
dahl et al. 2007). Hygroscopic water uptake can change
the viscosity and thus the phase states of atmospheric
aerosol particles by lowering the average molecule
weight with water acting as a plasticizer (Koop et al.
2011). The liquid, semi-solid, or solid physical state of
aerosol particles can affect species diffusion within the
interior of the particle (Kuwata and Martin 2012; Li
et al. 2015). Species diffusion can be an important factor
in other gas-particle interactions, including evaporation
and condensation (Shiraiwa et al. 2012) as well as

heterogeneous oxidation (Shiraiwa et al. 2010; Liu et al.
2016).

Particle rebound has been used in recent years to study
the physical state of atmospheric particles, especially those
largely dominated by organic composition (Virtanen et al.
2010; Bateman et al. 2016). A systematic analysis of the
effects of physical state on particle rebound of inorganic
particles, however, remains to be done. Inorganic ions
such as sulfate, nitrate, ammonia, sodium, potassium, and
magnesium are major components responsible for water
uptake by aerosol particles (Martin 2000). The dependence
of hygroscopic growth on relative humidity (RH) for inor-
ganic particles has been a long-term interest to atmo-
spheric research community, with implications for
visibility- and climate-related optical properties (e.g.,
scattering) of atmospheric particles. For hygroscopicity, in
mixed particles the Raoult effect of most inorganic salts
dominates over that of organic species in respect to water
uptake (Varutbangkul et al. 2006; Smith et al. 2011).
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Unlike mixed organic species, many inorganic salts
can adopt a crystalline state at sufficiently low RH. The
phase transitions between solid and liquid states follow a
hysteresis cycle between deliquescence and efflorescence.
This behavior differs from the gradual water uptake and
release for amorphous organic materials. Pure salt par-
ticles typically remain solid below the deliquescence RH
(DRH) during humidification and abruptly transition
into liquid above the DRH. A sharp transition in
rebound might be expected. A complication, however, is
that the inorganic materials can take up water on the sur-
face. As a result, a water meniscus can form between the
particle and the impaction plate, and the attractive forces
associated with this meniscus decrease particle rebound
even before a phase transition, as shown for ammonium
sulfate (Bateman et al. 2014). Thus, rebound can be a
complicated phenomenon, and systematic laboratory
studies are motivated to understand the possible
processes.

Herein, experimental results are presented for the
rebound of ten inorganic salts as a function of RH from
<5% to 95%. The selected salts have a frequent occur-
rence in atmospheric aerosol particles. The results are
analyzed in the context of the hygroscopic influence on
the prevalence of liquids, gels, and hydrates. In an addi-
tional set of studies, NH4HSO4 was exposed to 5 ppm
ammonia at 10% and 90% RH for 370 s, and possible
effects on rebound were studied.

2. Experimental

Aerosol particles of ten different inorganic salts (Table 1)
were generated by an atomizer (TSI, model 3076, TSI
Inc., Shoreview, MN, USA). Aqueous solutions of inor-
ganic salts were prepared using Nanopure water (18.1
MV cm) for mass concentrations ranging from 0.005 to
0.025% (w/w) in the atomizer reservoir. After passing
through a diffusion dryer (<5% RH) at 293 § 2 K, the
particles were size selected in a differential mobility ana-
lyzer (DMA, TSI Inc., model 3085, 10:1 sheath-to-sample
flow). The mobility diameter was set to 300 nm.

The rebound apparatus was described in detail previ-
ously (Bateman et al. 2014, 2015, 2016). The apparatus is
represented in Figure S1. Briefly, after size selection in
the DMA, particles were passed first through a Nafion-
tube setup to control RH and then through one of three
single-stage impactors operated in parallel. Impactor 1
(null arm) had no impaction plate after the nozzles,
thereby passing all particles downstream less any inci-
dental losses, such as diffusive wall loss. Impactor 2 (cap-
ture arm) had an impactor plate coated with vacuum
grease, thereby eliminating particle rebound and passing
no particles downstream except for non-impacting

particles. Impactor 3 (rebound arm) had an uncoated
impactor plate, thereby passing rebounded particles
downstream. Particle number concentrations down-
stream of each impactor were recorded by three conden-
sation particle counters (CPC, TSI, model 3010, 1 Lpm).
The capture and rebound arms had cut-point diameters
of 277.7 § 3.3 nm for the experiments herein. The parti-
cle number concentrations measured downstream of the
three arms were denoted as N1, N2, and N3 for null, cap-
ture, and rebound arms, respectively, and the rebound
fraction f was calculated as follows (Bateman et al. 2014):

f D N3¡N2

N1¡N2
[1]

The behavior of sucrose particles was used as a refer-
ence to characterize the transition in physical properties
between adhering and rebounding particles (Bateman
et al. 2015). The RH value (i.e., water activity times 100
for sufficiently large particles) at which sucrose particles
transitioned from completely rebounding to completely
adhering particles occurred across a viscosity range of
102 to 100 Pa s. This change in viscosity was coincident
with a change from a liquid defined as having a viscosity
of 102 Pa s (Koop et al. 2011).

As a special additional study, aerosol particles of
partially neutralized ammonium hydrogen sulfate
(NH4HSO4) were exposed to ammonia (5 ppm for 370 s)
at 10% and 90% RH. The exposure followed the method
of Li et al. (2015). After ammonia exposure, the particles
were dried through a silica gel diffusion drier and then
directed to the three-arm impaction apparatus, and
RH-dependent rebound curves were collected.

3. Results and discussion

The efflorescence RH (ERH) and DRH from literature of
the ten inorganic salts of this study are summarized in
Table 1. The DRH values are consistent among different
studies, as expected for this thermodynamic property.
MgCl2 has two common hydrates, each with its own
DRH value (Schindelholz et al. 2014). In regard to kinetic
properties, most salts effloresce 30% to 50% below their
respective DRH values. Three salts, however, do not
effloresce as aerosol particles even to low RH, including
NH4NO3, NaNO3, and MgSO4. There is some contro-
versy in the literature surrounding the ERH of
NH4HSO4, and a separate series of experiments based on
NH3 exposure was designed.

The rebound curves collected in this study for these
ten salts are shown in Figure 1. Reproducibility from
duplicate experiments is shown in Figure S2 with the
data included in the SI. Datasets of rebound curves from
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duplicate experiments were fit using a modified sigmoi-
dal equation (Figure 1) (Bateman et al. 2014):

f D fmax CA 1C exp
RH50 ¡RH

ξ

� �� �¡ 1

[2]

where fmax is the maximum rebound fraction, A is a fitted
parameter, RH50 is the RH value at 50% of fmax, and ξ is

the width parameter of the sigmoid. Smaller ξ represents
a sharper sigmoid. Width is alternatively expressed as
the transition RH (TRH) range, representing the 10%
onset (TRHi) and 90% completion (TRHf) of the transi-
tion in rebound fraction. Parameter values, including
TRH ranges, are listed in Table 2 for the fits to the
rebound curves of each salt.

Table 1. Summary of efflorescence RH (ERH) and deliquescence RH (DRH) from literature.

Inorganic Salt ERH (%) DRH (%) Reference TRHf(%)
h (this study)

NH4NO3 n/aa 62 (Tang 1996) n/aa

25–32 60 (Dougle et al. 1998)
n/aa 61.8 § 0.3 (Lightstone et al. 2000)
n/aa 62 (Lee and Hsu 2000)

NaNO3 32 74.3 (Richardson and Snyder 1994) 13
n/aa 74.5 (Tang and Munkelwitz 1994)

0.05–30 70 (Lamb et al. 1996)
40 71–73 (Liu et al. 2008)
n/aa 74.0 § 0.5 (Gupta et al. 2015b)

MgCl2 <1.5b 12–15 or 33c (Schindelholz et al. 2014) 13
6.8–7.2d 15.9 § 0.3d (Gupta et al. 2015a)
9.1–10.8e 33e (Gupta et al. 2015a)

MgSO4 n/aa 86f (Ha and Chan 1999) 60
n/aa 92f (Apelblat and Manzurola 2003)

NH4HSO4 0.05–22 40 (Tang and Munkelwitz 1994) 43
<2 39 (Cziczo et al. 1997)

16 § 2.5g 66–76 (Colberg et al. 2004)
n/aa 40–45 (Schlenker et al. 2004)

(NH4)2SO4 48 80.6–81.3 (Cohen et al. 1987a,b) 79
37–40 80 (Tang and Munkelwitz 1994)
33 § 2 79 § 1 (Cziczo et al. 1997)
33 75 (Liu et al. 2008)

37.9 § 0.5 79.9 § 0.3 (Ahn et al. 2010)

NaCl 44 74–76 (Cohen et al. 1987a,b) 75
45.5 75.3 (Richardson and Snyder 1994)

43 § 2 75 § 1 (Cziczo et al. 1997)
47 76 (Lee and Hsu 2000)
48 75 (Liu et al. 2008)

47.7 § 0.5 75.5 § 0.2 (Ahn et al. 2010)
47.4 § 0.5 75.6 § 0.3 (Li et al. 2014)
49–51 76–77 (Schindelholz et al. 2014)

45.7–47.6 75.1 § 0.5 (Gupta et al. 2015a)

NH4Cl 45 76.5–77.3 (Cziczo et al. 1997) 76

KCl 59 83–86 (Cohen et al. 1987a,b) 78
56 § 1 85 § 1 (Freney et al. 2009)

58.7 § 0.7 84.6 § 0.3 (Ahn et al. 2010)
57.7 § 0.5 84.7 § 0.2 (Li et al. 2014)
59–61 88 (Schindelholz et al. 2014)

Na2SO4 55 85.4–86.5 (Cohen et al. 1987a,b) 84
57–59 84 (Tang 1996)

58.5 § 0.6 84.4 § 0.3 (Ahn et al. 2010)

Also listed is the observed RH at which the rebound fraction dropped by 90% (TRHf).
aNot available.
bIncomplete loss of water even at RH < 1.5% (Schindelholz et al. 2014).
cDeliquescence of hexahydrate MgCl2¢6H2O at 33% RH and possibly other hydrates at 12 to 15% RH.
dFor MgCl2¢4H2O.
eFor MgCl2¢6H2O.
fRH above saturated salt solution.
gCrystal was suggested to be in the form of (NH4)3H(SO4)2 (letovicite); data were for experiments at 260–270 K.
hThe RH value at rebound fraction of 10% of the maximum rebound fraction from the fitted curve described by Equation (2).
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The fitted curves, including 95% confidence interval
ranges in gray shading, appear as thick black lines in
Figure 1. In some cases, the fit lines pass close to but not
through all the data points. Equation (2) accounts for

the broad features of an impactor but does not include the
detailed physics of rebound between the particle and the
impactor, which can include, for example, attractive forces
of formation of a meniscus of water. Its formulation also

Figure 1. Rebound fraction for aerosol particles of ten inorganic salts: (a) ammonium nitrate, (b) sodium nitrate, (c) magnesium chloride,
(d) magnesium sulfate, (e) ammonium hydrogen sulfate, (f) ammonium sulfate, (g) sodium chloride, (h) ammonium chloride, (i) potas-
sium chloride, and (j) sodium sulfate. Bold labeling indicates that the materials became crystalline solid when conditioned at low RH
(Martin 2000). Uncertainty bars represent propagated uncertainties for multiple data points in binned RH ranges from duplicate experi-
ments. The black line represents fitting to the data set based on Equation (2). The arrows indicate the DRH values from the literature.
The shaded region represents uncertainty based on fitting of all the data points from duplicate experiments (Figure S2). Particles were
pre-conditioned to <5% RH prior to the rebound measurements at higher RH.
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does not account for complex particle behavior, such as the
formation of different forms of hydrates and gels. These
aspects are discussed further below for applicable salts.

The data sets of Figure 1 show that aerosol particles of
nine of the studied salts transitioned from rebounding to
adhering as RH increased from <5% to >95%. Particles
of NH4NO3 were the exception, which did not rebound
even to <5% RH, suggesting that they remained liquid
even to low RH. Particles of NaNO3 and MgSO4

rebounded for <15% and <60% RH, respectively. These
transitions were significantly below the known DRH val-
ues (Table 1), suggesting that these particles did not
form crystalline solids even to low RH, at least for submi-
cron particles studied herein in aerosol form studied for
exposure timescales of seconds (Martin 2000). In respect
to the other salts, particles of MgCl2 completed a transi-
tion to liquid particles by 35% RH (cf. discussion below
about hydrates). Particles of NH4HSO4, KCl, NaCl,
NH4Cl, (NH4)2SO4, and Na2SO4 transitioned to liquids
for 40% § 2%, 78 § 2%, 75% § 2%, 76 § 2% RH, 79 §
2% RH, and 84 § 2% RH, respectively.

For the salts NaNO3 and MgSO4 that did not efflo-
resce even to low RH yet did rebound, the observations
imply that these salts became highly viscous at suffi-
ciently low RH. A hypothesis is that glasses or rigid gels
might form, thus possibly explaining the absence of efflo-
rescence yet the observation of particle rebound. A glass
transition temperature close to room temperature has
been inferred for anhydrous NaNO3 (Dette and Koop
2015). For MgSO4, gel formation for <40% RH is docu-
mented (Chan et al. 2000; Wang et al. 2005; Zhao et al.
2006). The gel arises from chains of hydrated contact-
ion pairs. Water diffusion in MgSO4 particles at RH
<40% is slow (Cai et al. 2015; Davies and Wilson 2016).
Above 40% RH, bidentate contact-ion pairs break and
monodentate contact-ion pairs start to form, and rates of
water diffusion correspondingly increase. Above 60%

RH, free hydrated ions of sulfate and magnesium prevail
(Wang et al. 2005). The observations in Figure 1d show
no rebound above 60% RH, implying a fully liquid state
and thus consistent with the studies on the RH-depen-
dent evolution of the contact-ion pairs. For 40% to 60%
RH, rebound increased gradually, which again was con-
sistent with the evolution of effective molecular weight
and viscosity as contact-ion pairs progressively decreased
and the gel dissipated.

In regard to the salts undergoing deliquescence, this
process for pure materials occurs at a singular RH value
as governed by Gibbs phase rule of thermodynamics. In
most instruments deliquescence therefore manifests itself
as a sharp transition consistent with heterogeneities or
reproducibility in RH. The measurement uncertainty
corresponds to the technique itself (e.g., aerosol flow
tube infrared spectroscopy [AFT-IR; Zhao et al. 2006],
electrodynamic balance [EDB; Chan et al. 2000], or
hygroscopic tandem differential mobility analyzer
[HTDMA; Biskos et al. 2006]). The narrowest TRH
ranges observed herein (e.g., KCl) lie within this same
category of technique uncertainty (Table 2). By compari-
son, broader TRH ranges (e.g., NaCl) are also observed
and in these cases they are indicative of additional phe-
nomena other than deliquescence which affect rebound.

In some cases, the difference between the RH of onset
compared to that of final adherence can be explained by
a water meniscus at impact that decreases particle
rebound even before a phase transition. For RH < DRH,
mass and size growth can occur because a thin film or
meniscus of water forms on the surface of the solid par-
ticles. These changes are often too small for detection by
AFT-IR, EDB, or HTDMA, although careful experiments
can reveal them. For example, Dai et al. (1995) show
water adsorption on the surface of NaCl by infrared
observations. Romakkaniemi et al. (2001) and Biskos
et al. (2006) studied NaCl nanoparticles and measured

Table 2. Summary of fitted parameters for the rebound curves of the ten salts using Equation (2).

Inorganic Salt fmax
a RH50 (%)

b ξc TRHf–TRHi (%)
d

NH4NO3 n/ae n/ae n/ae n/ae

NaNO3 0.57 § 0.11 10 § 3.5 1.2 § 3.1 8–13
MgCl2 0.82 § 0.06 11 § 0.4 0.8 § 0.5 9–13
MgSO4 0.81 § 0.03 51 § 1.4 4.4 § 1.2 41–60
NH4HSO4 0.76 § 0.06 35 § 1.5 3.5 § 1.3 27–43
(NH4)2SO4 0.83 § 0.03 75 § 0.6 1.5 § 0.9 72–79
NaCl 0.74 § 0.04 65 § 3.0 5.5 § 2.5 52–75
NH4Cl 0.84 § 0.04 70 § 1.2 3.0f 63–76
KCl 0.86 § 0.04 76 § 2.5 0.8 § 1.7 74–78
Na2SO4 0.90 § 0.13 83 § 44 15.2 § 15.4 42–84

aMaximum rebound fraction from the fitted curve.
bThe RH value at rebound fraction of 50% from the fitted curve.
cParameter of quantifying sigmoid steepness.
dTransition RH (TRH), defined as the RH range with 0.1fmax–0.9fmax.
eNot available.
fFixed ξ for fitting.
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diameter changes by HTDMA. For the rebound
measurement, adhesion can occur because of the forces
associated with a meniscus neck formed between particle
and impaction surface. For instance, non-hygroscopic,
non-deliquescent particles of polystyrene latex (PSL) had
a rebound fraction of 0.4 at 95% RH because of the role
of surface water that affects rebound (Bateman et al.
2014). In the current study, rebound curves of
(NH4)2SO4 (Figure 1f), NH4Cl (Figure 1h), and KCl
(Figure 1i) particles are representative of this effect. The
broader rebound curves of NaCl (Figure 1g) and Na2SO4

(Figure 1j) particles can also be explained by this effect,
implying that these two salts take up even greater
amounts of adsorbed water below DRH. The results of
Romakkaniemi et al. (2001) show the greater adsorption
of water by NaCl compared to (NH4)2SO4 particles.
Furthermore, the first monolayer of water on NaCl is
complete at 38–40% RH (Peters and Ewing 1997; Luna
et al. 1998; Kendall and Martin 2005), which is consistent
with TRHi for the rebound curve of NaCl (Figure 1g).

For crystallizing particles, the formation and deliques-
cence of metastable salts can also broaden rebound
curves, as compared to single-salt deliquescence. For par-
ticles of MgCl2, a stepwise change in rebound fraction is
evident (Figure 1c). The metastable hydrate MgCl2¢4H2O
has a transition at 15% RH to the stable hydrate
MgCl2¢6H2O, which in turn has a DRH of 33% RH
(Gough et al. 2014, 2015a; Schindelholz et al. 2014).
Figure 1c shows that the rebound fraction for MgCl2 has
stepwise changes across this RH range. There could be
an externally mixed population of MgCl2¢6H2O and
metastable aqueous particles between 15% and 33% RH,
depending on the individual stochastic fates of
MgCl2¢4H2O above 15% RH (i.e., transition to hexahy-
drate in some cases and deliquescence in other cases).
These processes broaden the rebound curve.

For the particles of NH4HSO4, the interpretation of
the RH-dependent rebound experiments is ambiguous.
On the one hand, the rebound transition is consistent
with the DRH value, thereby suggesting efflorescence at
low RH followed by deliquescence on increasing RH. On
the other hand, many experimental results show the
absence of efflorescence for submicron particles of
NH4HSO4 exposed to low RH for several minutes at
room temperature (Cziczo et al. 1997; Martin et al. 2003;
Schlenker et al. 2004; Rosenoern et al. 2008; Mifflin et al.
2009). Based on these studies, the interpretation of the
rebound results is that particles of NH4HSO4 do not
crystallize but become highly viscous at low RH. Other
studies suggest that supermicron NH4HSO4 particles
observed for sufficiently long time periods or lower tem-
peratures can effloresce (Tang and Munkelwitz 1994;
Colberg et al. 2003). Given the ambiguity from the RH-

dependent rebound experiments alone, additional
experiments were carried out for NH4HSO4 particles.

NH4HSO4 particles were exposed to NH3 (5 ppm) at
low (10%) and high (90%) RH conditions, followed in
both cases by conditioning to <10% RH prior to collec-
tion of the RH-dependent rebound curves. The resulting
rebound curves are shown in Figure 2, together with
those of unexposed NH4HSO4 particles and reference
(NH4)2SO4 particles. For exposure at high RH (90%),
complete neutralization of aqueous NH4HSO4 to
(NH4)2SO4 was observed, as indicated by the correspon-
dence in the experimental rebound curve with that of the
reference. By comparison, for the exposure at low RH
(10%), the particles had rebound curves intermediate to
those of NH4HSO4 and (NH4)2SO4 particles, suggesting
incomplete neutralization for exposure to 5 ppm NH3 for
370 s. One possible explanation is that the diffusivity of
NH3 in NH4HSO4 particles at 10% RH is low enough
that there is a kinetic limitation to NH3 uptake (Li et al.
2015). An alternative explanation is that initial NH3

uptake is associated with the production of a crystalline
layer of (NH4)2SO4 that inhibits further uptake. Another
possible alternative explanation is that sufficient neutrali-
zation occurred such that (NH4)3H(SO4)2 (letovicite)
crystallized (Martin 2000), and further NH3 uptake did
not take place. This salt has a DRH of 69% (Tang and
Munkelwitz 1994; Martin 2000), which is coincident with
the RH range of sharp change in Figure 2. Although the
collected data sets cannot distinguish among these

Figure 2. Effect of ammonia exposure on the rebound curves of
particles initially composed of aqueous ammonium hydrogen sul-
fate. Rebound curves are shown after exposure to ammonia at
10% or 90% RH, followed in both cases by conditioning to <10%
RH prior to collected of the RH-dependent rebound curves.
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possibilities, they do suggest that the particles of
NH4HSO4 were in a viscous rather than an effloresced
crystalline state at low RH. The data also demonstrate
that unexpectedly small amounts of NH3 can be taken up
by NH4HSO4 (i.e., incomplete neutralization in a nomi-
nally NH3-rich environment), which could have implica-
tions for the modeling of environmental processes in
environments with low RH and possibly low temperature
(e.g., free troposphere).

4. Conclusions and atmospheric implications

The final relative humidity for the transition from
rebounding to adhering particles, indicative of the transi-
tion from liquid to non-liquid particles, agreed with the
respective deliquescence relative humidity for six of the
ten salts. These salts had in common that they effloresced
at sufficiently low RH to form crystalline solids. For
other salts, the rebound curves indicate that submicron
particles of NaNO3 and MgSO4 adopted a glassy or
high-viscosity though non-crystalline state at low RH.
Particles of NH4NO3 adhered even to low RH, suggesting
that they maintained a low viscosity and implying a
liquid state. The rebound experiments in conjunction
with the ammonia uptake experiments suggest that
particles of NH4HSO4 also become viscous semisolid at
low RH, at least for submicron particles at room
temperature across time periods of 2 s.

NH4NO3, along with NH4HSO4 and (NH4)2SO4, can
be considered as the most atmospherically relevant of
the different studied salts based on frequency of atmo-
spheric occurrence, and the relative importance of
NH4NO3 is growing given current worldwide emissions
trends in NH3, NOx, and SO2(Bauer et al. 2007). An
implication is that the inorganic portion of the atmo-
spheric aerosol in polluted environments might increas-
ingly favor liquid over solid states in the next few
decades, thus possibly further facilitating mass transfer
and reactive chemistry between the gas and particle
phases. Ammonium-nitrate-rich particles in the
atmosphere at low to intermediate RH may facilitate
molecular diffusion and heterogeneous chemistry within
the interior of the particles in ways that ammonium-sul-
fate-rich particles have not.

Inorganic salt particles are often used in studies of
secondary organic aerosol (SOA) to provide an initial
surface area concentration for the condensation of low-
volatility organic species (Kokkola et al. 2014; Zhang
et al. 2015; Nah et al. 2016). Many studies have employed
crystalline (NH4)2SO4 particles and have assumed
absorptive partitioning governs the gas-to-particle
condensation (Pankow 1994; Donahue et al. 2006). By
comparison, the sulfate and nitrate salts that frequently

dominate the inorganic composition of the atmospheric
aerosol are often aqueous for the prevailing RH, espe-
cially near forested environments which provide impor-
tant precursors to SOA production. The miscibility and
possible reactive uptake into these aqueous particles can
be integral to SOA production and particle mass yield
(Wong et al. 2015), and these processes can be missed in
traditional chamber studies that use crystalline particles.
Wang et al. (2015) further showed that aqueous NaCl
and NaNO3 particles at high RH can enhance the uptake
of organic acids by the substitution and release of HCl
and HNO3 to the gas phase. In this light, the results of
the present study concerning the liquid, gel, and hydrate
states of ten salts as a function of relative humidity
provides important information for the design and
interpretation of SOA chamber experiments.
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